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Abstract 

Infrastructure assets and networks including transport, water and energy systems, are impacted by a 

range of complex 21st Century challenges from climate change and resource scarcity to rapid 

technological advances and changing user demands. These challenges highlight that infrastructure 

assets are integrated components of complex social, ecological and technological systems, rather than 

siloed technical entities. It is critical therefore that design and engineering responses to such 

challenges are similarly multi-faceted, adaptive and systems focussed. 

The relationship between infrastructure and socio-ecological systems is typically twofold. First, 

infrastructure can negatively impact and disturb living systems, through resource consumption, waste 

and emissions generation, for example. Secondly, living systems can themselves cause damage to 

infrastructure, through extreme weather events such as storms, floods and earthquakes, and longer-

term trends such as anthropogenic climate change. In this context, infrastructure must become a) 

more resilient, and capable of withstanding disturbances and impacts generated by living systems, 

and b) more sustainable, avoiding damage and degradation of those systems. 

Efforts to enhance both infrastructure sustainability and resilience have typically focused on 

incremental reductions in damage, however given the scale and complexity of emerging challenges 

there is increasing demand for innovative responses that move beyond damage reduction towards 

net positive performance objectives. Here, the intention is to deliver infrastructure and built 

environments that do not degrade living systems but positively contribute to them. Regenerative 

design is an emerging discipline that seeks to achieve this. 

Actionable frameworks and mechanisms for pursuing regenerative design and performance outcomes 

in infrastructure contexts are critical, though identifying these and making them widely accessible to 

industry and government has been challenging. A logical source of inspiration is provided by living 

systems that have developed, tested and refined regenerative design approaches to similarly complex 

challenges for almost 4 billion years. This approach to learning from living systems is called 

‘biomimicry’. 

This research explores how biomimicry- namely biomimetic design and engineering approaches- can 

support industry and government in enabling regenerative performance outcomes for infrastructure. 

Since multi-faceted challenges benefit from multi-faceted research approaches, this research 

commences with a multidisciplinary review of traditional engineering approaches to resilience and 

adaptation, and how these approaches may benefit from characteristics of resilience seen in living 

systems, such as multifunctionality, adaptability, regeneration and real-time sensing and feedback 
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loops. A systematic literature review then provides a first of its kind snapshot of research into 

biomimetic products, technologies and approaches that can be applied to infrastructure design and 

engineering. It reveals extensive research into ‘form’ (physical shape and structure) and ‘process’ level 

solutions, but a clear lack of information regarding ‘system-level’ biomimicry approaches (e.g. 

patterns and principles) in the built environment. Pursuing regenerative design solutions in response 

to system-wide challenges, and drawing inspiration from living systems, means it is vital that solutions 

are also available at the system-level. 

Though not captured in peer reviewed research, system-level biomimetic design methodologies are 

indeed being piloted by leaders in industry and government. Hence, challenges and lessons learned 

were identified by investigating the practical project experiences of six case study projects. Learning 

from their project, organisation and market level challenges and priorities enabled a distillation of 

focus areas for future efforts, including 1) improving organisational innovation cultures, 2) enabling 

emerging market transitions, 3) fostering knowledge sharing and 4) facilitating standardisation 

through frameworks and standards. 

This research identifies three pathways for enabling industry and government to readily uptake and 

mainstream biomimetic design and engineering approaches, informed by those case studies as well 

as industry workshops undertaken in Australia and the United States of America. The first establishes 

that infrastructure project governance structures and delivery models can influence the appetite and 

capacity for innovation in infrastructure design and engineering. Integrated Project Delivery (IPD) 

models are investigated for this purpose, revealing that the IPD model can support biomimetic 

innovation by encouraging collaboration across project partners and supply chain. 

The second pathway is an action framework developed to build the capability of industry, government 

and academia to implement biomimetic place-based design at the city or regional scale. This pathway 

allows for upfront biomimetic research and design to benefit multiple projects, assets and networks, 

improving the feasibility of biomimetic place-based infrastructure design. The third pathway for 

mainstreaming biomimetic design and engineering is by creating opportunities for government and 

industry to integrate ‘ecological performance standards’ into environmental impact assessments (EIA) 

and sustainability rating schemes. This action is enabled through proposed adjustments to the  

EIA process, as well as the Infrastructure Sustainability (IS) Rating Scheme as an Australian example.  

This research reveals new insights into the challenges and priorities for government and industry in 

using biomimetic approaches in infrastructure design and engineering, and establishes pathways for 

mainstreaming that can guide industry and government in adopting regenerative biomimetic 

approaches in an infrastructure context. Using biomimicry to create design and engineering solutions 
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inspired by nature can enable solutions that move beyond incremental damage reduction and narrow 

adaptation approaches, towards infrastructure assets and networks that leverage place-based 

resilience approaches, adaptive and flexible design, and that generate net positive environmental 

outcomes. 
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Chapter 1: Introduction 

This chapter establishes the need to investigate how biomimetic design and engineering can enable 

resilience and regenerative performance outcomes in infrastructure. It highlights the emergence of 

biomimicry as a discipline, and its relationship to sustainability, resilience and regenerative design. 

What follows is the articulation of key research and practice gaps that require investigation to enable 

industry and government to understand and implement biomimetic design and engineering 

approaches. This context shapes the thesis research framework.  

Background: Resilience and regenerative design 

Interrelationships between people, the built environment and the socio-ecological systems within 

which both exist have shifted significantly over recent centuries and continue to evolve. Built 

environments, consisting of human-made structures and spaces ranging from buildings to 

infrastructure, towns and cities, have often served to separate and shelter humans from the natural 

world. It is increasingly clear however that development of buildings and infrastructure have had 

significant negative impacts on living systems in the form of biodiversity loss, overconsumption, and 

habitat destruction, and that living systems in turn will continue to significantly impact built 

environments in the form of climate change, natural disasters and resource shortages, for example. 

Efforts to recognise and address these impacts have been made through designing, constructing and 

operating built environment assets and networks in a way that is: a) more sustainable - less damaging 

to living systems; and, b) more resilient - capable of withstanding disturbances and impacts generated 

by living systems. These efforts in terms of sustainability have been largely incremental, focused on 

partial reductions in negative impact associated with building and infrastructure design, construction 

and operation (Birkeland, 2007, Cole, 2012). For resilience, efforts have focused largely on 

administrative or governance measures such as risk management procedures or response strategies, 

or design to increase rigidity and robustness of assets in the face of potential disturbances (Chester 

and Allenby, 2019, Ford et al., 2011). While important, these approaches have failed to achieve the 

transformative changes required to manage complex interrelated challenges such as climate change, 

population growth, biodiversity loss and resource scarcity. 

The calls to refocus efforts towards regenerative design involve moving beyond damage mitigation, 

to pursuing net positive and regenerative performance outcomes for built environment assets and 

networks (Birkeland, 2007, Hes and Du Plessis, 2014). Regenerative development -as enabled through 

regenerative design- calls for development that achieves mutually beneficial outcomes for both built 

and natural systems. For sustainability, this would be evidenced by moving beyond targets of zero net 

emissions, water consumption and pollution, for example, and towards net-positive provision of 
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ecosystem and social services. Here, regenerative design and performance are understood as existing 

on a spectrum where sustainability is equivalent to “100% less bad”, and regenerative performance is 

recognised as a shift beyond this towards whole system regenerative practices that seek not only to 

minimise damage, but to reverse degradation and design systems in a way that supports mutually 

beneficial relationships between human and natural systems, or “people and place” (Mang and Reed, 

2012). For resilience, it would constitute an ability for built environment assets to not only survive, 

but thrive in the face of disruption and disturbance. These design and operating objectives may appear 

radical, however they have been repeatedly achieved in living systems for over 3.8 billion years of life 

on earth. These ecosystems are complex adaptive systems that have faced many of the same 

operating conditions and challenges now faced in the built environment.  

Recognising these commonalities, designers and engineers can look to successful examples of 

regenerative design in living systems. In the face of complexity and uncertainty, biomimicry offers an 

opportunity to learn from billions of years of design research and development, where organisms and 

ecosystems have adapted and refined strategies in response to complex stressors and vulnerabilities. 

The emergent field of biomimicry, or ‘innovation inspired by nature’ focuses on identifying specific 

mechanisms adopted by living organisms to generate desired functional performance outcomes, and 

translating these approaches into design and engineering solutions for human challenges (Benyus, 

1997). The question then arises, how can strategies adopted in living systems improve our built 

environment design and engineering, and what tangible frameworks and mechanisms can mainstream 

this? 

This research therefore seeks to identify tangible approaches for pursuing regenerative and resilient 

design in built environments by learning from approaches and techniques adopted in living systems. 

The research explores how learnings from emerging biomimetic research and applied projects may 

be expanded to include a focus on regenerative and resilient infrastructure, specifically civil 

infrastructure such as transport, water and energy systems. Beginning with an investigation into 

transport infrastructure applications, it expands to learn more broadly from built environment 

applications of biomimicry, and how they may apply to civil infrastructure design and engineering of 

both greenfield and brownfield projects. This includes a shift beyond conservation of ecosystems 

already present on greenfield sites, to an exploration of how biomimicry may support resilience and 

regeneration through built environments even where ecosystems are already severely disturbed. 

Research context: Biomimicry 

The concept of biomimicry to inform design is well established. Leonardo Da Vinci studied bird wings 

when developing a flying machine, while seed pods and flowers inspired his parachute and helicopter 
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designs. Chinese communities endeavoured to recreate silk as early as 3000 years ago (Vincent et al., 

2006). The field now commonly known as biomimicry has evolved from several distinct and 

overlapping research areas. Biological engineering, otherwise known as bioengineering and 

biotechnical engineering, involves the utilisation of engineering techniques in addressing biological 

and medical challenges, including the integration of biological and engineering approaches (Shu et al., 

2011). Biophysics looks to understand the physics of biological function and biomedical engineering 

applies engineering principles to medicine and biology in the medical field (Shu et al., 2011). In her 

seminal 1997 publication, Benyus (1997) cemented the term ‘biomimicry’, to consolidate the various 

fields working to ‘emulate natures genius’ in design. Biomimicry focuses on abstracting mechanisms 

and strategies from biological systems to inform solutions to human challenges. 

The emergence of biomimicry represents a major evolution in human development, with a shift from 

control of nature to sustainable participation in nature. If the industrial revolution can be 

characterised by both unprecedented advances in human development and unprecedented damage 

to the natural environment, biomimicry - with its potential for sustainable and even regenerative 

development - could offer a framework to allow for continued growth in a manner that more 

holistically considers and contributes to regenerative systems.  

The changing nature of the human relationship with the environment provides context for the 

emergence of biomimicry. In particular, the transition from nomadic civilisations to the domestication 

of animals and crops, as well as the emergence of science, which resulted in delineation and 

reductionism, separating silos of scientific enquiry in a way that worked to diminish holistic systems 

thinking (Reed, 2003). “Biomimics, however, feel reductionism for the most part has run its course. 

They feel we need to step back and once again look at nature as one large, integrated web” (Reed, 

2003, p 23). Kenny et al. (2012) similarly outline a three-stage evolution of the human relationship to 

nature based on the work of Reed (2003) and The Natural Edge Project (Smith et al., 2007), starting 

first with reliance and harvesting, before moving on to ‘civilisation’, including the domestication of 

animals and the environment, the development of farming and major infrastructure (Table 1). Stage 

3, they propose, is an era of understanding and harmony, encapsulating a move towards nature as a 

guide and source of inspiration for more resilient and sustainable development (Kenny et al., 2012). 

Table 1. Evolution of human interaction with nature - summary of two perspectives (Kenny et al., 

2012) 
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Stage Evolutionary path of human interaction with nature 

Reed The Natural Edge Project 

St
ag

e
 1

 

Reliance 
Humans relied on nature for food, 

shelter and clothing 
Harvest 

Utilizing/acquiring food, minerals, 

water, air from nature 

St
ag

e
 2

 

Civilization 

Humans began to domesticate 

animals and grow own food in a 

controlled manner 

Harness 

Domesticating nature in the form of 

farms, timber plantations, large 

scale infrastructure 

St
ag

e
 3

 

Understanding 

Through the advent of the 

Scientific Revolution and resulting 

technology, humans began to 

investigate and comprehend the 

natural world, and use nature as a 

guide 

Harmony 

Mimicking/emulating nature to 

achieve more sustainable, efficient 

results e.g. natural cooling in 

buildings by replicating the 

ventilation in termite mounds 

 

More than the philosophical and cultural shifts in human relationships with nature, other more 

technical catalysts are also present. Biomimicry is entering a new stage of advancement thanks to the 

development of nanotechnology, which allows for investigation of organisms at the cellular scale 

(Hwang et al., 2015, Gleich et al., 2009), enabling researchers to more closely imitate the complexities 

and detail of natural systems in technological solutions. In particular, nano-materials and nano-

sensors have been identified as key emerging opportunity areas in recent years (Gleich et al., 2009). 

In the four years from 2005, the market size for biomimetic products and projects was estimated at 

over $1.5 billion, with a forecast 2030 value of USD $1.6 trillion in global gross domestic product (GDP) 

(Kennedy, 2016, Hwang et al., 2015, Fermanian Business & Economic Institute, 2013). Patents have 

been recognised as a growth indicator for the industry, and a Scopus search of patents including the 

words ‘bionic’ ‘biomimetic’ or ‘biologically inspired’ also showed a significant increase, from 168 in 

2000, to 1,562 in 2019 and a total of 22,947 patent results. Conducting a literature (title, abstract, 

keyword) search on the Scopus database for the terms biomimic* 

OR bionic* OR bioinspiration OR "Nature inspired design" OR "Biologically inspired design" OR 

biomimetic* from 1945 to end 2019 further illustrates this growth. This search returned over 62,000 

results, showing a dramatic increase from 343 documents published in 2000 to 5,898 in 2019 (Figure 

1). 
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Figure 1. Summary of biomimicry-related search terms for publications by year (1945-2019) in Scopus 

database 

Notably, the seminal book ‘Biomimicry: Innovation inspired by Nature’ (Benyus, 1997) published in 

1997 is likely to have contributed to the steady increase in biomimicry-related publications since that 

time. As shown in Figure 2, publications are most frequently by teams with first author’s residing in 

either China or the United States. At 2017 end, this query showed publications were primarily from 

the United States, however in the 2018-2019 period, 4,727 publications were first-authored in China, 

compared to 2,323 in the United States. 

 

Figure 2. Summary of biomimicry-related search terms for publications by country (1945-2019) in 

Scopus database 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

6 
 

Despite this significant growth in publications relating to biomimicry, little research has focused on 

the opportunities for biomimicry to support resilience, sustainability and regenerative performance in 

infrastructure applications.  

Research gaps 

A multi-disciplinary literature review (Chapter 2) was necessary to investigate emerging theory across 

the focus areas of biomimetic design and engineering, socio-ecological resilience, and adaptation in 

infrastructure. This narrative review compared engineering and ecological approaches to resilience, 

highlighting:  

• Emergent consideration of infrastructure design and engineering approaches that prioritise 

adaptability in the face of complexity, uncertainty and unpredictability. 

• Limited considerations of socio-ecological resilience concepts in the context of engineered or 

‘built’ systems. 

• Very limited investigation into biomimicry and regenerative design in civil engineering 

contexts. 

Beyond these individual elements, there was no evident multidisciplinary consideration of the 

interrelationship between these aspects, revealing the interdisciplinary research gap to investigate 

opportunities for biomimetic engineering to support resilience and regenerative performance 

outcomes in infrastructure. 

Research questions 

The following overarching thesis research question was developed: 

What are the opportunities for biomimetic design and engineering to enhance resilience and 

regenerative performance outcomes for infrastructure? 

This research aimed to investigate the opportunities and mechanisms for enhancing resilience and 

regenerative performance of infrastructure through biomimicry. This involved enquiry into three key 

research areas, framed as: 

Research Question 1 (RQ1): What is the existing research context for biomimetic design and 

engineering of infrastructure?  

Research Question 2 (RQ2): How are biomimetic design and engineering concepts currently applied 

to projects in the built environment? 

Research Question 3 (RQ3): How could biomimicry be integrated into government and industry 

practice to enhance resilience and regenerative performance outcomes?  
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Research activities and methods 

The following research methods and key activities were employed to address the research questions: 

1. RQ1: Systematic quantitative literature review of biomimetic design and engineering research 

applicable to infrastructure, to identify trends and gaps in existing research and application. 

2. RQ2: Case studies including interviews and document analysis to investigate applied 

biomimetic design projects in the built environment, to identify key challenges and lessons 

learned in practice. 

3. RQ3: Peer review workshops with industry and academia to explore opportunities for 

implementing and mainstreaming biomimetic design and engineering approaches for 

infrastructure. 

Thesis structure 

Figure 3 provides a visual summary of the three research questions and methods as they are addressed 

in the thesis: 

 

 
Figure 3. Summary of thesis structure including research questions, methods and publications 
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Figure 3 highlights that this thesis includes six peer reviewed journal publications. At time of 

submission, these papers are either published (4), or prepared for re/submission (2). These 

publications are reflected in the thesis as discrete chapters, with interstitial sections highlighting the 

contribution of the paper and its relationship to the overarching research questions. The below 

outlines the contents of the following chapters, with the publication details noted: 

Chapter 2: Presents a narrative review of resilience in living systems relative to resilience approaches 

in built environment design and engineering. The chapter identifies the potential contribution of 

biomimicry in shifting towards socio-ecological resilience attributes of agility, flexibility and 

regenerative design for infrastructure. The paper reveals key gaps in research and application of 

biomimetic design and engineering for infrastructure, establishing the theoretical basis for the 

subsequent thesis research questions and agenda. 

Hayes, S., Desha, C., Burke, M., Gibbs, M., & Chester, M., 2019. Leveraging socio-ecological 

resilience theory to build climate resilience in transport infrastructure. Transport Reviews, 

39(5), 677-699. https://doi.org/10.1080/01441647.2019.1612480  

Chapter 3: Describes the methodology adopted to address the research questions. It offers a 

multidisciplinary mixed-methods framework for investigating how biomimicry is currently applied in 

the built environment and may be further adopted to solve complex design and engineering 

challenges in an infrastructure context. This chapter outlines the research design, conceptual 

framework and methodological approaches employed, exploring the strengths and weaknesses of the 

research strategy and articulating the approach to selection, data capture and analysis for each 

method. 

Chapter 4: Includes a systematic quantitative literature review of existing research to identify applied 

and emerging biomimetic products, technologies and design approaches applicable to infrastructure. 

This review demonstrates biomimetic approaches at the form, process and system-levels. It identifies 

the need to further investigate biomimetic design and engineering at the system-level, and the 

potential for biomimicry to generate sustainability and resilience benefits for infrastructure. 

Hayes, S., Desha, C., & Baumeister, D., 2020. Learning from nature – Biomimicry innovation to 

support infrastructure sustainability and resilience. Technological Forecasting and Social 

Change. 161, 120287. https://doi.org/10.1016/j.techfore.2020.120287 

 Chapter 5: Presents a case study investigation of six applied biomimetic design projects, revealing the 

challenges and lessons emerging from early built environment projects. The analysis reveals four 

priority themes across project, organisation and market levels, relating to 1) the role of innovation 

cultures, 2) supporting transitions in emerging markets, 3) knowledge sharing between company and 

https://doi.org/10.1080/01441647.2019.1612480
https://doi.org/10.1016/j.techfore.2020.120287
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markets, and 4) the use of standards and frameworks to create a common language. These findings 

establish important focus areas in future implementation and mainstreaming of system-level 

biomimetic design and engineering approaches for infrastructure. 

Hayes, S., Desha, C., & Gibbs, M., 2019. Findings of case-study analysis: system-level 

biomimicry in built-environment design. Biomimetics, 4, 73. 

https://doi.org/10.3390/biomimetics4040073  

Chapter 6: Investigates opportunities for innovative biomimetic design and engineering approaches 

on complex projects to be supported by alternate project delivery models, including Integrated Project 

Delivery (IPD). This chapter establishes how alternative project delivery methods may address the 

challenges and priority areas identified in the case studies, proposing that IPD models can promote 

strong innovation cultures by facilitating collaborative relationships, engagement and knowledge 

sharing between project partners and supply chain. These attributes are integral to early piloting and 

adoption of biomimetic design, construction and operation approaches. 

Hayes, S., Desha, C., & El Asmar, M., Integrated project delivery to support innovation – a case 

study in biomimicry. Practice Periodical on Structural Design and Construction. Submitted 

February 06, 2020. Reviewer comments received 20 May 2020. 

Chapter 7: Presents an action framework for capability building in biomimetic place-based design 

(BPD), with a focus on key roles for industry, government and academia when looking to introduce 

BPD at scale. The paper establishes the need for building awareness and capability across sectors, in 

order to effectively introduce and pilot system-level biomimetic approaches. It offers tangible 

pathways for industry, government and academia to build and share knowledge, and to advance 

market knowledge and application of BPD. 

Hayes, S., Toner, J., & Desha, C., 2020. Enabling biomimetic place-based design at scale. 

Biomimetics, 5(2), 21. https://doi.org/10.3390/biomimetics5020021 

Chapter 8: Proposes pathways for integration of the ecological performance standards (EPS) approach 

to nature-inspired performance benchmarking. Recognising the importance of standardisation and 

mainstreaming to support widespread uptake of emerging approaches, it explores two proposed 

avenues for adjusting standards and frameworks: 1) integration into environmental impact 

assessment processes, and 2) incorporation into infrastructure sustainability rating schemes.  

Hayes, S., Desha, C., & Gibbs, M., A transformed approach for benchmarking the 

performance of 'sustainable' infrastructure. Prepared for submission. 

Chapter 9: Discusses key findings of the research, including priority focus areas for future 

implementation of biomimetic design and engineering frameworks in infrastructure, as well as the 

https://doi.org/10.3390/biomimetics4040073
https://doi.org/10.3390/biomimetics5020021
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proposal of three actionable pathways for piloting and mainstreaming by industry and government. It 

highlights six key contributions of the research to the field of biomimetic design and engineering for 

infrastructure, including implications and next steps for both research and practice. 

 

Research contributions: New knowledge 

This research has generated several unique contributions to the field.  

From a conceptual / theoretical perspective, the narrative literature review offers an interdisciplinary 

step forward in conceptualising resilience theory in relation to infrastructure and the built 

environment. The unification of socio-ecological resilience theory with engineering resilience 

concepts, biomimicry and regenerative design establishes a foundation for further investigation and 

an opportunity to influence industry and government resilience strategies. 

The results of the systematic quantitative literature review then offer industry, government and 

academia new insights into how biomimicry may tangibly be applied in infrastructure and built 

environment applications, by synthesising biomimetic products, technologies and design approaches 

and the potential sustainability and resilience benefits of each. This is a first of its kind articulation of 

emerging and established opportunities for biomimicry to support resilience and regenerative 

performance in infrastructure.  

This review also generated a modest methodological contribution through iterative testing and 

articulation of appropriate search strings and scope of enquiry (i.e. review parameters) that was 

necessary for bridging engineering and biology/ecology literature in the absence of consistent lexicon 

across the fields of biomimicry, resilience and infrastructure. The multi-phase systematic literature 

review process was documented as part of Chapter 4, enabling others to navigate similar 

interdisciplinary ambiguities. 

Methodologically, the workshops expanded conventional stakeholder engagement approaches by 

including an exploratory workshop with academic experts spanning the interdisciplinary fields prior to 

conducting industry engagement sessions. In the initial workshop, these experts assisted in fine tuning 

language and concepts, identifying a number of challenges and hurdles to discussing biomimicry 

benefits for civil infrastructure, resilience and sustainability. This approach is documented in Chapter 

5, providing a documented method for future researchers in emerging areas of practice, and with 

multi-disciplinary participants. 

From an applied and practical perspective, the case study research findings contribute new insights 

into challenges and priorities evident in early application of biomimicry in the built environment. 
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Drawing on these findings, three actionable pathways are created for pursuing biomimicry at the 

systems level, including mechanisms for enabling biomimetic place-based design and ecological 

performance standards. The research delivers three novel approaches for industry and government 

to introduce and mainstream biomimetic placed-based design, engineering and evaluation 

frameworks in infrastructure, including:  

1) Adoption of alternate project delivery models to leverage collaborative project management 

for biomimetic innovation (See Chapter 6).  

2) A cross-sectoral action framework for capability building in biomimetic place-based design 

(See Chapter 7). 

3) Mechanisms for integrating ecological performance standards into environmental impact 

assessments and sustainability rating schemes (See Chapter 8).  

The proposed pathways support confident adoption and mainstreaming of biomimetic design and 

engineering approaches by industry and government in pursuit of resilient and regenerative design 

and performance outcomes. 

 

  



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

12 
 

Chapter 2: Narrative review – Learning from socio-ecological resilience theory 

 

Introduction 

This paper identified current and emerging views across the three focus areas of biomimetic 

engineering, socio-ecological resilience and climate adaptation in infrastructure and established a 

comparative review of engineering and ecological approaches to resilience. It recognises that while 

infrastructure assets are often considered as discrete technical entities, they are in fact integrated 

components of complex socio-eco-technological systems (Grabowski et al., 2017). This perspective is 

important for framing approaches to adaptation and resilience, that often occur with minimal, though 

slowly increasing, focus on interconnected social, ecological and technological (SET) systems. 

Reviewing traditional approaches to climate adaptation in infrastructure, the paper highlights a 

tendency toward single-point-in-time design changes for rigidity and robustness, that typically work 

well for managing predictable disturbances, yet remain ‘brittle at the edges’, with the risk of 

catastrophic failure when disturbances occur outside predicted ranges.  

While centralised and ‘rigid’ infrastructure can provide stable and rapidly scalable asset and network 

solutions (Saxe and MacAskill, 2019), this paper supplements those with adaptation approaches that 

intentionally include agility, flexibility and multifunctionality, to adapt and thrive in the face of 

unpredictable and complex challenges. Such approaches can allow for more agile recognition of, and 

response to, vulnerabilities and impacts in both the technical system and its interconnected ecological 

and social systems (Chester et al., 2020). This paper introduces the opportunity for biomimicry as an 

enabling discipline for supporting sustained adaptability and resilience, and facilitating place-based 

regenerative design approaches. It uses climate change as a context for considering complex 

disruption challenges, and adopts a transport infrastructure lens for key adaptation examples and case 

studies. 

Framing the research gaps 

The review highlighted the following gaps in theoretical foundations and applied practice for the 

overall thesis: 

• Approaches to climate adaptation have largely been single-point-in-time design changes, with 

little focus on complexity and uncertainty; and 

• Socio-ecological resilience theory is often applied in social contexts, however has seen limited 

consideration in built environment contexts; and 

• Biomimetic engineering is emerging as a regenerative design approach that has the potential 

for adaptability, flexibility and multifunctionality required to support resilience in the face of 
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complex emerging challenges, however application in civil engineering has been limited, 

particularly at the system-level. 

Overview 

The work presented here in Chapter 2 has been published in the journal Transport Reviews as: 

Hayes, S., Desha, C., Burke, M., Gibbs, M., & Chester, M., 2019. Leveraging socio-ecological resilience 

theory to build climate resilience in transport infrastructure. Transport Reviews, 39(5), 677-699. 

https://doi.org/10.1080/01441647.2019.1612480  

 

Figure 4 highlights the research method relevant to this paper, a narrative review used to establish 

the theoretical basis for the thesis research. The review articulates key research gaps that must be 

addressed by the thesis to establish how biomimetic design and engineering may contribute to 

regenerative performance in infrastructure.  

Figure 4. Positioning of Paper 1 relative to research question and methods  

Source: Adapted from Figure 14, Chapter 9. 

 

Key contributions 

This literature review seeks to satisfy what has been posited as the most ambitious goal of the 

literature review process – theory development (Baumeister and Leary, 1997). Having consolidated 

current theory, identified the key gaps and proposed a convergence of key theories, this research 

informs a novel approach to resilience in infrastructure design, construction and operation.     

https://doi.org/10.1080/01441647.2019.1612480
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Drawing on biomimicry principles and design approaches, the paper proposes that these form, process 

and system-level approaches can support a shift from strict engineering interpretations of resilience 

towards socio-ecological resilience principles. In practice, this involves a shift from resilience efforts 

solely focused on rigidity and robustness, to efforts that prioritise principles of agility, flexibility, and 

locally attuned design. 

 

The paper is included here in its published form. 
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Journal Paper 1 (Publication) 
 

Abstract 

Anthropogenic climate change poses risks to transport infrastructure that include disrupted 

operations, reduced lifespan and increased reconstruction and maintenance costs. Efforts to decrease 

the vulnerability of transport networks have been largely limited to understanding projected risks 

through governance and administrative efforts. Where physical adaptation measures have been 

implemented, these have typically aligned with a traditional ‘engineering resilience’ approach of 

increasing the strength and rigidity of assets to withstand the impacts of climate change and maintain 

a stable operating state. Such systems have limited agility and are susceptible to failure from ‘surprise 

events’. Addressing these limitations, this paper considers an alternate approach to resilience, 

inspired by natural ecosystems that sense conditions in real-time, embrace multi-functionality and 

evolve in response to changing environmental conditions. Such systems embrace and thrive on 

unpredictability and instability. This paper synthesises key literature in climate adaptation and socio-

ecological resilience theory to propose a shift in paradigm for transport infrastructure design, 

construction and operation, towards engineered systems that can transform, evolve and internally 

manage vulnerability. The authors discuss the opportunity for biomimicry (innovation inspired by 

nature) as an enabling discipline for supporting resilient and regenerative infrastructure, introducing 

three potential tools and frameworks. The authors conclude the importance of leveraging socio-

ecological resilience theory, building on the achievements in engineering resilience over the past 

century. These findings have immediate practical applications in redefining resilience approaches for 

new transport infrastructure projects and transport infrastructure renewal.  

Keywords: Transport and society, socio-ecological resilience, engineering, infrastructure, 

climate change 

Introduction 

While international efforts to mitigate anthropogenic climate change continue, it is recognised that 

cities and communities must adapt to unavoidable changes in climate conditions. With over half of 

the global population residing in cities, and with the frequency and intensity of extreme weather 

events projected to increase, the resilience of transport infrastructure systems is a priority (Fiksel, 

2003, Wan et al., 2018). Globally, the interconnectedness of social, built environment and natural 

systems is generating highly complex, dynamic challenges that require new design and engineering 

approaches (Allenby and Chester, 2018). Built environment professionals must now seek to design, 

construct and operate transport infrastructure in a way that optimises operability and resilience in 
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dynamic and unpredictable environments (Fiksel, 2003, Allenby and Fink, 2005, FEI, 2012, Woods and 

Hollnagel, 2017). 

Projected impacts on transport infrastructure from climate change are significant. Consideration of 

such impacts requires recognition of both the changing nature of natural hazards, and the vulnerability 

of the communities and built environment affected (IPCC, 2014a). Natural hazards include increases 

in the frequency and intensity of extreme heat days, extreme wind events, severe storms and heavy 

rainfall, among other anticipated changes (IPCC, 2014b, The Royal Academy of Engineering, 2011). 

More gradual climatic changes will also have an impact, with long-term shifts in weather patterns and 

operating conditions leading to acceleration of materials degradation and a potential longer-term 

reduction in operational efficiencies (i.e. extreme heat impacts on tunnel ventilation), and 

performance (i.e. more regular exceedance of drainage system capacity and flood tolerances). Given 

the integral role of transport infrastructure in maintaining the supply and transfer of goods, services 

and expertise, as well as free movement of citizens, such impacts trigger extensive cumulative and 

flow-on effects across the transport industry, government and society. The Intergovernmental Panel 

on Climate Change (IPCC) concludes that transport systems must seek to concurrently enhance 

mobility, reduce greenhouse gas emissions, and build resilience to climate change (IPCC, 2015). 

A growing body of literature articulates the benefits of enhancing critical infrastructure resilience to 

climate change (Fiksel, 2003, Huq et al., 2007, Moensch et al., 2011, IPCC, 2014a, UNISDR, 2015). Yet 

despite recognition of the important role of critical infrastructure, there is still much to be done to 

improve resilience in transport networks worldwide (Regmi and Hanaoka, 2011, IPCC, 2014a, Wan et 

al., 2018). Where pursued at all, efforts to enhance infrastructure resilience typically involve single-

point-in-time design adaptations to make the asset more rigid and impermeable to impact. These 

approaches largely seek to fend off the dynamic and unpredictable impacts of a changing climate, as 

opposed to building ongoing adaptive capacity and system resilience to changing conditions. 

Recognising limitations of rigid asset-level engineering responses when responding to dynamic 

system-wide challenges, a growing cohort of researchers and practitioners are calling for alternative 

approaches to transport infrastructure design and construction, including those that seek to leverage 

strategies found in resilient socio-ecological systems to enhance resilience in engineered systems 

(Albertson, 2010, Moensch et al., 2011, Kenny et al., 2012, Wilkinson, 2012, Woods, 2015, Taylor Buck, 

2017, Chester and Allenby, 2018). 

Building on this discourse, this paper explores opportunities to enhance the resilience of infrastructure 

systems by drawing on resilience concepts more commonly found in socio-ecological resilience theory. 

Understanding resilience as a process and an emergent characteristic, as opposed to a single metric, 
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it supports the pursuit of resilience as a capacity to respond to ‘surprise events’ and disruptions that 

are beyond predicted variations (Woods and Branlat, 2012). Recognising that natural systems have 

developed proven strategies for enduring and even benefitting from dynamic and unpredictable 

conditions, it is proposed that it is possible to design and engineer transport systems that similarly 

thrive under such conditions. We posit that attempts to engineer infrastructure that can withstand a 

changing climate could tangibly be recalibrated towards infrastructure that can accommodate, adapt 

to and even benefit from such changes. 

This work builds on strong theoretical foundations   ̶ Gunderson and Holling (2002) and others have 

explored the numerous lessons that can be learnt from socio-ecological resilience when looking to 

build resilience in human systems, however they have often stopped short of applying these lessons 

to non-living systems. Important work has nonetheless been undertaken to explore the potential for 

ecological resilience theory to inform cities and urban development at a policy and planning level 

(Ahern, 2011, Wilkinson, 2012, Wu and Wu, 2013, Pickett et al., 2014, Meerow, 2016). Infrastructure 

designers, constructors and managers have made strong advances in hard engineering responses to 

climate risk, however, these tend to focus on stability and permanence, as opposed to ongoing 

adaptive capacity and flexibility (Allenby and Fink, 2005, FEI, 2012, Sage et al., 2015). More recently, 

numerous authors have highlighted the opportunity to move towards an ‘evolutionary’ or ‘sustained 

adaptation’ interpretation of resilience in engineering, though largely at a theoretical level (Woods, 

2015). This paper seeks to unite and build upon these research agendas in support of an emerging 

climate resilience strategy that embraces a socio-ecological resilience approach to reducing 

vulnerability in transport infrastructure assets. 

We begin by considering the variety of climate change risks to transport infrastructure, and emerging 

international efforts to enhance infrastructure resilience to climate change. Current strict engineering 

interpretations of resilience are based largely in infrastructure vulnerability assessments and 

conventional, fixed, adaptation responses. Inspired by resilience possibilities put forward by 

researchers including Lovins et al. (1999) and Fiksel (2003), and by comparisons to nature made by 

resilience researchers such as Woods and Hollnagel (2017), we turn to ecology for inspiration. 

‘Resilience’ is presented as a dynamic and evolving characteristic of transport infrastructure, with key 

features of sustained adaptability, multi-functionality and real-time feedback loops. Opportunities are 

identified for research enquiry into transport infrastructure design, construction and operation, 

wherein design and engineering approaches are informed by resilience strategies and characteristics 

found in living systems. 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

20 
 

Methods 

Our approach is a narrative review, with narrative synthesis including reviewing source text to 

summarise findings, explore current status and identify key themes for explanation. The focus is on 

investigating existing theoretical foundations and current practice across multiple fields and unifying 

these in a proposed theoretical framework for future consideration. Most of the 92 papers that 

comprised the literature review documented in this paper are sourced from academic databases 

including SCOPUS, Google Scholar and Web of Science (June to October 2017) with search terms 

including “Resilience”, “Socio-ecological resilience”, “Engineering Resilience”, “Adaptation”, “Climate 

AND infrastructure”, “Resilience AND infrastructure”. The papers include peer-reviewed journal 

articles, as well as key conference papers, paradigmatic books, industry reports and dissertations. An 

additional 11 papers are included as a result of the journal peer-review process. These papers are 

located primarily in ecology and environmental journals, with some transport, infrastructure, building, 

engineering and planning journals also present. Most sources have been published after 2004, with 

only 16 sources (primarily seminal papers for their disciplines), published prior to 2005. The results 

and analysis are provided in the following sections, including reference to key literature published 

while this paper was under review.  

Results 

In reviewing the literature, two key areas of theory and applied practice are explored – climate 

adaptation approaches in transport infrastructure, and various conceptions of resilience in engineered 

and natural (including regenerative) systems. While the papers reviewed here focus primarily on 

physical infrastructure assets, there is also some consideration of social infrastructure, such as 

institutional and organisational structures, social and community infrastructure, and other key socio-

ecological elements that are increasingly understood to be inextricably tied to vulnerability and 

resilience of physical infrastructure networks. 

Addressing climate risk and adaptation in transport infrastructure 

Where transport infrastructure networks are not equipped for a changing climate, the increased 

frequency and intensity of these events may impact durability of materials, structural integrity, 

maintenance regimes and operability of transport assets and networks (Holper et al., 2007, Austroads, 

2010). Given the long life-span of transport infrastructure, it is important to both understand the 

potential risks to assets and networks, and to actively reduce that risk. By integrating climate risk 

assessment, adaptation and resilience efforts into infrastructure design and construction, there is an 

opportunity to reduce hazard exposure and the vulnerability of cities and communities to 

infrastructure failure and associated reconstruction costs (IPCC, 2014a). 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

21 
 

These reconstruction costs should not be underestimated. Assessment of climate risk to infrastructure 

in Europe alone now indicates that cost impacts are likely to reach €37 billion per annum by 2080, of 

which €11.9 billion per annum is a result of transport infrastructure damage (Forzieri et al., 2018). This 

magnitude of risk to infrastructure justifies a concerted approach to addressing climate-related risk, 

as recognised in a growing number of emergent frameworks, with numerous national and 

international programs developed in support of enhanced resilience and reduced disaster risk 

(UNISDR, 2015, Djalante and Thomalla, 2010, Manyena, 2009, UNISDR, 2005, OECD, 2016). These 

frameworks encourage a greater understanding of the projected risks to infrastructure assets and 

enhanced effort to manage these risks and reduce vulnerability through adapted design and 

engineering, yet current climate risk management efforts are struggling to deliver resilient transport 

infrastructure that facilitates mobility, access and connectivity in the face of changing climate 

conditions.  

Acknowledging current adaptation approaches 

Asset owners, operators, investors and insurers (among others) are increasingly conducting climate 

change risk assessments to better understand the vulnerability of infrastructure assets and networks 

(Rissik and Smith, 2015, Jones and Boer, 2003). These assessments typically assess the type and 

magnitude of potential climate change-related risk, and evaluate current vulnerability at the asset, 

network and portfolio levels as well as identifying potential adaptation options (Rissik and Smith, 2015, 

Füssel and Klein, 2006, Downing et al., 2005). While focussing largely on the vulnerability of physical 

assets to predicted changes in climate and weather patterns (including for example, impacts 

associated with increased rainfall and storm events, extreme wind, sea-level rise and extreme heat), 

these assessments also include some consideration of social vulnerabilities to asset failure. Investor 

groups are increasingly incorporating vulnerability assessments into investment decisions, and asset 

owners are mapping climate change-related risk across their portfolios (Ang and Copeland, 2018, QIC, 

2017, Smith, 2013). At the same time, the emergence of a sustainability discipline within built 

environment design and engineering is supporting a growing focus on climate-related risks and 

opportunities facing infrastructure. 

Research into adaptation efforts in developed countries is showing, however, that while significant 

efforts have been made to understand exposure (with a host of governance frameworks, assessment 

toolkits and reports developed), actions to reduce vulnerability and improve resilience remain ad hoc, 

champion-based and highly variable (Wise, 2014, IPCC, 2014a, Ford et al., 2011, Regmi and Hanaoka, 

2011, Wilby and Dessai, 2010). Adaptation actions, understood as deliberate changes made in 

anticipation of or reaction to stimuli and stress, also tend to be largely institutional (i.e. guidelines and 

policies), or focus on the provision of financial support, rather than tangible adjustments to design 
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and construction methodologies (Nelson, 2007). Many examples of engineering efforts to improve 

resilience do exist, however, the application of physical adaptation approaches in transport 

infrastructure remains relatively limited within the overall asset stock. 

Given the relative infancy of such efforts in infrastructure design, it is not surprising that actions are 

typically grounded in conventional engineering practice, where engineers prioritise professional 

commitments including safety and risk reduction as priorities (Regmi and Hanaoka, 2011, Moensch et 

al., 2011). This includes for example increasing the height and rigidity of structures; selecting more 

robust materials; altering maintenance regimes and building protection walls and other engineered 

defences (Moensch et al., 2011, Klein et al., 2007, Davoudi, 2012). Such adaptation approaches focus 

on achieving engineered resilience (or short-term, stable systems) through increased strength, scale, 

rigidity and ability to defend the asset from projected climate change impacts (Sage et al., 2015). While 

these approaches may reduce vulnerability to selected climate events, they offer limited capacity to 

adapt to unpredictability or variance beyond this. Further, attempts to enhance robustness and 

rigidity to address one selected hazard, may also increase vulnerability to other hazards. There is now 

growing recognition that this form of ‘rigid’ targeted resilience effort could be complemented by more 

agile and flexible resilience strategies (Chester and Allenby, 2018, Woods, 2015, Ahern, 2011). 

Evolving climate adaptation approaches in infrastructure 

Changing perspectives can be seen in the incremental evolution of approaches to climate adaptation 

in infrastructure design and engineering, as approaches move from single-point-in-time design 

changes at the asset level, through to a more systemic view which recognises complexity and 

unpredictability across networks and over time. Traditionally, many examples of climate adaptation 

in infrastructure have involved one-off design changes at the asset level. Often designers, constructors 

and operators conduct vulnerability assessments in the design phase for new assets on a case-by-case 

basis – an approach fostered by the application of sustainability rating schemes for infrastructure –

applied at the individual asset level and with ratings awarded at completion of design and construction 

phases (ISCA, 2016, ISI and Zofnass, 2012). Similarly, government policies introduced to assess climate 

vulnerability are often implemented as requirements for new-build assets, supporting single-point-in-

time project-level vulnerability assessment and adaptation. Such assessments and adaptation efforts 

can deliver tangible benefits, however these design changes are often limited in appraising broader 

network and system interrelationships and, by virtue of their rigidity and permanence, limited in their 

ability to increase ongoing adaptive capacity. 

This single-point-in-time design change approach is nonetheless perceived to be the only avenue 

available to many designers, constructors and operators who lack control over broader infrastructure 
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networks, or the ability to influence decision making over long-term lifecycles of assets. As such, there 

exist many examples of design-phase adjustments for climate adaptation in transport infrastructure 

assets. In the design and construction of the New Parallel Runway at Brisbane Airport in Australia, for 

example, designers incorporated climate and sea-level rise projections into design modelling and 

selected a ‘strongly precautionary’ design height, as well as including tidal channels and a new sea 

wall to minimise potential impacts from projected climate change (Colonial First State, 2012).  

Such efforts are often informed by analysis of a subset of available climate risk data and managed 

within a traditional risk management framework (Standards Australia, 2013, Jones and Boer, 2003). It 

is recognised, however, that attempts to reduce exposure and vulnerability assessments to individual 

projected data points (for example flood frequency, number of extreme heat days), may not 

adequately reflect climate variability, and that uncertainties associated with climate projections, 

policy directions and broader global trends create challenges for near-term adaptation decisions for 

long-term assets and networks (Wise, 2014, Wilby and Dessai, 2010). As such, it has been proposed 

that an ‘adaptation pathways’ approach may provide a more suitable strategy for climate adaptation 

in infrastructure (Haasnoot et al., 2013).  

Adaptation pathways seek to find balance between engineering certainty and climate uncertainty by 

developing adaptation plans that extend over the life of assets   ̶ a subtle shift towards enhancing 

adaptive capacity of systems over time, as opposed to only implementing selected adaptation actions 

in the initial design phase (Nelson, 2007). Given the long life-span of infrastructure assets and inherent 

uncertainty in climate modelling at the local scale, engineered adaptation measures implemented 

during construction run tangible risks of being maladaptive, insufficient or perhaps even 

overengineered. Rather than locking in potentially maladaptive design and engineering solutions at 

the project design phase, it is instead possible to develop a ‘pathway’ for adaptation over time, 

allowing for avoided upfront expenditure and increased certainty prior to major investments in 

adaptation actions. 

This pathway may begin with no-loss or ‘low-regret’ adaptation measures that can be implemented in 

the design and construction phase at minimal cost and with low risk (Wise, 2014). Adaptation actions 

may be implemented up-front where certainty around a projected risk is very high or deemed worthy 

of addressing regardless of future climate and policy outcomes. After this, key milestones will be 

decided for assets wherein relevant personnel assess vulnerability, reassess projections and decide on 

adaptation actions (or lack thereof) at a future date (Wise, 2014). In the example above, for instance, 

this could mean that the runway design height was increased in the initial design and construction, 

however the decision on whether to install the new sea wall was delayed until 2030 when projections 
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and asset performance would be reassessed. The decision would then be made as to whether the wall 

should be added, delayed or removed from the adaptation plan. 

The Thames Estuary 2100 (TE2100) project in London provides an example of an adaptation pathway 

for infrastructure that supports transport and mobility. Modelling of potential climate impacts showed 

the Thames Estuary area, home to 1.25 million residents and 40,000 commercial and industrial 

buildings, has the greatest probable future flood risk in Britain (Ranger et al., 2013). In developing a 

plan of action to 2100, it was recognised that a range of climate, policy and social outcomes could 

influence the likelihood and scale of flood risk in the area. As such, an evolving adaptation pathway 

was created to allow for decisions to be made and refined over time based on available data. The 

TE2100 plan outlined key milestone points throughout the asset lifecycle where relevant personnel 

would reassess and decide on appropriate adaptation action. Such decision points could be triggered 

by climate thresholds, time, or other criteria (Ranger et al., 2013).  

The team adopted three methods to support ongoing flexibility in decision-making. Firstly, low-regret 

measures (cost effective and immediately reduced risk) were implemented in the near term, including 

raising existing defences around the estuary, with the capacity to build on this later. Secondly, they 

sought to engineer-in flexibility, designing infrastructure in a way which supported future additional 

adaptation action with reduced additional cost or redesign. Finally, recognising the uncertainty of 

predictive modelling and the complexity of Earth system processes, they developed an adaptive 

planning approach based on iterative risk management and adaptive management theories, which 

allowed for ongoing adjustment over time as additional information became available (Ranger et al., 

2013). 

There are advantages and disadvantages to this approach. Adding a longitudinal component allows 

for ongoing adaptation and evolution, enabling assets to be adjusted to suit changing conditions and 

demands as required. On the other hand, trigger points for such adaptation decisions are often 

decades apart and require external input and resources. They rely on organisational knowledge that 

can be susceptible to changes such as staff turnover, organisational restructure, changing 

management systems and strategic priorities. This creates a risk that factors such as lack of political 

or leadership interest, lack of resources, and loss of knowledge regarding the plan may reduce the 

effectiveness of the adaptation pathways approach over time.  

Multi-functional assets provide a different type of flexibility, having the capacity to operate in different 

states and modes dependant on environmental conditions. An example of a multi-functional transport 

asset is Kuala Lumpur’s SMARTunnel, which switches from a roadway to a storm water tunnel in the 

event of flooding (Abdullah, 2004). While this provides greater flexibility, the asset is engineered to 
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respond to modelled changes in (typically) one climate variable and within forecast ranges. Such 

designs are well suited to targeted adaptation efforts designed to manage well modelled and 

predictable disturbances yet may not deliver infrastructure able to manage unpredictable changes 

and conditions over time. 

These approaches to transport infrastructure adaptation are designed to achieve ‘specified’ or 

‘targeted’ resilience, where specific system components are adapted in response to known variables 

(Pickett et al., 2014). Such actions enhance adaptedness to selected climate impacts, however there 

exists a risk that ‘generalised’ resilience can be undermined by locking in rigid adaptation approaches 

that reduce diversity, flexibility and responsiveness to events and circumstances outside of predicted 

changes (Woods, 2015, Walker and Salt, 2012). It is this capacity to accommodate unexpected and 

unpredictable change and disturbance that is highlighted in the major streams of resilience theory, to 

which we now turn. 

Understanding the differences in socio-ecological and engineering approaches 

In the literature surrounding resilience theory, numerous definitions and categorisations exist 

(Gunderson and Holling, 2002, Haimes, 2009, Meerow, 2016). These interpretations of resilience, 

what it means and how it may be achieved, reflect their respective roots in diverse fields and their 

development through distinct disciplinary lenses. Resilience theory now has applications and 

interpretations in psychology, social sciences, organisational management and supply chain theory, 

among many others (Bhamra et al., 2011). However it is the work of Holling (1973) in ecological 

resilience and later socio-ecological resilience (Gunderson and Holling, 2002), that is often credited 

with launching widespread investigation and application of resilience theory to the built environment.  

In a comprehensive review of resilience literature across a wide range of disciplines, Davoudi (2012) 

identified three broad conceptualisations of resilience: engineering, ecological and evolutionary 

(socio-ecological) resilience. Grounded in the engineering discipline, traditional approaches to 

infrastructure resilience typically seek constancy, predictability and a single equilibrium, where 

success is defined as resisting disturbance or rapid rebound to the original state (Tilman and Downing, 

1994, Holling, 1996). The traditional engineering approach is to design for this single equilibrium with 

a deliberate effort to avoid designs that may fail or suddenly shift in form or behaviour following a 

disturbance (Gunderson, 1999, Davoudi, 2012). This is reflected in efforts to adapt to climate change 

through increases in the scale and rigidity of assets to withstand and defend against climate risks.  

Ecological perspectives of resilience, on the other hand, incorporate unpredictability, change, and the 

potential for multiple locally stable equilibria (Walker et al., 1981, Holling, 1996). Moving one step 

further, socio-ecological resilience theory seeks to also capture the characteristics and 
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interrelationships of social and ecological systems. Here, disturbance is not only necessary, it is 

regenerative – releasing stored capital, catalysing innovation and building robustness within the 

system. These systems favour flexibility and adaptability, with real-time feedback loops which identify 

risk and vulnerability and respond accordingly (Kim and Lim, 2016).  

More recently, Woods (2015) defines four regimes and characterises resilience as the capacity to 

move between these regimes. The first regime refers to how systems rebound from disruption to 

return to prior activities, the second looks at resilience as a synonym for robustness, while the third 

introduces a less common interpretation, one of graceful extensibility. Here, resilience is concerned 

with how a system extends its performance or calls on adaptive capacity in the face of disruption or 

surprise events. Finally, Woods (2015) proposes a form of resilience based on sustained adaptability, 

or the potential for continuous adaptation in response to changing conditions. 

As shown in Table 1, socio-ecological resilience theories show that communities and ecosystems can 

in fact benefit from disturbance and reorganisation (Gunderson and Holling, 2002, Gibbs, 2009, 

Davoudi et al., 2013). In some sense, transport planners have witnessed similar outcomes in cities, 

such as in San Francisco after the Loma Prieta earthquake of 1989, which led to the removal of the 

Embarcadero Freeway and redesign of their inner-city transport and land use system, though this 

adaptation took many years. However in transport engineering, particularly at the asset scale, the 

resilience end-goal has largely remained one of minimising change and pursuing certainty and 

stability, with little exploration of the opportunity for regeneration, innovation and renewal following 

disruption. As such, these conceptualisations represent distinct and often contradictory 

understandings of resilience in systems. 

Table 1. Engineering and socio-ecological approaches to resilience 

Elements of engineering 
resilience 

Elements of socio-ecological 
resilience 

References 

Single equilibrium or 
‘steady state’ 

Multiple equilibria or ‘steady 
states’, or dynamic non-
equilibrium  

(Gallopin, 2006, Walker et al., 2004, Holling, 
1996, Davoudi et al., 2013, Gunderson and 
Holling, 2002, Meerow, 2016) 

Assumes relative 
predictability and stability 

Assumes unpredictability and 
change 

(DeAngelis, 1980, Folke, 2002, Gunderson and 
Holling, 2002, Bahadur et al., 2010, Nelson, 
2007) 

Pre-defined engineering 
adaptations based on 
projected conditions 

Real-time sensing and 
adaptation 

(Folke, 2002, Gunderson and Holling, 2002, Wu 
and Wu, 2013, Bahadur et al., 2010, Adger and 
Brown, 2009, Annaswamy, 2016) 

Designed to minimise or 
avoid change over time 

Evolves over time 
(Davoudi, 2012, Gunderson and Holling, 2002, 
Folke, 2006) 

Focus on single operating 
objective 

Focus on multi-functionality 
(DeAngelis, 1980, Gunderson and Holling, 
2002, Holling, 1996, Hector, 2007) 
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Elements of engineering 
resilience 

Elements of socio-ecological 
resilience 

References 

Prioritises optimisation of 
individual components 

Prioritises whole-system 
optimisation 

(Gunderson and Holling, 2002, Bahadur et al., 
2010, Nelson, 2007, Walker and Salt, 2012) 

Disruption leads to failure 
Disruption leads to renewal and 
innovation 

(Gunderson and Holling, 2002, Folke, 2006, 
Bahadur et al., 2010, Walker and Salt, 2012) 

Ongoing maintenance 
required 

Renewal is internal and 
automatic 

(Gunderson and Holling, 2002, Wu and Wu, 
2013, Moensch et al., 2011, Adger and Brown, 
2009) 

Incremental change in 
response to specific risks 

Potential for transformative 
change  

(Nelson, 2007, Brown, 2012, Davoudi et al., 
2013) 

In summary, resilience characteristics of uncertainty and volatility – foreign to the traditional 

engineering objectives of predictability and stability – are integral to resilience in socio-ecological 

systems. While engineering resilience goals may appear valid and justified in transport infrastructure 

design, these objectives alone may be overly reductive, limiting the capacity for infrastructure 

networks to flexibly adapt and transform over time in response to vulnerability.  

Discussion 

Although it may seem from the literature review results that the engineering and socio-ecological 

resilience paradigms are diametrically opposed, there are opportunities for these approaches to 

converge. In the context of infrastructure resilience to climate change, we ask, ‘How might we deliver 

transport infrastructure that is not destroyed by disturbance and disruption, but regenerated by it’? As 

suggested by Taleb (2014), this can be understood as being not only resilient but in fact ‘antifragile’. 

By incorporating these socio-ecological resilience concepts into engineering approaches, 

infrastructure resilience could be measured in part by a capacity to sense and respond to vulnerability 

in real-time, to operate in the face of complexity and uncertainty, and to shift between multiple states 

of form or function in response to environmental conditions – a sustained adaptation response to 

climate-related risk, as opposed to a single-point-in-time design change to enhance rigidity.  

This perspective recognises infrastructure as part of complex socio-eco-technological (SET) systems. 

Grabowski et al. (2017) reiterate the importance of understanding infrastructure within these 

systems, embedded within social considerations such as policy processes, knowledge systems, user 

behaviours and demographic changes, as well as environmental systems both in terms of 

environmental inputs and impacts. The presence of complexity in transport infrastructure engineering 

is not new, and many robust risk management approaches have developed as a result. Climate change, 

however, brings with it additional risk and vulnerability elements, including: extensive system 

interconnectedness between ecological, social and technological systems; widespread global scale of 

impact; potential to impact entire networks as well as individual assets; uncertainty associated with 
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climate projections, including the impact of policy and behaviour changes over coming decades; and 

potential cumulative and flow-on impacts that may results from both chronic and acute climatic 

changes (Scheraga, 1998, Du Plessis, 2012).  

Looking to a socio-ecological conception of resilience requires a shift from siloed and mechanistic 

‘steady-state’ approaches to designing for risk reduction, towards a sustained adaptability approach 

that is only possible when infrastructure is recognised as part of a complex adaptive system, not 

separate to it. 

Complexity and resilience through an adapted Cynefin Framework 

Recognising complexity as distinct from complicated or simple systems, we use the Snowden and 

Boone (2007) Cynefin (‘Habitat’) Framework, to categorise current and emerging practices in transport 

infrastructure engineering against the overarching knowledge headings of Obvious (known), 

Complicated (knowable), Complex and Chaos. Existing approaches to addressing obvious and 

complicated risks in infrastructure engineering are highly refined, with comprehensive risk 

management frameworks and processes. This strong foundation has been pivotal to developing 

climate risk assessment processes to date. Nonetheless, it is becoming clear that this traditional 

approach necessitates significant simplification regarding both exposure and vulnerability to climate-

change related risks. Given the level of interconnectedness, complexity and unknown impacts of 

climate change, it is important to also explore how climate risks to infrastructure may be addressed in 

‘Complex’ situations and what tools and strategies might support efforts to manage complex, adaptive 

and evolving challenges within complex infrastructure systems. 

Arguably, it will be necessary to manage risk and design transport infrastructure solutions in ways that 

recognise, and respond to, such uncertainty. Such solutions would seek to incorporate flexibility and 

sustained adaptation, complimenting existing discrete adaptation approaches with design solutions 

that allow for ‘unknown unknowns’ and surprise events. As noted by Ahern (2011), the shift from 

deterministic ‘fail-safe’ perspectives towards non-equilibrium ‘safe-to-fail’ perspectives has been led 

by the fields of ecology and resource management. Here, chaos theory has proposed that socio-

ecological systems include uncertainty, variability and surprise events. Ahern (2011) proposes that 

design strategies of multifunctionality, redundancy and modularisation, diversity, multi-scale 

networks, connectivity and adaptive planning and design may help to deliver urban resilience capacity. 

Building on this proposition, we now consider how current design and engineering approaches could 

shift to incorporate these concepts and deliver an adjusted form of resilience or ‘antifragility’ in 

transport infrastructure engineering. 
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Resilience in complex systems through regenerative design 

One emerging discipline that incorporates many of these considerations, is regenerative design. It 

seeks to deliver solutions that are holistic, adaptable and that create opportunities for disruption and 

change to lead to regenerative impacts. Regenerative design recognises the built environment as 

embedded within complex systems and calls for design approaches that not only minimise harm to 

these systems but that also regenerate them. Exploring resilience in this context, regenerative design 

may look to the broader SET system and ask ‘What does resilience look like in this place?’; ‘What are 

the social and ecological functions that support resilience here?’; and, ‘How can these be measured, 

contributed to and learned from?’. 

Examples may include learning from the local ecosystem approaches to water diffusion and flood 

control; heat diffusion and temperature management – investigating local approaches to resilience 

and adaptation, evolved and refined by the local ecosystem and community, to inform locally-attuned 

design approaches. Regenerative design encourages a comprehensive consideration of these factors, 

to support resilience and regeneration through place-based design, where performance is measured 

against more holistic socio-eco-technological performance metrics. It supports design for agile and 

resilient transport infrastructure suited to that place. 

Pursuing regenerative design through biomimicry 

When looking to draw on the principles, patterns and strategies adopted by living systems, biomimicry 

presents a rational starting point. Based on the belief that biological organisms and ecosystems have 

– over almost 4 billion years - optimised strategies for dealing with complex challenges, ‘biomimicry’ 

as popularised by Benyus (1997), brings together various fields working to emulate natural strategies 

in design (Kenny et al., 2012, Fiksel, 2003). Biological organisms and ecosystems have refined design 

strategies, patterns and principles that support resilience, adaptability, multifunctionality and 

regeneration – all within the context of changing and often unpredictable conditions – creating a 

catalogue of methods which may be transferrable to engineered systems seeking to survive and thrive 

under these same conditions (Kennedy, 2016).  

Distinct from ‘bio-utilisation’, where the organism is directly incorporated into design in its living form 

(i.e. bioremediation, mangroves for flood mitigation, or the inclusion of parkland to create habitat and 

other ecosystem services), or ‘biophilia’ with its focus on human-nature connections, here the end 

result may exhibit no obvious connection to nature in form or aesthetic. Instead, by drilling down to 

mechanisms and underlying design strategies employed by organisms and ecosystems to achieve 

desired functions, biomimics seek to extract a design approach that may then be translated to human 

design and engineering approaches. In this context, this means identifying how natural systems have 
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evolved to build resilience and deal with climate changes and disturbances without experiencing 

systemic failure, but rather evolving to flourish under such conditions. 

Adapted Cynefin framework 

With this in mind, we propose that together, biomimicry and the broader design approach of 

regenerative design offer approaches to managing complex, evolving challenges to resilience, where 

risks may not be known or certain. Figure 1 situates these within an adapted Cynefin framework 

(Snowden and Boone, 2007) for resilient transport infrastructure, to reflect their potential role in 

supporting management of complex risks and vulnerabilities within complex systems. 

 

Figure 1. Adapted Cynefin framework for resilient transport infrastructure  

(Adapted from Snowden and Boone, 2007) 

In adopting this view of infrastructure as part of complex socio-eco-technological systems, the concept 

of ‘place’ becomes particularly important and the relationships between the asset and its socio-

ecological context become paramount. Drawing on regenerative design literature we ask, ‘How can 

regenerative and resilient performance be promoted and measured in that place?’. Looking at the 

design concepts that may support these kinds of outcomes, regenerative design discussions point to 

two important ideas (adapted from Mang and Reed (2012a): 

1. Place: including the questions, ‘What is the (hi)story of that place?’ and, ‘What are the design and 

adaptation strategies that have allowed organisms to survive and thrive there?  
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2. Pattern: including the questions, ‘What can be recognised with regard to locally relevant living 

systems and their interrelationships.’ and, ‘What are the key patterns supporting resilience and 

sustainability in that place?’  

In shifting the appreciation of resilience in built or ‘non-living’ systems to more closely align with 

resilience in ‘living’ systems, it is logical to look to nature for guidance on strategies and applied 

frameworks. Biological systems have continuously adapted to changing climatic conditions and built 

robustness and resilience by embracing flexibility, adaptability and real-time feedback loops – features 

in contrast to traditional infrastructure engineering resilience efforts, which often centre primarily on 

enhancing stability, rigidity and impermeability to disruption. Successful ecosystems have evolved to 

manage and thrive under climate conditions likely to be impacted by anthropogenic climate change – 

from high winds to extreme heat, flood events and variable rainfall (Pedersen Zari, 2010). The 

following section details emergent tools and developments from biomimicry that may be applied to 

address transport infrastructure resilience, including place-based design strategies, overarching 

design principles and approaches to measuring performance.  

Applying Biomimicry tools for resilient transport infrastructure 

The following paragraphs bring together three emerging tools and frameworks in biomimicry that may 

help to operationalise the concepts of place, pattern literacy and performance in the context of 

enhancing transport infrastructure resilience.  

1. Design Strategies - ‘Genius of Place’: 

‘Genius of Place’ studies seek to uncover and investigate strategies and mechanisms that organisms 

have developed in a specific place, in response to localised operating conditions of that place. This 

may include, for example, how organisms have adapted to deal with extreme flood events, or how 

local species survive and thrive in conditions of extreme heat. It involves detailed investigation of 

these organisms, to identify strategies and mechanisms that can then be used to inform approaches 

to built environment design and engineering. The Genius of Place process can operate in two ways – 

‘Challenge to biology’, or ‘Biology to design’ (Baumeister et al., 2013). In the former, the project team 

would start by identifying their primary challenges for that site. They would then direct their biological 

research to identify local organisms that have developed particularly successful strategies for dealing 

with that challenge (Biomimicry Oregon, 2013, Allen et al., 2015). These strategies can then be 

translated to design principles by stripping away the ‘biology’ to reveal the underlying design and 

engineering strategies that have been adopted; a translation from biology to engineering (Baumeister 

et al., 2013).  
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In the biology to design approach, the project team would instead investigate the ecosystem ‘as a 

whole’, looking for examples of organisms or processes that support adaptation, resilience and 

sustainability in the face of a wide range of challenges. In this way, the material issues of that place 

are revealed through the strategies and patterns evident in the biology. By looking directly to the form, 

process and system-level strategies that have evolved in that place, it is possible to extract design 

solutions that are suited and resilient to local conditions. In a region experiencing particularly high 

rainfall, for example, this may mean shifting from current design approaches that seek simply to 

capture and reuse this water, to investigating how local organisms and systems optimise water 

management cycles in that location to reduce risk and enhance resilience.  

A transport infrastructure example can be found in work undertaken by the Open Space and Mountain 

Park’s (OSMP) team at City of Boulder, Colorado. Here, the team was faced with a need to repair and 

upgrade a walking trail and access road following extreme flooding in the region (Allen et al., 2015). 

Recognising that local ecosystems in that area had evolved to effectively manage extreme rainfall 

events, overland flow and flooding, OSMP conducted a Genius of Place study to investigate local 

organisms that had developed particularly successful strategies for managing these challenges and 

remaining resilient in the face of flood events. Identifying seven key organisms and investigating the 

detailed design and operational strategies adopted, they then transferred these to design strategies 

for use in design charettes. For example, they learned from the morphology of the local Yucca plant 

to inform water drainage design, and from the bone structure of the Rocky Mountain Elk to inspire 

design solutions to minimise deformation under stress and regain original shape. More broadly, 

limited examples of this technique exist in relation to transport infrastructure, providing an 

opportunity for further research and development to determine opportunities and barriers to uptake. 

2. Design Principles – Ecosystem Patterns: 

Biomimicry design principles highlight patterns and strategies that have been consistently identified 

in resilient and successful organisms and ecosystems across the natural world (Baumeister et al., 

2013). These commonly occurring characteristics have been collated as design principles that can be 

used both as a design prompt and an evaluation checklist for proposed design approaches (Pedersen 

Zari, 2018b, Biomimicry 3.8, 2013). The ‘Life’s Principles’ developed by Biomimicry 3.8 are shown in 

Figure 2.   
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Figure 2. Life’s Principles (Biomimicry 3.8, 2013) 

These regenerative patterns and strategies reflect recurring characteristics of life (writ large) in 

ecological systems. Looking at these and others (such as Pedersen Zari (2018b) Ecosystem Process 

Tiers) relative to key elements of socio-ecological resilience, it is evident that there are many 

overlapping and aligned principles, including multi-functionality, real-time feedback loops, evolution 

and adaptation, and self-repair. Given that biomimicry has developed clear and actionable 

frameworks for transferring strategies from biology to design and engineering, it may well provide a 

useful guide for pursuing socio-ecological resilience attributes in infrastructure engineering – 

establishing a tangible stepping stone for shifting resilience approaches from a solely ‘engineering 

resilience’ approach, to one which aligns with a socio-ecological resilience perspective.  

Similar to limitations of narrowly targeted adaptation measures, biomimetic solutions designed to 

address just one of the design principles tend to fail in satisfying others. While they may perform 

strongly in one area, overall resilience and sustainability is not necessarily improved (Reap et al., 

2005). Further to this, the satisfied principle or criteria may deliver operational or productivity benefits 

without necessarily achieving improved social or environmental outcomes. The systems approach 

supports solutions which satisfy all or most of these principles and therefore more holistically reflect 

the source systems which inspired them. In looking to enhance resilience in engineered systems, this 
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systems-level approach becomes particularly important. In infrastructure systems, for example, where 

designers may traditionally look to adapt one changing condition, Life’s Principles ask us to instead 

support an ability to adapt to changing conditions over time – sustained adaptability. Using this 

framework we could seek to design solutions that evolve and are locally attuned and responsive. In 

this way, the framework supports a shift from siloed adaptation actions towards comprehensive 

adaptive capacity. Elements such as self-repair, self-assembly and self-organisation further support 

this, and begin a shift towards assets and networks that can sense risk and damage in real-time, are 

sufficiently flexible and agile to minimise risk where possible, incorporating self-repair mechanisms 

where necessary. The framework encourages a more holistic systems approach to design, that pursues 

not one, but many of these strategies to support whole-system resilience and sustainability. 

3. Measuring performance – ‘Ecological Performance Standards’: 

 Ecological Performance Standards’ (EPS) allow for nuanced, quantifiable and location-specific enquiry 

into the functional performance potential of a site, looking to either the ecosystem of the site (if 

undisturbed), or a local reference habitat, to identify measurable ecosystem characteristics, services 

and functions generated by that system. This information is used to establish a baseline estimate of 

ecosystem services that would have been delivered by the local ecosystem on that site should it have 

remained intact (Stack, 2014).  

By understanding benefits delivered by the existing or prior ecosystem, it is possible to comprehend 

the unique balance of ecological cycles and functions that had contributed to a successful ecosystem 

balance in that place. Identifying these measures enables development of quantitative design metrics 

and performance targets, where transport asset design seeks to mimic these ecosystem services in 

order to support ongoing resilience and sustainability of both the asset and the socio-ecological 

systems it inhabits. This could include, for example, quantifying energy that the ecosystem on that site 

would have generated, carbon that would have been sequestered, cultural services provided, natural 

water cycles (for example the proportion of total rainfall evapotranspirated, absorbed, shed and 

captured for future use), and a range of other services and functions supporting resilience and 

regeneration. Rather than (or in combination with) the more common approach of procuring 

ecological offsets or including planting and greenspace within the project site to offset the loss of 

ecosystem, the EPS approach encourages consideration of biomimetic design solutions to support 

delivery of ecosystem services. It offers a novel approach wherein built environment design 

consciously seeks to deliver ecosystem services, where the generation of such services and benefits 

becomes the responsibility of ‘grey’ infrastructure as well as ‘green’.  
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Measuring ecosystem functions and services encourages consideration and pursuit of regenerative 

ecological cycles, as opposed to measuring performance solely as discrete improvements from 

‘business as usual’ impact. While current transport infrastructure sustainability approaches typically 

begin by modelling environmental and social impacts of proposed project designs, then seeking a 

percentage improvement on baseline damages, the EPS approach instead starts by looking at socio-

ecological performance of the ‘reference’ site (i.e. as an intact ecosystem) and creating a performance 

baseline from there. In doing so, it provides insight into the various cycles and services that would 

have supported a successful balance in that place. Instead of looking solely at reducing energy 

consumption, for example, it would quantify how much energy would have been generated by the 

reference ecosystem there, how much would have been consumed, emissions that would have been 

generated, and sequestration. Using this approach, designs could then seek to mimic these 

proportions, pursuing an energy balance appropriate for, and resilient in that location towards future 

unknowns and surprise events. Importantly, while prior work has focussed on incorporating nature 

into design to support these ecosystem services (e.g. planting to support carbon sequestration and 

purification of air), the EPS framework explores how these services may be delivered through built 

environment design and engineering.  

4. Other opportunities for biomimicry: 

Biomimicry is largely understood to occur at three key levels – Form, Process and System (Baumeister 

et al., 2013). The three tools and frameworks identified above relate to biomimicry at the ‘system’ 

level, where overarching design approaches are informed by ecosystem strategies, patterns and 

principles. There are also other interesting opportunities for biomimicry to support transport 

infrastructure resilience.  

Recognising that primary physical risks to transport infrastructure relate to materials degradation 

(gradual) and component failure (sudden), the areas of transport infrastructure operations, 

maintenance and repair are an obvious focus for the identification and application of technological 

solutions. Pertinent advances within biomimicry at the form and process levels include materials that 

are able to self-repair, including major transport infrastructure materials such as asphalt (Schlangen 

and Sangadji, 2013) and concrete (Li and Meng, 2015). These materials offer the potential to 

dramatically reduce maintenance and repair burden otherwise expected to increase as a result of 

climatic changes. Similarly, research is underway to develop material and structural health monitoring 

systems and sensors that mimic the ability of organisms to sense damage, stressors and changes in 

operating conditions in real-time. This research is inspired by nervous systems, neural networks, hair-

cell sensors and skin to more effectively monitor and respond to vulnerability, as well as creating 

impact indicators on composite materials, mimicking bioluminescence to create visual indicators of 
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damage to materials (Olawale et al., 2011b, Xu et al., 2010, Liu, 2007). In other work, researchers are 

exploring opportunities for self-assembly of materials and structures (Ramesh Kumar et al., 2011, 

Ellery, 2018) that, while currently not scalable for transport infrastructure, reflect an emerging trend 

in materials science likely to create opportunities for rapid rebuilding and repair into the future. 

These opportunities, while in varying stages of research and commercialisation, may play an important 

role in managing the increased maintenance and repair requirements forecast for transport 

infrastructure assets resulting from climate change, while facilitating enhanced adaptability and 

flexibility in the face of changing conditions.  

Limitations and assumptions 

Given the emergent nature of this work, there are a number of opportunities for developing, testing 

and refining these approaches for transport infrastructure. At each level, biomimicry approaches 

outlined above have seen limited application in transport infrastructure applications. While this 

reflects the emerging state of the field more broadly, it will be important to build a robust research 

base moving forward.  

The concept of looking to ecology for tried and tested solutions to design and engineering challenges 

has strong theoretical foundations. It has worked well previously in transport engineering, such as in 

the redesign of Japan’s Shinkansen high-speed train based on the beak of a Kingfisher to minimise 

resistance, reduce noise impacts and increase speed and efficiency. However, the extent to which this 

can be translated to material resilience improvements for transport infrastructure requires further 

investigation, both in research and application. The tools and frameworks outlined above offer 

foundations for this, however, they have not been applied consistently or in combination to transport 

infrastructure context with resilience as a driving focus. Similarly, opportunities for scaling these 

approaches to support widespread implementation within complex systems, have not been fully 

explored. These limitations will require further investigation and as such, key research opportunities 

have been outlined below. 

Conclusions and implications for future research 

This paper recognises the intercept of a number of emerging trends, challenges and innovations. 

Efforts to enhance resilience in transport infrastructure have gained momentum internationally, with 

many emerging examples of design changes to reduce climate risk. It is now increasingly recognised 

that managing climate risk to transport infrastructure must move beyond single-point-in-time design 

changes in response to individual parameters, and instead seek to build overall adaptive capacity of 

infrastructure assets and networks, recognising these as components of complex socio-eco-

technological systems. At the same time, research into biomimicry and opportunities to learn from 
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ecosystems to inform design and engineering approaches are rapidly emerging, though with limited 

application to transport infrastructure. 

This paper unites these fields of research and practice, to propose that system-level biomimicry, in 

combination with advances in materials and technologies at the form and process levels, may provide 

a promising framework for enhancing holistic adaptive capacity in assets and networks. Much could 

be gained in the field of transport engineering by mimicking the design strategies and principles that 

have supported such resilience in living systems. Previous resilience approaches that consider each 

asset as an independent, discrete and standalone asset, and where the objective is to pursue a steady 

state, maintain stability and avoid change, exhibit fundamental weaknesses that limit their usefulness 

in an era of great (climate-related) uncertainty. We highlight the opportunity to move towards a socio-

ecological interpretation of resilience. Under this interpretation, advances from the biomimicry field 

could be united to support design and engineering approaches that overcome limitations of previous 

approaches. While Allen et al. (2015) have begun to explore the use of Genius of Place and Life’s 

Principles in transport contexts, and BiomimicrySA and partners (unpublished) have explored 

opportunities for Ecological Performance Standards to support resilience in development (though not 

transport specific), these three frameworks have not yet been considered together in the context of 

a shift towards resilience for transport infrastructure. Practitioners may find benefit adopting these 

approaches in transport engineering, at different levels. 

Through trial and error over almost four billion years, ecosystems have tested, discarded and refined 

strategies to establish sustainable and resilient systems. In these systems, resilience and sustainability 

are not static end-points but rather functions of dynamic and ever-changing relationships, forms and 

processes. Typically, successful approaches have resulted not from a single, permanent design change, 

but through the constant use of feedback loops to identify environmental conditions and make minor 

adjustments, often including the ability to successfully shift between multiple operating states. For 

this kind of adaptive resilience to be adopted in transportation, it will require a transformed approach 

to design, engineering and operation. These are emerging concepts for which many questions remain 

unanswered. Extensive work has been undertaken to explore barriers to mainstreaming of niche 

innovations e.g. (Geels, 2005), and investigation and articulation of conceptual and applied barriers to 

implementation will be necessary for progressing work in this area. 

Research into the application of system-level biomimetic design approaches remains limited, 

particularly within infrastructure engineering, and even more so within a transport context. While 

there are projects underway in industry, the research base to support, investigate and refine these 

approaches requires further development, and investigation is required to measure the potential and 
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realised resilience and sustainability benefits of these projects. Peer-reviewed case studies of existing 

projects piloting these approaches, including robust investigation of outcomes, benefits, challenges 

and learnings, would help to establish a foundation for ongoing development. Where transport-

specific examples are not available, other built environment applications may provide a useful 

foundation.  

Capacity building within government and industry will play an important role in supporting uptake of 

the proposed biomimetic products and design frameworks in transport infrastructure.  Piloting and 

implementation of biomimetic products and design frameworks should be followed by rigorous 

evaluation and adaptation of project approaches, and communication of research outcomes to key 

public and private sector parties involved in infrastructure planning, design, construction and 

operation. To support mainstreaming of these approaches, opportunities should be taken to align with 

existing frameworks, standards and schemes. For transport infrastructure, this could include 

infrastructure sustainability rating schemes, key international standards and specifications, as well as 

research and practice in fields closely links to biomimicry, including industrial ecology, regenerative 

design, biophilia, ecosystem services and materials science among others. 
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Chapter 3: Research Design and Methodology 

This chapter establishes the research scope and approach, and justifies the methods adopted, 

including explanation of the suitability and benefits of each. Further details on methodological 

approaches are captured within each publication, including: 

• Paper 1: Narrative literature review, exploring existing and emerging theory and practice 

(Chapter 2, above). 

• Paper 2: Systematic literature review of peer-reviewed biomimicry publications (Chapter 4). 

• Paper 3: Case study analysis including document analysis and interviews, investigating 

emerging patterns in applied system-level biomimicry (Chapter 5). 

• Paper 4: Drawing on case study findings to explore opportunities for project management 

approaches to support innovation (Chapter 6). 

• Paper 5: Using peer-review workshops to inform opportunities for capability building to 

support biomimetic place-based design (Chapter 7). 

• Paper 6: Building on workshop findings to highlight opportunities for integrating biomimetic 

evaluation into mainstream standards and frameworks (Chapter 8). 

Ethics 

The research represented in this thesis was conducted in accordance with ethics clearance provided 

by the Griffith University Human Research Ethics committee, under the research protocol GU: 

2017_840. 

Research design and epistemology 

The methodology adopted in this research falls within the post-positivism paradigm, which 

emphasises the importance of calibrating research outcomes through a variety of methods and 

avenues of enquiry, recognising the fallibility of research and the unavoidable influence of inquirer 

perspectives on the research process (Fox, 2008, Creswell and Poth, 2017, Guba and Lincoln, 1994). 

Accordingly, the research adopts a mixed methods research approach, drawing on both qualitative 

and quantitative research methods to provide a robust and multi-faceted dataset (Johnson et al., 

2007). 

Though employing mixed methods, the research is heavily qualitative-dominant. Qualitative research 

focuses on applied practice to inform an interactive, iterative and inductive research process, aiming 

to explore emergent areas and phenomena and develop new theory that is grounded in empirical data 

(Creswell and Poth, 2017, Vasilachis, 2009, Flick, 2014). This qualitative dominance in the research 

reflects the emerging state of the field and in particular, the novel interdisciplinary nature of the 

enquiry. In such instances, where robust quantitative datasets do not yet exist, it is particularly 
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important to establish theoretical foundations and interrogate early applied projects. Such research 

typically draws on text data as opposed to numerical, and avoids the conversion to numerical data in 

the process of analysing and reporting (Carter and Little, 2007). In this research, qualitative dominant 

approaches are selected, with quantitative methods and analysis employed where these are deemed 

to add value – for example in the completion of a quantitative systematic literature review, and in 

numerical analysis of interview and workshop findings.  

Benefits of mixed-methods research include the opportunity to capture multiple perspectives, to 

ensure a more complete representation of reality and to allow the corroboration or confirmation of 

data and interpretation through multiple methods of inquiry (Venkatesh et al., 2013, Caruth, 2013). 

Mixed-methods research can enable the researcher to take advantage of overlapping strengths, and 

avoid non-overlapping weaknesses of different methods, allowing for triangulation of results to 

enhance robustness of findings and meta-inferences (Venkatesh et al., 2013, Palinkas et al., 2015). It 

can also support theory development by allowing questions from one avenue of enquiry to emerge 

from the inferences of a previous one (Venkatesh et al., 2013). 

In this grounded theory approach, ‘real-world’ data and applied case studies are used to inform the 

development of innovative novel theory, with theoretical contributions emerging from the source 

data collected, as opposed to existing theoretical frameworks (Gasson, 2004). Grounded theory 

development involves iterative review and refinement of emerging codes and constructs as new data 

is collected, resulting in a research process informed at each stage by the findings of other stages and 

data sources (Gasson, 2004). Data captured in the research process is coded according to emerging 

themes and concepts, before being reviewed for patterns, gaps and trends across themes and cases 

(Gasson, 2004). In combination, the use of inductive, grounded mixed method approaches offers an 

opportunity to establish novel theory through investigation of real-world data using multiple methods 

and over time. 

Nonetheless, there are limitations. Given that mixed-methods research requires an understanding of 

both qualitative and quantitative research methods, it is recognised that such approaches can be 

significantly more time-consuming than single-method research (Creswell, 2013). Methodological 

purists maintain that researchers should operate within either qualitative or quantitative research 

methodologies, stating that these worldviews are incompatible and should not be combined 

(Cronholm, 2011). For the purpose of this research, the systematic quantitative literature review was 

deemed to be an important contribution and necessary foundation for the subsequent investigation, 

without introducing incompatible practical or theoretical implications for the research project. 

Similarly, the translation of selected qualitative data and coding to quantitative rankings and analysis 
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offered additional insights into the emerging trends and patterns. Overall, it is proposed that the 

benefits of a mixed-methods approach exceed the impact of such limitations in this instance. 

Research gaps 

In line with the above research approach, an interdisciplinary literature review identified important 

research and practice gaps (refer to Chapter 2) that warranted further investigation, namely: 

1. Infrastructure design and engineering approaches often lack the agility and flexibility required 

to address increasing complexity, uncertainty and unpredictability. 

2. Approaches to resilience in infrastructure and the built environment align primarily with 

‘engineered’ resilience principles of rigidity and robustness, rarely informed by socio-

ecological resilience concepts such as multifunctionality, adaptability, and real-time sensing 

and feedback loops. 

3. While biomimetic design and engineering are increasingly investigated and applied across 

various fields, there has been limited application to infrastructure engineering applications. 

4. Efforts to pursue sustainability in the built environment have largely resulted in incremental 

reductions in damage, despite theoretical advances towards transformative regenerative 

design approaches. 

These interdisciplinary findings highlight an overarching research opportunity – to investigate the 

potential for biomimetic design and engineering to enhance resilience and regenerative performance 

in an infrastructure context. 

Contextual framework  

Figure 5 outlines the contextual framework for the research, with regard to current status, the focus 

area for application, key challenges and the potential role for biomimetic engineering. 

 

Figure 5. Contextual framework for research 
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Research approach 

The overarching research question is: What are the opportunities for biomimetic design and 

engineering to enhance resilience and regenerative performance outcomes for infrastructure? 

Table 2 summarises three research questions developed to structure the research, as well as the 

methodological approaches adopted for each question: 

Table 2. Summary of research questions and methodological approaches 

Reference Research Question (RQ) Methodology 

RQ1 
What is the existing research context for biomimetic design and 

engineering of infrastructure? 

Systematic Quantitative 

Literature Review 

RQ2 
How are biomimetic design and engineering concepts currently 

applied to projects in the built environment? 
Case studies 

RQ3 

How could biomimicry be integrated into government and industry 

practice to enhance resilience and regenerative performance 

outcomes? 

Case studies 

Peer Review (Workshops) 

 

The narrative literature review established a novel approach to resilience in infrastructure, articulating 

the research background, knowledge gaps and rationale by uniting several areas of theory and 

practice. From this foundation, a comprehensive systematic quantitative literature review then 

investigated current research into biomimetic design and engineering across multiple fields. Looking 

to applied practice, case studies were undertaken to allow an in-depth qualitative investigation into 

examples of biomimetic design and engineering in the built environment. Finally, a peer review 

process included workshops with academic experts and industry practitioners, exploring opportunities 

and mechanisms for implementation and mainstreaming of these design and engineering approaches 

in an infrastructure context. The case study and workshop approaches are outlined in Figure 6.  
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Figure 6. Summary of approach to case study and peer review research 

The resulting data informed the identification of key priorities and implementation strategies for 

biomimetic design and engineering in the infrastructure sector. 

Research methodology 

Figure 7 (adapted from Figure 3, Chapter 1) summarises the key research questions as they relate to 

methods adopted and the publications associated with each.  
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Figure 7. Summary of research questions, methods and publications 

The below sections expand on the methodological approaches adopted in response to each research 

question. 

Research Question 1: What is the existing research context for biomimetic design and engineering of 

infrastructure? 

Research question 1 seeks to establish the current research context within which this investigation 

exists. This includes existing research into biomimetic design and engineering, as well as the extent to 

which these have been explored and applied relative to infrastructure, and to concepts of 

sustainability, resilience and regenerative development. With regards to scoping and terminology, the 

methodology for RQ1 focuses first on built environment applications more broadly, before refining 

these for applicability to infrastructure. It explores considerations of resilience and sustainability, 

recognising the prominence of these terms and objectives in the current lexicon of global and industry 

trends, however positions these within a context of regenerative design and performance.  
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Quantitative Systematic Literature Review 

Having established a foundation for consideration of biomimicry to support resilience and 

regenerative performance in infrastructure, it became evident that there had been little exploration 

of biomimetic research and application in an infrastructure context. While foundational (Pacheco-

Torgal et al., 2015) and high-level (Taylor Buck, 2017) reviews had been undertaken, none reflected 

the comprehensiveness and rigour seen in broader reviews of biomimetic trends such as that 

conducted by Gleich et al. (2009). Recognising this, a systematic review was undertaken to explore 

research in the field of biomimicry in the built environment, particularly those with potential 

applicability to civil infrastructure. This review sought to provide insight into current research and 

application, to identify key emerging trends and to highlight gaps and opportunities for further 

development. 

Strengths and weaknesses 

Quantitative systematic literature reviews (QSLR) offer a straightforward yet systematic approach to 

reviewing available literature, that can extract insights not readily available through narrative review 

methods (Petticrew et al., 2006, Pickering and Byrne, 2014). Quantifying the number and type of 

publications that satisfy pre-defined search and evaluation criteria allows for insight into the current 

status of published research, emerging trends and publication gaps (Pickering and Byrne, 2014, p.535). 

This systematic approach also helps to overcome the subjectivity issues associated with narrative 

reviews, and provide a justifiable scope for investigation (Pickering and Byrne, 2014, p. 537 - 538). 

While more suited to some disciplines than others, the QSLR method is applicable to qualitative, 

quantitative and mixed-methods research, and is deemed effective for positivist and interdisciplinary 

research (Pickering and Byrne, 2014). Limitations applicable to QSLR and other literature review 

methods include biases associated with not reviewing research in languages other than English, and 

some inherent subjectivity that may remain in the selection of criteria, databases and the evaluation 

of publication attributes. While most research contains some element of subjectivity in the crafting of 

the research design, the decision to adopt and expand on search terms used in a previous 

comprehensive literature review in this area helps to ensure consistency and reduce search bias. As 

such it is proposed that these limitations are unlikely to unreasonably impact or override the emerging 

trends and patterns identified in the systematic review.  

Criteria for inclusion 

After extensive testing of search terms and combinations, and recognising the valuable foundation 

established by Gleich et al. (2009) in their review of potentials and trends in biomimetics, the following 

terms used by Gleich were retained for this review: 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

53 
 

(biomim* , bionic*, biolog* inspire*, bioinspir*, self organi*, self heal*, self repair*)  

Additional terms were then included to focus search results on engineering and the built 

environment, resulting in the following search criteria: 

Scopus Search: biomim* OR bionic* OR bio-inspir* OR biology-inspir* OR self-organi* OR 

self-heal* OR self-repair* AND Engineering (AND NOT Tissue Engineering) AND 

infrastructure OR Built Environment OR Construction. 

To filter irrelevant results, the following category exclusions were applied to search results: Medicine; 

Social Sciences; Business; Health Professions; Arts and Humanities; Dentistry; Economics, 

Econometrics and Finance; Decision Sciences; Computer Science; Physics and Astronomy; 

Pharmacology, Toxicology and Pharmaceutics; Immunology and Microbiology; Neuroscience. 

Document types ‘Conference review’, ‘Editorial’, ‘Letter’ and ‘Short Survey’ categories were also 

excluded. Using these parameters, 310 papers were captured in the initial search, with 10 excluded 

based on inaccessibility (retracted papers, for example). A first pass review (title and abstract) was 

conducted for these 300 publications, with 190 papers sourced where either additional information 

was required (focus, scope or research design not clear in title and abstract), or where the paper was 

selected for inclusion in the detailed review (refer to detailed inclusion criteria in Chapter 4). These 

were then subject to a high-level review for relevance (explicitly biomimetic, potential for built 

environment application), and filtered to 75 papers for detailed analysis. 

Analysis 

For the 75 papers selected for further review, analysis included identification of the level of 

biomimetic design, drawing on existing categorisations of ‘form’ ‘process’ and ‘system’ level 

applications (Baumeister et al., 2013). A comprehensive review of each publication was then 

conducted to identify the category of investigation (e.g. Mechanical, Materials), as well as identifying 

the source biology/ecology from which the research was inspired, and the proposed or applied 

engineering application. Also captured were the methods of investigation adopted into the biological 

or ecological source and/or the engineering application (e.g. Theoretical/ conceptual, Review, 

Modelling, Lab testing, Piloting/Implementation), and a numerical ranking of the extent or depth of 

each published approach. These classifications provided valuable insight into the content focus areas 

of each publication, as well as the methods adopted, and any references to piloting and 

implementation. 

On completion of this review, it was evident that the captured publications rarely articulated any 

alignment to broader sustainability and resilience trends. To further investigate this, a second-stage 
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review assessed keyword frequency across the sample, with the 75 papers reviewed for the following 

terms: 

a)  “Sustaina*” (sustainable, sustainability et al)  

b) “Resili*” (Resilience, Resilient et al) 

c) “Optimi*” (Optimized, Optimised, Optimization, Optimisation et al); and  

d) “Efficie*” (Efficiency, Efficient et al). 

This allowed for another lens of investigation, exploring the opportunity for integration with global 

trends toward sustainability and resilience. While many additional search terms would also be of 

interest here, the objective was to highlight the level of alignment with well-established industry 

trends by using widely understood and ‘mainstreamed’ search terms. These findings are explored in 

Chapter 4. 

Research Question 2: How are biomimetic design and engineering concepts currently applied to projects 

in the built environment? 

As highlighted in the findings of the systematic review, although there is extensive research into 

biomimetic design and engineering, there have been few publications of system-level approaches in 

the built environment. Recognising this, a case study methodology was selected to allow for in-depth 

primary investigation of applied system-level examples of built environment biomimicry. With regards 

to scoping and terminology, in responding to this research question the applied examples investigated 

were all built environment applications with applicability to infrastructure, however not all had been 

applied specifically to infrastructure contexts. This was important firstly to allow for a wider selection 

of applied projects, secondly to leverage learnings from the broader field, and thirdly due to the nature 

of the design approaches that allow for ready transferability between, for example, building and 

infrastructure contexts.  

Case studies 

Case studies provide a valuable opportunity to delve deeply into the practical application of 

biomimetic design and engineering in infrastructure. They allow for investigation of the context and 

detail behind project outcomes and allow researchers to achieve a holistic view which is not 

unnecessarily restricted by pre-defined categorisations or quantitative parameters (Noor, 2008). The 

case study reviews undertaken for this research include archival and document analysis of online open 

access documents, as well as information made available by organisations and personnel involved in 

the projects.  
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Strengths and weaknesses 

Case studies allow investigation of emerging areas before an extensive research base has been 

established and before robust datasets are available, making them particularly relevant for this 

emerging research field. By investigating individual cases, they support exploration of the way in which 

a theory or practice has been implemented, allowing the researcher to investigate specific strengths 

and limitations, barriers and opportunities (Meyer, 2001). This method enables the researcher to 

gather potentially important contextual information, including details of challenges and opportunities 

associated with real world applications, and the reasoning behind strategies and methods adopted by 

the case study participants (Zainal, 2017). By analysing these insights across multiple cases, it is then 

possible to identify key emerging trends, patterns and themes to inform the development of novel 

theories and conceptual frameworks (Eisenhardt, 1989). Case studies have, however, been deemed 

by some as lacking in scientific rigour, with limited generalisability of results (Noor, 2008). There is a 

risk that theories developed through case study research may be overly narrow and idiosyncratic, 

based on a limited number of case studies and developed through generalisation of equivocal 

evidence (Zainal, 2017). There are also criticisms of the level of detailed documentation required and 

the difficult and time-intensive nature of case study research, which can generate significant 

quantities of data that must be systematically organised and managed (Zainal, 2017). In order to 

balance these limitations and resource demands, the case study selection process included a 

foundational review of six biomimetic design and engineering applications, providing a snapshot of 

the state-of-play in the field, while also allowing for case-specific investigation of drivers, benefits and 

challenges. 

Case study selection 

Recognising the limited number of applied project examples of system-level biomimicry, case study 

selection criteria were designed to capture a range of project types, while also ensuring that key 

mandatory requirements were satisfied. The following criteria were adopted for case study selection: 

• The project must be an example of system-level biomimicry; 

• The project or approach must have been applied at one or more assets / locations; 

• There must be evident opportunity for further adaptation or replication; and 

• Archival data must be available through online and/or hardcopy resources, or personnel. 

Potential case study projects were identified through review of peer reviewed literature, extensive 

web searches, review of published books and book chapters, as well as extensive phone, email and 

face-to-face enquiries with biomimicry specialists internationally. This included ‘snowball sampling’ 

and chain referrals, where biomimicry professionals and those associated with already identified 
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projects were asked to identify any additional case studies that had not yet been captured. Selected 

projects included a focus on built environment applications, with a range of exclusion criteria also 

applied. Projects where biomimetic outcomes had been achieved without explicit intent to pursue 

biomimetic design approaches were excluded, to allow for a more targeted review of intentional 

biomimetic design and construction approaches. Also excluded were ‘form’ and ‘process’ level 

examples (captured in Chapter 4), as well as approaches proposed but not yet implemented. 

Computer science and information technology approaches were excluded in this instance, as were 

projects pursuing biophilic or bio-utilisation approaches rather than biomimetic design. Finally, 

documents published in languages other than English were also excluded. 

Analysis 

Case study analysis included detailed review of key documents provided by each project team. 

Following document requests sent to case study representatives by email (with suggestions of 

document types and scope), sixteen documents were selected for detailed review. These included 

project reports on process, outcomes and learnings, as well as project funding documents, project 

notes, theses, design reports and procurement documents, providing multi-faceted insights into the 

benefits and challenges of project delivery. Documents were uploaded to NVivo qualitative data 

analysis software (Version 12, 2018, QSR International Pty Ltd, Melbourne, Victoria, Australia) and 

reviewed in detail to first identify relevant content, before coding against key themes to identify both 

common and unique attributes and outcomes across the case study projects. Coding was conducted 

against the following categories reflecting the focus areas of the document analysis, and designed to 

highlight emergent themes across the documents: 1) Drivers and objectives; 2) Outcomes (what 

worked well; opportunities for improvement; lessons learned; potential benefits); 3) Challenges and 

barriers; 4) People; 5) Process and methods; 6) Timeline; and 7) Next steps. 

To support comprehensiveness and multi-faceted insights into the case study projects, interviews 

were also undertaken with key project participants. The interview approaches adopted, including 

criteria and analysis approaches, are outlined below. 

a) Interviews 

Interviews were conducted with participants involved in the case study projects to gain further insight 

into the context, detail and perspectives of key decision-makers across the projects. Interviewing 

personnel involved in the projects also allowed for triangulation and validation of the findings and 

interpretations made through the document analysis for each case study. While allowing for greater 

insight into the detail and context associated with selected case studies, there are some limitations to 

the interview approach. These include the time-intensive nature of conducting interviews, 
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transcribing outputs and analysing results, as well as potential lack of generalisability of results (Boyce 

and Neale, 2006, p. 3 - 4). Interviewers can be susceptible to bias when seeking to reinforce a 

perceived theory or assumption, and those lacking sufficient training may also limit the validity and 

robustness of results through poor framing of questions, inappropriate manner or demeanour, or the 

inclusion of leading questions or personal opinions in the interview process (Boyce and Neale, 2006, 

p. 4). To address these limitations, the interviewer underwent interview training with the Primary 

Supervisor to assist in identifying any potential limitations in the interview content and conduct. 

Interview format 

Interviews were conducted either in person, or via phone or videoconferencing services, with each 

interview lasting approximately one hour. Interviews were structured with pre-prepared interview 

questions for consistency (Appendix A), and were audio-recorded, before being transcribed and 

uploaded to NVivo for further qualitative review, analysis and coding. 

Participant selection 

In identifying and selecting participants for interviewing, three primary criteria were adopted: 

• The participant must have been directly involved with implementation / application of the 

biomimicry project; and 

• The participant must have participated in decision-making regarding the project; and 

• The participant must be willing and available to participate. 

These criteria supported identification and inclusion of project team members with material project 

roles and therefore most likely to have identified important project benefits, learnings and 

opportunities for improvement. 

Analysis 

Following upload into NVivo, 13 interview transcripts were reviewed and analysed in detail, to identify 

emergent themes, trends and differences between case studies and among participants. Transcripts 

were coded against the following categories, aligned with the questions asked in the interview 

process: 1) Benefits; 2) Challenges; 3) Drivers: 4) Frameworks and Standards; 5) Learning; 6) Network 

focus areas; 7) Opportunities for application in infrastructure; 8) Other comments; 9) 

Recommendations; and 10) What worked well. This also assisted in confirming saturation by 

highlighting the extent to which common and novel contributions were raised by each participant.  

Initial coding categories differed slightly for interview and document analysis, reflecting the different 

objectives and content of these data sources. Where documents included a stronger focus on process, 

methods, timelines and team members, for example, interviews focused in more detail on lessons and 

recommendations for future project teams. Using an overarching coding framework, document and 
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interview analysis was then merged across the case study projects, to provide opportunities for both 

vertical and lateral review of themes across projects and data sources. Coding decisions and 

frameworks were reviewed by the Principal Supervisor to confirm an agreed approach to synthesising 

and categorising findings. This multi-stage coding process highlighted patterns and trends across the 

data sources and case studies, providing a basis for further exploration and enquiry in Chapter 5 and 

Chapter 6. 

The six case studies selected and analysed for this research each adopted one or more of three 

emerging system-level biomimicry frameworks – Genius of Place, Ecological Performance Standards 

and Life’s Principles. For Chapter 5, all six case studies and their findings were captured and analysed. 

For Chapter 6, this was narrowed to a subset of 3 case studies that specifically adopted the Genius of 

Place design methodology, to more explicitly investigate the potential for this methodology to be 

influenced and supported by alternate project delivery models. 

 

Research Question 3: How could biomimicry be integrated into government and industry practice to 

enhance resilience and regenerative performance outcomes? 

In investigating opportunities for further application of biomimetic design and engineering, it was 

necessary to identify key opportunities and pathways for adoption and mainstreaming. To facilitate 

this, a peer review process was undertaken to engage industry and academic stakeholders in a review 

of current practice, discussion around barriers and opportunities, and brainstorming of priorities and 

actions. Three research workshops were undertaken in the USA and Australia to elicit and document 

these insights. With regards to scoping and terminology in responding to research question three, the 

research and engagement focus was on infrastructure applications, though within a broader 

conversation of built environment contexts, potential applications, and programs, standards and 

frameworks that may apply more broadly than infrastructure applications. The investigation 

positioned regenerative design and performance as objectives, with sustainability and resilience used 

to reflect current language and practice in the field, as well as in the context of opportunities to 

advance these towards regenerative outcomes. 

Workshops 

There were three primary objectives of the research workshops. Firstly, to communicate preliminary 

research findings to industry, government and academia. Secondly, to build on these findings through 

collaborative identification of opportunities, barriers and potential avenues for integrating biomimicry 

into government and industry practice. Thirdly, to establish preliminary priorities and actions for 

moving forward. The workshop intent was to further strengthen the link between the theoretical 
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foundations of the research and the industry and government applications of biomimetic design and 

engineering. 

Strengths and weaknesses 

The workshops facilitated the introduction of key biomimicry concepts to a variety of audiences, 

allowing for collaborative exploration of opportunities for application in civil infrastructure. The 

exploratory workshop provided an opportunity for academics in biomimicry to bring their expertise 

to discussions on system-level biomimicry frameworks with experts in design, engineering and 

sustainability, and collaboratively explore how these may be applied moving forward. The presence 

of biomimicry experts at this workshop helped to guide the introduction and explanation of key 

concepts, as well as responding to questions raised by participants during the workshop. The 

Australian industry workshops similarly allowed for introduction of biomimetic design and engineering 

approaches to new audiences, and importantly, focussed on practical and tangible mechanisms and 

challenges to broader implementation. The workshops also provided an opportunity to expand upon 

the findings of the case study and interview processes and validate emergent themes and findings.  

There are several challenges to be considered when conducting research workshops. Poorly 

moderated sessions that are not clearly structured and guided may not only fail to capture valuable 

data but may also leave participants with a negative perception of the research area that could 

influence or impede future engagement (Williams and Katz, 2001). Failure to make the content 

accessible to non-academic participants; poor judgement in regard to workshop duration, location 

and participant selection; and lack of willingness of the researcher to consider and integrate new or 

differing perspectives could all lead to a lack of meaningful data from such workshops. Each of these 

challenges were carefully considered in preparing for the research workshops, which were kept 

focussed and avoided the use of unnecessarily technical terminology and concepts. Care was taken to 

ensure that the workshops were framed in a manner that was neutral and non-biased, allowing 

participants to freely express their opinions on opportunities (or lack thereof), barriers and next steps. 

Workshop format 

The workshops were approximately 2.5 hours in duration, with agendas including an overview of 

current practice in built environment biomimicry, an introduction to three system-level biomimetic 

design and evaluation approaches, and completion of 3 (USA) to 4 (Australia) activities focused on 

opportunities and barriers to uptake. 

At the preliminary scoping workshop in Phoenix, USA, three activities explored the perceived 

opportunities and challenges associated with adoption of ecological performance standards (EPS), 

Life’s principles (LP), and Genius of Place (GoP) tools and frameworks. 
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At the workshops in Brisbane and Sydney, Australia, four activities were undertaken to further 

investigate mechanisms for piloting and integration. The activities were framed to elicit responses and 

feedback to the following questions: 

1. Ecological performance standards 

• As an industry, how frequently are we currently considering/addressing each ecosystem 

service, against what frameworks, and using what controls and initiatives? 

2. Ecological performance standards: Process  

• Looking at the seven EPS process steps, where in the project lifecycle should these occur, 

within what frameworks / schemes, and what would an entry level approach look like? 

3. Life’s Principles (biomimetic design principles)  

• How could these be used at each stage of the infrastructure asset lifecycle, and by who? 

4. Genius of place (biomimetic place-based design) 

• How can this approach be advanced at a city or regional level? What would be the roles and 

priority actions of industry, government and academia in a) conducting biological research, 

b) developing design strategies, c) developing guidance and training, and d) launching pilot 

projects? 

Participant selection 

Workshop participants for the preliminary scoping workshop were identified through keyword 

searches of academic profiles and publications to identify relevant experts across disciplines. Chain 

referral was also used to identify additional potential participants, and a short advertisement was 

distributed to the School of Sustainable Engineering and the Built Environment at the host University. 

For the Australian industry workshops, practitioners in infrastructure sustainability and engineering 

(including design, delivery and operations), were identified through publications and chain referrals, 

as well as a LinkedIn invitation published by the Candidate to identify additional industry participants 

for inclusion. While this invitation was made available to both industry and government 

representatives, final participants were exclusively from academic and industry organisations, as 

opposed to government representatives. Nonetheless, many of these participants were 

representatives of joint venture or alliance projects, where both private and public sector parties are 

consolidated into amalgamated project teams. 

Analysis 

Activity outputs from the workshops were captured first in hardcopy, before transcription into Excel 

workbooks for consolidation and analysis. Reflecting their common aims, structure and activities, 

results from the two Australian workshops were then also consolidated to provide a summary of 

outputs. Thematic analysis was undertaken to identify emerging and common themes, priority areas 
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and action approaches. Workshop analysis included review and synthesis of recommendations for 

approaches to building capability (Chapter 7) and proposed mechanisms for introducing ecological 

performance standards into the infrastructure sector (Chapter 8). 

Methodological limitations 

Although geographical coverage in the systematic literature review was broad, the limited 

geographical scope in the case study projects and workshops constitutes a methodological limitation 

of this research. Of the six case study projects, five were based in the USA and one in South Africa. Of 

the workshops undertaken, one was in the USA and two in Australia. While avoiding a sample entirely 

in one country, this selection nonetheless remains skewed towards the USA, in large part due to their 

leadership in system-level biomimicry education and practice. Another limitation included a relatively 

small sample size. The selection of six case studies (16 documents and 13 interviews), and three 

workshops proved a suitable sample size for the PhD research agenda, and achieved saturation in key 

ideas and emergent themes, however the results generated should be understood as indicative as 

opposed to representative. Finally, the selected case studies were relevant to the built environment, 

however often without a specific focus on civil infrastructure applications. This was deemed an 

appropriate approach to allow for leveraging of lessons learned in adjacent and aligned disciplines, to 

support further piloting and implementation in the infrastructure sector. 

The interdisciplinary nature of the research, which captured biology and ecology, built environment 

and infrastructure design and engineering, resilience, sustainability and regenerative design, meant 

that inconsistent language and lexicon across disciplines presented challenges both in reviews of 

current research, and in interdisciplinary engagement. These were addressed through an intentional 

focus on clarity and articulation of key terms, however future work will benefit from an established 

‘common language’ as the field of biomimetic design and engineering becomes more prominent in 

the built environment. Similarly, with regenerative design and performance emerging as trends within 

theory and very early practice, these concepts were not well established within industry and 

government at the time of this research. As current sustainability and resilience trends continue, it is 

likely that regenerative design approaches and objectives will become more prominent within the 

built environment sector. The limited representation of government representatives in the Australian 

workshops also reflects a limitation of this research. While government parties were indirectly 

represented through participants from joint venture, alliance and PPP projects, those representatives 

were registered as industry participants, and no participants were attending explicitly as government 

representatives. 
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Moving forward, there is a clear opportunity to build upon this early research to conduct further 

international case studies and to investigate applications of biomimetic design and engineering in 

infrastructure applications where they arise. This work can enable robust investigation into both 

potential and realised benefits to sustainability, resilience and regeneration. It was recognised early 

in the research design phase that in the absence of existing foundational research and enquiry in this 

area, it would be necessary to conduct a multi-faceted foundational research project aimed at 

establishing a basis for ongoing enquiry and development. It is hoped that the research provides a 

strong foundation for future investigation. 
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Chapter 4: Quantitative systematic literature review 

 

Introduction 

Exploring the research context for biomimetic design and engineering in infrastructure, and building 

upon the earlier narrative review, further investigation was required to determine the current status 

of biomimicry in built environment research.  

A quantitative systematic literature review was therefore undertaken to identify the current and 

emerging opportunities for biomimicry in the built environment, focusing on applications that are 

transferable to infrastructure contexts. The review of 310 publications relating to biomimicry research 

and application was filtered to 75 that were the subject of detailed analysis. The majority of 

publications related to applications at the ‘form’ and ‘process’ levels, with few related to biomimicry 

at the systems level. The investigation revealed limited tie-in to broader resilience, sustainability and 

regenerative design agendas within these publications, resulting in an inability to clearly articulate the 

triple bottom line benefits of these innovative design and engineering opportunities. While this paper 

positions these publications within an emerging context of regenerative design, potential benefits are 

identified relative to more established trends and lexicon of resilience and sustainability. 

The paper highlights the importance of these links between technological niches and broader industry 

and global trends, drawing on Geels (2005) theory of innovation diffusion in complex systems to 

propose that uptake of biomimetic design and engineering for infrastructure will be supported by 1) 

increased focus on system-level opportunities, and 2) deliberate leveraging of broader industry 

sustainability and resilience trends. It establishes a foundation of how biomimetic design and 

engineering may be applied in built environment contexts, highlighting important gaps for future 

research. 

Overview  

This chapter comprises a publication first-authored by the Dissertation Author. The work presented in 

Chapter 4 has been published in the journal Technological Forecasting and Social Change as: 

Hayes, S., Desha, C., & Baumeister, D., 2020. Learning from nature – Biomimicry innovation to support 

infrastructure sustainability and resilience. Technological Forecasting and Social Change. 161, 

120287.https://doi.org/10.1016/j.techfore.2020.120287. 

 

Figure 8 highlights the research question and method relevant to this paper.  

https://doi.org/10.1016/j.techfore.2020.120287
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Figure 8. Positioning of Paper 2 relative to research question and methods 

Source: Adapted from Figure 14, Chapter 9. 

 

Addressing the research questions 

Through a comprehensive review of existing publications on biomimetic design and engineering 

approaches applicable to infrastructure, this chapter addresses thesis research question one: What is 

the existing research context for biomimetic design and engineering of infrastructure? 

Key contributions 

This paper presents a robust dataset on biomimetic design and engineering opportunities in the built 

environment to offer a first of its kind snapshot of available and emerging biomimetic approaches 

applicable to infrastructure at the form, process and system levels. The review advances the existing 

knowledge base by bringing together a unique combination of interdisciplinary search parameters and 

enquiries, that create a repeatable methodology for further application as the field progresses. 

Importantly, it offers an early insight into the relative maturity and market-readiness of various 

products and technologies through investigation into the proportion of publications that reference 

application and implementation. It positions these insights within the broader context of 

infrastructure sustainability, resilience and regenerative performance, articulating opportunities for 

these biomimetic innovations to contribute to broader organisational industry objectives. 

The paper is included here as published in the Technological Forecasting and Social Change journal. 
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Journal Paper 2 (Publication)  

 

Abstract 

Regenerative development calls for built environment design, construction and operation approaches 

that do not degrade social and ecological systems but actively regenerate them, with net positive 

performance outcomes. Within infrastructure, existing industry approaches focus on improving 

sustainability and resilience through progressive reductions in negative impact. To shift beyond 

damage reduction towards regenerative performance, it will be necessary to harness new and 

innovative technologies, design and engineering approaches as they emerge. The field of biomimicry 

looks to biology and ecology to identify natural models that can inspire design and engineering 

solutions. Despite increasing biomimicry research, enquiry into infrastructure opportunities for 

biomimicry has been limited, and the potential for biomimicry to support regenerative performance 

in infrastructure has not been explored. This paper uses a systematic literature review to identify 

applications of biomimicry in built environment, with a focus on the potential for infrastructure 

applications. The paper identifies a need for further investigation into ‘system-level’ biomimicry 

opportunities; for clearer articulation of sustainability and resilience benefits; and for greater 

alignment with broader industry and global trends. The paper is relevant for practitioners, academics 

and government agencies looking to leverage emerging technologies and innovation to achieve 

project and organisational sustainability, resilience and regenerative performance objectives. 

Key Words: Infrastructure, Innovation, Biomimicry, Regenerative, Sustainability, Resilience. 

1. Introduction 

A number of infrastructure sustainability frameworks are gathering momentum internationally (See 

Griffiths et al., 2018, ISCA, 2018, Institute for Sustainable Infrastructure, 2018, CEEQUAL, 2018, Abdel-

Aal and El Mansori, 2014), and represent early progress towards addressing global environmental and 

social impacts of infrastructure construction and operation. As sustainability strategies, plans and 

rating schemes become more prominent across infrastructure projects, there is an increasing level of 

awareness around triple-bottom-line sustainability impacts throughout the asset lifecycle (Amekudzi 

et al., 2009, Griffiths et al., 2018). These sustainability frameworks support mainstreaming of triple-

bottom-line performance improvements, with an eventual end-goal of 100% less damage, or 

‘sustainability’ (Hes, 2011, Du Plessis, 2012). For these frameworks to continue shifting industry and 

government practice in infrastructure planning, design, construction and operations, they must 

continue to evolve with advances in capability and practice. As such, it is important to look beyond 

current approaches to identify next steps and long-term objectives for infrastructure design and 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

68 
 

engineering. In this paper we discuss the potential for pushing beyond damage mitigation and towards 

mutually beneficial performance outcomes for both built and living systems, or regenerative 

development (Du Plessis, 2012, Hes, 2011, Birkeland, 2007, Cole, 2012). We investigate this potential 

through the lens of biomimicry. 

The authors begin by providing the context for biomimicry as a next step for infrastructure 

sustainability and resilience, including the challenges to mainstreaming biomimetic design and 

engineering in practice. The paper summarises results of a systematic review of 75 publications 

exploring research into biomimicry in the built environment. Recognising current gaps in research and 

application, the authors explore opportunities for increased focus on system-level biomimetic 

innovation, as well as greater alignment with broader existing sustainability and resilience trends, to 

create a foundation for emerging efforts in regenerative design. 

1.1 Defining key terms and context for this paper 

In Biomimicry, it has been proposed that there are many regenerative models that have already 

emerged within living systems over 3.8 billion years of evolution on Earth, and that these models can 

be investigated and assessed for their applicability to design and engineering (Baumeister et al., 2013). 

Within the field of biomimicry, it is important to address distinctions in terms which then provide 

clarity for the structure and scope of the systematic literature review. As outlined in BS ISO18458:2015 

Biomimetics -Terminology, concepts and methodology (BSI Standards, 2015), ‘Biomimicry’ refers to 

the “philosophy and interdisciplinary design approaches taking nature as a model to meet the 

challenges of sustainable development (social, environmental, and economic)”. 

Within this framing, ‘Biomimetics’ (including ‘biomimetic design’) describes the “interdisciplinary 

cooperation of biology and technology or other fields of innovation with the goal of solving practical 

problems through the function analysis of biological systems, their abstraction into models, and the 

transfer into and application of these models to the solution” (BSI Standards, 2015). ‘Bionics’ then 

refers to the “technical discipline that seeks to replicate, increase, or replace biological functions by 

their electronic and/or mechanical equivalents” (BSI Standards, 2015). 

In this context, this paper explores the opportunity for biomimetic design and engineering approaches 

to contribute to both existing sustainability and resilience objectives, and to support emerging 

‘regenerative development’ and ‘regenerative design’ objectives moving forward. Regenerative 

development recognises built environment assets as elements of complex, adaptive socio-eco-

technological systems, and proposes that design in this context should seek not just to minimise 

damage, but to achieve net positive performance outcomes for those systems (Du Plessis, 2012). 
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The conceptual foundations for innovation in the form of applying biomimetic design and engineering 

to infrastructure are well-established. As noted by Brown (2013) “whereas the legacy of industrial-era 

infrastructure is one of independent, single-purpose assets and ‘non-reimbursed’ or one-way flows, 

post-industrial solutions are modelled on the multifunctional, closed-loop exchanges characteristic of 

natural ecosystems”. In the face of complex challenges such as climate change, there is increasing 

demand for design solutions that support adaptability and agility in response to dynamic and 

uncertain contexts. This includes, for example, real time sensing and feedback loops, internal self-

repair mechanisms, modularity and flexibility in design (Chester and Allenby, 2018, Hayes et al., 2019, 

Spiegelhalter and Arch, 2010). Using the field of biomimetics to study forms, processes and systems 

that have proven effective within natural ecosystems, it is possible to draw on a broad catalogue of 

approaches that have evolved in response to many of the same complex challenges and operating 

conditions that we now seek to address within our infrastructure solutions for the built environment. 

This includes for example, resource scarcity, climatic impacts and other natural hazards. These 

opportunities become particularly relevant in the pursuit of infrastructure sustainability (reducing 

negative impacts of infrastructure on society and the environment) and infrastructure resilience 

(enhancing capacity to survive and thrive in the face of disruption). 

Despite a strong conceptual foundation, it is recognised that practical barriers to implementation 

exist, including design, construction and operating constraints for infrastructure assets and 

infrastructure networks. Research by Rovalo et al. (2020) highlighted, for example, the tangible 

challenges associated with the level of interdisciplinary engagement typically required in biomimicry. 

While the opportunities for learning from natural approaches are plentiful, there remain limits to our 

technical capacity to replicate these within built environments (Blok and Gremmen, 2016). Further, 

there are various interpretations and perspectives of biomimicry that influence both research and 

implementation – ranging from philosophical interpretations and associated principles and ethos, to 

strictly technical interpretations and emulation, and other philosophical and technical nuances 

beyond the scope of this paper (See for example Blok and Gremmen, 2016). With these challenges in 

mind, it is evident that adoption of biomimicry in an infrastructure context can take various forms. 

This includes at the level of components or ‘parts’, and at the whole system level. There is also the 

potential for wide-ranging results, spanning incremental sustainability and resilience benefits for 

example, to opportunities for transformative regenerative design and performance outcomes. 

1.2 Biomimetic design and engineering on three levels 

The practice of biomimicry can be categorised into three levels. At the first level, biomimicry seeks to 

imitate natural ‘form’ (Benyus, 2011). Here, the physical shape and structure of an organism is 

investigated to determine key features that contribute to a desired function. This information is used 
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to guide the form of the engineered solution. Examples include modelling the nose of the Shinkansen 

bullet train on the shape of a Kingfisher beak to assist in efficiency, speed and aerodynamics (Rowley, 

2013) and learning from the structure of bone growth to inform structural optimisation and materials 

reduction (Hu et al., 2013). At the second level, biomimicry investigates biological ‘processes’ and how 

these can be emulated in design and engineering. Examples include healing mechanisms for self-

repairing construction materials (Li and Meng, 2015, Ramesh Kumar et al., 2011), and information 

processing in nervous systems to inform circuitry design and real-time sensing solutions (Olawale et 

al., 2011, Wu and Su, 2005). 

Finally, biomimicry can occur at the ‘system’ level, where investigations focus on principles, patterns 

and strategies adopted within ecosystems (Benyus, 2011). Numerous authors highlight the 

opportunity to shift towards an ecosystem level practice of biomimicry (Benyus, 2011, Reap et al., 

2005, Pedersen Zari and Storey, 2007) noting that ‘form’ and ‘process’ level approaches do not 

necessarily lead to the development of sustainable solutions, particularly given the tendency towards 

imitation of a few select features of a particular organism. Instead, they propose a more holistic 

interpretation and practice of biomimicry that considers the application of biomimetic solutions across 

multiple spatial, temporal and organisational scales (Reap, 2009, Pedersen Zari and Storey, 2007, de 

Pauw et al., 2014).  

1.3 Mainstreaming biomimetic innovation 

Articulation of the opportunities for biomimicry in infrastructure remains in relative infancy, with 

biomimicry itself remaining as technological niche operating largely outside of mainstream practice. 

For biomimetic innovation to influence design and engineering in the built environment, it will be 

necessary for innovations across the three levels to be integrated with broader social and 

environmental drivers to inform tools and policies for planning, design, construction and management 

of infrastructure. 

Extensive research has explored conditions and parameters necessary to support the ‘breakthrough’ 

of innovations into mainstream and to understand common ‘innovation patterns’ across industries. 

Increasingly, innovation theory recognises that the potential of a particular innovative approach or 

technology itself is not sufficient to see its widespread implementation, or even piloting. Rather, a 

range of social, regulatory, industry and behavioural factors must be considered and aligned for 

innovations to ‘break through’ (Frankelius, 2009, Geels, 2004, Markard et al., 2012, Surie and Hazy, 

2006, Nill and Kemp, 2009).  

Early research into Strategic Niche Management - supporting the creation and facilitation of 

innovation niches - has been built upon by Geels (2005) through the Multi-level perspectives (MLP) 
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framework, which explores the interplay of those innovation niches with broader regimes and 

landscapes to investigate transition pathways (Markard et al., 2012). The incumbent regime or 

landscape consists of existing technologies, as well as structures (institutional and physical), cultures 

(prevailing perspectives) and practices (rules, routines, and habits). The innovation niches deviate 

from that status quo with the potential to disrupt and replace it (Rotmans and Loorbach, 2009).   

Geels (2005) MLP structure proposes that system innovations occur only when socio-technical 

circumstances and trends align across multiple levels. MLP refers to three levels that must align for 

innovations to ‘break through’ into mainstream practice. At the meta level sits a landscape of 

sociotechnical considerations, including cultural changes, political circumstances and other important 

global trends, such as global shifts and drivers towards sustainable development. At the mid-level, is 

an industry perspective, where we see for example a marked increase in uptake of sustainability 

frameworks, industry schemes and strategies within a broader prioritisation of sustainability (Leal 

Filho et al., 2018, Griffiths et al., 2018).  

At the micro level, Geels (2011, 2005) points to a series of technological niches where variation and 

radical innovation may more commonly occur ‘under the surface’ and out of the realm of mainstream 

application. Innovations that are complex or radical, less user friendly, with fewer piloted examples 

and that do not align with the adopters’ perspective or context, are seen as more arduous and are less 

likely to be adopted (Nan et al., 2014). These challenges are particularly pertinent for biomimicry. 

Limited piloting and the need for long term trials can impact opportunities for uptake - particularly in 

an areas such as infrastructure with multi-decade lifespan of assets. Similarly, as an emergent niche 

that references precedents in nature, it may be perceived as a radical approach that diverges from 

traditional design and engineering approaches. These barriers, including the level of complexity and 

limited piloting, are particularly relevant for system-level biomimicry solutions and may create barriers 

to uptake for biomimetic design and engineering in an infrastructure context. 

With early barriers to commercialisation and mainstreaming, innovations typically remain in niches 

where approaches are tested, refined, and allowed to fail without widespread market impacts (Geels, 

2002). It is in these niches that regenerative design (Mang and Reed, 2012) and biomimicry currently 

reside. Recognising the challenges associated with shifting innovations from ‘niches’ to mainstream, 

Geels notes the tendency for a mismatch between the existing regime and emerging innovations. In 

order for novel ideas and approaches to break through, both the broader context and current 

frameworks must support and validate the emerging approach. Global and industry trends must 

create the drivers, objectives and context that increases demand for, and uptake of, the technological 

niche. 
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In addition to these motivating factors, there are also important issues of awareness and capability 

building. Research by Oguntona and Aigbavboa (2019) posited five prominent opportunities for 

supporting adoption of biomimicry in the construction sector, including: 1) biomimicry education and 

training; 2) increasing client and stakeholder awareness; 3) improving availability of biomimetic 

technology; 4) improving availability of biomimetic materials; and 5) improved affordability of 

biomimetic materials. These findings highlight key priority areas for the built environment sector – 

first, an increase in awareness and understanding of biomimicry across the planning, design and 

construction supply chain; and secondly, a push towards commercialisation and scaling of biomimetic 

products, technologies and design approaches to support increased supply and reduced cost. 

We now enquire into the opportunities for biomimetic design and engineering in infrastructure. 

Through a systematic literature review (described in Section 2), we first consolidate a range of 

biomimetic, bionic and biomimicry innovations that may prove beneficial to infrastructure, then 

highlight potential sustainability and resilience benefits associated with each (Section 3), before 

exploring key barriers and opportunities for mainstreaming (Section 4).  

2. Methods 

This research comprised a systematic literature review of current research in the field of biomimicry, 

focusing on the built environment, and in particular, civil infrastructure. Although detailed reviews 

have been conducted on potential and trends in biomimetics (See Gleich et al., 2009), investigation 

into biomimetic design and engineering applications in civil engineering and infrastructure have been 

more limited and high-level, with foundations established by Pacheco-Torgal et al. (2015) and Taylor 

Buck (2017), among others. In addition, where Pedersen Zari (2010, 2018) has explored the 

opportunity for biomimicry to enhance systemic resilience to climate change in the built environment, 

there is room to further expand on this work in its application to infrastructure. Recognising the 

emerging nature of the field and the absence of an established and embedded lexicon for biomimicry 

in infrastructure, the review comprised a search for, and synthesis of, publications seeking to translate 

biological information and strategies into engineering applications in the built environment.  

There were several considerations in establishing these search parameters, including the distinction 

between terms discussed in section 1.1. Given the intent of capturing a wide range of ‘nature-inspired’ 

design and engineering solutions, including technical engineering approaches, it was deemed relevant 

to capture all three terms of ‘biomimicry’, ‘biomimetics’ and ‘bionics’ in the review. 

Building on the extensive and methodical review of emerging biomimicry and biomimetics literature 

conducted by Gleich et al. (2009), this review retained the same search terms adopted in that review, 

(biomim* , bionic*, biolog* inspire*, bioinspir*, self organi*, self heal*, self repair*) with additional 
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search constraints introduced to focus results on engineering and the built environment. Those terms 

were adopted by Gleich et al. (2009) after various attempts at search terms, and were deemed 

appropriate for that analysis of “the research landscape for learning from nature”. By capturing 

bionics, biomimicry and biomimetics, as well as concepts of bioinspiration and biologically inspired 

self-healing and repair, it sought to capture technical engineering solutions as well as a range of 

broader design approaches.  

For this review, multiple trials of search parameters were conducted, including terms used by Gleich 

et al. (2009) as well as several other combinations of related terms and phrases. After multiple trials 

of search parameters, the research team identified the following search terms as producing the most 

relevant results:  

Scopus Search: biomim* OR bionic* OR bio-inspir* OR biology-inspir* OR self-organi* 

OR self-heal* OR self-repair* AND Engineering (AND NOT Tissue Engineering) AND 

infrastructure OR Built Environment OR Construction. 

In deciding on the built environment and engineering terms, it was necessary to select a combination 

of terms that focused the results, yet did not unnecessarily exclude relevant publications. Where 

‘engineering’ captured a significant number of results focused on medical applications, for example, 

requiring both ‘engineering’ and either ‘infrastructure’, ‘built environment’ or ‘construction’ 

encouraged results that were more closely linked to the built environment. 

Given the multidisciplinary nature of this review and the absence of an established lexicon for 

biomimicry in the built environment, it was necessary to refine the categories and disciplines captured. 

To manage the breadth and quantum of search results and to exclude results that were unlikely to be 

applicable, results were filtered by subject area following the initial search, with the following 

categories excluded: Medicine; Social Sciences; Business; Health Professions; Arts and Humanities; 

Dentistry; Economics, Econometrics and Finance; Decision Sciences; Computer Science; Physics and 

Astronomy; Pharmacology, Toxicology and Pharmaceutics; Immunology and Microbiology; 

Neuroscience. Document types ‘Conference review’, ‘Editorial’, ‘Letter’ and ‘Short Survey’ categories 

were also removed, leaving a total document count of 310 publications. While several of these 

categories may indeed capture biomimetic research and be worthy of further investigation, they were 

excluded from these search parameters in order to increase consistency of focus in the publications 

sample and increase applicability of results to built environment and infrastructure design and 

engineering specifically. Ten papers that were inaccessible to the authors (for example, retracted or 

could not be sourced from referenced titles) were excluded at this stage, leaving a total of 300 

publications. This provided the foundation for a first-pass review. 
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The first-pass review of title and abstract was conducted for all 300 publications to establish relevance 

prior to inclusion in the detailed analysis. Full documents were sourced for 190 papers where further 

information was required, or where the publication was selected for inclusion. Criteria for exclusion 

included failure to reference to potential industry applications (e.g. pure science publications), or 

publications focussed at the nano-scale without references to scalability for built environment 

application. Papers that were not explicitly biomimetic (i.e. publications on self-healing materials that 

did not reference biology or biomimicry), were excluded to retain a focus on research that was 

intentionally biomimetic in nature, as were those focussed on bio-utilisation, biophilia or (non-

functional) bio-morphism as opposed to biomimicry. These adjacent and often aligned fields, while of 

interest, were excluded to enable a focussed review of approaches that intentionally identified how a 

functional objective was delivered in a biological form, process or system, with a view to translating 

that specific mechanism for application to human design and engineering applications (rather than, 

for example, incorporating nature directly as in biophilia, or mimicking form for aesthetic rather than 

functional reasons, as in non-functional bio-morphism).   

With confidence that the search terms were appropriate, and having excluded erroneous or 

inapplicable results, 75 papers were selected for inclusion in the final analysis. This analysis comprised 

identification of the:  

1) ‘level’ at which the publication focussed (form, process, system);  

2) category of investigation (e.g. Materials, Mechanical);  

3) name of the source biology investigated/referenced; and 

4) name of the engineering application that the publication was investigating/referencing (e.g. 

light-weight foldable structures). 

Publications were then reviewed according to the method of their investigation of both the ‘source 

biology’ and ‘engineering applications’. Research in this area exists on a spectrum from biology to 

application, where some research is focused primarily on investigating the functional characteristics 

of the biological source itself, while other research focuses on applying the biological learnings to the 

engineering context. There also exists a diversity of research methods, with some papers consisting of 

high-level reviews, others conceptual/theoretical advancements, and some modelling, lab-testing and 

piloting. Understanding that the direction of focus and the methods adopted can provide insights into 

the maturity and trends within the field, these were reviewed for all publications.  

Ranking was divided into two overarching categories – ‘source biology’ and ‘engineering application’. 

Within these, five sub-categories were created: 
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1. Conceptual: Theoretical investigation/analysis; 

2. Reviewed: Review of current practice/research/application; 

3. Modelled: Modelling of biological source and/or engineering application conducted; 

4. Lab tested/ prototyped: Lab testing conducted to better understand the source biology and/or 

Lab testing or prototyping to test the engineering application; 

5. Piloted / implemented: Field piloting and project implementation (engineering applications 

only).  

Each of the 75 publications were reviewed to identify the direction of focus (biology and/or 

engineering) and the methods of investigation used. It was recognised early in the review that, while 

a research method may be present within a publication, there was a wide spectrum in regards to the 

depth and extent to which that method was adopted, for example the distinction between a high-

level review, and a comprehensive systematic review. To ensure that these insights were not lost in a 

binary score, a simple preliminary analysis was conducted to offer indicative insight into the extent to 

which that method had been applied. Where a research method was applicable, a scoring system of 

0-2 was applied for each instance to indicate a relative level of depth and robustness (i.e. 0 indicating 

no reference to that method, 1 indicating brief reference, and 2 indicating comprehensive coverage 

of the relevant method). This was an indicative scoring approach, based on an assessment of scope 

and coverage determined by the lead author, with peer-review by another member of the author 

team. These scores were then tabulated to generate a heat map of applied research approaches across 

the publication sample. 

There are two important methodological decisions to note here – 1) For each publication, information 

on both the biological source and the engineering application were reviewed and scored, in order to 

capture both aspects of the biomimicry process – identification of biological source, and translation 

to human design and engineering application. This sought to highlight to what extent the overall 

sample of publications was focussed on investigating the biological source, and to what extent it was 

focused on investigating the engineering applications. While many publications and research projects 

explored both, some have negligible or no focus on one or the other. 2) Where more than one method 

was applicable, a publication was scored for each applicable method, meaning that for example, a 

paper commencing with a review, following by modelling and lab testing, would receive a score 

positive score for each of these methods, and a ‘0’ score for methods not referenced or captured in 

the publication. The subsequent insights into the distribution of research methods across the 

publication sample will provide high-level understanding of key emerging research trends and focus 
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areas, as well as offering a valuable insight into the degree of piloting and implementation referenced 

across each level, as a preliminary indicator of the maturity of the field. 

A sample of key publications were then selected for inclusion in summary Tables to provide an 

illustrative representation of biomimicry research with potential for application in civil infrastructure. 

During the review, it was identified that the majority of these publications did not explicitly identify 

or link to sustainability and resilience, and instead primarily referenced optimisation and efficiency. 

To further investigate this, a second-stage review was conducted to assess keyword frequency across 

the publication sample, with each of the 75 papers reviewed for the terms “Sustaina*” (sustainable, 

sustainability et al), “Resili*” (Resilience, Resilient et al), “Optimi*” (Optimized, Optimised, 

Optimization, Optimisation et al) and “Efficie*” (Efficiency, Efficient et al). While many additional 

terms would also be of interest here, the objective was to identify the extent to which the publication 

sample referenced these overarching industry and global trends, using a subset of widely recognised 

and commonly used key terms as an early indicator of the degree of intentional alignment with those 

trends. 

3. Results: Biomimetic engineering in practice 

This section begins with a review of the meta-characteristics of the literature with respect to research 

methods, ‘level’ of investigation and the degree of focus on biology relative to engineering 

applications across the publication sample. A selection of examples from the review are then provided 

at the form, process and system levels, to highlight potential applications of biomimicry for 

infrastructure, and their associated sustainability and resilience benefits. 

3.1 Literature meta-characteristics 

Review of the 75 papers revealed 26 at the form level, 45 at the process level and 4 at the system or 

partial system level. Investigation of materials opportunities ranked highly at both the form and 

process levels, making ‘materials’ research the most prominent overall category across the review 

sample, followed by mechanical and electrical applications. Looking at research methods adopted, 

Table 1 provides an indicative ‘heat map’ of publications by level and method, to highlight using 

illustrative scoring, prominent trends in the selected literature. In this heat map, the figures represent 

the sum of values allocated in the above evaluation method, enabling a comparative insight into the 

extent to which each research method was adopted across each level. The shading is annotated under 

the table, spanning from dark green (most predominant) to red (very minimal or absent).   
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Table 1. Summary of investigation methods and focus for the selected publications. 

Legend: Orange/ Red = minimal /no representation; Yellow = Moderate representation; Green = Prominent 

representation. Note – figures rounded to nearest whole number before totalling. 

This summary further reinforces the prominence of ‘Process’ level investigation within the sample, 

particularly relating to engineering applications of biomimetic processes. While the inclusion of terms 

such as ‘self-heal*’ and ‘self-repair*’ in the search parameters may have enhanced this outcome, this 

inclusion was necessary in order to capture these key research focus areas that, while often qualifying 

as explicitly biomimetic, frequently lacked explicit reference to biomimicry, biomimetics or bio-

inspiration in the title and abstract, and instead these references were located in the body of the full 

publications once sourced. This nuance highlights an interesting opportunity for further investigation.   

‘Form’ level investigations were also prominent; however ‘system’ level investigations were limited 

both in the investigation of biological systems for inspiration, and investigation of engineering 

applications for biomimicry. Overall, review was the most prominent research method adopted, likely 

reflecting the multi-disciplinary nature of the research, which brings together findings from various 

fields to propose engineering applications. Piloting and implementation were by far the least common 

investigation methods. 

A review of language used in these papers revealed that references to sustainability and resilience 

trends and concepts were not present in the majority of publications. References to benefits were 

instead predominantly phrased as efficiency and optimisation improvements. Figure 1 summarises 

the results of a keyword frequency analysis for sustainability related words noting the percentage of 

papers at each level that referenced these terms.  
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Figure 1. Language analysis of the literature with regard to keyword frequency  

Results show that while 60-75% of publications across the three levels (form, process, system) refer 

to efficiency and optimisation benefits, references to sustainability appear in approximately one third 

of papers, and resilience in less than 10%. Recognising the small sample size for system level 

publications, it is nonetheless notable that 50% of publications at this level explicitly reference 

sustainability, and 25% reference resilience – a higher representation that at the form and process 

level.  

3.2 Form level publications 

Of the 26 papers with investigating ‘form’ level research and applications, 13 (50%) were focused on 

‘Materials’, making this the primary focus area at the form level, followed closely by structural 

optimisation and light-weighting, with 12 papers (46%). Research was largely focused on the 

engineering applications, and with a prioritisation of modelling, lab-testing and prototyping, however 

with only 6 of these publications referencing piloting and application of these materials.  

Table 2 summarises what the authors consider to be an indicative selection of biomimetic design 

strategies explored in literature to date at the ‘Form’ level, highlighting both the biological source 

focus and the proposed or implemented engineering application. In the table the authors also note 

key potential sustainability and resilience benefits of the proposed application, which have been 

synthesised into a common language here from within the reviewed publications. 
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Table 2. Selection of biological sources and engineering applications: ‘form’ level 

Biological Source Engineering Application Authors 
Sustainability / Resilience 
opportunities 

Evolutionary 
Algorithms – Spider 
web 

Concrete reinforcement configuration 
optimisation (algorithms) 

(Schnellenbach-
Held and 
Habersaat, 2014) 

Materials reduction, 
economic efficiency, 
structural optimisation 

Aragonite (Nacre), 
Hydroxyapatite 
(bone, enamel) 

Hierarchically structured composite 
materials 

(Brandt et al., 2013) 
Structural optimisation, 
strength and toughness 

Honeycomb Composite materials (Tuo et al., 2017) 
Materials reduction, 
strength, resilience 
(natural disaster) 

Oyster shells Tough structural composite materials 
(Allameh et al., 
2009) 

Materials reduction, 
toughness, strength, 
resilience (natural 
disaster) 

Nacre 
Cementitious composites - high 
compressive strength, high tensile 
strength, high tensile ductility. 

(Soltan and Li, 
2018)  

Materials reduction, 
toughness, durability and 
resilience (natural 
disasters) 

Beaver Mechanical cutting tools (Xie et al., 2012) 
Mechanical optimisation - 
energy efficiency 

Monocotyledons and 
cacti 

Nodal elements with optimised force 
flow 

(Küppers et al., 
2015) 
(Masselter et al., 
2013) 

Structural optimisation 
and light-weighting, 
energy absorption 

Compression 
structures in nature 
(not yet selected) 

Lightweight columns 
(Schwiteilo and 
Curbach, 2012) 

Materials reduction, 
energy efficiency, 
structural optimisation 
and light-weighting 

Plankton Shells – 
diatoms and 
radiolaria 

Large scale lightweight structures 
through biomimetic optimisation tool 

(Maier and Hamm, 
2011) 

Structural optimisation 
and light-weighting, 
Strength 

Lobster 
Lightweight load-bearing structures 
(pavilion) 

(Reichert et al., 
2014) 

Structural optimisation 
and light-weighting 

Water lily 
Lightweight floating structures able to 
withstand heavy weight 

(Pioz and Cervera, 
2014) 

Structural optimisation 
and light-weighting, load 
distribution 

Leaves and insect 
wings 

Cantilevered sheets 
(Pioz and Cervera, 
2014) 

Structural optimisation 
and light-weighting 

Bamboo 
Light-weighting, structural integrity and 
buckling resistance 

(Xing et al., 2013) 
Buckling resistance, 
Structural optimisation 
and light-weighting,  

Plant stem, roots (et 
al) 

Light-weighting mechanical structures (Zhao et al., 2010) 
Energy efficiency, 
Structural optimisation 
and light-weighting 

Shell Structural adaptability (Chen et al., 2016) 
Adaptability, Structural 
optimisation 

Multiple (incl. bone 
structure and tree 
growth) 

Bridge structure optimisation (Hu et al., 2013) 

Energy efficiency, 
adaptability, real-time 
sensing, Structural 
optimisation and light-
weighting 

Sea Urchin Spine 
Permeable, light-weight material with 
high impact resistance 

(Presser et al., 
2009) 

Graceful failure,  



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

80 
 

Biological Source Engineering Application Authors 
Sustainability / Resilience 
opportunities 

Structural optimisation 
and light-weighting 

Termite mounds 
Excavation methodologies; 
Structural integrity; 
Temperature control; waterproofing. 

(Wei et al., 2015) 
Structural optimisation 
and light-weighting, 
temperature regulation 

 

3.3 Process-level publications 

In line with the overall trend, documents relating to ‘process’ opportunities and applications again 

focused on investigation of engineering applications over biological research. Within the 45 papers 

classified as ‘process’, publications with a focus on mechanical/ electrical (20) and materials (18) were 

the most common by a significant margin, cumulatively constituting 85% of the publication sample. 

Results for these categories showed a relatively high focus on review, modelling and lab-testing, with 

a greater focus on application than that seen at the ‘form’ level. 

Table 3 summarises a selection of publications at the ‘process’ level, including both the biological 

source and the proposed or implemented engineering applications. Strategies include self-assembly 

and self-repair, sensing and real-time feedback loops, among others. 

Table 3. Selection of biological sources and engineering applications: ‘process’ level 

Biological Source Engineering Application Authors 
Sustainability / 
Resilience opportunities 

Skin, senses, seeds 
and leaves, muscles 

Adaptable façade design 

(Fernández et al., 
2013) 
(Gronostajska and 
Berbesz, 2018) 

Energy efficiency, 
materials reduction 

Self-assembly Self-assembling bricks & concrete 
(Ramesh Kumar et 
al., 2011) 

Automation – Resource 
productivity 

Self-repair 
Self-repairing materials (including 
concrete, asphalt) 

(Ramesh Kumar et 
al., 2011) 

Materials reduction 
(lifecycle), emissions 
reduction, strength 

Wound healing - 
inflammatory 
response, cell 
proliferation and 
tissue remodelling 

Self-healing concrete 
(Sangadji, 2017) (Sun 
et al., 2011) (Zhang 
et al., 2011) 

Materials reduction 
(lifecycle), durability, 
emissions reduction 
 

Thermoregulatory 
systems - Skin, plants 
and soil (algorithms) 

HVAC and temperature regulation, 
energy management. 

(Yun et al., 2013) Energy Reduction 

Bone self-repair Self-repairing concrete (Sun and Ding, 2011) 
Materials reduction 
(lifecycle), durability 

Lotus leaf Self-cleaning fibers and textiles 
(Stegmaier and 
Planck, 2008) 

Automation – Resource 
productivity 

Lotus leaf and shark 
skin (among others) 

Anti-fogging/icing/ reflection, corrosion 
resistance, drag reduction, exterior 
construction materials, sensor longevity, 
solar cells. 

(Liu and Jiang, 2012) 
Automation – Resource 
productivity 
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Biological Source Engineering Application Authors 
Sustainability / 
Resilience opportunities 

Self-repair 
Self-repairing materials (incl. concrete, 
asphalt) 

(Li and Meng, 2015) 
Materials reduction 
(lifecycle), durability 

Nacre, self-assembly 
(Process and Form)
  

Robotic fabrication of structures from 
biomimetic materials  

(Allameh et al., 2006) 
Automation – Resource 
productivity, toughness 

Self-cleaning surfaces Self-cleaning waste water pipes (Berger et al., 2007) 
Automation – Resource 
productivity 

Urease 
Biomineralisation and Biocementation- 
geotechnical, construction and 
environmental 

(Krajewska, 2018) 

Automation – Resource 
productivity, emissions 
reduction, toxin 
avoidance. 

Nervous system; 
Bioluminescence. 

Structural health monitoring;  
Impact indicators on composite 
materials 

(Olawale et al., 2011) 

Automation - Real-time 
feedback loops, 
vulnerability/damage 
sensing 

Bird of paradise  
Deployable structures (including 
bridges) 

(Bar-Cohen, 2007) 
(Lienhard et al., 
2010) 

Adaptability 

Bird of paradise  
Potential for adaptive façade shading 
systems 

(Poppinga et al., 
2010) 

Energy efficiency, 
adaptability, 
responsiveness 

Group fish swimming Flow pumps 
(Vatanabe et al., 
2010) 

Energy efficiency 

Self-repair Machinery self-repair (Jinji et al., 2009) 

Automation – Resource 
productivity, 
vulnerability/damage 
sensing 

Cells 
Evolvable, flexible, modular 
manufacturing approaches 

(Christo and 
Cardeira, 2007) 

Adaptability and 
resilience 

Skin 
Integrated sensing in composite 
materials 

(Xu et al., 2010) 

Automation - Real-time 
feedback loops, 
vulnerability/damage 
sensing 

Haircell sensors Sensors (Liu, 2007) 
Automation - Real-time 
feedback loops, 
adaptability 

N/A 
Use of Biomimicry database 'AskNature' 
in design 

(Graeff et al., 2018) 
Design process 
innovation 

N/A 
Biomimicry in the Engineering Design 
Process 

(Drack et al., 2018) 
Design process 
innovation 

Morphogenesis Architectural computational design (Menges, 2012) 
Design process 
innovation 

Flagellar motors and 
neurons; self-
assembly using local 
materials 

Self-assembly from local raw materials 
(through 3D printing) 

(Ellery, 2018) 
Automation – Resource 
productivity 

Nerves, cerebrum, 
decision-making 

Real-time structural health monitoring 
and evaluation for infrastructure 

(Wu and Su, 2005) 
Automation - Real-time 
feedback loops 
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3.4 System level publications  

Only 4 of the 75 documents included were targeted at ‘system’ or partial system-level biomimicry. 

These focused primarily on reviews, followed by modelling for the engineering applications, which 

ranged from performance measurement approaches through to optimisation algorithms for 

construction processes and infrastructure network optimisation (Table 4). 

Table 4. Summary of biological sources and engineering applications: ‘system’ or ‘partial system’ level 

Biological Source Engineering Application Authors 
Sustainability / 

Resilience opportunities 

Ecosystem services 
Built environment performance 
measurement 

(Pedersen Zari and 
Storey, 2007) 

Sustainable performance 
measurement 

Natural selection, 
Particle Swarm, Ant 
Colonies 

Sewer system optimisation (Genetic 
algorithms, Particle Swarm Optimisation, 
Ant Colony Algorithms) 

(Wang et al., 2009) 
System optimisation and 
efficiencies 

Swarm systems and 
social insects  

Construction processes 
(Ben-Alon et al., 
2014) 

Process optimisation and 
efficiencies 

 

4. Discussion 

The following paragraphs explore key findings, including: 1) current focus areas, extent of application 

and their potential sustainability and resilience benefits, 2) the importance of investigating system 

level opportunities, and 3) the need to align with broader industry and global shifts towards resilience 

and sustainability. Challenges and barriers to piloting are also discussed, in addition to opportunities 

for moving forward. 

4.1 Focus areas, progress and benefits 

This synthesis of research efforts and innovation opportunities offers a foundational insight into 

biomimicry opportunities for infrastructure, with a view to supporting integration of these emerging 

technological advances with social and environmental considerations of resilience and regenerative 

development. The findings highlight key emerging focus areas in biomimetic research for built 

environment applications, including extensive materials research (both form and process level), and 

prominent focus on electrical/mechanical innovations (process level) and structural optimisation and 

light-weighting (form level). Further, they highlight a material gap in investigation of system-level 

biomimetic solutions.  

While there exists robust documentation on these products and technologies, the publications contain 

limited reference to the extent of implementation or application beyond the research phase. In 

looking at biological sources, the primary methods adopted were theoretical analysis and reviews, 

with a much smaller sample including modelling and lab testing. For publications focused on 

engineering applications, the distribution was more even across most research methods, with a strong 
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focus on modelling and lab testing/prototyping, followed closely by review and then theory. Piloting 

and implementation, however, remained substantially less prevalent than the other identified 

research methodologies, reflecting the maturity of the field.  

The majority of these initiatives are at a pre-commercialisation phase, currently involved in early or 

advanced research, and yet to translate to wider scale industry application. Piloting and application 

examples are most prominent at the ‘form’ level, despite the fact that there are fewer publications 

than at the ‘process’ level. These findings reflect both the emerging nature of the investigations, and 

the ‘niche’ position of biomimicry and regenerative design within built environment disciplines to 

date. 

Papers including references to ‘sustainability’ and ‘resilience’ are in the minority within the sample. In 

spite of this, it is evident that sustainability benefits including energy efficiency, materials reduction 

and process optimisation could be realised through implementation of the proposed biomimetic 

engineering applications. To support strengthening of this connection between ‘niche’ innovation and 

broader industry trends and discourse, Tables 2, 3 and 4 include a column referencing potential 

sustainability and resilience opportunities.  

Through these examples, a variety of opportunities can be seen for this research to support 

sustainability and resilience objectives, which are often multi-faceted. For example, materials 

efficiency may be facilitated by the creation of stronger and tougher biomimetic materials leading to 

a reduction in the quantity of materials required, then supported by structural optimisation and light-

weighting to further minimise materials – thus both the material itself and the design are optimised. 

These approaches were in fact quite common within the review sample. Noticeably less common are 

investigations into system-level strategies. 

4.2 System level opportunities 

The limited investigation of biomimicry at the system-level to date, has a number of effects on the 

objectives of sustainability, resilience and regeneration. As noted by Reap et al. (2005), failure to 

consider biomimicry at the system level can lead to solutions that do not necessarily enhance overall 

sustainability outcomes. The majority of publications reviewed here referenced detailed mimicry of a 

single element of a particular organism to extract a relatively narrow design strategy. What is 

important for system-level biomimicry, however, is a recognition that 1) the biological strategies have 

emerged in response to complex ecosystem dynamics, stressors and demands, and will continue to 

evolve and adapt over time, and 2) the biomimetic translations of these strategies are being applied 

into complex socio-eco-technological systems contexts, which will also be dynamic and uncertain. As 

such, form and process level solutions that fail to recognise and account for these system-level 
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interrelationships and context, may become static and rigid interpretations that do not achieve the 

desired performance outcomes. 

Many of the applications synthesised in this paper do achieve environmental and sustainability 

improvements, yet biomimicry at these levels may also result in products and approaches that are 

inherently unsustainable – where an approach that has been successful in one context (the source 

ecosystem), may not deliver the same benefits within an engineered environment. Similarly, even 

system-level biomimetic solutions may deliver incremental sustainability and resilience outcomes, 

rather than transformational change towards regenerative performance.- As noted by Kenny et al. 

(2012), biomimicry at the system level should ask ‘How does it fit?’, recognising that each part exists 

within a complex whole system. 

Within the biomimicry field, efforts have been made to address this challenge by shifting to a whole-

systems interpretation and ideological framework for the practice of biomimicry, that shifts beyond 

only mimicry of biological solutions, to encourage consideration of ecosystems more broadly, looking 

to nature as ‘mentor’ ‘model’ and ‘measure’, providing a source of innovation, a set of design 

principles and parameters against which to measure overall performance (Baumeister et al., 2013). 

Here, biomimicry design principles provide guidance for a more holistic consideration of context and 

scope of application, where principles such as ‘adapt to survive’ and ‘be locally attuned and 

responsive’ prompt designers to more carefully consider the adaptability and appropriateness of the 

solution for the context. Genius of Place studies support ‘place based’ design approaches, that look 

specifically to biological strategies adopted in that place, and Ecological Performance Standards (EPS) 

prompt designers to consider the effect that their project or design may have on overall ecosystem 

functionality (Baumeister et al., 2013, Hayes et al., 2019). It is here that system-level biomimicry can 

best align with and enable regenerative development objectives, by pursuing whole system design 

solutions that pursue mutually beneficial performance outcomes for built and living systems. 

4.3 Aligning with broader sustainability and resilience trends 

As per Geels (2005) innovation theory, system-level considerations should involve intentionally 

aligning with and leveraging broader external industry and global shifts. Green building and 

infrastructure sustainability efforts have linked themselves explicitly to global sustainability trends, for 

example through alignment with the United Nations Sustainable Development Goals (United Nations, 

2015) and other international agreements and policy directions. Biomimicry, while doing this at a 

conceptual level, has not embedded those global drivers as extensively into the research lexicon – 

with terms such as ‘sustainability’ and ‘resilience’ infrequently referenced in the focused form, process 

and system level publications reviewed. It may also be the case that the limited tie-in to industry and 
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global trends is reinforced and exacerbated by the limited system-level research undertaken in this 

space.  

Looking to these broader trends, it is evident that the increasing mainstreaming of infrastructure 

sustainability frameworks has a number of implications for the potential breakthrough of biomimetic 

innovations. Such frameworks create a positive foundation for ongoing innovation towards 

sustainability and create a landscape of continued improvement, where governance and performance 

expectations evolve to reflect shifts in global sustainability trends. Where both Gleich et al. (2009) and 

Rovalo et al. (2020) highlight the proliferation of small communities of interest and practice in 

biomimicry and biomimetics, it may be that integration into these broader frameworks offers one 

avenue for introducing these concepts to a broader industry and government audience.  

These frameworks and rating schemes, however, also include an extensive and at times demanding 

list of sustainability categories, elements and requirements. Responding to these requires significant 

capacity-building, testing and refinement across the sector, and the transition to business-as-usual is 

far from complete. As such, there may be hesitance to adopt approaches perceived to be additional 

to, or incongruent with, these existing industry tools. It will be important to effectively integrate and 

align biomimetic products and approaches with these frameworks if there is a desire to support 

widespread industry adoption. 

To achieve this, it will be important that the connections between sustainability, resilience and 

regenerative design are made clear, and that the drivers for supplementing damage reduction 

approaches with ‘whole system’ regenerative design approaches are established. Within this context, 

the role of biomimicry as an enabler for system-level regenerative design can emerge, in addition to 

the component form and process levels opportunities identified in this paper.  

There are other challenges to implementation at the industry level. Firstly, adoption of many of the 

engineering applications identified here would require changes to specifications and regulations, a 

challenge faced by many innovative design and construction methodologies in civil infrastructure. 

Secondly, as these products and technologies are emerging and often pre-commercialisation, there 

are few tested and proven examples, coupled with a limited capacity to cater to the large-scale 

requirements of infrastructure assets and networks. These challenges are often exacerbated by a low 

risk appetite within the infrastructure and construction sectors (Yitmen, 2007), the long life-span of 

infrastructure assets, and lengthy processes in adjusting specifications to support innovative 

approaches. 
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4.4 Next steps and future research 

Moving forward, it will be important to engage with industry to identify opportunities; increase 

awareness of biomimetic design and engineering approaches; and learn from applied examples. 

Practitioners within the infrastructure sector can contribute by identifying opportunities to pilot these 

approaches and technologies through test applications within existing regulations and specifications, 

enabling exploration of the scope and scale of opportunities, as well as barriers and next steps. 

Quantification and communication of outcomes, including deliberate and quantitative analysis of 

sustainability benefits, will support awareness and capacity building for future implementation.  

This literature review focused intentionally on peer-reviewed publications. This supports academic 

rigour in the review process, however it is recognised that industry efforts and piloting are not always 

captured within academic literature. As such, there is opportunity to further investigate the level of 

industry and government adoption and piloting of biomimetic design and engineering approaches in 

the infrastructure sector. Such investigation may lead to valuable insights into technology and 

innovation trends that will supplement and enhance the findings outlined in this paper.  

The foundational work of this review provides insight into how biomimicry may apply to the 

infrastructure sector including identification of current research trends and emerging products and 

technologies. By understanding the relationship between these emerging technologies and the 

industry and global landscapes they are emerging into, it is possible to both identify potential barriers 

to uptake, and to predict avenues for fast-tracking. This paper highlights the importance of clear 

connection between emerging technologies and their benefits to broader project and organisational 

goals, which may then inform selection of technologies and approaches for both incremental and 

transformational change.  

The use of existing innovation pathways offers a logical mechanism for testing biomimetic approaches 

in a way that is structured and incentivised. Sustainability rating schemes often explicitly include 

‘innovation credits’, designed to reward projects for trialling and implementing new and innovative 

products, technologies and processes. Leveraging these established innovation pathways will be 

pivotal for supporting novel approaches in the sector. 

Targeted industry and public sector engagement may help to further explore how a biomimetic 

approach can be incorporated into existing infrastructure schemes and frameworks, as well as 

relevant specifications and standards. Commercialisation and pilot projects will play a key role and 

must be supported by communication from academia to industry to highlight opportunities and 

applications that are available for implementation and testing. This engagement could inform a 
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roadmap for integrating biomimicry into infrastructure assets and networks at each level (form, 

process, system), and will be necessary for an effective transfer from research to industry application. 

There are many opportunities for further research and expansion of this early work. The methodology 

adopted here has allowed for foundational investigation into opportunities for biomimicry to be 

applied to infrastructure design and engineering, however there are several scope qualifications that 

can be addressed by future work. Further testing of appropriate search terms, including search strings 

that align directly ISO18458:2015 Biomimetics - Terminology, concepts and methodology (BSI 

Standards, 2015), and searches capturing publications in languages other than English, would help to 

further test and refine the systematic review scope. In terms of leveraging broader trends, there is 

opportunity to expand on the initial keyword search terms of ‘sustainability’ and ‘resilience’, to 

explore connections to other related concepts and agendas.  

Investigation into research and application of biomimetic design solutions in the social sciences and 

arts and humanities areas is likely to advance both the philosophy and application of biomimicry in 

design. Research methods were assessed here with a semi-quantitative method, and this could be 

expanded in future. Similarly, determinations of applicability to infrastructure could be further refined 

and articulated. Importantly, this work established links to infrastructure applications, and to concepts 

of resilience and sustainability, where they had typically not been explicitly articulated as such. Moving 

forward, as infrastructure specific research emerges and the links to sustainability, resilience and 

regenerative development are strengthened, further reviews will be able to capture these changes. 

5. Conclusion 

As the infrastructure and built environment sectors shift towards sustainability and resilience, there 

has been a wealth of innovation in both technical engineering methods and adapted design 

approaches and principles. More recently, the concept of transformative regenerative development 

is emerging, with its objectives of moving beyond damage mitigation and towards net positive, 

regenerative performance for built environments and the social and ecological systems within which 

they operate. Achieving these goals will require not only technological advancements, but a shift in 

the objectives, perspectives and principles of built environment design and engineering. 

Biomimicry has been recognised as a potential enabler for regenerative design, but it is not immune 

to the risks of siloed, narrow and incremental responses to design and engineering challenges. Building 

on findings from a systematic review of biomimetic research, this paper highlights the importance of 

supplementing technical biomimetic advances with the philosophies of system level biomimicry, 

aimed at creating solutions that are mutually beneficial and regenerative to built and living systems.  
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While implementation challenges remain, the unification of biomimicry with broader global and 

industry shifts towards sustainability and resilience are a logical first step. Moving forward, alignment 

of industry shifts towards regenerative design and development, with technological shifts towards 

system-level biomimicry solutions, could create clearer pathways for breakthrough of biomimetic 

innovation into mainstream practice in this sector. These findings offer policy makers and practitioners 

opportunities to align emerging technological innovations with project, organisational and industry 

objectives in pursuit of regenerative design and engineering outcomes for infrastructure. 
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Chapter 5: Case study analysis- System-level biomimicry in the built-environment 

 

Introduction 

Since the majority of publications on biomimetic engineering in the built environment analyse 

opportunities at the form and process levels, it was clear that further investigation of system-level 

solutions would be necessary. Recognising that emerging challenges such as climate change present 

uniquely complex and unpredictable system-level challenges, and that infrastructure exists within 

complex systems, system-level biomimetic design and engineering approaches will be particularly 

important.  

This paper presents the case study methodology used to investigate six applied examples of system-

level biomimicry in the built environment, establishing how biomimetic design and engineering is 

currently being applied, including key challenges, priorities and opportunities for implementation and 

scaling. The case studies include 2 primary and 4 secondary cases. The primary case studies cover the 

application of the Genius of Place framework across the United States and Australia, with one 

representing a private sector project aimed at moving ‘beyond sustainability’ and the other a public 

sector initiative seeking to respond to local environmental conditions in a way that is locally attuned, 

efficient and cost-effective. Documents reviewed included detailed project reporting on process and 

outcomes, as well as Requests for Proposals (RFPs). The insights gathered from these documents were 

supported by 4-5 interviews for each of the primary case studies. The secondary case studies explore 

applications of the Genius of Place and EPS frameworks across the United States and South Africa at 

a variety of scales and depths. Here, documents included project reporting, a Masters thesis and 

design reports, among others. These documents offered insights into the project approaches, 

processes adopted, outcomes and key challenges. At least one interview was undertaken for each of 

these secondary case studies, aside from CS6, where the project reporting itself delved specifically 

into challenges, future opportunities and learnings from the project implementation. 

Reflective of the current state of practice, only one of these applied examples is infrastructure-specific, 

however all are built environment examples with lessons transferable to infrastructure applications. 

Each case study adopted one (or several) of three emerging system-level biomimicry tools and 

frameworks: 1) Life’s Principles, 2) Genius of Place, and/or 3) Ecological Performance Standards. Table 

3 provides a description of each: 

 

 

 

 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

100 
 

Table 3. Overview of three emerging system-level biomimicry tools / frameworks. 

Biomimicry Tool / 
Framework 

Description 

Life’s Principles Series of overarching design lessons, drawn from patterns and 
strategies in nature, to support biomimetic design (Baumeister et 
al., 2013). 

Genius of Place Investigation of local ecosystems to identify locally attuned design 
strategies and mechanisms for delivering specific functional 
objectives, and responding to specific operating conditions and 
challenges of that place (Baumeister et al., 2013). 

Ecological 
Performance 
Standards 

Framework for measuring built environment performance against 
ecosystem performance baselines. Shift from “How can we reduce 
business as usual impacts”, to “What would nature do here?” and 
“How would an ecosystem function here?” (Sustainable Brands, 
2019, Stack, 2014, Benyus et al., Unpublished).  

 

Drawing on document analysis and interviews, the paper identifies priority areas at the project, 

organisation and market levels, with consideration also of the role of changing worldviews and global 

shifts (aligned with Geels (2005) innovation framework). Emergent themes include the influence of 

innovation cultures, challenges associated with emerging market transitions, the importance of 

knowledge sharing between company and market, and the role for standards and frameworks in 

supporting a common language. 

 

Overview  

This chapter comprises a publication first-authored by the Dissertation Author. The work presented in 

Chapter 5 has been published in the journal Biomimetics as: 

Hayes, S., Desha, C., & Gibbs, M., 2019. Findings of case-study analysis: system-level biomimicry in 

built-environment design, Biomimetics, 4, 73. https://doi.org/10.3390/biomimetics4040073 

 

Figure 9 highlights the research question and method relevant to this paper.  

https://doi.org/10.3390/biomimetics4040073
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Figure 9. Positioning of Paper 3 relative to research question and methods 

Source: Adapted from Figure 14, Chapter 9. 

 

Addressing the research questions 

This paper addressed thesis research question two: How are biomimetic design and engineering 

concepts currently applied to projects in the built environment?, and in so doing generated valuable 

insights into the challenges and priorities for biomimetic design and engineering at the system-level, 

to inform future built environment and infrastructure efforts. 

Key contributions 

This paper presents both applied and practical contributions to knowledge. The analysis revealed 

emerging challenges and priorities across early adopters of system-level biomimetic approaches in the 

built environment, consolidating lessons learned across these industry-leading pilot projects. From a 

research perspective, it creates a conceptual model of emerging patterns and learnings that can 

inform future investigation as additional project examples arise. For practitioners, it highlights 

important areas for proactive management when applying these biomimetic design and engineering 

tools and frameworks on future projects.  

 

The paper is included here in its published form. 
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Journal Paper 3 (Publication) 

 

Abstract 

Complex systems challenges like those facing 21st-century humanity, require system-level solutions 

that avoid siloed or unnecessarily narrow responses. System-level biomimicry aims to identify and 

adopt design approaches that have been developed and refined within ecosystems over 3.8 billion 

years of evolution. While not new, system-level biomimetic solutions have been less widely applied in 

urban design than the ‘form’ and ‘process’ level counterparts. This paper explores insights from a 

selection of system-level case studies in the built environment, using meta-analysis to investigate 

common challenges and priorities from these projects to support knowledge-sharing and continued 

development in the field. Using a grounded research approach, common themes are distilled, and 

findings presented regarding success and barriers to implementation and scaling. Considering the 

findings, and drawing on complex adaptive systems theory, the paper posits opportunities to facilitate 

broader implementation and mainstreaming of system-level biomimetic design approaches in the 

built environment. 

Keywords: biomimicry; built environment; infrastructure; systems; ecological performance standards 

 

1. Introduction 

It is well recognised that complex systems challenges require system-level solutions that avoid siloed 

or unnecessarily narrow responses, and this is particularly relevant for urban design and built-

environment applications, where there has been a tendency towards considering individual buildings, 

infrastructure assets or projects as discrete and isolated entities. Drawing upon decades of research 

into biological design approaches, principles and relationships between organisms within ecosystems, 

biomimicry aims to identify and abstract design approaches that have developed within ecosystems 

over 3.8 billion years of evolution. The ‘systems’ approach to biomimicry, while not new, has arguably 

been less widely adopted within built-environment applications than its ‘form’ and ‘process’ level 

counterparts, where organisms have been investigated and elements of their form or processes (self-

repair, self-assembly, multi-functionality) translated to a wealth of materials, products and design 

approaches. In a recent systematic literature review of biomimicry research for built-environment 

applications, Hayes et al. [1] highlighted the relatively limited focus on system-level approaches to 

biomimetic design in the built environment, noting the potential implications of this on objectives of 

regenerative design, sustainability and resilience. Such limitations are not restricted to building and 
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infrastructure applications, and have been explored in work by Reap [2] and Pedersen Zari and Storey 

[3] among others. 

Systems-level biomimicry, when considered from a complex systems perspective, still draws on 

optimized design strategies at the organism level, while recognizing that a) organisms’ characteristics 

and design strategies have emerged in the context of complex adaptive systems and will continue to 

adapt over time, and b) that the contexts into which biomimicry approaches are applied are also 

complex socio-eco-technological systems. While published research into systems-level biomimicry is 

less common, there are several projects underway both in the public and private sector, working to 

further define, refine and test biomimetic design approaches in the built environment. This paper 

synthesises findings from a meta-analysis of case-study projects that have used system-level 

biomimetic design tools and frameworks in built-environment projects. It investigates common 

challenges, benefits and key learning from these projects to support knowledge-sharing and continued 

development in the field.  

1.1. Sustainability, Resilience and Biomimicry in the Built Environment 

Built-environment design is changing, with global shifts (albeit incremental) towards sustainable 

development including the emergence of sustainability rating schemes, adjustments to building codes 

and specifications, and shifting government and corporate policy [4,5]. As these approaches 

increasingly become standardized and integrated into business-as-usual practice, leading 

organisations and champions are looking towards ‘next steps’ in sustainable design and construction, 

identifying emerging opportunities for innovation and leadership [6–8]. At this leading edge, concepts 

of sustainability and resilience continue to be challenged and advanced, with efforts to shift practice 

from incremental and often narrow interpretations to more holistic systems-level perspectives that 

recognise complexity and uncertainty [9,10]. For sustainability efforts, this means moving beyond 

‘damage reduction’ and instead towards regenerative design [11–13]. This includes recognition that 

urban design occurs within complex adaptive systems, where concepts of emergence and evolution 

apply not only to ecosystems but also to the built environment [14]. 

For resilience, it includes a shift from disaster risk reduction and ‘fail-safe’ approaches to robustness, 

and towards understandings of resilience that align with socio-ecological systems, such as 

‘antifragility’ and safe-to-fail solutions with sustained adaptability [10,15–17]. While these shifts 

remain more visible in academia than industry, an increasing number of private and public sector 

parties are working to integrate such concepts into applied projects, recognising the importance of 

system-level approaches to complex systems challenges. The evolution of applied biomimicry mirrors 

these trends, with the role for system-level approaches increasingly recognised, yet less frequently 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

106 
 

applied in practice [1,2,18]. Recognising the potential for systems approaches to ‘innovation inspired 

by nature’, several frameworks are now emerging to support biomimetic design at this level. 

1.2. System-Level Biomimicry Tools and Frameworks 

At the system level, as outlined in Hayes et al. [1], three biomimetic design approaches in particular 

are being tested in built-environment projects – Life’s Principles (or biological design principles), 

Genius of Place, and Ecological Performance Standards [18–20]. While applied built-environment 

examples are limited, each project provides insight into the opportunities and challenges of translating 

these approaches from concept to implementation.  

‘Life’s Principles’ (LP) reflect design patterns and strategies commonly adopted by organisms within 

ecosystems. Distilled from a wide-ranging and iterative review of ecological literature by Baumeister 

et al. [19], the set of six overarching principles and the corresponding sub-elements offer a list of key 

characteristics for consideration in design. In some cases, the principles are used as a prompt for 

option identification, guiding users to consider the variety of strategies adopted within ecosystems. 

The principles can also be adopted as an evaluation framework, allowing designers to assess their 

design against each of the principles. Although some of the principles reflect more traditional 

sustainability concepts (e.g., ‘be resource efficient’), others push the boundaries further (e.g., ‘Use 

life-friendly chemistry’). There is another important distinction: these principles have been 

consistently identified in most organisms and ecosystems worldwide, where not one, but all of the 

principles are reflected repeatedly across scales, contexts and geographical locations. As such, the 

view is that these principles offer a guiding framework of what ‘good’ and ‘regenerative’ design looks 

like, and that the expectation is that designers would design for all, not just one or two, of these design 

principles. Rather than taking a siloed approach through consideration only of resource efficiency, for 

example, the systems approach looks at how the overarching design ‘evolves to survive’, ‘adapts to 

changing conditions’ is ‘locally attuned and responsive’ and ‘integrates development with growth’. 

Drawing these patterns directly from nature, designers may use them as a structure and check-in, to 

reflect on the extent to which their built-environment design aligns with these natural environment 

principles. This approach shifts away from drawing on one specific and ‘single-point-in-time’ 

biomimetic learning to inform a specific component of a building or asset, an approach that has 

typified many examples of biomimicry in design to date. Instead it moves towards a system-level 

understanding that learns from patterns in organisms and ecosystems to inform the overarching 

design approach, and where the design itself accounts for dynamic and unpredictable system 

pressures and changes over time. While peer-reviewed publications referencing the principles are 

limited, the LP tool is currently being utilised on several built-environment projects internationally.  
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The ‘Genius of Place’ (GoP) framework offers a biomimetic place-based and targeted design approach, 

where a project team investigates the local ecosystem in order to identify key strategies and 

mechanisms that organisms have developed in that place in response to the specific operating 

conditions and challenges of that place. For example, in the extreme heat and dry conditions of the 

Sonoran Desert, USA, flora and fauna have developed locally attuned designs that help to manage 

temperature and maximize water retention. GoP investigations allow for such design strategies to be 

explored, analysed and translated to built-environment design strategies that mimic the functional 

benefits of that strategy. Recognising built assets as components of complex socio-eco-technological 

systems, the GoP approach supports place-based and locally attuned design that explicitly identifies 

opportunities for design innovation inspired by local organisms.  

Finally, the ‘Ecological Performance Standards’ (EPS) frameworks focus primarily on measuring 

functional performance. Building on the regenerative design agenda, EPS proposes a shift from using 

business-as-usual design as a baseline, to instead using ecosystem performance as a design baseline 

– asking the questions “What would nature do here?” and “How would an ecosystem function here?”. 

Here, the process is to quantify the ecosystem services that would have been generated by an intact 

ecosystem in that location. These metrics then become the desired performance standard for the 

built-environment asset to be constructed there—shifting the objective from damage reduction to 

regenerative performance, where the design objective is to deliver a built-environment design that is 

functionally indistinguishable from the ecosystem that would otherwise exist in that place. Using both 

existing and novel design approaches, products and technologies, the project team seek to deliver 

ecosystem services through planning, design, construction and operation of the asset. As documented 

in existing case studies, the Lavasa project in India offers one example of EPS applied to a community 

development, with a view to designing a community masterplan that learnt from nature to inform 

regenerative design at the system or community level [20]. Shifting from narrow and siloed 

performance metrics to ecosystem cycles and functional performance provides a foundation for more 

holistic and systems-based evaluation of built-environment performance. 

1.3. Innovation in Complex Adaptive Systems 

When seeking to introduce innovative approaches to challenges in complex systems, it is important 

to understand the systems at play both from an ecological and socio-technological perspective [21]. 

In transition management and innovation diffusion, it is increasingly recognized that the introduction 

and diffusion of innovative approaches is rarely linear, with complex system interactions, unintended 

side effects and feedback loops playing important roles in the eventual success of innovation diffusion 

[21]. Appreciating this, Geels [22] Multi Level Perspective (MLP) theory refers to three levels: 

technological niches, socio-technical regimes and exogenous socio-technical landscape, that should 
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align for innovation breakthroughs to occur. Nan et al. [23] expand on the specific attributes and 

characteristics that support innovation diffusion in complex adaptive systems, providing a framework 

for analysis of the case-study projects investigated in this paper. 

At the level of the technological niche or innovation, they highlight three key attributes that can 

influence adoption: 1) relative advantage, or the additional potential value available via the 

innovation; 2) network externalities, the external influences and context in which the innovation 

exists, including the extent to which innovation value increases as more members of the population 

adopt it; and 3) arduousness, the effort required by adopters in order to implement and gain value 

from the innovation [23]. Regarding the socio-technological regime, they offer the AMC framework 

on diffusion of innovations, where A is ‘Awareness’, M ‘Motivation’, and C ‘Capability’—three key 

factors for success in innovation diffusion. Finally, they refer to Environment, the contextual system 

or exogenous socio-technical landscape within which the innovation is applied. Importantly, this 

model includes a focus on the role of adopters (and their level of innovativeness), influencers (through 

dominance, specialization and exemplariness), and the interactions between these agents and within 

social network structures [23]. This recognition of various scale levels is integral to complex adaptive 

systems theory, where it is understood that emergent properties result from complex 

interrelationships and feedback loops across levels and scales within a system, as opposed to linear 

and predictable implementation pathways. 

Innovation in complex systems requires flexibility, adaptability, willingness to adjust and update 

objectives and methods, and a reliance on, rather than avoidance of, periods of disequilibria—to avoid 

stagnation and allow for innovative approaches to emerge [21]. This includes creating space (including 

provision of resources, knowledge and access) for innovation niches, and allowing agents the flexibility 

to identify and explore unique approaches. While recognising inherent uncertainty in projecting future 

developments within complex systems, it also requires some anticipation of future trends, which is 

nonetheless possible through insights into broad transitions and path dependency [21]. This paper 

investigates applied examples of system-level biomimicry, including successes and challenges, before 

drawing on this understanding of complex systems to frame opportunities for further uptake and 

mainstreaming of biomimetic design approaches. 

2. Materials and Methods 

The investigation method was influenced by the relatively small number of publications relating to 

system-level biomimicry projects in the built environment. Recognising the emerging nature of 

system-level biomimicry frameworks, and the fact that implementation has in several cases been 

driven and documented by industry and government rather than peer-reviewed academic research, a 

grounded research method of investigation was adopted. This comprised case-study analysis, 
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including the development of criteria, interviews and document analysis. Web-based searches 

revealed several relevant projects for review, and word-of-mouth referral was utilised in conversation 

with these project teams to identify other examples of applied system-level biomimicry tools and 

frameworks in the built environment. 

In the course of a Research Fellowship at The Biomimicry Center at Arizona State University, the lead 

author engaged with biomimicry experts internationally to identify additional examples of built-

environment projects incorporating system-level biomimicry into planning, design, construction 

and/or operation. With the emergence of additional published literature, it is anticipated that future 

iterations of this work may investigate relevant peer-reviewed publications to supplement the 

catalogue of applied projects presented in this paper. 

2.1. Case-Study Criteria 

Using the following criteria, six case-study projects were selected, with three in America, one based in 

America with a global scope, one as a joint study across America and Australia, and one in Africa (Table 

1):  

• The project is an example of biomimicry at the systems level; and 

• The project includes an application of the biomimetic approach to one or more assets/locations; 

and 

• There exists potential for replication / adaptation; and 

• There is access to archival data (online / print / personnel). 

Projects were also reviewed to identify evidence of biomimetic intent at project commencement, 

avoiding projects with incidental or ‘accidental’ biomimetic outcomes and focusing on those seeking to 

intentionally incorporate biomimicry into design. The following exclusion criteria were also applied: 

• Computer science and information technology (IT) approaches, such as biomimetic approaches to 

optimising computer software and hardware systems; 

• Solutions that have not yet been applied. The intent of this review was to identify current practice 

in implementation, particularly given the limited peer-reviewed literature available on these 

frameworks. As such, only projects that had been implemented (including at the planning and 

design phases) were included; 

• Form and process level approaches, which were synthesised within a systematic literature review 

conducted by Hayes, Desha and Baumeister [1]; 

• Documents published in languages other than English; and 

• Projects pursuing biophilic or bio-utilisation outcomes in lieu of biomimetic approaches. 
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Table 1. Summary of case-study data sources. 

Case Study 
(CS) 

Location Documents (D) Interviews (I) 
Supplementary 
Interactions ** 

CS1-GoP 
USA 

(global) 

1 

(CS1-D1) 

1 

(CS1-I1) 
3 

CS2- EPS 
South 
Africa 

2 

(CS2-D1 - CS2-D3) 

1 

(CS2-I1) 
3 

CS3 -GoP USA 
8 

(CS3-D1- CS3-D8) 

4 

(CS3-I1- CS3-I4) 
16 

CS4-A-
GoP/CS4-B-

GoP 

AUS 

USA 

2 

(CS4-A-D1; CS4-B-D1) 

5 

(CS4A/B-I1- CS4A/B-
I5) * 

20 

CS5-EPS USA 
1 

(CS5-D1) 

1 

(CS5-I1) 
4 

CS6-GoP USA 
2 

(CS6-D1- CS6-D2) 
NIL 2 

Totals  16 13 48 

* Interviews spanned both case-study sites. ** Supplementary interactions limited to scoping and project 
discussions, and specific requests for information/engagement. Additional email and phone interactions 
not included. Note – Identifiers included in parentheses, where CS = Case Study; D = Document, and I = 
Interviews. Case-study names reflect the primary tool or framework adopted, where GoP = Genius of Place; 
and EPS = Ecological Performance Standards. 

 

2.2. Interview Method 

Interviews were conducted with case-study personnel to gain insight into the perspectives of key 

decision-makers across the projects. Interviews allowed for additional exploration of the challenges 

and key lessons learned from the application of the biomimetic design tools. While published project 

documents are typically information-rich, interviews allow for further exploration of the ‘what’ and 

‘why’, and investigation of facets of the project which may not have been highlighted in the published 

literature. 

Interview participants included employees engaged in the application of biomimetic design and 

engineering on the case-study projects. All participants were 18 years of age or older, however no 

other personal attributes were specified. All subjects gave their informed consent for inclusion prior 

to participating in the study, and the research was conducted in accordance with the methodology 

approved by the Ethics Committee of Griffith University, Queensland, Australia. 
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Criteria for selecting participants involved in the case-study projects included: 

• Direct involvement with the application of biomimicry on the selected project; and 

• Decision-making role relevant to the biomimetic application; and 

• Availability, willingness and approval for involvement. 

Potential participants were identified through relevant publications and were asked to suggest 

additional personnel who may offer valuable insights into the learning, benefits and challenges of the 

project. The primary deciding factor for participant numbers was the point at which interview 

responses suggest that saturation had been reached, and that no new materially relevant information 

was being obtained as a result of additional interviews [24].  

The interviews adopted a structured interview technique with a list of pre-defined questions to 

support consistency across all interviews [25]. The objective of the interviews was to validate findings 

from the literature and source additional information, as well as to obtain participant perspectives on 

drivers, learning, and outcomes. Potential participants were contacted initially via phone or email, 

with follow-up contact by telephone and/or video call. Interviews were conducted by videoconference 

and interview duration was approximately one hour. A total of 13 participants were interviewed 

across the case-study projects, resulting in 13 interviews in addition to 9 scoping and project 

discussions and 39 supplementary interactions. 

All interviews were audio-recorded and transcribed to word documents, before being uploaded into 

NVivo qualitative data analysis software (Version 12, 2018, QSR International Pty Ltd, Melbourne, 

Victoria, Australia) for further analysis. Initial coding was conducted against the following nodes, 

informed by the research question and interview design: 1) Benefits; 2) Challenges; 3) Drivers: 4) 

Frameworks and Standards; 5) Learning; 6) Network focus areas; 7) Opportunities for application in 

infrastructure; 8) Other comments; 9) Recommendations; 10) What worked well. These categories 

were reviewed for key emergent themes, and subcategories were developed to inform subsequent 

coding. 

2.3. Document Analysis Method 

Document analysis was used as a triangulation method with interview results, and to provide greater 

insight into project details, process and methods. Document analysis provides an efficient method of 

obtaining pre-documented information, allowing for interview time to be focused instead on 

questions benefiting from more subjective or interpretive insights. Given that each of the case-study 

projects had documented their process and/or outcomes in some form, and that projects were willing 

to share this information, such analysis offers a logical method of data gathering and triangulation.  

Documents were requested via email, with a list of prompts included to guide document selection and 

provision. The document prompts were designed to elicit documents that provided adequate detail 
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on the project scope, process, and outcomes, with a focus on lessons learnt, and benefits and 

challenges, as informed by the overarching research question. A total of 16 documents were reviewed 

across 6 case studies. These included detailed project reports covering objectives, process, outcomes 

and lessons learnt. Additional assessed items included ‘Request for Proposal’ submissions, project 

funding documentation, internal project notes, a master’s thesis and a design report. 

At least one substantial and relevant document was obtained for each of the case-study projects. 

Within this, there was some variability in completeness. One project, for example, had a customer 

facing document that largely outlined results for use by practitioners, with limited coverage of 

limitations and challenges. Nonetheless, it was deemed that the documents analysed provided 

sufficient depth and coverage for coding against the key areas and themes selected. Document 

analysis was conducted in NVivo (Version 12, 2018, QSR International Pty Ltd, Melbourne, Victoria, 

Australia), with a first pass review of content for suitability and relevance, followed by detailed coding 

and identification of emerging themes.  

2.4. Analysis Across Interviews and Documents 

Following coding of all interview and document transcripts, a summary of key themes was constructed 

and then analysed to identify patterns, similarities and differences in content and themes between 

the interview findings and document analysis findings. In this process, key categories were identified 

for further investigation.  

 

3. Results 

In this section we present the case-study characteristics and the suite of 12 key themes emerging from 

the analysis of interview and document analyses. 

3.1. Case-Study Characteristics 

A review of applied examples of system-level biomimetic design approaches identified several projects 

underway or completed in built-environment applications. In total, 19 projects were identified, 6 

projects selected and 13 excluded based on selection criteria outlined in Section 2.1. These are 

discussed in the following paragraph, referring to Table 2 which provides a summary of characteristics 

including their application type (planning, building, infrastructure), project code, location, project 

phase at which the biomimetic approach was implemented (plan, design, construct, operate, end of 

life), and the biomimicry tools and frameworks adopted.  
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Table 2. Summary of case-study projects and their characteristics. 

Application 
Type 

Project 
Code 

Location 
Phase/s 
* 

Genius of 
Place 
(GoP) 

Life’s 
Principles 
(LP) 

Ecological 
Performance 
Standards (EPS) 

Planning (pre-
design) 

CS1 
USA (global 
scope) 

P ✓** ✓ - 

CS2 South Africa P - ✓ ✓ 
CS6 USA P ✓ ✓ - 

Infrastructure 
(design 
innovation) 

CS3 USA P, D ✓ ✓ - 

Buildings 
(performance 
metrics) 

CS5 USA P - - ✓ 

CS4-A 
CS4-B 

USA P, D, C - - ✓ 
AUS P - - ✓ 

* Phases annotated as follows: P = Planning; D = Design; C = Construction; O = Operation; E = End of Life. 

   ** ✓ = Tool/Framework applied in the case study project. 

 

Considering the project lifecycle, the selected case studies spanned the plan, design and construct 

phases, however there was only one example of construction. None of the projects reviewed had 

reached the operational phase or explicitly addressed end-of-life considerations. Regarding use of 

biomimicry approaches, the projects included at least one example each Ecological Performance 

Standards (EPS), Life’s Principles (LP) and Genius of Place (GoP) studies. However, the selected case 

studies did not include examples of applying GoP or LP in building contexts, or EPS in infrastructure 

projects. The EPS approach was the most widely used in this project sample, within three of the six 

projects. However, only one of these EPS projects incorporated a second approach (LP or GoP). For 

projects conducting a Genius of Place study, however, all three also considered Life’s Principles. 

3.2. Case-Study Overview 

Case study 1 (CS1): this was a design project where the team identified recurring design challenges 

faced across their business portfolio. While it was not feasible to engage in extensive research at the 

individual project level, the organisation was eager to explore innovation solutions to these recurring 

challenges. Turning to biomimicry, the team adopted the Genius of Place design approach, to identify 

locally attuned design solutions drawn from local organisms and ecosystems. Given the geographically 

diverse nature of the portfolio projects, they opted to investigate the ecosystem type that was 

common to many of their project locations. First identifying design challenges, they then sought out 

organisms within that ecosystem type that were particularly well adapted to addressing the 

challenges. Drilling down to the specific design strategies of those organisms, they abstracted these 

to design and engineering approaches that could be considered and applied across various projects. 

The results were then published in a design guide for use across the portfolio and to educate a broader 

audience on the Genius of Place design approach. While these were later applied across various 
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projects, the project has been classified as reaching ‘planning’ phase for the purpose of this case study, 

reflecting the phase of the project that is captured in the documents and interviews. 

Case study 2 (CS2): as part of a broader planning and development program, the project team were 

engaged to advise how biomimicry could inform planning and design approaches for resilience. Life’s 

principles were used to inform overarching design principles, while the EPS framework was adopted 

to support the broader team in understanding the current ecosystem services generated by the 

project site, as well as the projected potential impact of business as usual development. This created 

a baseline for improvement, where developers could seek to reduce the overall impact of 

development on the provision of ecosystem services, and ideally, pursue regenerative design solutions 

that maximized ecosystem services—asking the question ‘what would nature do here?’. 

Case Study 3 (CS3): following extreme flood events that led to damaged infrastructure, this local 

government authority decided to explore opportunities for ‘design inspired by nature’ in their 

redesign and repair. As part of the project, biomimicry experts investigated the local ecosystem to 

identify organisms that were particularly well adapted to shedding water, enhancing infiltration and 

maintaining shape under pressure. After selecting seven organisms and investigating the design 

features and mechanisms that supported these performance outcomes, the team conducted a series 

of training sessions and design charettes, to identify how these locally attuned design strategies could 

be translated into design and construction of the access infrastructure. While a detailed design phase 

was not reached, design concepts were prepared specifically for the infrastructure project, and as such 

this project is classified as reaching ‘design’ phase. 

Case Study 4 (CS4): eager to shift towards regenerative design solutions, this organisation piloted the 

application of Ecological Performance Standards (EPS) to inform design and refurbishments of two 

operating facilities. While the first pilot was largely qualitative, the second iteration included 

quantitative assessment of the ecosystem services that would have been provided by an intact 

ecosystem on that site. Following this, business as usual design was assessed to quantify the expected 

ecosystem services performance, and the team then investigated a wide range of products and design 

opportunities to reduce this gap. Ecosystem services were prioritized in response to data availability, 

ecosystem characteristics and business priorities. These projects were considered as pilot projects 

toward a broader objective of designing facilities that contributed to, rather than detracting from, 

ecosystem service and function. 

Case Study 5 (CS5): this project was initiated by a builder with a keen interest in biomimicry, who was 

interested in developing and refining the EPS framework for use in built-environment projects. It 

involved detailed exploration of how the EPS approach might apply to a small-scale building project, 

as well as identification of ecosystem services and extensive investigation of primary literature, 
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historical datasets and other relevant sources to inform the development and quantification of 

ecosystem services for the project site. While the project did not progress to detailed design, it 

generated material contributions to the EPS framework and methodology. 

Case Study 6 (CS6): this case-study project involved an ecosystem study using the Genius of Place 

methodology. The project team investigated the selected ecosystem to identify organisms well 

adapted to the design challenge of managing stormwater. Engaging local experts and practitioners, 

seven biological strategies were selected, design strategies extracted, and design concepts 

brainstormed for built-environment applications. A key output of this project was the development 

and publication of detailed project reporting and process guidelines, as well as detailed insights into 

challenges and lessons learnt, with a goal of building a foundation for future practice. 

3.2. Thematic Coding Themes 

In investigating challenges and priorities for system-level biomimicry in built-environment design, 12 

key themes emerged from the thematic coding as described in the following paragraphs. These are 

also summarized (in alphabetical order) in Table 3, including the contribution to theme development 

from interview and case-study data (represented as numbers of pages coded to each theme). 

Table 3. Summary of emergent themes from case-study analyses*. 

Key Emergent Theme Interview Data Document Data 

Changing worldview ✓ ✓ 

Cost/funding ✓ ✓ 

Developing metrics and benchmarks ✓✓ ✓✓ 

Engagement and education ✓✓✓✓ ✓ 

Frameworks and governance/guidance ✓✓ ✓✓ 

Knowledge-sharing ✓✓✓ ✓ 

Mainstreaming ✓✓ ✓ 

Market supply/ demand ✓✓ ✓ 

Organisational culture ✓✓ ✓ 

Project Management ✓ ✓ 

Scoping and boundaries ✓✓✓ ✓ 

Sustainability leadership ✓✓ ✓ 

* ✓ = 0 – 4.9 pages; ✓✓ = 5 – 9.9 pages; ✓✓✓ = 10 – 14.9 pages; ✓✓✓✓ = 15 – 19.9 pages. 
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Changing worldview: in both the interviews and document analysis findings, there was recognition of 

the role that broader societal and industry contexts play in creating the conditions for success in these 

projects, beyond project-specific content and design approaches. Interviewees referred to an 

understanding of the built environment as part of the surrounding ecosystem, where “the structure 

of a building and a site is part of the structure and function of the surrounding ecosystem” (CS5), and, 

“the connection of built and natural environments, recognising that living systems are “complex, 

adaptive systems in dynamic non-equilibrium”, capable of self organisation, renewal and adaptation 

(CS5). This context provides a foundation for place-based design, including learning from the history 

of the place, with ‘nature as mentor and model’ to achieve locally attuned and sustainable design. The 

conceptualization of development and growth within dynamic contexts included an understanding 

that such development requires an ability to adapt to changing conditions over time and that the 

expectations of built-environment design will continue to change in line with shifts in public 

perceptions and standards. 

Cost/funding: both the interview and document analyses highlighted references to cost and funding 

challenges in relation to funding the case-study projects, from availability of funding sources to budget 

overrun. Barriers to funding included, for public sector organisations, variability in the availability of 

tax-payer funding. In multiple cases, projects relied on pro-bono and volunteer efforts in order to 

support the project execution, often relying on enthusiastic project champions—“the team cheerfully 

volunteered the hours to deliver high quality products” (CS6). Budget overruns included unexpected 

expenses associated with the time required to frame and implement the biomimetic design process, 

particularly for pilot projects, with one interviewee noting “Because it’s a pilot project it will cost more 

money, it will take more time, and we are a taxpayer-based organisation so we have to be credible 

and fiscally responsible with taxpayers money” (CS3). For infrastructure applications, the high cost of 

innovation was identified as a key challenge, due in large part to the scale and long lifespan of 

infrastructure assets. 

Developing metrics and benchmarks: establishing ‘Proof of concept’ was a key driver across multiple 

case-study projects, with an eagerness to test, refine, and provide evidence for the frameworks and 

metrics adopted, and a view to standardizing metrics and creating a catalogue for future projects. 

Various barriers and challenges emerged when quantitative metrics were attempted—“The vision is 

still very strong, but I think now we know a little bit more about the intensity of the design challenge 

that comes with it.” (CS4). Technical limitations included the availability of scientific literature to 

support the development of ecosystem baselines or performance metrics. Where information was 

available, it was at times in formats aligned with qualitative rather than quantitative metrics, thus 

project teams were required to navigate a balance of quantitative and qualitative metrics and 
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performance targets. Interdisciplinary translation of the data and lexicon was also a challenge. 

Typically, project teams were required to investigate biological and ecological literature to identify 

information, data and metrics, before translating this to metrics and targets that could be understood 

and used by built-environment professionals. Limitations in available data often meant that the 

selected metrics were influenced more by information availability and ease as opposed to level of 

materiality or relevance for the project.  

Engagement and education: several case-study projects demonstrated a strong focus on engagement, 

citing the importance of cross-disciplinary engagement and collaboration, including the establishment 

of a shared vision. For the most part, the focus was on internal engagement, ensuring that employees 

across the organisation were appropriately engaged and informed of the biomimetic design 

approach—“It was a huge educational opportunity for so many people to actually just learn what the 

field of biomimicry is and what it’s trying to do. And I think it definitely stimulated a lot of thought for 

how it could be applied outside of that specific project…” (CS3) and “What [Company A] has really 

helped me see, is how this is not just an engineering challenge. It’s a employee engagement challenge 

as well” (CS4). Workshops were widely used as engagement mechanisms, both to educate staff and 

external stakeholders on biomimicry and the biomimetic design process, as well as to conduct design 

charettes and collaboratively brainstorm biomimicry opportunities and design solutions for the 

project. Where engagement was not a project priority, this was identified by the project teams to be 

a limitation that could be improved in future iterations—“If we had the time and the staff, I would 

have gone back and made it a bigger deal” (CS4). It was also noted that while up-front engagement 

was strong in some projects, opportunities exist to plan for ongoing engagement, involvement and 

cultivation of interest after initial workshops.  

Frameworks and Governance/Guidance: in looking at enabling mechanisms and opportunities for 

broader uptake moving forward, projects identified the opportunity to align with building codes that 

support innovation (“building codes need to evolve towards an ecological building code that does 

represent the limitations of an ecosystem and those built systems that are intertwined within that 

system” (CS4), and to link in with regional strategies, plans and policy positions—approaches already 

adopted in a number of the case-study projects. Transport agencies and natural resources/forest 

services were identified as key agencies at present, however it was noted that there exists a significant 

opportunity for city-level strategies to drive engagement, set priorities and establish requirements 

around these biomimicry frameworks and approaches “because then the design can really have 

context, when the city… adopts it” (CS4). Current approaches often included aligning with corporate 

strategies, however additional opportunities exist to link in with rating schemes and frameworks such 

as the Living Building Challenge [26] and the Sustainable Sites [27] initiatives.  
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Knowledge-sharing (Information availability and accessibility): limits to the availability of scientific 

literature and government information presented important and recurring challenges across the 

projects. Given the pilot nature of these initiatives, there was typically limited information available 

on prior application of the frameworks and tools in similar contexts. Significant resourcing was 

required to source, verify, filter, prioritise and translate scientific data and information into project-

ready data—“The challenge that we had on this particular project that I hope we wouldn’t have as 

much on future projects is … a lot of the available time was spent on research and not in my opinion 

on design” (CS4). Moving forward, recommendations included the development of a centralized 

database to support the applications of EPS, including ecosystem service information such as 

definitions, categories, and examples of qualitative and quantitative metrics and performance targets, 

to provide “some anchor, for everybody who wants to do this to say ‘This is how we’re going to define 

the metrics” (CS4). Furthermore, a best practice database organized by ecosystem service would help 

to consolidate tangible approaches to supporting ecosystem services through design and 

construction. Similar recommendations were made for the Life’s Principles and Genius of Place 

frameworks. 

Multiple participants noted opportunities to create a more cohesive and consistent approach moving 

forward. This could be supported by sharing of lessons learnt, outcomes and process approaches. 

Project teams noted that data on prior projects, including cost/benefit analysis (“the availability of 

actual numbers of cost savings” (CS3)) and tangible performance outcomes, would enable them to 

build a more robust business case for adopting the biomimetic design process, as well as evidencing 

proof of concept and application—“They want to see that it’s been done somewhere else” (CS3). 

Mainstreaming: documentation of methodologies and publication of project outcomes, including a 

list/taxonomy of best practices and opportunities was identified as a key opportunity to support 

mainstreaming of system-level biomimetic design approaches—“I would love to have this…list of best 

practices and green design organized by…ecosystem service for example.” (CS4) or “an app that can 

be easily accessed by builders” (CS5). Limited scaling has been achieved to date within the 

organisations involved in the case-study projects, and several challenges were identified, including the 

applicability and transferability of tools, data and processes across project types and locations. The 

inherently ‘place-based’ nature of these frameworks presented challenges to scaling and 

mainstreaming within organisations, with on interviewee noting “The more you take the actual key 

goals and metrics and move them to another place, you immediately impact the ability to perform to 

that” (CS4), however efforts were underway to address these and strike a balance between scalability 

and tailored solutions. Teams again noted the opportunity for collaborative knowledge-sharing to 
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support broader uptake and mainstreaming of these approaches, as well as supporting the 

establishment of best practice guidance and communities of practice. 

Market supply/demand: attempts to engage the industry in the biomimetic design process were met 

with varying levels of success. Participants in one project noted the difficulty associated with writing 

and framing the request for proposal (RFP) for a biomimetic design brief (“it took us a year to write 

the RFP because there weren’t a lot of examples, and we couldn’t consult with [Company B] about it, 

because we wanted to give them the ability to bid” (CS3), as well as challenges experienced by the 

market in responding to such RFPs. Contributing factors included the limited experience of the market 

in delivering biomimetic design solutions, the limited availability of biomimetic products and technical 

solutions, and the somewhat limited practitioner and expert networks to call on. In a given location 

or discipline, for example, the small number of biomimicry professionals could mean that all relevant 

experts are in fact tendering for the project, leaving none of these professionals available to provide 

mentoring or guidance to the organisation scoping and developing the RFP. Nonetheless, the process 

was seen as an important early step in introducing key concepts, piloting engagement approaches, 

establishing an organisation as a thought leader and beginning to articulate a vision for the industry. 

Organisational culture: interview findings highlighted organisational culture as important to both the 

successes and challenges of the case-study projects, with 11 interviewees across 5 case studies making 

specific mention of this aspect. Challenges included conflict between regulators and developers, as 

well as internal conflict within project teams and organisations. In some cases, the risk-averse nature 

of engineering disciplines was highlighted as a key challenge to overcome. This included a strong 

cultural predisposition towards least cost, highest efficiency and lowest risk approaches—“how do we 

do the minimum or most efficient minimum amount of work for a predetermined result, and I don’t 

think that leaves a lot of room for creativity” (CS3). In one organisation with a well-established 

innovation culture, it was noted that the organisation allowed the project the space required to invest 

in research, exploration, scoping and process refinement without seeing this additional time 

investment as a project failure, as it was perceived on other case-study projects. According to one 

interviewee, “What we’ve been seeking is buy-in, to fund and explore an idea, which in our company 

is not challenging” (CS4), and an external consultant from that project stating that the company “has 

a real strong culture of empowering the individual” (CS4).  

Project management: regarding project management, internal engagement and support was noted 

as both a priority and a challenge, with difficulties in managing communication and working 

relationships between different disciplines, including ecologists and engineers, who may not often 

typically collaborate in detail on design projects. Once established, however, it was noted that these 

cross-disciplinary relationships provided significant and tangible benefits to project delivery and the 
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identification of design solutions. The importance of targeted team-building exercises was also 

recognised, including early establishment of connections and interactions between team members 

and identification of team members’ strengths, skills and levels of expertise. Recommendations also 

included leveraging key individual skills, clearly defining accountabilities and engaging appropriate 

experts from each relevant discipline. Respondents noted the importance of engaging trained 

biomimicry professionals to provide biomimicry advice, training and facilitation throughout the 

project. Handover from design teams to engineering, construction and operation teams was cited as 

a priority area that, if managed poorly, resulted in a significant loss of knowledge and expertise across 

the project cycle.  

Scoping and boundaries: establishing the project boundaries and scope was repeatedly highlighted 

as a project challenge. In many cases, this was due to the complex, adaptive and dynamic nature of 

ecosystems, where it was impractical or unfeasible to delineate the project site from its upstream and 

downstream ecosystems and built environments, or to reflect seasonal or other temporal changes 

and boundaries. Reflecting systems complexity was identified as a key challenge, in particular for EPS, 

where it was recognised that while efforts were made to reflect ecosystem cycles and 

interrelationships, final boundaries and metrics were necessarily reductive. 

The importance of clearly defining “a realistic scope at the start” (CS3) of the project was referenced 

as a key learning. Design workshops that engaged a wide range of stakeholders and disciplines often 

generated a multitude of design ideas and opportunities; however, many were deemed to be 

unfeasible, outside of budget or unaligned with technological or market readiness. For these reasons, 

early clarification of design parameters, limitations and boundaries were proposed for future projects. 

This extended to accepting the varying degrees of biomimetic solutions, from entry-level to ideal, 

recognising that the ideal solutions may not be feasible in the first iteration. One interviewee 

highlighted that while such gradients are accepted within green building and infrastructure (e.g., the 

varying levels of achievement in industry rating schemes), opportunities to pursue ‘partial’ or ‘limited’ 

biomimicry were unclear and could result in solutions that were not truly biomimetic. Balancing 

scientific and technological rigour with project and organisational limitations and resource constraints 

was identified as a primary challenge across the case-study projects. While participants recognised 

the need for streamlining, setting boundaries and making assumptions in the absence of robust data, 

there was debate around the extent to which this could occur before the robustness and defensibility 

of the project was jeopardized. 

Sustainability leadership: the interview findings highlighted that a strong desire for sustainability 

leadership was a prominent motivating factor behind multiple case-study projects. This included a 

desire to leave a “sustainability legacy” as well as an eagerness to help shift respective industries and 
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sectors forward by piloting and providing proof-of-concept for new and emerging ideas and 

approaches—“we individually can’t solve the challenges of climate change, we need to share our 

thinking with other people” (CS1). Alignment with corporate values around sustainability and 

environmental protection were also cited by interviewees as drivers for adopting the biomimetic 

design approach, as well as an eagerness to shift beyond business as usual approaches and to push 

the boundaries of current sustainability efforts. For example, “They want to be thought leaders, and 

not only thought leaders they want action, and they want to be truly leaders in the field” (CS4). 

Reputational and marketing benefits of sustainability-oriented projects were also recognised and 

identified as important benefits of adopting a leadership position, particularly where such projects 

often required additional up-front resourcing and investment. 

4. Discussion 

In this section the authors present an emergent conceptual model of the findings, drawing on existing 

theoretical framing provided by Geels [28] and Nan [23] in innovation pathways and diffusion. The 

model is then used to discuss the themes identified from the case studies, with regard to: innovation 

cultures and their influence on biomimetic innovation; opportunities that arise in transitions within 

maturing markets; the importance of knowledge transfer between innovative companies and the 

market; and potential next steps for stakeholders within the built-environment sector. 

4.1. A Conceptual Model of Findings 

Looking to [22] the innovation framework, we see three key levels that must align in order for niche 

innovations to move to the mainstream. At the meta level sits the global context and trends 

(exogenous socio-technical landscape); at the mid-level, the status quo operating practices and ‘rules’ 

for industry (socio-technical regimes); and at the ‘niche’ level, technological niches of innovation, or 

‘the locus for radical innovations’ [28]. Drawing from the key themes identified in Section 3, Figure 1 

situates these within a model guided by these levels, reflecting themes relating to global context, 

market and organisation/ project levels. This includes organisational considerations of sustainability 

leadership motivations, culture and the availability of funding that emerged across the case studies, 

with important project management lessons around performance measurement, scoping and 

benchmarking. An emergent commonality across the projects was a recognition that documentation 

and sharing of learning from individual projects would enable the establishment of a community of 

practice and best practice guidance that could then support mainstreaming and a shift in the broader 

market context.  
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Figure 1. Context and relationships towards mainstreaming. 

4.1.1. Innovation Cultures and Their Influence 

As is familiar in many areas of sustainability, regenerative design and innovation, a recurring message 

across the case-study projects was the importance of passionate individual project champions (or 

innovation agents)– those who would continue to push, promote and pursue the initiatives in spite of 

barriers such as lack of broader engagement and leadership, and limited resourcing. These influencers 

developed, fostered and communicated the innovation niches. Although such champions are integral 

in pushing the boundaries for innovation, there are limits to the ability to sustain such enthusiasm 

over the long term, unless supported by an organisational culture that creates the space and 

opportunity for iterative and collaborative development of emerging ideas.  

In infrastructure applications, low-risk organisational culture and the desire for low-cost, proven 

options to demonstrate success, were identified as barriers, recognising the challenges of doing so 

when there are limited project examples. An approach focused entirely on pursuing the most cost-

effective minimum to achieve the pre-determined result limits room for piloting and testing innovative 

approaches, with creative leaders unable to secure the support and resourcing required to explore 

unique approaches. One case study was conducted within a large corporate organisation with a strong 

and intentional innovation culture, where structured frameworks, approaches and funding 

mechanisms had been established to support innovation. As outlined by Nan [23], when introducing 

innovative approaches in complex systems, success relies not only on individual champions, but the 

capability stocks required for other agents to implement the innovative solutions. This capability 
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includes knowledge and understanding, as well as the availability of funding and other resources. 

Further, the organisation must have robust networks that foster interaction across levels, across 

disciplines, and with both internal and external actors, where projects can also meaningfully link to 

external market priorities and broader industry shifts. With biomimicry requiring interdisciplinary 

collaboration (e.g., between biologists and engineers), project success may be severely limited by 

inflexible siloed operating practices, particularly where there are limitations to interaction and 

feedback across levels and disciplines. 

4.1.2. Transitions in Maturing Markets 

The absence of proven examples to draw on when building a business case for approval was a 

recurring challenge. This included limited biomimetic products, technologies and services available in 

the market, as well as challenges in accessing information on prior projects. Multiple interviewees 

referenced the opportunity to create a centralised database of project information as a tool for the 

market, as well as motivating broader uptake by communicating project outcomes and benefits. 

Looking to the framework provided by Nan et al. [23], the current lack of information and market 

maturity reduces understanding of ‘relative advantage’ and increases the level of ‘arduousness’ 

associated with implementing the biomimetic innovations. One approach adopted was to categorize 

biomimetic opportunities into three groupings: 1) Practical application: potential for immediate 

implementation using existing products or approaches; 2) Conceptual but feasible: developed as a 

concept, but without available technology in the market (technologies exist, but not yet 

commercialized or scaled); or 3) Theoretical but possible: Recognizing varying levels of maturity within 

the field and allowing for exploration of abstract or aspirational solutions—“a 2030 or 2050 vision” 

(CS1). 

Moving forward, it may be that the biomimicry field and associated networks develop unique 

pathways to explore each of these three opportunity types. For example, opportunities with potential 

for immediate implementation may be consolidated into a centralised database as suggested 

(leveraging, for example, the work undertaken by the Biomimicry Institute with ‘Ask Nature’ [29])—

work that has now been initiated by Pedersen Zari and Hecht, through the creation of an online 

interactive database that highlights design interventions to support ecosystem system services [30]. 

Conceptual but feasible opportunities could be promoted for early piloting, and theoretical but 

possible opportunities earmarked for further academic and interdisciplinary investigation. 

4.1.3. Knowledge Transfer Between Company and Market 

Piloting new technologies and approaches requires an investment of time and resourcing in order to 

test and confirm what strategies work, what key challenges arise and where the material costs and 

benefits may lie. Pilot projects involve stepping out ahead of business as usual and learning the lessons 
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that will assist in streamlining and refining methods for those that follow. As such, a common finding 

across the case-study projects was that these early efforts were particularly resource intensive 

(arduous), and that such overheads (time, cost, personnel), would need to be significantly reduced for 

any meaningful scaling and mainstreaming to occur. Moving forward, knowledge-sharing will be 

pivotal to supporting broader uptake and reducing the upfront time and resource investment required 

to undertake projects using these tools and frameworks. At present, each project is required to scope 

and establish the process and methods; conduct extensive research; identify potential solutions and 

research market maturity; engage partners; implement; measure success and communicate 

outcomes. By sharing information on project methodologies, products and design solutions, scientific 

and market research, metrics used, and key lessons learned, it will be possible to reduce the upfront 

research burden, including the groundwork required to establish a business case for action. An 

opportunity exists for academia, public and private actors to share the workload—for example with 

industry highlighting key challenges (e.g., translation of biological research into project-ready 

information) to be addressed by academia. Public sector participants and departments can then 

support uptake with mandates and project specifications, with private sector collaborating to pilot 

and engage with academia to support robust measurement and reporting on outcomes.  

The availability of cost/benefit calculations was recognised as a vital enabler for future projects. 

Noting private sector commercial sensitivities, there is an opportunity for the public sector to lead 

here, with transparent piloting and knowledge-sharing, while recognising significant pressure to 

efficiently allocate taxpayer funds.  

4.2. Standards and Frameworks to Create a Common Language 

In the early stages of developing new approaches and frameworks, it is important that there is room 

for pilot projects to test, experiment and adapt, before strict standardizations or specifications are 

introduced. Limiting this early trial and error can lead to a ‘locking-in’ of immature approaches and 

methodologies before sufficient refinement and adaptation has occurred. Nonetheless, there are 

opportunities to ease the administrative burden of implementation through consistent and easily 

accessible knowledge-sharing across academia, public and private sectors—sharing methodologies, 

processes and outcomes in a way that allows for future projects to build upon prior work and leverage 

prior learning. Similarly, while it may not be ideal to mandate methods and processes, it is possible to 

create prompts and incentives within formal schemes, standards and codes that promote uptake and 

testing of these system level approaches. 

As emerging biomimicry tools and frameworks shift from pilots toward mainstreaming, opportunities 

arise for knowledge-sharing to consolidate into communities of practice and the development of 

industry guidance and standardization approaches. What began as informal knowledge-sharing 
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among peers, may shift to more formalized networks and eventually, documented guidance on best 

practice approaches. While it is important to allow industries to test and adapt emerging areas of 

practice, the documentation of frameworks and methods and the communication of project outcomes 

can play an integral role in supporting consistency and scaling across projects and organisations. 

Ideally, this can also link into academic investigation, to allow for rigorous investigation of both 

approaches and outcomes. Consolidation of informal networks to more structured working groups 

endorsed by industry leaders can assist in pushing this work forward. 

In linking into schemes and standards, one opportunity is to adopt a similar approach to that taken 

within the Living Building Challenge (LBC) [26], when looking to address biophilic design in the scheme. 

The LBC team understood that this was an important focus area, yet that practice within the built 

environment was still emerging, as opposed to well established. As such, there was a hesitance to 

dictate detailed and specific methodologies or performance requirements. The approach was to 

specify that projects were to undertake a biophilic design workshop and report on outcomes—an 

approach that supports capacity-building, testing and knowledge-sharing, and allows for the scheme 

to capture the wide range of approaches adopted by industry when flexibility was granted. A catalogue 

of approaches is created, allowing for review of commonalities, differences and learning that can then 

be incorporated into later revisions of the scheme’s approach. A similar approach for system-level 

biomimicry could involve an introduction to one or more of the frameworks and tools adopted in these 

case study projects, without dictating specific methodologies for implementation. Ongoing trialing, 

adaptation and documentation of approaches then begins to establish a ‘seedbank’ of applied 

practices, enabling discussion and workshopping of ‘best practice’. 

Another unique approach, as highlighted by one interviewee, was the potential to strategically utilize 

existing elements of standards and codes, such as the International Building Code, which “has a 

section in it for innovative and alternative means and methods” (CS5). This section of the code allows 

for alternative materials, design and methods of construction and equipment to be used, provided 

that the building official finds the design to be satisfactory and compliant with the intent of the code 

[31]. Similarly, the inclusion of ‘innovation credits’ within sustainability ratings schemes offers a 

pathway for piloting of unique approaches within existing schemes (See, for example [32–34]). 

5. Conclusions 

Representing just a snapshot of work underway in system-level biomimicry in the built environment, 

the six case study projects explored here highlight innovative projects being tested across public and 

private sectors. As may be expected, challenges related to both content and context. In the former, 

there were challenges associated with the development of processes and methodologies, the 

accessing of information and data, and the limited availability of prior project examples. These 
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challenges may be most effectively addressed through the establishment of more formalized 

communities of practice and knowledge-sharing mechanisms. Such networks would benefit from 

involvement of industry, academic and public sector, to allow for cross-pollination of research, 

practice and lessons learnt. Academia have an important role to play here, in developing the 

theoretical foundations for biomimicry in built-environment design, and supporting rigorous 

boundary setting and evaluation. Private sector practitioners, including designers and engineers, will 

be pivotal for championing and leading industry application of these biomimetic design tools and 

demonstrating success. Opportunities for pilots to catalyze broader industry uptake will be largely 

shaped by the extent and nature of knowledge-sharing during and after piloting. Public sector 

representatives and project proponents have an opportunity to include biomimetic design approaches 

and knowledge-sharing requirements in project scoping and specifications, to prompt consideration 

and use of these design approaches, in varying forms, within their built-environment projects.  

With regard to context, shifts towards complex systems thinking around sustainability are happening, 

albeit slowly, and these shifts (including towards regenerative design), will help to create an enabling 

context for system-level biomimicry approaches. In the meantime, deliberate alignment of project 

objectives with company and industry sustainability targets and objectives, along with the utilisation 

of existing innovation pathways and avenues may help to reinforce the potential contribution of 

biomimetic approaches and leverage broader efforts and resourcing. While it may be too early to fully 

standardize approaches and methodologies (if indeed that is a goal at all), an opportunity exists to 

introduce these biomimetic tools and frameworks within industry schemes and standards, to prompt 

consideration and experimentation with these approaches in a way that supports continued 

refinement and adaptation. Ultimately, these concepts of adaptation, flexibility and uncertainty will 

be integral to system-level biomimicry, which must recognize the complex, adaptive nature of both 

the source ecosystems and the socio-eco-technological systems into which innovations are 

introduced. 
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Chapter 6: Integrated project delivery – supporting biomimetic innovation 

 

Introduction 

This paper is the first of three that presents pathways for integrating biomimicry into government and 

industry practice to improve resilience and regenerative performance. It builds upon the conceptual 

framework presented in Chapter 5, which highlighted key challenge and priority areas for future 

projects. Recognising that these priority areas can be largely addressed through collaboration and 

knowledge sharing, the paper proposes that project delivery models can play an important role in 

fostering robust interactions between project and supply chain partners, creating an opportunity for 

greater integration and uptake of biomimetic innovation.  

The paper explores one of the three system-level biomimicry frameworks identified in Chapters 2,4 

and 5 – the Genius of Place framework (referenced here as biomimetic place-based design (BPD))- a 

design approach that can support locally attuned and adaptable design innovation. Using this as an 

example of design innovation on infrastructure projects, the paper posits that adoption of such 

innovative approaches can be facilitated by project delivery models that enable robust, flexible and 

collaborative interactions. The research highlights that while traditional delivery methods work well 

for predictable and non-complex projects, integrated project delivery (IPD) models can foster the 

innovation required to address complex emerging challenges. 

Overview 

This chapter comprises a publication first-authored by the Dissertation Author. The work presented in 

Chapter 6 was submitted to the journal Practice Periodical on Structural Design and Construction as: 

Hayes, S., Desha, C., & El Asmar, M., Integrated project delivery to support innovation – a case study 

in biomimicry. Practice Periodical on Structural Design and Construction. Submitted February 06, 2020. 

Reviewer comments received 26 May 2020. 

 

Figure 10 highlights the thesis research question and method relevant to this paper.  



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

131 
 

 

Figure 10. Positioning of Paper 4 relative to research question and methods 

Source: Adapted from Figure 14, Chapter 9. 

 

Addressing the research questions 

This paper addresses thesis research question three: How could biomimicry be integrated into 

government and industry practice to enhance resilience and regenerative performance outcomes? 

Key contributions 

This paper highlights the opportunity for alternative project delivery models to support biomimetic 

innovation by facilitating collaborative project management approaches, and in so doing advances 

existing theoretical knowledge. It extends earlier recognition of a link between collaborative project 

management and sustainability outcomes in built environment projects, by proposing that IPD models 

may be an optimum entry point and approach for introducing biomimetic design to infrastructure 

projects. This creates a basis for empirical investigations into the extent that alternate project delivery 

models may support biomimetic innovation for improved project performance outcomes. 

 

The paper is included here as amended following reviewer feedback.  
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Journal Paper 4 (Pre-Publication) 

 

Abstract 

Sustainable and regenerative development agendas require new and innovative approaches to 

infrastructure design and construction. To enable the integration of novel approaches, lessons can be 

learned from early pilot projects in the form of key priority and challenge areas to be addressed. This 

paper focuses on ‘biomimetic place-based design’ (BPD), an emerging regenerative design 

methodology grounded in the field of Biomimicry, which learns from local ecosystems to inspire design 

approaches. The authors identify learnings from early efforts in applying BPD in three infrastructure 

examples, distilling five common priority and challenge areas – ‘themes’ –for consideration in enabling 

sustainable and regenerative development. The authors then explore how these themes can be 

addressed during project delivery. It is concluded that the Integrated Project Delivery (IPD) model 

appears to best address these themes, being well suited to complex projects with multiple 

stakeholders and novel deliverables. The findings are of immediate use for projects that incorporate 

BPD. The findings can also be applied to other innovative and emerging areas of design practice in 

infrastructure engineering.  

Key Words 

Innovation in infrastructure, Infrastructure engineering, Biomimetic place-based design (BPD), 

Integrated project delivery 

Introduction 

Increasing global prioritisation of sustainable development, including the global Sustainable 

Development Goals (Leal Filho et al., 2018), and the emergence of rating schemes and standards for 

infrastructure sustainability (See for example: ISCA, 2018, Institute for Sustainable Infrastructure, 

2018, CEEQUAL, 2018), reflects a shift beyond environmental compliance and risk management 

towards triple or quadruple bottom line sustainability agendas in the built environment. More recently 

there are calls to move further, beyond sustainability and towards regenerative development where 

buildings and infrastructure deliver net positive or regenerative benefits to ecological and social 

systems. In pursuing these objectives, there is a need for innovative design and construction 

approaches that challenge traditional practice. Efforts to introduce sustainable and regenerative 

innovation into built environment projects exist, and it is important to leverage early learnings from 

these projects and to identify and address key priorities and challenges to adoption. 

For infrastructure systems to adapt and remain resilient to changing social, environmental and 

technical conditions, it is important that there is opportunity for innovation and change. It has been 

argued that global shifts towards sustainable development have begun to expose the limitations of 
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traditional competitive practices within industries, and that new models will be required to support 

the level of innovation necessary to transform development approaches. The infrastructure sector is 

no exception, and in a sector that is traditionally highly competitive and conflict-driven, there is 

increasing recognition that traditional project delivery models may impede change, collaboration and 

the ability to learn from external influences (Chen and Miller, 2015). As sustainability objectives shift 

from traditional risk-based approaches and towards regenerative design, collaborative innovation will 

be imperative. As noted by Kivilä, infrastructure sustainability has largely focused on project 

deliverables, with less consideration of project delivery processes and structures (Kivilä et al., 2017). 

Nonetheless, they outline the opportunities for contract models to catalyse and support innovation 

for economic, environmental and social sustainability (Kivilä et al., 2017).  

This paper highlights the opportunities that arise during project delivery, when project delivery models 

are also used to support sustainability innovation. The research explores three examples of BPD to 

identify challenges and priorities emerging from early pilot projects. The authors identify five key areas 

that can support uptake, and explore how project delivery models can address these areas to enable 

sustainable and regenerative outcomes for infrastructure projects. 

Biomimetic place-based design (BPD) 

In the realm of built environment innovation, there are increasing calls to shift beyond early ‘green’ 

and ‘sustainable’ design approaches, and towards regenerative design, where the goal is not only to 

minimise damage, but to generate net positive socio-eco-technical outcomes for the systems within 

which the engineered asset operates (Cole, 2012, Du Plessis, 2012, Hes and Du Plessis, 2014). From a 

project delivery perspective, pursuing regenerative design outcomes will require new and innovative 

approaches to design, engineering and construction. To date, the primary focus of environmental 

management in infrastructure projects has been the reduction of direct environmental harm, 

particularly during the construction phase. While environmental considerations are typically captured 

by Environmental Impact Assessments (EIA) and Environmental Management Systems (EMS), these 

remain largely risk-based approaches to mitigating damage. It is rare that ecosystems are used as a 

source of detailed design strategies or regenerative design innovation.  

Biomimetic Place-Based Design (BPD) is one approach that does this (Baumeister et al., 2013, Hayes 

et al., 2019). In biomimicry, designers and engineers look to biological organisms and ecosystems for 

inspiration in addressing human challenges. Biomimicry researchers note that over the course of 3.8 

billion years of life on earth, living systems have tested and refined many designs that successfully 

respond to similar challenges to those now faced in infrastructure design and engineering– from 

changing climate conditions to resource scarcity and materials optimization (Baumeister et al., 2013, 
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Benyus, 1997, Pedersen Zari and Storey, 2007). Organisms within ecosystems have evolved to address 

design challenges in systems that are complex and constantly changing in non-predictable ways.  

BPD looks to local ecosystems to identify design and engineering solutions to local challenges. Where 

a location frequently experiences extreme heat or intense rainfall, for example, BPD looks to local 

organisms to identify those that are particularly well adapted to those conditions. Drawing on 

scientific literature and expert knowledge, it is possible to draw out the specific evolutionary and 

adaptive designs that have optimised performance under those conditions – a place-based design 

approach that not only recognises the natural systems context but directly learns from it. Examples 

include air-conditioning and temperature regulation approaches inspired by thermoregulatory 

systems of plants (Yun et al., 2013), or polymer soil additives to reduce erosion, inspired by the mortar 

creation of cliff swallows (Lazarus and Crawford, 2011).  

The Genius of Place (GoP) design methodology has been developed and tested to guide the BPD design 

process (Baumeister et al., 2013), and is the design methodology adopted in each of the case studies 

explored below. It includes step-by-step guidance on scoping, biological research, design development 

and evaluation (Baumeister et al., 2013). Projects internationally have adopted this innovative design 

approach in its original or adapted forms, including a master-planned community development in 

Lavasa, India and an ‘Eco-Smart City Masterplan’ in Langfang, China (Lazarus and Crawford, 2011) to 

inform place-based and locally-attuned design, though there are several challenges to scaling. This 

investigation explores the key challenges and priorities identified in three early projects, before 

exploring the role of project delivery models as enablers for further adoption and diffusion. 

Methods 

This research involved review of both literature and practice. While the interdisciplinary literature 

review identified a call to action around regenerative innovation in infrastructure, there was limited 

investigation of such innovations in practice. To address this gap, an early review of the ‘state of 

practice’ identified several pilot projects trialling biomimetic place-based design approaches in the 

built environment. This research investigated learnings from three such applied projects through 

interviews and content analysis to gain insights into the challenges and successes emerging in practice. 

The goal was to conduct grounded, inductive research that contributed to theory development by 

synthesising lessons learned and exploring how future projects may begin to address these lessons 

and enable broader uptake.   

Case studies enable investigation and analysis in areas that are emerging or where comprehensive 

datasets and broad research base are not yet available. They facilitate exploration of ‘how’ and ‘why’ 

a practice has been applied, allowing for investigation of the context and detail behind project 
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outcomes, including the strengths, weaknesses and opportunities therein (Meyer, 2001). This 

approach also supports establishment of novel theory by allowing in-depth insights into multiple cases 

and identification of important similarities and differences, which can highlight trends, key themes, 

barriers and opportunities to inform theory development (Eisenhardt, 1989). The selection of case 

studies is integral to the validity and generalisability of case study research (Seawright and Gerring, 

2008). While multiple case studies can enhance generalisability and reduce bias, increasing the 

number of case studies investigated can reduce the depth to which each is analysed (Meyer, 2001).  

Balancing these considerations, three case studies – in the form of three projects – were selected for 

consideration, as part of a broader analysis undertaken by (Hayes et al., 2019). When utilising a small 

number of cases, it is important to be deliberate in the selection process (Yin, 2011). Building on this 

earlier work, the original enquiry criteria were adopted (1-4), in addition to a filtering criterion (5): 

1. The project is an example of biomimicry at the systems level;  

2. The project includes an application of the biomimetic approach to one or more assets/locations;  

3. There exists potential for replication / adaptation;  

4. There is access to archival data (online / print / personnel); and 

5. The project adopts a biomimetic place-based design approach. 

 

Based on these criteria, three projects were selected from the larger group of six in the study by Hayes 

et al., (2019). Study data comprised 11 key documents (including project reports and lessons learnt 

documents; request for proposal (RFP) responses; published design guides), five interviews and 21 

supplementary interactions (involving phone calls and email correspondence requesting information) 

with case study participants. The three selected case study projects spanned planning and (concept) 

design project phases, with all projects based in the United States of America (USA). Given the sample 

size, it is recognised that these results are indicative as opposed to representative, however they 

provide valuable foundational insights into the challenges of introducing regenerative innovation into 

complex built environment contexts. 

Content analysis 

Content analysis was conducted for each case study project, using a combination of publicly available 

and commercial-in-confidence documents provided by the project teams and interviewees. Analysis 

of project documentation provided insights into project objectives, methods and processes. This 

information also allowed for triangulation against interview findings. As anticipated, the scope and 

content of documentation provided was variable, however it was possible to obtain robust 

documentation for each case study project. Documents included project reports, process 
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documentation, request for proposal (RFP) templates and responses, Information on engagement, 

training and design workshops, summaries of project learnings, and public-facing design resources. 

To prompt the provision of such documents, case study project teams were provided with an email 

request and list of prompts designed to guide the selection and provision of project documentation. 

Once received, documentation was coded within the NVivo qualitative data analysis software in a 

multi-stage process, commencing with preliminary review for suitability, followed by coding of 

pertinent information against seven categories: 1) Drivers and objectives; 2) Outcomes (what worked 

well; opportunities for improvement; lessons learned; potential benefits); 3) Challenges and barriers; 

4) People; 5) Process and methods; 6) Timeline; and 7) Next steps. These categories were developed 

to reflect the key objectives and focus areas of the document analysis and support identification of 

emerging themes. 

Interviews  

The objective of interviews was to confirm information obtained from the document analysis, as well 

as to uncover supplementary information and insights not captured in the documentation. While 

published project documents are typically information rich, interviews provide an opportunity to 

further explore the ‘what’ and ‘why’ of the projects undertaken, and investigate in more detail facets 

of the project that may not have been a priority in the published literature. Interviews were conducted 

for two of the three case study projects, where the projects were of sufficient complexity to warrant 

additional enquiry beyond the published data. For the remaining case study (CS2), the project reached 

the planning phase only, and the team published comprehensive reporting about project process, 

outcomes, challenges and limitations. As such, a supporting interview was not deemed necessary for 

this project. 

Interviewees were identified through publications and snow-ball sampling methods, where project 

team members were asked to identify other personnel with relevant insights into the project’s 

successes and challenges. The number of interviewees was determined by the point at which 

saturation was reached and negligible new knowledge was being generated by additional interviews 

(Mason, 2010). For CS1, the project was led by one key stakeholder who was interviewed. For CS2, the 

work involved input from a broad range of stakeholders (both internal and external), with differing 

roles and perspectives, and as such, interviews were conducted with four key personnel. Interviews 

consisted of a structured and consistent list of questions to support consistency across all interviews 

(Turner III, 2010). Interview questions were structured to align with key research objectives, and as 

such explored challenges and barriers, successes and learnings from the projects, including 

recommendations for future projects. Participants were contacted via phone or email, with interviews 
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conducted either in person of via telephone / videoconferencing. Interview duration was 

approximately one hour, with all interviews audio-recorded and transcribed before being uploaded 

into NVivo for analysis. Reflecting the interview questions, the interview transcriptions were coded 

first against the following primary categories: 1) Benefits; 2) Challenges; 3) Drivers; 4) Frameworks and 

Standards; 5) Learnings; 6) Network focus areas; 7) Opportunities for application in infrastructure; 8) 

Other comments; 9) Recommendations; 10) What worked well.  

Data Analysis 

The inductive qualitative data analysis approach allows research findings to emerge from the 

commonly referenced and dominant themes in the data, without the constraints of structured 

frameworks (Thomas, 2003). In line with a general inductive coding approach, coding categorizations 

for document and interview data were consolidated under a master coding framework, before all 

coded content was reviewed multiple times for emerging priority concepts and themes (Thomas, 

2003). For insight into the extent to which each theme was referenced and discussed, content was 

reviewed to assess the number of pages coded to each of the master themes identified. Each theme 

was then explored ‘horizontally’ across all case studies and sources to identify priority aspects and 

perspectives, as well as commonalities and differences across the projects.  

Results 

This section outlines the key characteristics of the three case studies, before detailing the five 

emergent themes that were revealed through the content analysis and interview processes. These 

themes summarise primary challenge and priority areas identified across the three project examples. 

Case study characteristics 

The three case studies selected covered public and private sectors, with a variety of project structures 

and expertise. Table 1 summarises the characteristics of the three case studies, with regard to the 

phases where BPD was implemented (plan, design, construct, operate, end of life), and the types of 

professionals engaged. 

Table 1. Case study project characteristics 

Application Type Project Code Phase/s * Team 

Planning  
(pre-design) 

CS2 P Private sector design practitioners. 

CS3 P Biomimicry practitioners. 

Infrastructure 
(design innovation) 

CS1 P, D 
Public sector engineers, designers, 
managers. Biomimicry practitioners.  
Private sector engineers, designers. 

* Phases annotated as follows: P = Planning; D = Design. Source: Adapted from Hayes et al. (2019) 
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Each of the case study projects had unique drivers, objectives and project management approaches, 

contributing diverse perspectives and learnings. A brief overview of each project is provided below: 

Case Study 1: A local government agency tasked with repairing damaged trail and path infrastructure 

adopted a biomimetic place-based design approach to identify locally attuned design solutions. The 

infrastructure damage had been caused by flood events, leading the project team to investigate local 

plant and animal species that had specifically adapted to managing high rainfall, maintaining shape 

and strength under shear and compression stress, and rapidly shedding water. Extensive internal and 

external stakeholder engagement was undertaken as part of this project. A series of design charettes 

were held, and a biologist engaged to conduct detailed research. An RFP was issued following the 

drafting of several early concept designs. 

Case Study 2: A private design firm conducted a ‘Genius of Place’ study that explored how plants and 

animals within a particular biome type (rather than individual site or location) typically responded to 

common challenges and operating conditions of that biome type. This approach generated design 

concepts that could then be considered for a wide range of projects across that biome type 

internationally. The work was undertaken with extensive internal engagement, led by external 

biomimicry professionals. This foundational work has since been leveraged by several design and 

construction projects across the firm’s international portfolio. 

Case Study 3: Biomimicry practitioners engaged a wide range of local stakeholders to conduct a 

regional ‘Genius of Place’ assessment that identified adaptations and design strategies adopted by 

local organisms in response to local operating conditions. The team focused on opportunities to 

reduce peak stormwater flows in urban infrastructure, identifying unique approaches to stormwater 

management in the local ecosystem, and highlighting potential design and engineering applications 

where those approaches could be emulated. The project team generated detailed project reporting, 

including a thorough analysis of lessons learnt and key project outcomes. 

Thematic findings 

These three projects offer a useful foundation for exploring early challenges and priorities for 

implementation of biomimetic place-based design. Reviewing the coding results using the BPD 

additional criterion as a filter, five of the original twelve themes documented by Hayes et al. (2019) 

emerged as key challenges and priorities for the three case studies in this analysis. The categorisation 

of ‘key’ challenges and priorities were informed by the quantity of content coded to each category in 

the coding process. In order of quantity of coded content, these were: 1) engagement and education, 

2) knowledge sharing (information availability and accessibility), 3) market supply and demand, 4) 

project management, and 5) scoping and boundaries. The following sections discuss their various 
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influences on project implementation, including how BPD was introduced (i.e. adoption) and the 

extent of integration (i.e. diffusion). 

Theme 1: Engagement and education 

Engagement and education were priorities across the three case study projects, although with varied 

audiences and methods. For CS1, interviewees felt that employee engagement was very thorough – 

“I think the biggest benefit for <Company A> was certainly the education of employees” and “I think 

the internal education was really great. And it was ongoing, we put a fair amount of time and effort 

into it, and people ate it up, you know, they were just inspired by it” (CS1). Biomimicry concepts were 

new to the teams, making education particularly important. Interviewees were confident that the 

level of engagement created lasting benefits by prompting employees to consider how these concepts 

could apply elsewhere within the organisation. The focus on interdisciplinary collaboration also 

benefited in an organisation where there can be strong siloes and limited collaboration. All levels of 

internal employees were engaged (“Our goal was to have the entire organisation from the people who 

are working seasonally, to our Director, incredibly inspired or at least on board” (CS1)), as well as 

external stakeholders. The team highlighted the role of external networks and agents in inspiring 

appreciation of biomimicry and the efforts to engage and pilot. They noted challenges with supply 

chain engagement, however, including the need to educate potential tenderers about the biomimicry 

approach within the RFP, as well as clearly outlining technical specifications when uncertainty 

remained. 

For CS2, the focus was on creating a common language – “It’s got to be cohesive enough that anyone 

can… pick it up and be interested by it” (CS2). Engagement was initially internally focused, spanning 

several locations and disciplines. The goal, however was to create a published output that was 

accessible to non-technical audiences, including clients unfamiliar with biomimicry – “How do you 

weave that in a way that’s then approachable for everyone from 20 to 60 that has no background in 

the field…?” (CS2). They referenced the importance of mentors to guide the process, as well as 

colleagues for practical feedback, and input from both academia and industry to achieve an 

appropriate balance.  

The CS3 project introduced biomimicry to 28 local biologists and 72 local industry professionals, as 

well as receiving coverage in local media- part of its objective of introducing biomimicry to design and 

research professionals and fostering working collaborations among diverse partners. The project also 

intended to develop a process document for conducting the ‘Genius of Place’ (GoP) studies, which 

was realized through the publication of a detailed process manual and project report. In terms of 
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learnings, they recommended beginning outreach to potential workshop participants early, and 

including a plan for workshop follow up.  

Theme 2: Knowledge sharing: information availability and accessibility 

For CS1, limited available information on implementation and cost savings was a primary challenge, 

with only high-level information available publicly - “yet, I don’t think that’s reflective of what’s 

actually happening in the world… we need to know who’s doing it and … have ready access to each 

other” (CS1). This created difficulties in referencing examples of success and establishing a business 

case for implementation. They noted hesitation to be a ‘first-mover’ on innovation, instead looking 

for evidence of successful implementation elsewhere. There were also challenges with the size of the 

available expert network – external experts that would typically be consulted for advice (on scoping 

and approach) were involved in teams tendering for the design work, meaning that they were not able 

to advise due to potential conflicts of interest. A stronger network between researchers and 

practitioners (both industry and government) would be beneficial and could facilitate data capture 

and discovery. As a public sector organisation, they noted opportunities to engage a broader audience 

by showcasing the concepts and processes without the level of commercial sensitivity experienced by 

private sector organisations. Institutional memory was noted as a challenge in terms of retaining 

knowledge as employees leave the organisation. 

For CS2, knowledge sharing and information availability was a project priority. Making the project 

results public achieved multiple benefits – signifying a commitment from the company that “we 

believe that we individually can’t solve the challenges of climate change, we need to share our thinking 

with other people” (CS2). From a business perspective, it also puts the information into the hands of 

clients and students. “We’d like our clients to know that we think creatively about problems, and we’re 

looking for partners to solve and address these problems” (CS2). Here the organisation sees the 

publication of their report as the foundation of a matchmaking exercise with innovative and creative 

clients. They reiterated the importance of creating a common language across disciplines, and that 

this was an important consideration in creating the publication for varied networks. 

For CS3, knowledge sharing was a primary project priority. Objectives included engaging a 

multidisciplinary network, and providing foundational biomimicry education to practitioners and 

biologists. The team sought to foster working collaborations with varied partners and build the 

biomimicry network to support ongoing education and projects. Other goals were to develop place-

based data to improve performance on a wider range of projects, to develop a databank of design 

principles abstracted from nature to inform local planning, design and policymaking, and to integrate 

biomimicry strategies into science, technology, engineering and mathematics (STEM) and 
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environmental education. These outcomes were integrated within the broader knowledge sharing 

mechanism – the publication of a BPD process and methodology to guide future projects. 

Theme 3: Market supply and demand 

For CS1, the RFP for the biomimicry project was advertised widely, with only five responses received. 

Writing the RFP was particularly challenging and took one year, with no available examples of prior 

efforts and inability to liaise with experts who may tender on the project. Responses to the RFP were 

highly variable, and one interviewee noted that the project team had difficulty articulating their needs 

to the market and defining deliverables in the absence of historical references. The final RFP totalled 

75 pages in an effort to address this issue– significantly longer than standard. This was partly because 

the team felt a need to educate within the RFP, given the low level of foundational market knowledge 

on BPD.  

Another interviewee noted that in a previous biomimicry project, an RFP was issued and no responses 

received. They have subsequently incorporated RFP-writing into their biomimicry teaching as an 

assessment item, to support broader capability-building in the expert community. Interviews 

highlighted difficulties in generating solutions when the market is immature and project teams must 

navigate how to best integrate these ideas and strategies without needing to create new products. 

Further, project team members faced continued requests for demonstration projects to prove 

success. As such, they noted the importance of finding innovative project managers and engineers 

willing to explore new ideas.  

For CS2, a variety of design opportunities and approaches were explored, including those requiring 

further market development, and those able to be implemented immediately. They proposed three 

categories– 1) practical application – approaches and design strategies that can be implemented 

readily now; 2) conceptual but feasible – developed as a conceptual idea, but without an available 

technology in the market. Here the underlying technology exists, however is not available as a product 

in the market, and it will be necessary to find another partner for further investigation and trials. 3) 

Theoretical but possible – these innovation ideas are somewhat more nebulous. Perhaps a 2030-2050 

vision, where “we’ve kind of agreed to actually take out Code and cost and sometimes even general 

constructability to enable us to look at something a little bit more abstract” (CS2). This breakdown 

allows the project team to understand the current state of the market relative to the innovation 

opportunities. 

For CS3, the early concept nature of the project undertaken meant that there was limited reference 

to market maturity, beyond the role of engaging private and public sector practitioners in the 

knowledge sharing and education processes. 
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Theme 4: Project management 

Establishing strong and balanced project teams was a challenge and priority highlighted by CS1, noting 

that biomimicry expertise is important, however biomimics cannot be expected to know all relevant 

details about all organisms and the translation to design in all disciplines. Interviewees referenced the 

importance of an interdisciplinary team with relevant experts, where the biomimicry expert facilitates 

the investigation between them. In particular, interviewees noted the importance of both engineering 

and biology expertise throughout the project lifecycle. CS2 similarly highlighted benefits of an 

interdisciplinary team and having multiple disciplines collocated within the head office. They 

referenced several challenges and opportunities to working across these disciplines, where there is 

often a disparity in lexicon and default ways of thinking and approaching challenges, as well as 

different values. One opportunity is that disciplines can challenge each other on their approaches and 

ways of thinking. Working through the challenges can create a stronger team and support the common 

lexicon or at least understanding. They noted the importance of internal and external stakeholder 

input, as well as patience during interdisciplinary collaboration efforts – an important consideration 

when contemplating potential delivery models, in particular, the opportunities for early contractor 

engagement in planning and design. 

CS3 referenced a communication plan as an important element, however noted that in this particular 

project, a plan was developed yet no one was engaged to deliver it. They referred to the importance 

of team building at project conception and identifying individual strengths and expertise to inform 

project roles moving forward. Ensuring that all team members are involved in selecting the organisms 

for in depth research was important, as well as encouraging the team to avoid jumping directly to 

solutions. They developed a BPD factsheet for distribution to the press, to use as a reference and guide 

given that the project was an introduction to biomimicry for many.  

Theme 5: Scoping and boundaries 

CS1 referred on multiple occasions to the importance of realistic scoping. Design charettes generated 

a wide range of ideas, many of which were not feasible. There was benefit in the free generation of 

ideas, however the CS1 team conceded that it may help to be more selective with participants and 

scoping to encourage more tangible and feasible opportunity generation. There is a risk that broad 

scoping can result in design charrettes and workshops that are high level, wide-reaching and 

generating design ideas that are unfeasible. Instead, an opportunity for future projects is to focus on 

a specific component of an infrastructure project and create a more targeted focus for design ideas. 

Information availability also played a role in scoping, where the lack of accessible scientific information 

on organisms was a major factor – particularly where information did not include the details relevant 

for abstracting to a design strategy. The team recognised important skills and expertise required for 
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articulating the functional design requirement, identifying relevant organisms, drawing out the 

mechanism, and collating the research, and noted that the project did not have resources to fund 

additional scientific investigation. 

The CS2 team identified four design challenges through a series of scoping meetings. They looked for 

challenges that were commonly encountered across their portfolio of projects yet were difficult to 

address in detail in the scope of an individual project. For each of the four challenge areas (relating to 

themes such as water, energy and materials), they identified 16 relevant species, which were whittled 

down into 4 for each challenge, or 16 species in total. This approach of working across commonly 

encountered challenges, rather than within a single design project, meant that they were not required 

to bring a client on board for the investment in innovation and research on a single project, and they 

instead spread the risk and cost burden across the organisation. Given that these challenges are so 

consistently encountered, they identified a market advantage in investing in solutions that could be 

utilised across current and future projects. For CS3, challenges around scoping and boundaries related 

largely to the definition of the project challenge and ultimate target audience or client. Individual 

interviews were identified as the optimum way to surface challenges, and the team recommended 

developing criteria and selecting the design challenge early – failing to do so was identified as a 

limitation of this pilot project. As the team did not have a specific client, they identified in the post-

report that identifying a challenge up front is crucial to focusing the biological research and abstracting 

design principles relevant to the challenge. 

Discussion 

Capacity for innovation is influenced by several characteristics at the project level. Theories of 

innovation diffusion in complex systems highlight effective agent interactions as a key requirement 

for supporting innovation adoption and diffusion (Nan et al., 2014). Interactions between agents (i.e., 

adopters and influencers, internal and external), include consideration of both the extent and nature 

of social network channels available (Nan et al., 2014). This is particularly apparent at the time of 

project delivery, where interactions between parties – in project governance and execution – have 

the potential to enable or materially hinder innovative intentions. With this in mind, the following 

analysis explores which project delivery models may be best suited to addressing the challenge and 

priority areas described above. This section begins by considering how the themes identified in the 

biomimicry case studies may be addressed and supported through available project delivery models. 

Table 2 highlights the 5 key themes (first column), and their alignment with traditional design-bid-

build (DBB) project delivery models, and alternate integrated project delivery (IPD) models.  
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Biomimetic 
innovation: Challenge 
and priority themes 

Alignment with traditional project 
delivery models:  

Design-Bid-Build (DBB) 

Alignment with alternate delivery 
models:  

Integrated Project Delivery (IPD) 

1. Project management 
▪ Each project phase delivered as a 

standalone project 
▪ Multiparty contract with integrated 

design, construction, operation and 
maintenance 

2. Engagement and 
education 

▪ Internal engagement and education 
within lead organisation 

▪ Integrated project teams, including 
colocation and proactive team building 

3. Knowledge sharing 
▪ Reporting outputs for each project 

phase. Limited sharing across 
phases 

▪ Iterative review and integration of 
learnings 

4. Scoping and 
boundaries 

▪ Client-led scoping of each project 
phase independently 

▪ Collaborative scoping and boundary 
setting 

5. Market supply and 
demand 

▪ Pre-defined work packages 
tendered 

▪ Early engagement with project parties, 
contractors and suppliers 

Table 2. Approaches of DBB and IPD to addressing biomimetic challenge and priority areas. 

As illustrated, the challenge and priority areas emerging from the case study investigation highlight 

important areas of divergence between DBB and IPD models. Where DBB projects are characterised 

by discrete project phases, with a defined principal and limited inter-phase engagement, IPD models 

are predicated on a more collaborative multiparty approach where project partners are encouraged 

to collaboratively scope and deliver mutually agreed objectives. These attributes have the potential 

to substantively influence the 5 challenge and priority areas outlined in Table 2. 

Project delivery models that support emergent infrastructure solutions 

Innovative approaches typically require buy-in from multiple stakeholders with varied priorities, and 

across several project phases. From planning through to end-of-life, each phase of the infrastructure 

lifecycle brings its own objectives, risks and opportunities. Whereas traditional project delivery models 

(for example traditional design-bid-build (DBB) delivery) have often resulted in project phases (i.e., 

planning, design, construction) being delivered by separate organisations and with little 

communication or collaboration, emerging Integrated Project Delivery (IPD) and alliancing models 

seek to reverse this trend and bring project partners together to collaborate across multiple phases of 

project scoping and delivery. These collaborative models, where both risks and rewards are shared, 

diffuse the level of risk associated with piloting new design and construction approaches.  

Integrated Project Delivery (IPD) brings together project partners in a multiparty contractual 

agreement that includes ‘pain share / gain share’ agreements to support creation and alignment of 
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performance incentives and joint investment in project success (El Asmar et al., 2013, and 2015, 

Raisbeck et al., 2010). A key objective of IPD is to encourage ongoing collaboration, commencing pre-

design and continuing throughout the project. Consortia are selected based on criteria that look 

beyond price alone, with the view to creating high performing project teams across a range of metrics 

(Raisbeck et al., 2010). The IPD model may include a focus on the use of building information modelling 

(BIM) technology as a framework to support a common understanding and vision of the project (in 

addition to efficiency and risk management benefits), as well as the importance of co-location of 

project teams and partners throughout the project (Raisbeck et al., 2010). 

Across the integration spectrum of project delivery models, the IPD model has been identified as an 

favourable approach to enabling complex projects and innovation, through a strong focus on the 

relationships and communication channels established between project partners (Mesa et al., 2016). 

It has also been proposed that IPD and alliance models can materially improve sustainability outcomes 

in the infrastructure domain (Mollaoglu-Korkmaz et al., 2011, Lenferink et al., 2013, Kivilä et al., 2017), 

though research remains in early phases (Pinz et al., 2018). In a review of 35 projects with varying 

delivery models, El Asmar et al. (2013) showed statistically significant performance improvements in 

IPD projects, with no significant cost premium, when applied on complex projects. In particular, 

performance related to speed, quality, project change and stakeholder communications metrics 

showed the most significant improvements. 

Within the context of Table 2, the following paragraphs present key insights into how IPD may address 

the findings by (in order of potential influence): 1) supporting robust interactions and collaboration 

through integrated project management; 2) improved engagement, education and knowledge 

sharing; 3) collaborative scoping and boundaries; and 4) advancing market maturity.  

Enhancing interactions and collaboration through integrated project management (Theme: Project 

management) 

The IPD structure addresses several of the project management challenges and priorities identified in 

the case study results, by encouraging upfront collaborative team building, development of shared 

goals and objectives, cross-sectoral engagement and the creation of a common language across 

project partners. Results also referenced the importance of early engagement of all stakeholders to 

contribute to scoping and direction-setting. IPD supports this through opportunities for early 

engagement of contractors, subcontractors and suppliers to participate in establishing roles and 

responsibilities, identifying challenges, reviewing and assessing options, and guiding research and 

design approaches. The practice of formal partnering offers a structured process for collaborative 

teamwork, where parties agree to common objectives and targets, as well as processes for issue 
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resolution, ongoing communication and feedback loops, knowledge sharing and capture, and 

continuous improvement (Arizona Department of Transportation, 2018). These frameworks offer 

deliberate structures and models for not only allowing, but requiring ongoing engagement between 

project partners. 

The case study findings align strongly with Nan et al. (2014), who note that it is imperative that 

individuals or agents within a system can effectively share information and capability regarding 

innovative approaches, in order for these ideas to see meaningful adoption and diffusion. As such, the 

nature and structure of social channels and relationships are integral to facilitating the uptake of 

inovative ideas. Such relationships are inherently dynamic and complex, yet Nan et al. (2014) highlight 

two important attributes – ‘connectedness’ and ‘selectiveness’ – both of which are supported by 

collaborative project delivery models. The level of connectedness within a network relates to the 

extent and density of relationships and is an important determinant of innovation success. Networks 

with many close relationships provide individuals with easy access to trusted information, with these 

relationships creating an environment where agents are willing to invest energy and resources to 

share and adopt innovation information (Bell, 2005). When selecting project delivery models for 

complex projects seeking innovative approaches, it is therefore logical to preference models that 

support robust networks by encouraging ongoing collaboration across parties and throughout the 

project lifecycle. In collaborative project delivery models, this is further facilitated by shared risk and 

reward arrangements that align incentives and encourage united objectives and targets. 

Selectiveness relates to the fact that relationships are influenced by aspects such as social, 

organisational and geographical proximity (Nan et al., 2014). Here, as in complex adaptive systems 

theory, there is recognition of the value of local information obtained through direct connections 

(Anderson, 1999). The case study learnings further reinforce the importance of direct collaboration 

and knowledge sharing, particularly in the early stages of innovation adoption and diffusion. IPD 

models support organisational proximity by allowing and encouraging early engagement of 

contractors and supply chain, as well as engagement with operators and end users, among other 

stakeholders. Geographical proximity is supported through colocation of project team members from 

planning, design, construction and operation partners, to further facilitate and encourage direct 

engagement. 

In essence, IPD can create a network supported by collaboration, as opposed to a hierarchy of control 

or market-based competition, where each party remains siloed beyond contractual engagements 

(Keast et al., 2006). Kerry et al. (2012), propose that where market-based solutions are optimised for 

price, and hierarchy optimised for quality, network collaboration models are optimal in circumstances 
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of high uncertainty or complexity. More recent investigations, however, have highlighted that the IPD 

model does not result in measurable additional costs and has in fact been linked to improved quality 

outcomes (El Asmar et al., 2013). In IPD projects, the concepts of collaboration and iterative working 

are at the fore, with a focus on working together to investigate, implement and evaluate success of 

the project program and governance. With shared risk and reward structures, the potential for success 

or failure is agreed and shared among parties, leaving no individual project party to bear full 

responsibility.  

By having multiple parties measurably invested in, and engaged with, common goals and performance 

indicators, channels for interaction and collaboration are created that may not otherwise exist. 

Similarly, feedback loops are expedited to allow all parties to trial, refine and learn from innovations 

in the space and timeline of one project, with each able to leverage learnings from future projects in 

support of refinement and mainstreaming. The following paragraphs explore how the IPD model may 

support improved interactions and address the challenges highlighted by the case study investigation. 

Improving engagement, education and knowledge sharing (Themes: Engagement and education; 

Knowledge sharing) 

‘Engagement and education’ were the most commonly referenced elements in the case study projects 

– in some instances as a key objective and driver for project initiation. Within this, a recurring theme 

was the importance of creating a common language and lexicon, to enable agents from varied 

disciplines to communicate freely and clearly. In contexts of increasing uncertainty and complexity 

this becomes particularly important, where unfamiliarity and lack of foundational examples is 

compounded by the interdisciplinary nature of many emerging fields and technologies. In the 

biomimicry field, this is reflected in the need to bring together biologists, designers and engineers, not 

only for general discussion and collaboration, but to deliberately translate knowledge from one expert 

discipline to the others.  

Capability building emerged as a priority for these pilot projects, from educating and engaging with 

tenderers to the important role of external advisors, academics and experts. Internally, there was a 

focus on education beyond the direct project team, including entire organisations as well as external 

experts and interdisciplinary stakeholders. While engagement efforts were prioritised in the case 

study projects, there was reference to the importance of ongoing follow-up and engagement, which 

was often difficult under existing structures. 

Closely linked was the concept of knowledge sharing, that was highlighted as both a priority and a 

challenge. In support of knowledge sharing, each of the three case study projects had published 

comprehensive documentation of their study efforts. In two cases (CS1, CS3), this involved detailed 
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insights into objectives, process, outcomes and learnings. In the third case study (CS2), the outcomes 

were instead published as an industry facing design guide. These publications were cited in interviews 

as key results of project execution and, given the foundational pilot nature of the case study projects, 

seen as an important contribution to development of the field. Where the case study projects shared 

outcomes publicly, interviewees pointed to commercial and reputational benefits, as well as a 

contribution to future efforts. Importantly, one organisation highlighted their publication as a means 

of communicating that they could not achieve the objectives alone, and that collaboration was 

required. Nonetheless, interviewees identified several barriers and opportunities for improvement.  

Few historical examples of BPD projects were available to the case study projects, with limited 

historical reference for data or lessons learnt. Sharing of lessons learnt is a key element of knowledge 

sharing and particularly important for emerging innovation areas. One aspect of the limited sharing to 

date is that only a small number of projects have been piloted at all, however other factors are 

present. A common barrier to leveraging valuable lessons learned from prior projects is the 

commercial sensitivities of sharing project performance data and cost-benefit analysis. Another 

important consideration is the limited interaction between government, industry and academic 

practitioners. As a result, many research and education efforts see limited dissemination and 

integration into industry practice. By supporting interdisciplinary engagement and education, 

including avenues for knowledge sharing, the IPD model encourages greater collaboration across 

public and private sectors and supports a common lexicon.  

The industry role in leading knowledge sharing and networks is supported in the IPD model through 

the inherent establishment of a network of project partners with shared objectives and drivers. 

Further, by creating meaningful investment for each party in the pilot project, the IPD model supports 

increased learning and knowledge sharing within each organisation. Rather than clients specifying a 

target outcome and simply checking for compliance or non-compliance (current ‘business as usual’ 

practice), the IPD model facilitates a more substantial and engaged involvement in the learning 

process. This allows each party to leverage project learnings for further dissemination within their 

own networks and across projects.  

By piloting a project with all key parties involved, the case study challenges around language and 

lexicon are addressed early, as the initiative requires a common understanding in order to proceed. 

Similarly, market supply and demand challenges are more widely understood, as all project parties are 

involved in working through challenges that arise in the pilot project, such as limited market 

availability or approaches to supply chain communications. This broader engagement not only 

benefits stakeholders but invites more diverse knowledge and perspectives into the project.  
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Enabling collaborative scoping and boundaries (Theme: Scoping and boundaries) 

Scoping and boundary definition were identified as recurring challenges in the case study projects. By 

distributing risk and incentives, and promoting multi-party development of project priorities and 

objectives, the IPD model supports collaborative scoping and boundaries, with input from multiple 

stakeholders who agree on common project objectives upfront. It promotes iterative and adaptive 

management, where scoping can be adjusted and refined based on learnings and new information. 

The model also supports more robust and rapid feedback loops, where for example, academia and 

industry specialists can collaborate in providing expertise to inform scoping, and in implementing and 

evaluating results. When identifying priority challenges for consideration, multi-party engagement 

captures multiple perspectives and insights. Involving project proponents, designers, constructors and 

even operators in the identification of challenge areas provides more robust insight into challenges 

faced across the asset lifecycle and creates opportunities to prioritise common challenges that broadly 

impact on the industry.  

Government and client agencies tasked with defining scope, parameters and mandatory project 

requirements, can do so in discussion with other project partners (including the eventual users of the 

facility) to capture early feedback, opportunities and potential barriers, increasing the likelihood of 

successful implementation and reducing conflict. Scoping of contractual requirements and 

specifications can cause challenges where clauses do not allow for innovative approaches, or lock-in 

partially formed or emerging ideas as binding contractual requirements. Traditionally, where 

government agencies are looking to support or advance a new concept, they will seek to include 

contract clauses mandating the attainment of a specific target or use of a specified tool or framework. 

While this can work well in incentivising action in an emerging area, there is a risk that such clauses 

will lock in a sub-optimal approach and limit opportunities for ‘learning by doing’ or adapting and 

refining approaches.  

The IPD model supports collaborative learning by creating rapid feedback loops and supporting 

iteration and refinement. In DBB models, if a contract clause is written in a way that causes challenges 

for contractor implementation, or a hastily crafted target is unachievable, a conflict-driven process of 

variations, contract adjustments and penalties can ensue. Where project parties can work together 

with aligned objectives, to find an optimal solution, it is possible to avoid the conflict-driven 

approaches and streamline the joint learning process. 

Advancing market maturity through IPD (Theme: Market supply and demand) 

Limited market maturity was evidenced in the lack of product availability and supply chain expertise. 

This led to challenges with attempts to educate the supply chain through the RFP process and an 
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inability to adopt a more collaborative and transparent approach to developing specifications and 

requirements. Limited product availability is likely influenced by the risk associated with 

commercialising such products when uncertainty remains around client expectations, objectives and 

specifications. The IPD model allows for more collaborative development where parties can work 

together to clearly scope and refine their desired products and services. Whereas traditional DBB 

models typically focus on lowest cost delivery of a finished design, alternative delivery models such as 

IPD prioritise engagement of the optimal team to deliver the best possible asset for the available 

budget, with that team’s scope including defining the needs, parameters and developing design, as 

well as construction. 

It allows for proponents, designers, constructors and operators to refine their specifications and 

upskill the IPD partners, supporting clearer and more targeted engagement of subcontractors, as well 

as opportunities to collaboratively pilot and demonstrate success. Further, the development of 

minimum requirements and stretch goals can reflect the spectrum of ‘immediately applicable’ to 

‘aspirational’ innovation opportunities. With multiple parties engaged and building capability, these 

ideas and initiatives may then progress further on future projects by all partners, rather than a 

retention of knowledge and lessons learnt within a single organisation. 

The IPD model also creates opportunities for supporting market maturity by encouraging piloting and 

uptake across projects. The framework for risk and reward sharing allows for all project parties to 

share- and thus dilute – the risk and cost associated with innovation initiatives. While the reward is 

also shared, this approach can reduce the upfront barriers or arduousness to implementation – 

particularly where government funding arrangements do not allow for direct government funding. 

Further, where government agencies remain accountable directly to taxpayers, the IPD model offers 

a more balanced risk/reward model that demonstrates innovation while minimising price exposure. 

For example, contractors may be engaged early to advise during planning or design, using a simple 

preconstruction contract with no commitment for construction. Here, there remains the option of 

moving away from the innovative design approach if the planning phase does not generate 

satisfactory outcomes in line with budget and resources. In this model, the contractor can provide 

ongoing estimating services as the design progresses. Alternatively, in traditional delivery models, 

designs are often developed fully with negligible external review or input, meaning that when the final 

design is made available for tender, bids received may be substantially higher as a result of risk 

estimates. The IPD model supports early engagement and collaborative development to reduce the 

market risks associated with innovation, thus providing a valuable mechanism for advancing emerging 

and unique practice areas such as biomimetic design approaches. 
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Conclusions 

Collaboration plays an important role in facilitating innovation in infrastructure design and 

engineering. Recognising the growing call to action around sustainability and regenerative built 

environments, it is evident that ongoing innovation will be necessary to support design approaches 

that deliver sustainable and regenerative infrastructure outcomes. In supporting these industry shifts, 

there are considerable opportunities to harness collaborative engagement as an enabling mechanism 

for the introduction and diffusion of innovative design and engineering approaches. This may appear 

a somewhat vague intent, however the emergence of integrated project delivery (IPD) models provide 

a structure for continued and systematic cultivation of collaborative governance models for 

infrastructure projects. Here, collaboration and inter-phase engagement are defining characteristics 

of the project delivery model itself.  

This paper has explored integrated project delivery (IPD) models as enabling mechanisms to support 

innovation, improving opportunities for collaboration (including early contractor engagement), 

feedback loops and shared risk and reward when compared with conventional delivery methods such 

as traditional design-bid-build delivery (DBB). Prior research had identified the potential for IPD to 

positively influence innovation, and this research has built upon that foundation by exploring how IPD 

approaches may address specific challenges and priorities emerging from early applications of 

regenerative place-based design innovations.  

These findings highlight the importance of knowledge sharing, engagement and education, the need 

for clear scoping and boundaries, the influence of market maturity and the role of project 

management, and explicitly explore how project delivery models may impact each of these priority 

areas. For project management, this related to the use of multiparty contracts with integrated design, 

construction, operation and maintenance responsibilities, that support upfront collaborative team 

building, shared objectives, a common language and distributed risk profiles – all of which contribute 

to a greater potential appetite for innovation by reducing organisational silos and communication 

barriers, and creating more diverse, interdisciplinary and integrated project teams.  

Engagement, education and knowledge sharing were identified as key enablers for biomimetic 

innovation and are supported in IPD models through project team integration, colocation, proactive 

team building, and iterative review and integration of learnings. The establishment of scoping and 

boundaries was a recurrent challenge in the case study projects, and as such the IPD approach of 

collaborative and iterative scoping and boundary-setting emerged as an important characteristic. This 

can optimise innovation by allowing for project parties to learn together and progressively develop 

and revise relevant project requirements and specifications as lessons emerge. Finally, IPD can support 
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market supply and demand by proactively engaging with the supply chain to collaboratively scope and 

develop specifications, requirements and potential project design and construction approaches, 

products and processes.  

The findings have immediate implications for project proponents, government agencies, designers 

and constructors looking to foster collaborative innovation and enhanced delivery outcomes on 

complex infrastructure projects. This includes an understanding of specific potential benefits of IPD 

models in addressing the early challenges and priority areas emerging in biomimetic design and 

engineering. These insights establish a foundation for further qualitative and empirical investigation 

of performance outcomes on projects piloting biomimetic innovation within both traditional and 

alternative project delivery models.      
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Chapter 7: Capability building for biomimetic place-based design 

 

Introduction 

This paper created an action framework for capability building to enable government, industry and 

academia to apply biomimetic place-based design (BPD) at scale, for cities or regions. Based on three 

research workshops in Phoenix, USA and Brisbane and Sydney, Australia, the investigation identified 

the need for further capability building that springboards the uptake and mainstreaming of this 

biomimetic design approach to facilitate regenerative design and engineering at scale. 

This scaled approach overcomes existing barriers associated with the upfront research and resourcing 

burden of BPD, by allowing biological research and design strategies to be leveraged for use across 

cities, regions or biomes. The capability building framework articulates priority action areas for 

industry, government and academia, including opportunities for collaboration to build awareness, 

motivation and capability in BPD. The framework is designed to create a guide for early adopters, 

highlighting opportunities for leveraging existing efforts and resources, as well as aspects that will 

require intentional additional effort and resourcing. 

Overview 

This chapter comprises a publication first-authored by the Dissertation Author. The work presented in 

Chapter 7 has been published in Biomimetics as: 

Hayes, S., Toner, J., Desha, C., & Gibbs, M., 2020. Enabling biomimetic place-based design at scale. 

Biomimetics, 5(2), 21. https://doi.org/10.3390/biomimetics5020021  

 

Figure 11 highlights the thesis research question and method relevant to this paper.  

 

Figure 11. Positioning of Paper 5 relative to research question and methods 

Source: Adapted from Figure 14, Chapter 9. 

https://doi.org/10.3390/biomimetics5020021
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Addressing the research questions 

This paper addressed thesis research question three: How could biomimicry be integrated into 

government and industry practice to enhance resilience and regenerative performance outcomes?, 

by establishing tangible pathways for building cross-sectoral capability and catalysing uptake in 

biomimetic place-based design at scale.  

Key contributions 

This paper provides practical knowledge for industry, government and academia to enable and adopt 

biomimetic place-based design. It identifies key existing barriers to uptake of BPD, revealing gaps in 

existing knowledge and capability across sectors. By establishing a new action framework for 

implementing BPD approaches at scale, it offers tangible actions for academia, industry and 

government to leverage existing knowledge and resources to enable city or regional approaches to 

BPD innovation in the built environment. It creates a preliminary framework that may be refined in 

iterative review through future research and application. 

 

The paper is included here in its published form. 
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Journal Paper 5 (Publication) 

 

Abstract  

Amidst the inter-related challenges of climate change, resource scarcity, and population growth, the 

built environment must be designed in a way that recognises its role in shaping and being shaped by 

complex social and ecological systems. This includes avoiding the degradation of living systems in the 

design and construction of buildings and infrastructure, as well as enhancing the built environment’s 

resilience to disturbance by those systems. This paper explores the potential for biomimetic place-

based design (BPD) to inform resilient and regenerative built environment outcomes by learning from 

local ecosystems. One recognised hurdle is the upfront resourcing required to establish the 

biomimetic knowledge base for each project. However, conducting BPD projects at-scale (i.e., city or 

region) can improve the method’s value-proposition by better leveraging upfront research efforts, 

design concepts, and strategies. This research identifies existing barriers to the widespread adoption 

of BPD and presents an action framework for capability-building across industry, government, and 

academia to enable application at-scale. Drawing on findings from workshops in the USA and Australia, 

it creates a resource for colleagues looking to apply BPD in a city or region and offers next steps for 

research and development. 

Keywords: biomimicry; built environment; design; place-based design; regenerative; urban 

development. 

 

1. Introduction 

Cities are impacted by a range of complex and dynamic stressors, including changing climate 

conditions and increased intensity of extreme weather events, along with the interplay of trends such 

as population growth, biodiversity loss, and resource scarcity [1,2] . Designing for complex and 

unpredictable challenges can be difficult. However, while increasing in scale and complexity, these 

challenges are not entirely new. Plants and animals within ecosystems have been responding and 

adapting to conditions such as extreme heat, flooding, materials scarcity, and over-competition in 

various forms for approximately 3.8 billion years [3,4]. 

Local ecosystems provide fertile ground for locally-optimised design strategies. Peters, Lazarus and 

Crawford, and Taylor Buck [5-7] refer to the significant opportunity to investigate biological strategies 

developed by ‘champion adapters’ within ecosystems and translate these into design principles for 

built environment design and engineering. Such approaches support a design that is locally-attuned, 

adaptable, and resilient to local operating conditions and challenges [7,8]. Biomimetic place-based 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

163 
 

design (BPD) is one such approach that seeks to leverage these biological learnings for application in 

the built environment. It includes the Genius of Place (GoP) design methodology developed by 

Baumeister et al. [8], which uses eight steps to guide designers in identifying functional challenges, 

discovering organisms that are well-adapted to delivering that function or managing that challenge, 

and translating these to design concepts that are appropriate for the context.  

The GoP design methodology offers two approaches for analysis—‘biology to design’, and ‘challenge 

to biology’. In the former, biologists investigate a selected ecosystem and identify species that have 

developed unique adaptations to local operating conditions and challenges. Biological strategies and 

mechanisms are abstracted into design principles used to inform design strategies well-suited for that 

place. In the latter, the approach is to begin by identifying a functional challenge, and then searching 

specifically for local organisms that have adapted successfully to that challenge. 

Where GoP has been established as a detailed biomimetic design methodology, here we introduce 

‘biomimetic place-based design’ as an overarching descriptor that captures not only GoP, but all 

(existing and emerging) biomimetic design approaches and frameworks that draw on local and ‘place-

based’ ecological design strategies. Recognising GoP as a foundational methodology in this space, an 

increasing focus on biomimetic design means that it is likely that supplementary and alternative design 

methodologies will continue to emerge over time, each using biomimicry to inform place-based 

design. Emerging methodologies may expand on selected elements of the design process or 

biomimicry ethos, including, for example, direct connection to nature through the incorporation of 

biophilic design. BPD allows these aligned and adjacent methodologies to also be captured. The 

learnings and lessons outlined below are applicable not only to projects using the GoP approach but 

presumably also to other divergent frameworks operating in the same sphere. As such, ‘BPD’ seeks to 

capture any design methodology that satisfies the criteria of being both place-based, and biomimetic 

in nature.  

This paper explores the opportunity for biomimetic place-based design at-scale, leveraging the GoP 

methodology to offer a higher-level perspective of the resources and capabilities required to 

implement this design approach for cities and regions. The BPD approach to generating design 

concepts requires expert research and translation across disciplines, with involvement from biologists, 

designers, engineers, and other industry, government, and academia partners. Early piloting of 

biomimetic design has identified the time and resource-intensive ‘upfront research burden’ as a key 

challenge and barrier to broader uptake [9]. As such, a recently emerging practice is to conduct this 

type of study for a region or ecosystem type, rather than an individual project site. Once the biological 

research has been undertaken for a particular organism, and design principles have been established, 
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they can be relevant not only for the site under investigation but for many geographic areas or 

ecosystem types with similar functional design challenges. This can allow for an improved value-

proposition for the upfront knowledge-gathering effort, with broader utilisation of the research 

findings and subsequent design concepts and strategies, across multiple built environment projects. 

The authors were interested in exploring the challenges and barriers to implementing the BPD 

approach at-scale. In this paper, priority action areas are identified for industry, government, and 

academia in order to advance biomimetic place-based design approaches in cities and regions through 

education, training, and resource development. The resulting capability building framework identifies 

where practitioners can leverage existing knowledge, as well as opportunities to further build 

capability across sectors. The paper concludes with opportunities for further investigation and 

application. 

2. Design Approaches for Complex Systems 

As the built environment impacts on socio-ecological systems, it is also—in turn—impacted by them 

[10,1]. With increasing awareness of the complexity of these interrelationships and feedback loops, 

opportunities are arising for more dynamic and innovative approaches to design, construction, and 

operation. Such approaches require a move beyond siloed and discrete technical efforts to more 

holistic design methodologies that account for the complexity and the dynamics of changing local 

conditions [11-13].  

For built environment design, this requires an appreciation of the many interconnections and 

interdependencies between built assets and their social, cultural, and ecological contexts, through a 

renewed focus on ‘designing for place’ [14]. It is increasingly impractical to perceive built environment 

assets as discrete technical entities without appreciating their interactions with surrounding assets 

and the environment. Indeed, buildings and infrastructure exist as integrated elements of complex 

socio-eco-technological systems [15,16]. Researchers such as Hes and Du Plessis, and Chester and 

Allenby [17,11] advocate for design to strive for adaptability and the capacity to respond to 

complexity, uncertainty, and unpredictability. It should be place-based, locally-attuned, and 

responsive [14]. Further, it should seek not only to recognise these socio-ecological systems but also 

to actively regenerate them [18]. These concepts form key tenants of the emerging discipline of 

‘regenerative design’ in the built environment. 

Regenerative design seeks to build, rather than reduce, social and natural capital in place [19,20]. 

Where ‘green’ building frameworks look to improve efficiencies and minimise emissions, for example, 

and ‘sustainability’ rating schemes broaden this to cover economic and human criteria (See for 

example [21-25]), regenerative design moves further again along this spectrum [17,26-28] . It has been 
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argued that green building and infrastructure frameworks remain largely mechanistic approaches to 

damage reduction, failing to account for the complex and dynamic natures of the socio-ecological 

systems within which those built environment assets exist [29,18]. Regenerative design is positioned 

as an alternative integrated approach that incorporates both these individual technical approaches 

and a whole living systems approach to a design that engages with socio-ecological systems for 

‘adaptation, resilience and regeneration’ [29,18]. 

2.1. Biomimicry as an Approach to Regenerative Place-Based Design 

Biomimicry encapsulates many of these ideas and offers design methodologies to translate them from 

theory to practice. Biomimetic design principles recognise regeneration and self-repair, for example, 

as a fundamental design characteristic in natural systems. At the system level, biomimicry recognises 

the interconnected and complex relationships between the individual and broader socio-ecological 

systems—a perspective central to regenerative design philosophies, and one that shifts thinking 

beyond narrow damage control. Concepts of net positive or ‘generous’ design, as well as symbiosis, 

are prominent in nature and in biomimetic design. By drawing directly on living systems for design 

inspiration, it is possible to tap into these tried and tested examples of adaptability, resilience, 

multifunctionality, and regeneration. As such, biomimicry offers a valuable enabler for actioning 

regenerative design ideas. 

Biomimetic place-based design (BPD) views local ecosystems as rich sources of information and 

inspiration for solutions that are well-adapted to the functional challenges of their places. For 

example, in a location subject to flooding from extreme rainfall events, some local plants will have 

optimized strategies for the functional challenge of diffusing water. By identifying these plants and 

determining the strategies and mechanisms for water diffusion, design principles can be developed 

for designers to emulate. Created and piloted by Baumeister et al. [8] at Biomimicry 3.8, the ‘Genius 

of Place’ (GoP) framework was developed to capture the process and methodology for drawing on 

local biological design strategies to inform design and engineering solutions [8]. It has similarities to 

the Genius Loci concept adopted in built environment disciplines to describe a sense of place or, the 

‘spirit of a place’ [30-32], however, it shifts the concept from human-centric to eco-centric by using 

targeted methodologies for extracting specific design strategies from plants, animals, and ecosystems 

to inform management of context-specific challenges and operating conditions. Using this design 

methodology, it is possible to identify place-based design strategies that address key operating 

conditions and challenges. Several public reports document early efforts by public and private sector 

organisations to implement the GoP design methodology in response to local challenges (See for 

example [33-35,6]). 
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2.2. Advancing Biomimetic Place-Based Design At-Scale 

Several tools, resources, and education programs are now emerging to support the practice of this 

design approach. However, the upfront research burden remains high, particularly given limitations in 

eco-literacy within built environment disciplines. Recognising the extent of research required in order 

to identify relevant organisms, investigate biological strategies, and translate these into usable design 

strategies, it is likely that such efforts will continue to be too onerous for many individual built 

environment projects, not aligning well with the condensed timeframes of project design and 

construction. Considering ways to improve the method’s value-proposition, we now explore an 

opportunity to conduct biomimetic place-based design projects at-scale, moving beyond the scope of 

a single site to investigate an entire ecosystem type, settlement, or city. Options include investigation 

at the biome level (for example, forest, desert, tundra, grassland), or more targeted ecosystem 

assessments (for example, mangrove forest). Project teams could investigate one ecosystem type, or 

analyse several within a study area. Within one site or city, for example, there are likely to be a mosaic 

of unique ecosystem types that have evolved in response to local conditions, climate, geography, and 

a host of other relevant context-specific parameters. By adopting a city-wide approach, it is possible 

to commence with one subset of the living system, and progressively expand the breadth and depth 

of investigation over time. 

One early example of this approach can be seen in the work of a global design firm that identified that 

many of their international projects occurred within a single biome type, and that they were 

encountering several common challenges across these sites. After shortlisting key challenge areas for 

further investigation, they researched organisms that were well adapted to those challenges within 

the identified biome type and translated the biological strategies into usable design concepts. The 

resulting publication has since been used to inspire design approaches for several built environment 

projects. Following on from this, the firm has recently conducted a second similar project investigating 

biomimetic place-based design strategies for a single geographical region. This approach has allowed 

for the learnings to be leveraged across multiple projects, while also reducing the time and resource 

burden at the project level. 

Moving forward, there is an opportunity to mirror this type of approach with BPD projects that 

research and develop design strategies appropriate for adoption in other biomes, regions, or cities. 

While the above examples have been led by the private sector, there are opportunities for 

government, industry, and academia to each contribute moving forward, with interdisciplinary 

collaboration integral to successful piloting and adoption.  
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2.3. Innovation Diffusion in Complex Systems 

To support and enable uptake of innovative biomimetic design approaches, it is helpful to turn to 

existing knowledge on innovation adoption in complex systems. According to the innovation diffusion 

theory developed by Nan et al. [36], there are many attributes that contribute to innovation diffusion 

in such systems, including the role of adopters and influencers, their interactions, and the external 

environment in which they operate. They note that, though a particular innovation may offer much 

promise, there is no guarantee of widespread uptake, recognising that agents within the system must 

have awareness, motivation, and capability in order to adopt an innovation and contribute to its 

diffusion. Innovations that are more radical; more complex; less easy to use; less compatible with 

adopters’ contexts, cognitions, and behaviours; less trialable; and less observable are typically 

considered more arduous to adopt [36], reducing the likelihood and scale of adoption within a system. 

The BPD approach and GoP methodology satisfy several of these criteria, including the potential 

complexity, level of work associated with building foundational knowledge, limited number of 

previous pilot projects, and lack of visibility. According to Nan et al. [36], when arduousness is high, 

the capability of the adopters and influencers in the system must also be high. Capability in this context 

relates to the level of understanding and capacity for agents to implement an innovation and the 

availability of resources required to do so. In summary, increasing capability reduces the overall 

arduousness of implementing the innovation, and provides the necessary content for individuals 

within the network to effectively communicate the innovation and promote adoption. Capability-

building involves a focus on skill development, education, and training. The term is used intentionally 

here as distinct from capacity building, which prioritises workforce development and organisational 

capacity [37]. Using this lens of innovation diffusion, we identify key existing barriers to the 

implementation of BPD at-scale by industry and government. Finding that many of these barriers 

relate to education and knowledge gaps, we develop and present an action framework for building 

BPD capability across sectors. 

3. Method: Workshops 

This investigation used three workshops, conducted with academic and industry participants in the 

USA and Australia, to explore opportunities for implementing and mainstreaming BPD. 

3.1. Workshops: Scoping and Industry Engagement 

Research workshops enable participants to engage in a way that allows group dynamics and 

interactions to advance discussion beyond that of individual exchanges [38,39]. The comments, 

enquiries, or perspectives of one participant may prompt a line of thought for other participants that 

would not have otherwise emerged, a benefit that is particularly relevant in an emerging area of study, 

where participants may not have extensive experience of familiarity with the topic under discussion.  
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To support this interaction and engagement, attendees completed activities in small groups within the 

larger workshop group, with opportunities to provide feedback and emergent concepts to the 

workshop facilitator. Workshop findings consisted of the documented responses to the activities 

undertaken by attendees, and inductive analysis was used to identify emergent themes and priority 

areas.  

Three workshops were conducted, discussing the opportunity for further refinement and uptake of 

the BPD approach, including key actions for government, academia, and industry. Meta-data relating 

to the workshops are provided in Table 1. 

 

The first workshop (WS1), conducted in the USA (Phoenix), was used to highlight major gaps and 

opportunities for further consideration. The workshop was held in Phoenix, the location of The 

Biomimicry Center at Arizona State University, where (in collaboration with Biomimicry 3.8) the Genius 

of Place framework has been developed and championed, and where a Master’s of Science 

(Biomimicry) is offered. Arizona State University also has a School of Sustainable Engineering and the 

Built Environment, as well as The Design School, making it well-placed for expertise across these three 

disciplines. The authors targeted academic specialists within the fields of sustainability, engineering, 

biomimicry, and design. It was conducted as a preliminary scoping workshop to highlight any major 

challenges, uncertainties, and opportunities in the application of BPD.  

The second (WS2) and third (WS3) workshops, conducted in Australia (Brisbane and Sydney), were 

targeted primarily at industry participants and were designed to identify priorities, action areas and 

responsibilities to support broader industry piloting and development. With the author team being 

based in Australia, Brisbane and Sydney were selected to provide multiple perspectives on both the 

level of opportunity and the existing capability in Australian cities. Participants were practitioners 

involved in infrastructure sustainability, project delivery, design, and engineering. Participants for all 

workshops were identified through publication searches and chain-referral or ‘snowball’ sampling, 

where participants were asked to suggest others within their field who may offer valuable insights. 
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For the Australian workshops, an invitation was also published by the lead author on LinkedIn, in order 

to draw on industry networks in the field.  

3.2. Workshop Format 

Each workshop was approximately 2.5 hours in duration and conducted in-person, with outputs 

captured as written responses to pre-prepared workshop activities. There were 15 attendees at the 

Phoenix workshop (WS1), nine attendees at the Brisbane workshop (WS2), and 15 at the Sydney 

workshop (WS3). The workshops were conducted as structured sessions with the following agenda: 

• Research Context (WS1–Phoenix only) 

• Overview of the current status of biomimetic engineering (research and application) in 

the built environment (all workshops); 

• Introduction to three system-level biomimicry frameworks (all workshops); and 

• Small group discussions and structured activities exploring opportunities and challenges 

for uptake of the three frameworks (all workshops). 

BPD, specifically the GoP design methodology, was introduced to all participants at the 

commencement of each workshop, with reference to the four key phases of GoP: scoping, discovering, 

creating, and evaluating. In the scoping workshop (WS1), participants formed three groups and were 

asked to discuss and record the key opportunities and challenges that emerged from their introduction 

to and discussion of the potential of the Genius of place design methodology.  

In the Industry workshops, participants worked in small groups to explore opportunities for 

implementation of the Genius of Place or BPD approach in their city. Building on the findings of the 

scoping workshop, introductory content provided to participants before the activity was expanded to 

highlight potential key challenges and opportunities. Recognising the industry audience and looking 

to the future application and advancement of BPD, participants in these workshops were asked to 

focus on key actions required to support further uptake, with specific consideration of how this could 

be advanced within their city. To support the generation of tangible actions, the activity asked 

participants to consider actions across four key phases: (1) biological research; (2) design 

development; (3) develop guidance and training; and (4) launch pilot projects. 

While participants were not asked directly to comment on actions around scoping and evaluation 

phases, these emerged in the workshops’ outputs and have been reflected in the discussion and Table 

3 below. Recognising the role of many and varied influencers in complex systems innovation, 

participants were also asked to consider who would be best placed to lead each action, with three key 

sectors proposed: (1) industry; (2) government; and (3) academia. 
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3.3. Workshop Analysis 

Following each of the three workshops, raw data captured on worksheets were collated and 

transcribed into Excel for further analysis. Initial analysis included the revision of responses from each 

small working group to the BPD activity. Following this preliminary review, responses were collated 

first into summaries for each workshop and reviewed for key emerging themes and concepts. As the 

first workshop was targeted as a scoping workshop, its results were maintained as standalone findings. 

For the Australian workshops, recognising their common objectives and similar participant profiles, 

activity responses from the Brisbane and Sydney workshops were then merged to create a summary 

of findings and emergent concepts. 

Results were reviewed to identify key actions and priority areas, with duplicates removed and 

consolidated. Following this, thematic analysis was conducted on emergent clusters of priorities and 

actions, highlighting five key themes common across the two workshops, as outlined in Section 4.3. 

Priority actions were coded against these themes, as well as the sectors they had been attributed to, 

before internal review and validation was conducted by the first two authors and one workshop 

facilitator. Findings were synthesised in Excel worksheets, and several mapping and coding initiatives 

were undertaken, including consideration of priority actions relative to emergent themes (information 

and analysis; network and knowledge sharing; funding and incentives; scoping, and frameworks and 

standards). The workshop findings were also mapped against the existing Genius of Place design 

methodology, including the four phases of scoping, discovering, creating and evaluating, to provide a 

structured scaffold, and to highlight where actions and challenges proposed by workshop participants 

diverged from the existing design methodology. 

4. Results 

The following paragraphs summarise results from the three workshops, which are then used as the 

foundation for an action framework to support BPD moving forward, as well as providing insights into 

the potential roles for each sector. 

4.1. Workshop 1: USA Scoping Workshop (Academic) 

In the preliminary scoping workshop, participants identified several key opportunities associated with 

the BPD approach, including the GoP methodology. These included opportunities to learn from 

‘champion adapters’ in different regions and countries facing similar challenges and operating 

conditions; the opportunity for context-specific and place-based design -“Value of context-specific 

opportunities” (WS1-WG1)- and a shift towards a comprehensive, rather than individualistic, 

understanding of place, “Moving from individual aspects to comprehensive review of a place” (WS1-

WG1). Further, participants noted an opportunity to “Look at extremophile, champion adapters, those 
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that live in highly-disturbed environments” (WS1-WG3) as another lens and source of inspiration. 

Challenges identified included the increasingly degraded and impacted nature of reference 

ecosystems; the need for biology expertise; and challenges associated with reconciling the social, 

ecological, cultural, and industrial contexts as they relate to the built environment design. 

4.2. Workshop 2 and 3: Australian Engagement Workshops (Industry) 

The industry workshop participants were provided with additional framing for the BPD activity, with 

four key phases (biological research; develop design; develop guidance and training; launch pilot 

projects) and three key sectors (industry, academia, and government) used to structure the workshop 

responses. Further, activities elicited specific actions and opportunities for advancing BPD at the city 

scale. In combination, this structuring generated a number of priority action areas for each sector 

across each phase of the BPD cycle. The following paragraphs summarise key actions identified at each 

phase. 

4.2.1. Biological Research 

Participants identified a role for industry in identifying research needs (“Conduct needs analysis” 

(WS3-WG1), and the provision of grant funding for biological research through PhD and Master’s’ 

research scholarships, R&D funding programs, and employee study opportunities. Looking at existing 

structures, they highlighted the role of industry associations in conducting research, as well as the 

opportunity to leverage environmental impact assessments to collate relevant biological information 

and data. Recognising the importance of interdisciplinary collaboration and communication, 

participants also noted the need to “Apply initiatives/ opportunities from academia in industry 

sectors” (WS2-WG1&2). Opportunities for government to contribute to biological research included 

drawing on “local government knowledge of place” (WS2-WG1&2), as well as extending or 

supplementing existing governmental research agencies, datasets, and reporting frameworks (for 

example, historical and projected climate data, or leveraging work undertaken by environmental and 

infrastructure departments). Research could also be integrated with broader planning and strategy 

documentation, including through the identification of biological research focus areas. Scoping and 

provision of grants and funding, and incentives for industry development and uptake, were also 

highlighted as important roles for government.  

For academia, the completion of academic literature reviews and studies was deemed to be an 

important early deliverable, as well as case studies of existing applications, and consolidation of 

outcomes from available environmental impact assessments to contribute to the biological research. 

Those in academia are uniquely placed to progress the theory, methodologies, and underlying 

research requirements for BPD, including through research and development collaborations with 
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industry and government partners. Finally, there is an opportunity to incorporate BPD into curriculum 

coursework and assessment, allowing for ongoing investigation and capability-building. 

4.2.2. Design Development 

The industry sector is likely to play a leading role in design development, including through the 

generation of focused and specialised design strategies derived from biological insights for 

implementation, as well as the establishment of research and development programs within 

organisations. To support design development, participants recommended the provision of an 

overarching design strategy by the government, as well as updated specifications and regulations to 

support and catalyse further uptake. With the appropriate provision of funding, government agencies 

would collaborate with industry to ensure that design approaches were aligned with government 

policy—“Work with industry when developing design strategies by giving context and outline on what 

is required for policymaking, so that design strategies don’t end up clouding or negating government 

policy” (WS3-WG3). This also included supporting research outcomes to continuously inform 

legislation and guidelines—“Incorporate design strategies in updated specification and guidelines” 

(WS2). An important opportunity for academia lies in the potential to provide insight into current 

practice and a roadmap for progression, including, for example, a “biomimicry ‘audit’ of key city 

infrastructure” (WS2-WG1&2); interpretation of biological research and strategies to inform design; 

and opportunities to amend teaching curriculum to reflect biomimetic design approaches and 

strategies. 

4.2.3. Guidance and Training 

Participants noted the importance of industry working with the government and researchers to 

develop and review guidance and training. They highlighted the importance of developing clear briefs 

to assist in guiding implementation and industry uptake, as well as delivery of training courses and 

“vocational and project-based training” (WS3-WG2) in biomimetic place-based designs. Industry 

associations were highlighted for their role in encouraging innovation (“Industry associations like ISCA 

encourage biomimicry as innovation” (WS2-WG1&2)), with industry facilitating a non-competitive 

ideas and guidance group to publish common guidance materials. The role for government in 

developing guidance and training was significant, with the opportunity to engage specialists, 

consultants, academics and industry bodies to collaboratively develop place-based guidelines and 

design strategies for industry, including “publishing design guidelines for different places” (WS3-

WG3). Similarly, the government could support research and development through the establishment 

of applied research programs, drivers for inclusion within education programs, and the trial and 

testing of new materials on government projects. Access to academic research would be integral to 

the development of guidance on principles and implementation, with a focus on ensuring that 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

173 
 

assessment outputs are shared directly with government and industry sectors. Participants 

highlighted the importance of academia working with industry to ensure that such content is practical, 

as well as the opportunity for integrating biomimicry introductory content into university courses. 

4.2.4. Pilot Projects 

In pilot projects, industry plays a primary role in implementing the research and guidance of the above 

phases, as well as sharing outcomes with industry and government. Participants again noted the role 

of industry associations, who may contribute to promoting, supporting, and sharing learnings from 

pilot projects. The provision of incentives and funding for pilot projects was a key opportunity for the 

government in this phase, supported by the government’s role in shaping specifications and contract 

requirements to support piloting. Participants noted the opportunity for the government to 

proactively encourage pilot projects without waiting for comprehensive market demand—“Facilitate 

implementation on a pilot project—spec and enable” (WS3-WG3), and suggested mandated 

knowledge sharing provisions within the project contracts to support broader learning. Tax relief and 

R&D funding mechanisms could be leveraged to support early pilots and testing, as well as 

“government-funded academic partnerships” (WS2-WG1&2)—for example a PhD candidate 

embedded within the project team for a major project—to ensure that performance and learnings are 

captured and evaluated. 

Finally, academia would play an important role in the assessment of project outputs against 

established goals and targets. Researchers could add value to pilot projects through the testing of pain 

points (with insight from industry) to inform further research and knowledge sharing. This 

collaborative approach would support meaningful research while distributing the cost burden 

between industry and academia. 

4.3. Emergent Themes and Priority Action Areas 

The above findings describe clear actions identified for industry, government, and academia sectors 

to support capability building for BPD and facilitate the adoption of this design approach at-scale. 

Stepping above the individual phases and analysing these actions as an aggregated group, several key 

themes and priority areas emerged, as summarised in Table 2. These themes reflect the overarching 

categories of capability-building actions identified by workshop participants and include (1) 

information and analysis; (2) network and knowledge sharing; (3) funding and incentives; (4) scoping; 

and (5) frameworks and standards. These themes group the workshop results into overarching 

concepts for prioritized focus moving forward. Table 2 illustrates the number of actions coded against 

each theme, including the sector that participants identified as best placed to lead those efforts. It 
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offers a high-level heat map of the workshop outcomes. Key results are summarized underneath Table 

2.  

 

Legend: I= Industry; G= Government; A= Academia. Shading depicts number of actions allocated (darker = more 

actions). 

Table 2 illustrates important roles for the industry, government, and academia sectors in enabling BPD 

at-scale. There was a clear reliance on the government for information, funding, and incentives to 

build capability, as well as a perceived role for government in crafting and scoping of specifications 

and contract requirements—reflecting the fact that the phrasing of such clauses can impact not only 

the extent to which innovative initiatives may be implemented, but whether they are even possible at 

all.  

The results indicate a reliance on academia to support capability building through information 

provision and robust analysis, as well as by leveraging existing education frameworks and standards. 

The importance of early and rigorous research and evaluation was a recurring theme. Participants also 

noted that academic investigation must be integrated with government and industry practices in order 

to produce meaningful results. For industry, in addition to a leading role in pilot project 

implementation, results highlighted an expectation that the industry sector should lead and facilitate 

capability building through strong networks and knowledge sharing. 
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4.4. An Action Framework for Advancing Biomimetic Place-Based Design 

Synthesising the actions across each phase, Figure 1 proposes priority actions for scaling BPD moving 

forward, using the GoP 4 phases [8] as a framework for structuring these actions and priority areas. 

Where the GoP methodology offers a detailed process for translating biology to design at the project 

level, Figure 1 offers a higher-level consideration of how the necessary foundations, resources, and 

capabilities for BPD may be further developed at a city-level. Extensive work has already been 

undertaken to develop and refine the GoP design methodology (See Baumeister et al., 2013), and as 

such the focus here is to supplement that existing framework by identifying the additional elements 

that become important when shifting focus from project to city or region-level application. 

In exploring how BPD may apply at-scale, Figure 1 highlights opportunities for industry, government, 

and academia to advance the BPD approach by leveraging and expanding existing structures, 

frameworks, and information sources. Drawing on the GoP 4 phases (Column 1), the table 

supplements these with the inclusion of new ‘enabling’ and ‘implementing’ phases, which are of 

particular relevance when considering capability building and implementation at-scale. Column 3 

presents high-level actions for leveraging and building capability, while Column 4 suggests 

mechanisms for doing so.  
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Figure 1. Priority capability-building actions for industry, government, and academia sectors to advance 

biomimetic place-based design (BPD) at-scale. 

 

* Bolded text indicates original GoP phases [8]. ^ Iterative linkages: A = During and after the ‘Creating’ phase, it 
may become evident that further investigation of the biological sources is required. B = Evaluation should occur 
both before and after implementation to support the identification of gaps and opportunities for improvement. 

 

5. Discussion 

In the following paragraphs, the authors discuss the proposed BPD phases and framework, which 

together address key challenges and barriers to scaling BPD by enabling streamlining and capability 

building. 

Capability Building for BPD at Scale 

In Figure 1, the GoP phases proposed by Baumeister et al. [8] are supplemented with two additional 

phases, recognising the different priorities and challenges of applying biomimetic design at-scale. 
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‘Enabling’—focused on building capability, and ‘Implementing’—focused on piloting and applying the 

proposed design approaches in practice in order to test, evaluate, and learn. These are designed to 

support the scaling of the GoP approach. We now discuss Figure 1 in the context of the proposed BPD 

phases. 

Scoping: key actions identified for the scoping phase include drawing on existing industry reports, as 

well as planning and policy documentation and research agendas to identify priority challenges faced 

by the industry, government, and academia sectors in that city or region. While not a perfect proxy 

for local design challenges, this approach will generate a list of key challenges faced by the local area 

in terms of environmental, social, political, and economic considerations and interrelationships—an 

insight into the local ‘operating conditions’, hurdles and priorities. This could include, as an example, 

identifying that flooding is a major concern for the city, and must be a priority consideration in design 

moving forward. The design challenge(s) would then be articulated in terms of function, i.e., ‘regulate 

hydrological flows’, ‘divert water’, ‘slow and purify water’, and ‘manage erosion and sediment 

control’, and relevant design priorities and principles could be established on that basis. 

Discovering: In the discovering phase, the objective is to biologize the design question or challenge, 

translate natural models and abstract biological strategies into design principles. In the above 

example, a local mangrove species may provide an interesting and relevant model for regulating 

hydrological flows or calming incoming water. Once natural models are identified, it is then possible 

to investigate in more detail the specific strategies and design principles that the organism uses to 

achieve the functional outcome. To support this phase, it will be necessary to understand, at the city-

level, what biological and ecosystem information is currently available, and what research gaps 

remain. Biological and ecological research conducted for environmental impact assessments, for 

example, can be drawn on as a foundation insight into key local species and ecosystem challenges. 

Further to this, many open-source databases may be readily accessed to support place-based 

biological research and data gathering, including: Ask Nature [40], iNaturalist [41], and eBird [42], as 

well as the United Nations Integrated Biodiversity Assessment Tool [43]. Other frameworks can also 

be used for identifying focus species for a selected location. Work by Apfelbeck et al. [44], for example, 

offers a framework for selecting target species for wildlife-inclusive urban design that takes into 

account local species, habitat availability, and site suitability, and could be readily adapted for use in 

biomimetic place-based design. For the government sector, actions included leveraging 

comprehensive existing environmental datasets, developing specifications to guide research, and 

encouraging further biological research through direct commissioning, funding, and incentives. 

Academia will play an important role in sourcing and collating primary ecological data, as well as 

conducting additional research into individual species, strategies, and adaptations. 
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Creating: In the ‘Creating’ phase, design ideas are brainstormed and design principles emulated. Here, 

the industry sector can support innovative design work through research and development programs, 

as well as through direct efforts to develop and pilot concept designs. The government can ensure 

that the biological research conducted in the ‘discovering’ phase is reflected in government guidance 

and specifications through the development of an overarching design strategy and a commitment to 

actively integrate biomimetic design requirements into specifications. Academic specialist input will 

be integral in the translation of biological strategies into built environment design approaches, as well 

as the ongoing generation of biomimetic design concepts through higher education programs. 

Enabling: The enabling phase (included here in addition to the 4 phases of the GoP biomimetic design 

approach) focuses on BPD capability building through the development of guidance and training. 

Recognising that BPD concepts remain relatively new across each sector, actions included cross-

sectoral collaboration to draft BPD best practice guidance and develop vocational project-based 

training, as well as a commitment to developing clear briefs and specifications for the supply chain. 

For government, opportunities included building on existing design concepts and requirements (such 

as water sensitive urban design, for example) to integrate BPD. For academia, proactive sharing of 

research and evaluation findings, as well as the incorporation of BPD into undergraduate and 

continuing professional development programs were identified as key priorities. 

Implementing: As per the enabling phase, the ‘implementing’ phase was inserted in addition to the 4 

phases of the GoP methodology to capture key actions required for piloting and ongoing 

implementation of biomimetic place-based design approaches. Here, industry commitment to 

undertaking pilot projects could be supported by the government specifying and incentivizing 

implementation, including maintaining or expanding funding mechanisms. The role of academia 

includes the generation of industry-focused research to inform pilot projects, in addition to the 

documentation of implementation approaches to support future refinement and uptake. 

Evaluating: Robust evaluation will be integral to the continued uptake and development of a city-wide 

BPD effort. For the industry sector, this would involve documentation and sharing of learnings from 

applied projects, and for the Government sector, the creation of academic partnerships on major 

projects to capture learnings and advance the knowledge base. For academia, rigorous assessment of 

project outcomes relative to goals and objectives, and investigation of priority pain points on early 

projects will be integral to informing approaches for future projects. 

6. Conclusions and Future Directions 

Biomimicry offers an opportunity to not only mitigate risk to local ecosystems, but to directly draw on 

them for inspiration and design guidance—shifting from narrow damage control towards regenerative 
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design by drawing on locally-attuned design strategies that are adaptive, resilient, and multi-

functional. This paper has presented a preliminary framework for increasing the capability of industry, 

government, and academia sectors to implement a biomimetic place-based design at-scale. While the 

GoP design methodology offers an established process for BPD at the project level, this paper 

supplements the existing process with key considerations for the advancement of this concept at the 

city-level. 

Reflecting the importance of ‘learning through doing’, an important first step will be the piloting of 

city-level BPD studies to validate benefits and barriers to implementation. This work could begin with 

a gap analysis of data availability and biological research requirements for applying BPD approaches 

in a selected city. Once piloted, government agencies have an opportunity to incorporate BPD 

concepts and design approaches into city-level priorities and strategic planning. This would catalyse 

broader research and implementation across various sectors and design contexts. Through 

collaboratively leveraging and building on existing practices, there is a tangible opportunity for the 

industry, government, and academia sectors to introduce BPD approaches at-scale in support of 

resilience and regenerative design. This framework offers a resource to guide and support such efforts. 

  



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

180 
 

References 

1. Pandit, A.; Minné, E.A.; Li, F.; Brown, H.; Jeong, H.; James, J.-A. C.; Newell, J.P.; Weissburg, 

M.; Chang, M.E.; Xu, M. Infrastructure ecology: an evolving paradigm for sustainable 

urban development. J. Clean. Prod. 2017, 163, S19–S27.  

2. Hoballah, A.; Peter, C.; L'environnement, P.D.N.U.P. 2012 Sustainable, resource efficient 

cities: making it happen!, UNEP. Available online: 

https://sustainabledevelopment.un.org/content/documents/1124SustainableResourceE

fficientCities.pdf (accessed on 15 May 2020). 

3. Pedersen Zari, M. Biomimetic design for climate change adaptation and mitigation. Archit. 

Sci. Rev. 2010, 53, 172–183. 

4. Benyus, J.M. Biomimicry: Innovation inspired by nature, Harper Collins Publishers Inc.: 

New York, USA, 1997. 

5. Peters, T. Nature as measure: The biomimicry guild. Archit. Des. 2011, 81, 44–47. 

6. Lazarus, M.A.; Crawford, C. Returning Genius to the Place. Archit. Des. 2011, 81, 48–53. 

7. Taylor Buck, N. The art of imitating life: The potential contribution of biomimicry in 

shaping the future of our cities. Environ. Plan. B Urban Anal. City Sci. 2017, 44, 120–140. 

8. Baumeister, D.; Tocke, R.; Dwyer, J.; Ritter, S.; Benyus, J. The biomimicry resource 

handbook: A seedbank of best practices, Missoula, Biomimicry 3.8. Available online: 

https://biomimicry.net/the-buzz/resources/biomimicry-resource-handbook/ (accessed 

on 15 May 2020).  

9. Hayes, S.; Desha, C.; Gibbs, M. Findings of Case-Study Analysis: System-Level Biomimicry 

in Built-Environment Design. Biomimetics 2019, 4, 73. 

10. Fiksel, J. Designing resilient, sustainable systems. Environ. Sci. Technol. 2003, 37, 5330–

5339. 

11. Chester, M.V.; Allenby, B. Toward adaptive infrastructure: flexibility and agility in a non-

stationarity age. Sustain. Resilient Infrastruct. 2019, 4, 173–191. 

12. Hayes, S.; Desha, C.; Burke, M.; Gibbs, M.; Chester, M. 2019a. Leveraging socio-ecological 

resilience theory to build climate resilience in transport infrastructure. Transp. Rev. 1-23. 

13. Ahern, J. From fail-safe to safe-to-fail: Sustainability and resilience in the new urban world. 

Landsc. Urban Plan. 2011, 100, 341–343. 

14. Mang, P.; Reed, B. Designing from place: A regenerative framework and methodology. 

Build. Res. Inf. 2012, 40, 23–38. 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

181 
 

15. Grabowski, Z.; Matsler, A.; ThieL, C.; Mcphillips, L.; Hum, R.; Bradshaw, A.; Miller, T.; 

Redman, C. Infrastructures as socio-eco-technical systems: Five considerations for 

interdisciplinary dialogue. J. Infrastruct. Syst. 2017, 23, 02517002. 

16. Markolf, S.A.; Chester, M.V.; Eisenberg, D.A.; Iwaniec, D.M.; Davidson, C.I.; Zimmerman, 

R.; Miller, T.R.; Ruddell, B.L.; Chang, H. Interdependent Infrastructure as Linked Social, 

Ecological, and Technological Systems (SETSs) to Address Lock‐in and Enhance Resilience. 

Earth's Future 2018, 6, 1638–1659. 

17. Hes, D.; Du Plessis, C. Designing for hope: pathways to regenerative sustainability. 

Routledge: Oxon, England,  2014. 

18. Du Plessis, C. Towards a regenerative paradigm for the built environment. Build. Res. Inf. 

2012, 40, 7–22. 

19. Cole, R.J. Transitioning from green to regenerative design. Build. Res. Inf. 2012, 40, 39–

53. 

20. Cole, R.J.; Oliver, A.; Robinson, J. Regenerative design, socio-ecological systems and co-

evolution. Build. Res. Inf. 2013, 41, 237–247. 

21. US Green Building Council 2014. LEED v4 for building design and construction. USGBC 

Inc.Available online: 

https://www.usgbc.org/sites/default/files/LEED%20v4%20BDC_07.25.19_current.pdf 

(accessed on 15 May 2020). 

22. Ceequal 2018. CEEQUAL for projects assessment manual Version 5. CEEQUAL. Available 

online: https://www.ceequal.com/version-5/ (accessed on 15 May 2020). 

23. Institute for Sustainable Infrastructure 2018. Envision Sustainable Infrastructure 

Framework Guidance Manual: Version 3. Washington, D.C: Institute for Sustainable 

Infrastructure. Available online: https://sustainableinfrastructure.org/wp-

content/uploads/EnvisionV3.9.7.2018.pdf (accessed on 15 May 2020). 

24. ISCA 2018. Infrastructure Sustainability Rating Tool: Version 2.0 Technical Manual Sydney: 

Infrastructure Sustainability Council of Australia. Available online: 

https://www.isca.org.au/Tools-and-Resources (accessed on 15 May 2020). 

25. Green Building Council of Australia 2019. Green Star - Design & As Built v.1.3. Available 

online: https://new.gbca.org.au/green-star/rating-system/design-and-built/ (accessed 

on 15 May 2020).  

26. Littman, J.A. Regenerative architecture: A pathway beyond sustainability. Masters Theses, 

Location: University of Massachusetts, Amherst, USA, 2009. 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

182 
 

27. Mang, P.; Reed, B. Regenerative development and design. In: Encyclopedia of 

Sustainability Science and Technology. Meyers, R.A. ed.; Springer: New York, NY, USA, 

2012. 

28. Birkeland, J. Positive development: Designing for net positive impacts. Environ. Des. Guide 

2007, Gen 4, 1-8. 

29. Reed, B. Shifting from ‘sustainability’to regeneration. Build. Res. Inf. 2007, 35, 674–680. 

30. Kepczynska-Walczak, A.; Walczak, B.M. Visualising «genius loci» of built heritage. 

Envisioning Architecture: Design, Evaluation, Communication, Proceedings of the 11th 

conference of the European Architectural Envisioning Association, Rome: Edizioni Nuova 

Cultura, 2013, 11, 451-457. 

31. Petzet, M. GENIUS LOCI–The spirit of monuments and sites. 2008, 1-8. 

32. Norberg-schulz, C. The phenomenon of place. In The urban design reader. Routledge: 

Oxon, England, 2013. 

33. Biomimicry Oregon 2013. Nature's strategies for managing stormwater in the Willamette 

Valley: Genius of Place project report. Biomimicry Oregon. Available online: 

https://www.biomimicryoregon.org/genius-of-place (accessed on 15 May 2020). 

34. Biomimicry 3.8 & Hok 2013. Genius of Biome: Temperate Broadleaf Forest. Available 

online: https://issuu.com/hoknetwork/docs/geniusofbiome (accessed on 15 May 2020). 

35. Allen, K.; Sullivan, L.; Bourgeois, M.Z.; Wagner, M. Genius of Place: City of Boulder, 

Colorado. Boulder: Open Space and Mountain Parks - City of Boulder, Colorado. Available 

online: https://www-static.bouldercolorado.gov/docs/OSMP_GoP_Report-1-

201503121559.pdf?_ga=2.185262625.964974006.1589717001-89682393.1589717001 

(accessed on 15 May 2020). 

36. Nan, N.; Zmud, R.; Yetgin, E. A complex adaptive systems perspective of innovation 

diffusion: an integrated theory and validated virtual laboratory. Comput. Math. Organ. 

Theory 2014, 20, 52–88. 

37. Alagaraja, M.; Alagaraja, M.; Githens, R.P.. Capacity and Capability Building for National 

HRD: A Multi-Level Conceptual Framework. Hum. Resour. Dev. Rev. 2016, 15, 77–100. 

38. Williams, A.; Katz, L. The use of focus group methodology in education: Some theoretical 

and practical considerations. Int. Electron. J. Leadersh. Learn. 2001, 5, 1-10. 

39. Panyan, M.V.; Hillman, S.A.; Liggett, A.M. The role of focus groups in evaluating and 

revising teacher education programs. Teach. Educ. Spec. Educ. 1997, 20, 37–46. 

40. The biomimicry institute. 2018. Ask Nature The Biomimicry Institute. Available online: 

https://asknature.org/ (accessed 2 September 2019). 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

183 
 

41. California Academy of Sciences & National Geographic. iNaturalist. Available online: 

https://www.inaturalist.org/ (accessed on May 1 2020). 

42. The cornell lab of ornithology. 2020. eBird. Available online: https://ebird.org/home 

(accessed 1 May 2020). 

43. UN Environment World Conservation Monitoring Centre. 2020. Integrated Biodiversity 

Assessment Tool: The world's most authoritative biodiversity data for your world-shaping 

decisions. Available online: https://www.ibat-alliance.org/ (accessed 1 May 2020). 

44. Apfelbeck, B.; Jakoby, C.; Hanusch, M.; Steffani, E.B.; Hauck, T.E.; Weisser, W.W. A 

Conceptual Framework for Choosing Target Species for Wildlife-Inclusive Urban Design. 

Sustainability 2019, 11, 6972. 

  © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

  



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

184 
 

Chapter 8: Transforming benchmarks for sustainable infrastructure  

 

Introduction 

This paper focuses on opportunities for mainstreaming one of the emerging system-level biomimicry 

approaches – Ecological Performance Standards (EPS) – by augmenting existing industry and 

government standards and frameworks. This research presents two avenues for adoption of the EPS 

approach in existing frameworks, drawing on key findings from the research workshops. 

Traditional approaches to measuring environmental and sustainability performance in the built 

environment have focussed largely on measurement of incremental improvements to business-as-

usual performance – for the most part reflecting small reductions in damage associated with 

construction and operation of the infrastructure asset. This paper suggests that EPS could support a 

transformed approach to performance benchmarking, where the goal is regenerative and place-based 

performance that is ‘functionally indistinguishable’ from ecosystems. This biomimetic approach 

pursues net positive performance outcomes and positive impacts on the interrelated social and 

ecological systems within which the asset exists. 

Regenerative performance outcomes are facilitated through integration of EPS firstly into the 

Environmental Impact Assessment (EIA) processes, and secondly through integration into 

sustainability rating schemes. For the latter, the Australian Infrastructure Sustainability (IS) Rating 

Scheme is used as a worked example, offering two key opportunities for integration – firstly as an 

overarching governance credit, and secondly through adjustments to existing credits.  

Overview  

This chapter comprises a publication first-authored by the Dissertation Author. The work presented in 

Chapter 8 has been prepared for submission as: 

Hayes, S., Desha, C., & Gibbs, M., A transformed approach for benchmarking the performance of 

'sustainable' infrastructure. Prepared for submission. 

 

Figure 12 highlights the thesis research question and method relevant to this paper.  
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Figure 12. Positioning of Paper 6 relative to research question and methods 

Source: Adapted from Figure 14, Chapter 9. 

 

Addressing the research questions 

This paper presents two avenues for mainstreaming and integration of biomimetic evaluation 

approaches in industry and government frameworks. In doing so, it addresses thesis research question 

three: How could biomimicry be integrated into government and industry practice to enhance 

resilience and regenerative performance outcomes? 

Key contributions 

The research delivers both practical and applied contributions, by establishing two tangible avenues 

for achieving regenerative performance outcomes through existing mainstream frameworks and 

standards. The paper advances prior research into ecosystem services in EIA, as well as uniting these 

with biomimicry and regenerative design to offer a pathway for enabling regenerative performance 

outcomes through impact assessments. It expands the knowledge base regarding regenerative 

performance in infrastructure by identifying the extent to which one infrastructure sustainability 

rating scheme already considers ecosystem service performance, and the actions required to adjust 

this scheme (and others) to more effectively deliver regenerative performance through integration of 

EPS. It establishes a foundation for future research which may now expand on the detailed 

implementation pathways required for integrating EPS into these existing frameworks These avenues 

for mainstreaming offer contribution number 6 to advancing the knowledge base in biomimetic design 

and engineering for infrastructure resilience and regenerative performance.. 

The paper is included here as prepared for submission. 
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Journal Paper 6 (Pre-Publication) 
 

Abstract: 

Sustainability, resilience and regenerative development are emerging as key objectives for built 

environment design and engineering in the 21st Century. Recent decades have seen the emergence 

and mainstreaming of environment and sustainability rating schemes and frameworks to encourage 

improvements in environmental, social, economic and governance performance throughout the asset 

lifecycle. While built environment outcomes are gradually improving, the magnitude of degradation 

to living systems has prompted increasing calls for more transformational shifts in built environment 

performance, including a shift in focus from damage reduction towards regenerative and net positive 

performance objectives. Nonetheless, frameworks for supporting such regenerative performance 

outcomes have not yet reached mainstream uptake. 

This paper draws on findings from three workshops in the USA and Australia to explore opportunities 

for mainstreaming of the ‘Ecological Performance Standards’ (EPS) approach to benchmarking and 

evaluating regenerative performance outcomes in built environment projects. Drawing on concepts 

from place-based design and biomimicry, EPS seeks to derive regenerative performance benchmarks 

from ecology by first quantifying the ecosystem services that an undisturbed ecosystem would deliver 

on that site, and then setting built environment design objectives to match or exceed those levels of 

performance. In this way, benchmarking and evaluation shift from a focus on damage mitigation 

towards a goal of net positive performance outcomes. This paper proposes two key avenues for 

integration of the EPS approach into existing industry and government practice, namely 

environmental impact assessments, and sustainability rating schemes and frameworks. The paper 

presents immediate opportunities for industry practitioners and government to pilot the EPS 

approach on building and infrastructure projects. 

Keywords: Benchmarking; sustainability; regenerative; built environment; infrastructure; biomimicry 

 

1.0 Introduction 

The emergence of ‘green’ and ‘sustainable’ building and infrastructure rating schemes in the built 

environment sector reflects broader industry and global trends towards sustainable development. 

Greater appreciation of complex trends such as climate change, biodiversity loss and resource scarcity 

have catalysed growing efforts to reduce negative socio-ecological impacts of built environment 

design, construction and operation. As the complexity and scale of these challenges becomes clearer 

there are calls for transformative changes towards net-positive ‘restorative’ or ‘regenerative’ 
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development (Hes and Du Plessis, 2014, Cole, 2012), rather than approaches focused solely on damage 

reduction or risk avoidance (Birkeland, 2007). If the built environment sector is to shift towards 

regenerative development, it is important that these goals and the mechanisms for achieving them 

are integrated into existing industry and government standards and frameworks in support of 

consistency and mainstreaming. In particular, it will require a shift in approaches to both measuring 

and reporting on sustainability performance. 

Within the built environment sector, there is a long history of measuring, monitoring and evaluating 

performance, stemming from early development of financial performance reporting in the late 1800s 

and early 1900s. Since the mid-20th Century, there has been an increasing dissatisfaction with 

financial metrics as the sole measure of performance, and a move towards inclusion of other metrics 

such as productivity, cost, delivery, time and quality (Bassioni et al., 2004). Such reporting traditionally 

focused on capturing historical events (lag indicators), however has shifted progressively towards also 

recording and managing more predictive and proactive ‘lead’ indicators (Oswald et al., 2018, Zuo et 

al., 2014). The pursuit of more ambitious performance measures, along with the concept that ‘what 

gets measured gets managed’ has supported ongoing expansion of evaluation and reporting 

requirements over time, enabling baselining and benchmarking of performance and providing a 

foundation for continued improvement. 

Over the last three decades in particular, environmental and sustainability considerations have begun 

to appear alongside these more conventional monitoring and reporting requirements, including 

legislative requirements, international standards (e.g. ISO14001), client and internal reporting, and 

voluntary reporting against international schemes and frameworks (Ortas and Moneva, 2011, Siew, 

2014). Nonetheless, there has been limited progress in regards to mainstream frameworks and 

evaluation approaches for regenerative performance. Within that context, this paper explores existing 

approaches to evaluating built environment sustainability, and opportunities for these to be 

supplemented with emerging approaches to framing and measuring performance through the lens of 

regenerative development. The following paragraphs provide an overview of the evolution of 

sustainability schemes and frameworks, before introducing the emergent ‘ecological performance 

standards’ (EPS) approach to measuring regenerative performance outcomes. The methods and 

results of academic and industry workshops are then presented and used to explore opportunities for 

using EPS as a regenerative built environment performance evaluation framework. The authors 

conclude with commentary on implications and next steps. 
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1.1 Evolution of sustainability schemes and frameworks 

Environmental – and more recently sustainability – performance evaluation approaches have evolved 

from traditional approaches of risk-based environmental impact assessments in the 1990s to a variety 

of triple or quadruple bottom line sustainability rating schemes and frameworks for buildings and 

infrastructure (Glass, 2012, See for example: ISCA, 2018, CEEQUAL, 2018, Institute for Sustainable 

Infrastructure, 2018, US Green Building Council, 2014). Where earlier approaches were focused on 

avoidance of material environmental harm, sustainability rating schemes and frameworks are 

trending towards a more comprehensive set of environmental, social and economic considerations. 

Performance evaluation objectives have broadened to include mitigation of indirect sustainability 

impacts over the asset lifecycle and supply chain, and to reflect broader global political, social and 

private sector shifts towards sustainable development (Including for example, the United Nations 

Sustainable Development Goals - United Nations, 2015). 

Moving forward, there are calls for a more transformative approach, where objectives move beyond 

incremental reductions in damage, and towards ‘net positive’ performance outcomes for built 

environment projects (Birkeland, 2007, Hes, 2011, Cole, 2012, Reed, 2007). Schemes and standards 

are now emerging to support this, promoting adjusted design and construction methodologies to 

achieve regenerative performance relative to a business as usual design (BAU) baseline. 

1.2 Ecological performance standards for regenerative design 

One approach that takes this further is the ecological performance standards (EPS) framework, where 

the boundaries and baselines for measuring performance are also shifted. Here, the ‘business as usual’ 

baseline is defined by how an intact ecosystem would perform in that place, rather than the current 

performance of the project site itself, or the anticipated performance of a BAU design (Stack, 2014, 

Dwyer, 2019). This is determined by identifying a local intact ecosystem (onsite or nearby); identifying 

the ecosystem services generated by that ecosystem type; quantifying the services that would have 

been generated on the project site if the ecosystem was intact there; and setting these as design 

parameters and target performance benchmarks. In this way, the project seeks to not only deliver net 

positive energy and water, for example, but to support key ecosystem functions and services that 

would have been generated by an intact ecosystem in that place.  

Ecosystem services (ES) are the tangible benefits that humans may derive from healthy, functioning 

ecosystems (Baker et al., 2013). There is now a recognition that maintaining ecosystem services and 

function creates tangible benefit not only for environmental health and resilience but for human 

health and wellbeing (Millennium Ecosystem Assessment, 2005), however the prioritisation of 

ecosystem services in urban design and development remains limited, with several challenges to 
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implementation including a lack of standardised, transferable and generalisable approaches (Ahern et 

al., 2014). 

Various efforts have been made to address this, including important foundational work by Birkeland 

(2007), and efforts to standardise EPS approaches by Pedersen Zari (2018), Stack (2014), and in 

teaching and practice by The Biomimicry Center and Biomimicry 3.8, among others. Drawing on these 

foundations, Figure 1 outlines key steps of the EPS process. 

 

Figure 1. EPS Process steps. Adapted from work by Stack (2014), and Interface and Biomimicry 3.8 (Sustainable 

Brands, 2019). 

For example, using a hypothetical case study of a project on a heavily disturbed site: 

1) Step 1: As the project site is not suitable (due to extensive disturbance) a nearby intact 

ecosystem would be selected as the reference habitat. 

2) Step 2: Using available tools/calculators and apps (such as the ESII tool (Dow-TNC, 2019)), 

ecosystem services would be measured, and converted to metrics for the project – e.g. 

carbon sequestration (Tonne CO2-e per acre per annum). 

3) Step 3: Drawing on impact assessments, the scale of ecosystem services delivered in the 

reference habitat, and project objectives, the project team would then prioritise a 

selection of ecosystem services to focus on. 
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4) Step 4: Business as usual (BAU) design would be used to baseline the extent to which 

standard design approaches would contribute to those ecosystem services. This would 

quantify the performance gap to be addressed in design. 

5) Step 5: Performance targets would be established for the project. This could include, for 

example, to deliver 110% of the baseline carbon sequestration performance through 

design. 

6) Step 6: Design would then be informed by these targets. Ecosystem services could be 

delivered for example, through retention of ecosystems (e.g. tree cover), and/or building 

and infrastructure design measures (e.g. carbon sequestering materials). 

7) Step 7: Performance would be evaluated against the project targets – first regarding 

design performance, then ‘as-built’ and operational performance. 

The EPS framework promotes early consideration and evaluation of ecosystem services, as well as 

ongoing efforts to enhance delivery of these through built environment design. The goal here is 

regenerative performance, where the built environment asset delivers the same or greater levels of 

ecosystem services as an intact ecosystem would in that place. This approach is transformative in 

three key ways – a) by setting baseline performance based on an intact reference ecosystem, rather 

than the current state of the project site, b) by allowing for ecosystem performance standards to be 

met both through ecology and built environment design approaches, and c) by seeking to achieve net-

positive or regenerative performance outcomes. 

1.3 Key challenges arising from early projects 

In early case studies on EPS piloting and other system-level biomimetic design frameworks, several 

key challenges and barriers emerged (Hayes et al., 2019). These included scoping and boundaries, 

knowledge sharing (information availability) and market supply/demand, where: 

• For scoping and boundaries, the challenges were threefold: 1) limited guidance or prior 

examples of boundaries for quantifying ecosystem services; 2) limitations regarding the 

availability of scientific data to inform calculation of EPS metrics; and 3) difficulty creating 

fixed boundaries within a dynamic ecosystem context. 

• For knowledge sharing (information availability), challenges centred on 1) lack of prior 

examples, and 2) availability of scientific data. 

• For market supply and demand, market maturity challenges related to 1) limited 

availability of products, 2) low market capability, and 3) few proven project examples to 

assist in establishing a business case for uptake and client engagement. 
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Other challenges and priority areas including development of metrics and targets, engagement and 

education, mainstreaming and the pursuit of sustainability leadership, among others (Hayes et al., 

2019).  

This paper explores opportunities for addressing these challenges through integration of EPS into 

existing frameworks and standards, leveraging these existing mechanisms to support scoping and 

boundary-setting, development of metrics and targets, and facilitation of market maturity and 

mainstreaming.  

2.0 Methods 

Building on prior case study research and findings, the methodology consisted of one research 

workshop in Phoenix, USA, and two research workshops in Australia (Brisbane and Sydney). The focus 

of these workshops was to 1) seek feedback on the conceptual foundations of the EPS process, 2) 

identify challenges to implementation and mainstreaming of EPS for infrastructure and built 

environment sector, and 3) distil opportunities and action areas to enable uptake by industry and 

government. The first exploratory workshop was conducted with primarily academic participants in 

the USA, and sought expert feedback on concepts, applicability, conceptual challenges and 

opportunities. Workshops two and three were conducted in Australia with industry participants to 

explore mechanisms and strategies for implementation of the EPS in industry and government 

practice. A list of workshop participants role/expertise and discipline for each workshop has been 

included in Appendix A. 

2.1 Exploratory workshop (Phoenix, USA) 

An initial exploratory workshop was conducted to seek expert feedback from academics in the field of 

biomimicry (including biologists and naturalists), design, civil engineering and sustainability. In 

addition to academic participants, two industry participants attended to provide early industry 

insights. The workshop was 2.5 hours in duration and conducted in person, with outputs captured as 

written responses to pre-prepared open-ended workshop activities. Fifteen attendees participated in 

a structured session with the following agenda: 

• Research context; 

• Biomimicry context, including current status of biomimetic engineering (research and 

application) in the built environment; 

• Introduction to three system-level biomimicry frameworks (including the EPS process); and 

• Small groups discussions with feedback, exploring opportunities and gaps in proposed 

approaches. 
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Participants were identified through publications as well as chain-referral or ‘snowball’ sampling, 

where participants were asked to suggest others within their field who may offer valuable insights. 

Academic participants at the exploratory workshop included 5 Associate Professors, 3 Centre 

Directors, 5 Student or post-graduate researchers, and one Operations Assistant. Four of those 

present were from an Institute, while 6 were from a School (department), reflecting a balanced mix 

of key relevant disciplines and a strong representation from senior academics in their respective fields. 

Two industry participants were also involved, with one Architect and one Biophilic Designer present. 

Following the workshop, hard copy activity responses were collated and summarised for analysis. 

In exploring integration and mainstreaming of the EPS approach in the built environment, participants 

worked in groups of up to 6 people to identify 1) primary opportunities for integration of the EPS 

approach, including key potential benefits, and 2) key challenges and barriers to uptake. These were 

captured as hardcopy responses before being shared with all workshop participants to prompt further 

interdisciplinary discussion regarding challenges and opportunities for adoption. The intent of this 

method was to initiate exploration of the EPS approach by multidisciplinary experts in aid of early 

identification of ‘red flags’ or areas where discipline-specific terminology and lexicon were creating 

barriers to comprehension. 

2.2 Industry workshops (Brisbane and Sydney, Australia) 

Two workshops were conducted in Australia (Brisbane and Sydney) to seek input from industry 

stakeholders specialising in infrastructure planning, design, engineering and sustainability. Each 

workshop was approximately 2.5 hours in duration and conducted in-person, with outputs captured 

as written responses to pre-prepared workshop activities. There were 9 attendees at the Brisbane 

workshop and 15 at Sydney workshop. Participants were practitioners involved in infrastructure 

sustainability, project delivery, design and engineering. Participants were again identified through 

publication searches and chain-referral or ‘snowball’ sampling. An invitation was also published by the 

lead author on LinkedIn to draw on industry networks in the field. Following the workshop, activity 

responses were collated and summarised for individual workshops and then as combined outputs.  

The workshops were conducted as structured sessions with the following agenda: 

• Overview of current status of biomimetic engineering (research and application) in the built 

environment; 

• Introduction to three system-level biomimicry frameworks (including the EPS process); and 

• Structured activities exploring opportunities and challenges for uptake of the three frameworks. 
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For the purpose of the workshop activities, the EPS Process was divided into seven steps, as outlined 

in Figure 1 above. During the workshops, two EPS-focussed activities were completed by workshop 

participants, with participants in working groups (WG) of 3 to 6 people to complete each activity.  

Activity 1 was designed to identify current industry approaches to managing, generating and 

measuring ecosystem services in infrastructure and built environment design, construction and 

operation. Participants were asked to consider a list of 18 ecosystem services and identify:  

1. The extent to which each ecosystem service is addressed and delivered by current 

industry approaches (1-5, with 1=Never and 5=Always) 

2. The frameworks and schemes that address each ecosystem service, including those that 

prompt or enable action 

3. Specific examples of controls and initiatives used to manage / deliver those ecosystem 

services on built environment projects 

4. A prioritisation ranking of the perceived importance of each ecosystem service to project 

performance.  

This provided insights into current practice, knowledge gaps, and alignment with existing regulations 

and voluntary frameworks. 

The second activity was structured around the 7 EPS process steps outlined in Figure 1, namely: 1) 

identify reference habitat, 2) convert ecosystem services into EPS metrics, 3) Prioritise ecosystem 

services, 4) Quantify BAU design baseline, 5) Set objectives and targets, 6) Design based on EPS 

metrics, and 7) Assess performance. 

Participants were asked to map these process steps to the key phases of the infrastructure/building 

project lifecycle: Planning, Design, Construction, Operation and Decommissioning. Next, they again 

identified frameworks and schemes that could prompt or support the achievement of that process 

step during each phase. Finally, to highlight early opportunities for adoption and integration, 

participants were asked to identify ‘entry level’ opportunities for implementation. This involved 

proposing ways in which early adopters of the EPS approach could introduce relatively minor 

adjustments to existing process and practice in order to begin introducing and integrating EPS into 

industry and government practice.  

3.0 Results 

Results from the exploratory workshop included identification of key challenges and opportunities for 

EPS uptake, while the industry workshops generated more detailed consideration of potential 

implementation pathways and approaches. Findings from the first workshop were used to assist in 
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framing for the latter sessions. For the industry workshops, results first reflected on the current 

perceived level of performance in protecting and generating ecosystem services, followed by 

opportunities for integrating the EPS process into future projects. 

3.1 Exploratory workshop 

Participants identified opportunities including the potential for EPS to add to the robustness of 

sustainability assessments and life cycle assessment, as well as expanding the boundaries of what is 

currently considered within such assessments. This creates potential for a paradigm shift that moves 

beyond incremental improvements yet leverages existing practice and capability. Participants noted 

the opportunity for EPS to be used as “a framework for monetary cost-benefit analysis” (WG1) and 

proposed pilot projects for testing and refinement.  

Workshop participants also suggested several potential barriers to implementation. For EPS, they 

noted that while EPS expands the approach to environmental assessment, it remained a necessarily 

“reductionist approach” (WG1) that reduced environmental function to a selection of metrics. This 

can result in an oversimplification of performance that, while moving beyond traditional narrow 

metrics, nonetheless fails to fully capture the complexities and interrelationships of ecosystems. They 

noted limited existing incentives for implementation, limitations to the availability of data, emerging 

quantification methodologies and approaches to “deal with trade-offs between variables” (WG3), as 

key potential challenges that may be faced in implementation. More broadly, they referenced hurdles 

associated with education and understanding, including challenges with “interdisciplinary 

communication” (WG2) and frameworks. Participants referred to the need for pilot projects to 

demonstrate success and offer “proof that these work on a system level” (WG1), the need to capture 

social and economic aspects of sustainability (including through cost-benefit analysis) and, 

importantly, the availability of tools and applications to support quantification. Recommendations 

included the need to integrate with existing systems, the important role of standards and legal design 

requirements, and the necessity of an “anchor client” (WG3) to catalyse action. 

3.2 Industry workshops 

The industry workshop activities were designed to explore how the EPS framework may be applied in 

industry and government, and to identify key leverage points in existing practice and frameworks. The 

results cover two perspectives – 1) ecosystem services performance and 2) the EPS Process. For the 

former, activities investigated how specific ecosystem services are currently protected or enhanced 

on built environment projects by industry and government practice, to what extent this is done, and 

what frameworks and standards may support such outcomes. For the latter, activities explored how 

each step of the EPS process may reasonably be delivered, at which project phase they would be most 
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applicable, and with what frameworks and standards they may align. Key outcomes from these 

workshop activities are summarised in the following paragraphs. 

3.2.1 Ecosystem services performance 

Across 18 ecosystem services (drawn from Pedersen Zari (2018)), workshop participants ranked the 

extent to which they believed each service was currently supported by industry practice. While this 

list of ecosystem services is not exhaustive, it captures a broad range of services relevant to and 

material for infrastructure assets and networks. Table 1 summarises these responses, with 1 indicating 

the highest ranked performance, and 18 reflecting the poorest ranked performance. Overall, 

participants ranked flood mitigation, erosion control and waste minimisation as the top three 

ecosystem services addressed by current practices. Pollination and seed dispersal, carbon 

sequestration and spiritual inspiration were highlighted as the services least supported by current 

practice and approaches.  

Table 1. Ecosystem services – participant rankings of current industry performance 

Ecosystem Services*                Rank 

Mitigation of Flood 1 

Erosion Control 1 

Waste Minimisation 1 

Moderation of Noise 4 

Aesthetic value and artistic inspiration 5 

Biodiversity Retention 6 

Purification of Water 6 

Purification of Air 6 

Habitat Provision 9 

Education and knowledge 10 

Soil Formation and Retention 11 

Recreation, relaxation and psychological wellbeing 12 

UV Protection and temperature moderation 13 

Generating energy 14 

Food (human and wildlife) 15 

Pollination and seed dispersal 16 

Carbon Sequestration 17 

Spiritual inspiration 18 

* Top three ranked and bottom three ranked shown in bold. List of ecosystem services adapted from (Pedersen 
Zari, 2018). 

For the top three ranked services, workshop participants provided detailed notes on the current 

measures and initiatives typically adopted, as well as the related frameworks and standards that 

support or catalyse action. For flood mitigation (ranked first), frameworks and standards included 

planning approvals, flood level limits (e.g. 100-year average return interval), regulatory requirements 
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including erosion and sediment control (ERSED), Infrastructure Sustainability (IS) Rating Scheme 

Version 1.2 Credits including ‘LAN4 - Flooding’, and rainfall and runoff guidelines.  

For erosion control, frameworks and standards spanned legislated state planning policies, state and 

local council guidelines and specifications, and the IS Rating Scheme Version 1.2 ‘DIS1- Receiving water 

quality’ credits. For waste minimisation, frameworks and standards consisted of legislated waste 

management requirements, IS Rating Scheme Version 1.2 Waste Credits, business as usual 

expectations, Deed requirements and targets, and financial implications. 

For the bottom three ranked services, workshop participants also highlighted control measures and 

relevant frameworks and standards, where applicable. For pollination and seed dispersal (ranked third 

lowest), frameworks included client targets, approvals, EIS driven seed collection and landscaping 

requirements. For carbon sequestration (ranked second lowest), frameworks included project criteria, 

carbon offsetting requirements, the national carbon offset standards, IS Rating Scheme and other 

contract requirements, as well as the federal carbon reduction fund. For spiritual inspiration (ranked 

lowest), there was recognition of IS Rating Scheme Heritage elements, as well as the role of 

reconciliation action plans. 

Reflecting the results from another perspective, Table 2 displays the list of ecosystem services as 

provided to participants, where column one lists the ecosystem service category (i.e. Supporting, 

Regulating, Provisioning or Cultural), and column two lists the ecosystem service name. The third 

column reflects the average of scores for each working group (3-6 participants), where groups were 

asked to score based on their perceptions of industry practice broadly. Scores were recorded from 1 

to 5, where 1 reflected services that are ‘never’ currently addressed, and 5 indicated services that are 

‘always’ currently addressed. In column four these have been averaged to provide an overall score for 

each ecosystem service category (supporting, regulating, provisioning and cultural) from a total 

possible score of 5. This provides early indications of the extent to which current practices and 

frameworks in infrastructure and built environment sectors are managing and contributing to 

ecosystem service performance. 
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Table 2. Average participant working group scoring of performance against each ecosystem service. 

Ecosystem 
service category 

Ecosystem service name 

Perceptions of current 
industry performance 

(1=never addressed, 5= always 
addressed) 

Average score for 
ecosystem service 

category 

Supporting 
services 

Habitat provision 3.63 

3.24 
Biodiversity retention 3.75 

Soil formation and retention 3.58 

Carbon sequestration 2.00 

Regulating 
services 

UV protection and temperature 
moderation 

3.40 

4.39 

Mitigation of flood 5.00 

Erosion control 5.00 

Waste minimisation 5.00 

Purification of water 3.75 

Purification of air 3.75 

Moderation of noise 4.80 

Provisioning 
services 

Generating energy 3.25 

2.81 Pollination and seed dispersal 2.30 

Food (human and wildlife) 2.88 

Cultural services 

Education and knowledge 3.60 

3.21 
Aesthetic value and artistic inspiration 4.00 

Recreation, relaxation and 
psychological wellbeing 

3.50 

Spiritual inspiration 1.75 

 

Table 2 shows that regulating services were ranked highly with an overall average of 4.39, while 

provisioning services were ranked lowest at 2.81.  

In terms of the frameworks and standards that support delivery of these ecosystem services, 

participant responses spanned a wide range of policies, frameworks, rating schemes, regulations and 

other drivers for action and management of ecosystem services. Importantly, the Infrastructure 

Sustainability (IS) Rating Scheme was highlighted by respondents as a primary enabling mechanism 

for management and delivery of 14 of the 18 ecosystem services. Legislation and regulation were 

referenced for nine of the 18 services, and other guidelines and standards referenced for eight. 

3.2.2 EPS Process 

The workshop activities then explored the EPS process steps described in Figure 1, asking participants 

to identify where in the infrastructure lifecycle phase each step would be ideally undertaken. These 

results are reflected in Figure 2 below.  



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

200 
 

  

Figure 2. EPS Process steps and associated project phases. 

In the planning phase, priority process steps identified were to: identify reference habitat, convert 

ecosystem services to EPS metrics, prioritise ecosystem services, and set objectives and targets. At 

design phase, the priority was to further prioritise the list of ecosystem services and select a subset of 

services to focus on, to quantify the business as usual design baseline, refine objectives and targets, 

and design based on the EPS metrics. This also included some assessment of projected performance 

against the design objectives. For construction, the priorities were to assess performance, and to a 

lesser extent, to set and refine objectives and targets, and to design based on EPS metrics. In 

operation, the focus was on assessing performance, and at end of life there was a continued yet 

decreasing prioritisation of performance assessment. 

Participants were then asked to brainstorm feasible and practical ‘entry-level’ approaches to 

completing each of the seven EPS process steps. Recognising that the process can be highly unique 

and innovative, it may not be feasible for project teams to implement each step to its fullest and most 

comprehensive extent in early iterations. As such, this activity sought to highlight early steps that 

industry and government may take to initiate piloting and implementation of the EPS process.  

Recommendations for entry-level approaches to the EPS steps primarily involved alignment with 

existing processes, standards and requirements. Participants noted opportunities to leverage tender 

processes, as well as risk and opportunity assessments to capture EPS requirements. Bill of quantities 

and design reports could support baselining for example, while objectives and targets could be 

developed in line with international standards for quality and environmental management. Green 

building and infrastructure schemes offer opportunities to catalyse performance improvement and 

existing monitoring and verification processes may be leveraged to support ongoing evaluation. A 

summary of key results is captured in Table 3. 

Table 3. EPS Process – Entry-level approaches to adopting Ecological Performance Standards 

EPS Process Steps ‘Entry-level’ approaches for introducing ecological performance standards 
into current practice 

(Summary of workshop participant responses) 

Identify reference 
habitat 

• Include ecosystem services in existing environmental impact assessments 
(EIAs) – reference habitat can be identified as part of this process. 
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EPS Process Steps ‘Entry-level’ approaches for introducing ecological performance standards 
into current practice 

(Summary of workshop participant responses) 

Convert ecosystem 
services into EPS metrics 

• Commission an expert assessment to identify/develop appropriate metrics 
for measuring ecosystem services for that project. 

• Develop qualitative design guidelines in lieu of quantitative performance 
metrics 

Prioritise ecosystem 
services 

• Insert new category into sustainability rating schemes focused on 
ecosystem services, including process for prioritisation. 

• Focus efforts on ecosystem services that align with client/project priorities, 
as well as compliance and contractual requirements. 

• Prioritise ecosystem services using existing risk management processes 
and workshops. 

Quantify business as 
usual design baseline 

• Use bill of quantities and design reports to model/estimate the ecosystem 
services impacts of business as usual design. 

• Calculate BAU performance only for the top 2-3 prioritised services. 

Set objectives and 
targets 

• Align with contract requirements and key standards (e.g. ISO 9001, ISO 
14001) 

• Use risk assessment process to identify priority aspects and integrate into 
project deliverables 

• Engage with stakeholders  

• Allow for flexibility (e.g. frame as ambitious or ‘Stretch’ targets) 

Design based on EPS 
metrics 

• Industry, government and academia collaborate to develop EPS design 
guidelines to assist organisations. 

• Align with and leverage ‘green’ rating schemes and frameworks, so that 
these may guide projects in how to design for EPS. 

• Encourage incorporation of EPS metrics into government policy and 
planning documents. 

Assess performance 

• Early adopters and leaders in industry to pilot and share results. 

• Begin to measure performance against EPS metrics, even if not yet 
introducing design responses. 

• Use existing processes, e.g. test plans, inspection verification and 
monitoring to assess impact. 

 

In addition, the activity asked participants to highlight frameworks and standards that may support 

the implementation of each step of the EPS process. A summary of results is outlined in Table 4. 

Table 4. EPS Process – Frameworks and standards for enabling EPS uptake 

EPS Process Steps Enabling frameworks and standards 
(Summary of workshop participant responses) 

Identify reference 
habitat 

• EIA and supporting legislation 

Convert ecosystem 
services into EPS 
metrics 

• Returnable schedules (i.e. in tenders with high weighting) 

• EIA’s 

• Sustainability Rating Scheme credits (leveraging and extending on existing foot-
printing and measurement requirements) 

• Legislation amendments 

• Materials specifications 

Prioritise ecosystem 
services 

• Align with green building challenge and sustainability tools 

• Client requirements/targets 

• Government / Sustainability Rating Scheme requirements 

• Sustainability Rating Scheme weighting assessment 
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EPS Process Steps Enabling frameworks and standards 
(Summary of workshop participant responses) 

Quantify business as 
usual design baseline 

• Bill of quantities 

• Construction methodology 

• IS Rating Scheme requirements 

• EIA and Sustainability Rating Scheme (BAU Assessment) extending the base case 

Set objectives and 
targets 

• Contract 

• Sustainability Rating Scheme targets 

• Legislation and best practice docs 

• ISO9001 and ISO14001 (including continuous improvement) 

Design based on EPS 
metrics 

• Construction methodology 

• Sustainability Rating Scheme targets and requirements 

• Project management plan 

• Design specifications 

• EIA 

• Green building schemes and frameworks 

Assess performance 

• Self-development and assessment 

• Sustainability Rating Scheme and contract requirements 

• ISO 14001, ISO14011 – audits and inspections; compliance agencies 

 

In terms of overarching frameworks and standards, environmental impact assessment (EIA) emerged 

as a key reference framework, particularly in early phases. Opportunities to leverage the 

Infrastructure Sustainability (IS) rating scheme, were raised by participants for every stage of the EPS 

process. Additionally, legislative requirements, procurement and construction processes, and 

environmental management standards were also referenced.  

Across each of the workshops and within each working group, responses consistently pointed to 

environmental impact assessments and sustainability rating schemes as the two optimal leverage 

points for introducing EPS into existing industry and government practice. The below discussion 

expands upon these early findings and recommendations, proposing actionable pathways for 

achieving this. 

4.0 Discussion 

This section explores opportunities for incorporating regenerative design and evaluation approaches 

into existing environmental and sustainability frameworks. It outlines mechanisms for integrating 

ecosystem services and the EPS Process into 1) environmental impact assessments and 2) 

infrastructure rating schemes, using the Infrastructure Sustainability Council of Australia’s (ISCA) IS 

Rating Scheme as a worked example (ISCA, 2018).  

Environmental impact assessments are the systematic investigations of projected impacts of a 

development on the environment, with an objective of informing planning approvals and decision-

making, mitigating projected negative impacts and maximising project benefits (Ortolano and 

Shepherd, 1995). Impact assessments are typically conducted early in a project lifecycle (planning 
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phase) where the outcomes of the assessment support decision-making on the scoping and feasibility 

of the project moving forward. 

Infrastructure sustainability (IS) rating schemes, in contrast, typically apply across the project lifecycle. 

For the IS Rating Scheme in Australia and New Zealand, the scheme initially focused primarily on 

design and construction, however in later revisions has evolved to include ratings for both planning 

and operational phases. Similarly, international schemes such as CEEQUAL, Green Roads and Envision, 

cover multiple phases of the project lifecycle (CEEQUAL, 2018, Greenroads Foundation, 2012, Institute 

for Sustainable Infrastructure, 2018). In combination, these two frameworks (EIA and Sustainability 

Rating Schemes) offer opportunities for integration of the EPS process across all phases of the project 

lifecycle.  

4.1 Opportunities for standardisation and integration 

Standardisation provides opportunities for consistency and widespread uptake, by leveraging existing 

frameworks that reflect industry best practice and innovation. Looking to the challenges faced by EPS 

pilot projects to date, scoping, knowledge sharing, and market maturity arose as key barriers to 

implementation and mainstreaming. Setting a consistent scope for EPS efforts through the EIA process 

and sustainability rating scheme credits can support capability building and consistency across 

projects and over time – reducing uncertainty associated with scoping and boundaries at the project 

level. Market maturity, another key challenge, is supported by the increased uptake of the EPS process 

across industry as catalysed by inclusion in such frameworks. Finally, knowledge sharing is supported 

both by explicit requirements incorporated into rating schemes (i.e. IS Rating scheme knowledge 

sharing requirements), and through the requirements for communicating EPS performance and 

targets across project phases, as well as from EIA to project completion teams. 

Despite these potential benefits, there are limitations and potential negative repercussions that may 

arise from standardisation. For scoping, while standardisation may make scoping easier and more 

consistent, this may not allow for scoping adjustments based on project-specific variables and 

ecosystem and project characteristics. Ultimately, in the pursuit of standardisation and consistency, 

there is a risk that an overly reductive or narrow approach to scoping may be adopted, or in the other 

extreme, that project scoping may lead to an excessively arduous ecosystem services assessment task. 

Standardisation may also limit creativity, flexibility and adaptability – important attributes of 

innovation in complex systems. ‘Locking in’ specific approaches to ecosystem services assessment and 

EPS may lead to path dependency and limit opportunities for further testing and refinement of EPS 

approaches, a risk that is particularly pertinent for emerging areas where practice is not well 

established and tested. To address these risks, some rating schemes have opted for more flexible 
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approaches to incorporating emerging concepts, where the scheme outlines the proposed framework 

or tool, and allows project teams freedom to determine the extent and nature or implementation. By 

not strictly dictating process and methodology, this approach allows for practitioners to pilot a range 

of approaches to utilising the framework that creates a portfolio of potential approaches. 

Figure 3 summarises key opportunities for integration of a) EPS Process and b) ecosystem services 

performance into: 

1) Environmental impact assessments; and 

2) Sustainability rating schemes for infrastructure and the built environment.  

The four key opportunities are expanded and discussed in sections 4.2 and 4.3. 

Figure 3. Four opportunities (1A&B, 2A&B) for incorporating the Ecological Performance Standards (EPS) 

approach into existing frameworks. 

4.2 Incorporating EPS into Environmental Impact Assessment frameworks 

Environmental impact assessment (EIA) frameworks were repeatedly referenced in the workshop 

results as a leverage point for incorporating the EPS framework. Introducing the ecological 

performance standards approach would involve integrating the seven process steps to support 

assessment of ecosystem services (ES) through the EIA process, and assessing and expanding the 

extent to which ecosystem services performance is captured within existing impact assessments. 

Although the concept of EPS is new to EIA, many ecosystem services have already been considered in 

some form across existing EIA topics and categories. As such, the EPS approach may often simply 

involve rearranging or reconsidering existing qualitative and quantitative datasets.  

2. Sustainability Rating 

Scheme(s) 

1. Environmental Impact 
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Ecosystem Services 
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EPS Process 

1A) EIA process steps 

expanded to capture EPS 
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Several assessments have explored the nature and extent of ecosystem services analysis within 

current EIA practice (Baker et al., 2013, Honrado et al., 2013). Baker et al. (2013) discuss the benefits 

of an ecosystem services approach prompting a new lens for understanding the ecosystems under 

assessment. They highlight the overlap of existing assessment areas such as health and population, 

with cultural ecosystem services including aesthetic value, recreation, cultural and artistic value, 

spiritual and historic value, and contributions to science and education. Existing consideration of soils 

align closely with assessment and measurement of soil formation, while the same can be said for water 

(water regulation and supply services), and ecosystem services such as nutrient regulation and 

biological control are very closely tied to existing assessment areas of flora, fauna, air, water and soil, 

among others.  

Honrado et al. (2013) similarly point to the alignment between existing EIA coverage and the 

consideration of ecosystem services. The researchers reviewed twelve processes outlined in EIA 

reports to identify examples ecosystem service assessment and gain insight into the current level of 

alignment. They found examples of ecosystem services quantification across provisioning, regulating, 

cultural and supporting services. These included, for example, quantification of project impacts on air 

quality parameters, calculation of areas to be affected by erosion, soil exposure and bank instability. 

Ecosystem services of water purification and waste treatment were captured in the quantification and 

modelling of water quality, and water cycling was captured in cartography on underground infiltration 

zones, consideration of vegetation damage and water flow impacts. In terms of people-focussed 

ecosystem services such as recreation and spiritual value, these were captured in cartography and 

quantification of ‘quality-fragility-sensitivity’ indices, as well as considerations of camping and access 

improvements and aesthetic values. Regulation of climate, and food provisioning, among other 

services, were all captured and – in some format, quantified – in the EIA reports investigated, 

highlighting that while EIA are currently not conducted from an ecosystem services perspective, strong 

foundations exist for such analysis (Honrado et al., 2013). 

Recognising the opportunity for more holistic ecosystem services, there have been calls to shift 

towards an ecosystem services (ES) model of environmental impact assessments (Baker et al., 2013, 

Broekx et al., 2013, Geneletti, 2013, Karjalainen et al., 2013), however these have not yet gained 

traction (Partidario and Gomes, 2013). Internationally, several organisations have developed guidance 

on integrating ES into EIA approaches, including the Organisation for Economic Co-Operation and 

Development (OECD) and the World Resources Institute among others (OECD, 2010, WRI, 2011, 

McGuin et al., 2013, International Finance Corporation, 2012). 
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In considering ecosystem services, these efforts have also then created a foundation for integrating 

the EPS approach. Shifting the EIA process to one that is conducted from an ecosystem services 

perspective would go a long way towards generating the information and analysis required for EPS 

evaluation. As shown in Figure 4, the World Resources Institute (WRI) has developed guidance on 

integrating ecosystem services analysis into EIA (WRI, 2011). In Figure 4, blue text (italics) was added 

by WRI to highlight opportunities for assessing on-site ecosystem services in the EIA process. Building 

on this, additional orange text (bold) has been added by the authors of this paper to reflect the minor 

additional adjustments that would be required in order to integrate the EPS process steps.  

 

Figure 4. Integrating Ecological Performance Standards (EPS) into Environmental Impact Assessment (EIA). Italics 
indicates additions by the WRI. Bold indicates additions by the authors for this paper. 
Adapted from World Resources Institute guidance on integrating ecosystem services into EIA (WRI, 2011). 

 

Several distinctions are noted between using an ES approach and an EPS approach. Where the project 

site is already disturbed, EPS required identification of an offsite reference habitat as a proxy for 

baseline ecological performance. Ecosystem services are converted to metrics to support design 

targets, and EPS allows for ecosystem service and function to be delivered through grey infrastructure 

and design solutions, as well as through ecosystem conservation. Importantly, it is suggested that 

these approaches supplement, rather than replace, assessment of any present onsite ecosystem. 

4.3 Incorporating EPS into sustainability rating schemes 

The second proposed approach to integrating EPS is through existing infrastructure sustainability 

rating schemes such as CEEQUAL, Envision, IS Rating Scheme and the Living Community Challenge 

(CEEQUAL, 2018, Institute for Sustainable Infrastructure, 2018, ISCA, 2018, International Living Future 
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Institute, 2016). While these schemes vary in structure and scoping, categories and content have many 

alignments. In essence, content developed for one scheme could be largely transferrable to other 

schemes with minor adjustment, including building sustainability rating schemes such as Green Star 

and LEED (Green Building Council of Australia, 2019, US Green Building Council, 2014).  

Two mechanisms are proposed for integrating EPS into existing schemes, namely via: 1) an overarching 

governance credit (articulating the EPS process steps and approaches to benchmarking ecosystem 

services for the project), and 2) embedding EPS within other credits or topics throughout a rating 

scheme (where specific ecosystem services could be assessed and managed as a component of 

individual credits for energy generation or waste management etc). Given that the IS rating scheme 

was repeatedly referenced as an enabling framework in the workshop results, for this paper we focus 

on that scheme to explore how ecosystem services performance, and the EPS process may be 

integrated. Beyond the IS scheme, it is anticipated that these approaches could readily apply to other 

international infrastructure and building sustainability schemes.  

4.3.1 Creating an overarching governance credit for EPS 

Under the IS Rating scheme (Version 2.0), the ‘Governance’ theme establishes the overarching 

sustainability governance approach for the project through planning, design, construction and 

operation. These credits create the framework for key governance elements across the project 

including leadership and management, sustainable procurement, resilience, and innovation. It is this 

type of overarching credit to which the EPS process may similarly be well suited, where a governance 

credit outlines requirements and guidance for implementing each of the seven steps of the EPS 

process.  

When looking to introduce new credits into sustainability rating schemes, a common approach has 

been to first leverage the ‘Innovation’ credits common in such schemes. In the IS Rating Scheme (V2.0), 

the Innovation credit (Inn-1) recognises innovative approaches to industry and project challenges by 

rewarding: a) State/National/World ‘firsts’ (where an innovative technology or process is 

implemented for the first time), b) market transformation activities, c) improvements on existing 

credit benchmarks, and d) targeted innovation initiatives aimed at addressing recognised industry-

wide challenges. Through these streams, the credit offers several opportunities to introduce 

innovative approaches. In the IS Scheme, the innovation credit has also been used specifically to pilot 

drafted or proposed new credits- an opportunity for introduction and testing of an EPS Process credit 

within the sustainability rating scheme. 
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4.3.2 Embedding EPS within existing credits 

In addition to the above, there are opportunities for EPS to be incorporated into sustainability rating 

schemes with minimal tweaks to the content and benchmarks of existing credits. Many existing 

credits, both within the IS scheme and across similar sustainability rating schemes, cover content that 

aligns closely with ecosystem services and goes some way towards satisfying the EPS approach. For 

this reason, it is pertinent to consider opportunities for adjusting existing rating scheme credits to 

align monitoring and performance approaches with the EPS framework. Drawing on the workshop 

results and considering the ecosystem services that participants felt were well managed across the 

industry, an entry-level approach may involve adjusting existing credits related to the top three 

ecosystem services. For example, ecosystem services of flood mitigation, erosion control and waste 

minimisation could align well with existing rating scheme credits pertaining to natural hazard risk, 

ERSED, and waste management. Relatively minor amendments could be made to shift to an ecosystem 

services perspective on assessment and baselining within these credits. Over time, this could expand 

to address more services. 

Exploring this potential, a full review of the IS rating scheme (Version 2.0, Design and As-Built) was 

conducted as part of this investigation, to identify where ecosystem services are already partially 

captured within existing credits of the rating scheme. Table 5 maps the 18 ecosystem services against 

the IS rating scheme credits and categories, summarising where ecosystem services are addressed 

within the current scheme. 

Table 5. Examples of current consideration of ecosystem services within the IS Rating scheme. 

  IS Rating Scheme (V2.0 Design and As-Built) Categories 
  Governance Economic Environment Social 
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Ecosystem services                                   

Supporting Services                                   

Habitat Provision   X X X           X     X         

Biodiversity Retention     X     X     X       X   X     

Soil Formation and Retention                 X X X             

Carbon Sequestration     X         X X                 

Regulating Services                                   

UV Protection and temperature moderation       X         X X         X     

Mitigation of Flood   X   X         X                 
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  IS Rating Scheme (V2.0 Design and As-Built) Categories 
  Governance Economic Environment Social 
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Erosion Control                   X   X X         

Waste Minimisation               X     X             

Purification of Water                 X X X X           

Purification of Air                 X X               

Moderation of Noise                 X X               

Provisioning Services                                   

Generating energy       X   X X X                   

Pollination and seed dispersal                                   

Food (human and wildlife)                 X                 

Cultural Services                                   

Education and knowledge   X     X X                 X X X 

Aesthetic value and artistic inspiration X         X     X X       X X X   
Recreation, relaxation and psychological 
wellbeing 

X               X X   X     X   X 

Spiritual inspiration X   X           X         X   X X 

 

Table 5 highlights connectedness between the existing IS rating scheme and the consideration of 

ecosystem services. For some credits, the existing benchmarking and performance requirements of 

the rating scheme are already somewhat aligned with those of an EPS approach. IS rating scheme 

credits relating to discharges to air and water, as well as noise impacts, for example, require baseline 

monitoring as well as ongoing measurement and evaluation of performance (Env-1, Env-2, Env-4). For 

these credits, pursuing net-positive ecosystem services may simply require a) using an intact local 

reference ecosystem for baselining and benchmarking purposes if the project site does not qualify, 

and b) pursuing a net improvement in performance relative to the baseline, either through ecological 

or manmade solutions. While other credits may require greater adjustment, many of the categories 

highlighted above already make helpful progress towards maintaining ecosystem services, though 

often without recognition or articulation of such. The introduction of an EPS approach could leverage 

this existing effort into a unified approach to regenerative infrastructure performance. 

With this foundation, the authors conclude that the EPS process offers an opportunity for industry 

and government to leverage existing efforts in pursuit of regenerative performance outcomes, with 

minimal additional effort or resourcing required. Moving forward, there are likely to be several other 

valuable opportunities for integration and mainstreaming of this EPS approach, including integration 
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into emerging frameworks and indices, such as the Taskforce on Climate Related Financial Disclosures 

(TCFD), the Dow Jones Sustainability Index (DJSI), CDP and other similar frameworks for evaluation 

and reporting. 

5.0 Conclusions 

Emerging discussions around regenerative development have not yet influenced mainstream design 

and engineering approaches in infrastructure and the built environment. If regenerative performance 

is to become an actionable goal for the sector, it will be important that such goals are captured within 

mainstream industry and government standards and frameworks, to enable consistency in scoping 

and guidance, and to encourage knowledge sharing and sector-wide capability building. Though 

regenerative development concepts and associated mechanisms are relatively recent in an 

infrastructure context, environmental and sustainability frameworks and standards are increasingly 

well embedded within mainstream business as usual practice. As such, these frameworks offer a 

logical leverage point for introducing regenerative development approaches moving forward. 

The ecological performance standards (EPS) approach looks to nature for guidance in setting 

regenerative performance standards for the built environment. Instead of asking ‘How can we reduce 

the negative environmental and social impacts of our project relative to BAU approaches?’ the EPS 

approach moves beyond damage mitigation and towards net positive performance. Under this 

approach, the question becomes ‘How would an ecosystem perform here (as measured by ecosystem 

services generation), and can our constructed asset meet that same performance standard?’. 

This paper explored findings from three research workshops that outlined perceptions of current 

infrastructure sector performance in delivering ecosystem services, as well as opportunities for the 

integration of the Ecological Performance Standards (EPS) process into existing industry and 

government standards and frameworks. The results highlighted two key avenues for integration – 

Environmental Impact Assessments (EIA) and sustainability rating schemes. While EIA’s focus largely 

on early planning and design phases, sustainability rating schemes offer an opportunity to integrate 

ecological performance standards into design, construction and operation phases, meaning that 

pursuit of both avenues would best support the integration of EPS across the asset lifecycle. Exploring 

these frameworks, it was revealed that many ecosystem services were already addressed in some 

form, however these efforts typically use historical project site performance as the baseline and 

pursue damage reduction as the goal. Looking forward, we propose EPS as an opportunity for 

leveraging existing industry and government efforts in order to shift towards regenerative 

performance, with benchmarks informed by nature. By proposing mechanisms for integration of EPS 
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into each of these frameworks, the paper creates opportunities for immediate uptake by practitioners, 

industry associations, government and academia. 
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Appendix A: Workshop participants 

 

Location Role / Expertise Type 

Sydney PhD Candidate Academia 

Sydney Director, Industry Engagement (PhD Supervisor) Academia 

Sydney Engineer  Consultant 

Sydney Sustainability Consultant Consultant 

Sydney Designer Industry 

Sydney Environmental Manager Industry 

Sydney Sustainability Advisor Industry 

Sydney Sustainability Consultant Consultant 

Sydney Technical Manager Industry 

Sydney Development Coordinator Industry Body 

Sydney Case Manager - QLD, WA Industry Body 

Sydney Sustainability and Environmental Advisor Industry 

Sydney Sustainability Graduate Industry 

Sydney Environmental and Sustainability Coordinator Industry 

Sydney Senior Infrastructure Sustainability Consultant Consultant 

Sydney General Manager, Market Capability Industry Body 

Sydney PhD Student / Workshop Assistant Academia 

Brisbane PhD Candidate Academia 

Brisbane Director, Industry Engagement (PhD Supervisor) Academia 

Brisbane Engineer  Consultant 
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Chapter 9: Discussion and conclusions 

This chapter highlights the substantive findings and contributions of this research to the field of 

biomimetic design and engineering for infrastructure. While the detailed methods, results, analysis 

and contributions of each paper are captured in earlier chapters, this discussion features the key 

learnings that have emerged from this investigation in response to the three overarching research 

questions. 

This research highlighted a need for infrastructure design and engineering to move beyond 

incremental sustainability and resilience approaches and towards transformative regenerative design 

and performance. Proposing biomimicry as an enabler for achieving this, the narrative review 

established the conceptual foundations for further research. In articulating the potential role for 

biomimicry in infrastructure applications and identifying opportunities at the form, process and 

system levels, the research revealed that further investigation was required into system-level 

biomimicry approaches in the built environment. The subsequent case studies of applied projects 

highlighted key learnings to inform the integration and mainstreaming pathways that were then 

developed for industry, government and academia. 

The following sections summarise the responses to each of the three research questions, before 

outlining key findings, limitations of the research and implications for both future research and 

practice. 

Response to Research Questions  

The thesis presented an investigation of the overarching research question – “What are the 

opportunities for biomimetic design and engineering to support resilience and regenerative 

performance outcomes for infrastructure?”. In doing so, it explored three primary research questions 

(See Chapter 3: Research Design and Methodology), investigating research gaps and context, current 

practice, and proposed implementation pathways for biomimetic innovation in infrastructure (Figure 

13).  
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Figure 13. Key components of the research strategy 

Formal responses to the three research questions are as follows: 

Research Question 1: What is the existing research context for biomimetic design and engineering of 

infrastructure? 

The systematic quantitative literature review investigated research trends in built environment 

biomimicry and synthesised the emerging applications of biomimicry relevant to infrastructure, for 

use by industry, government and academia.  

While substantial research was underway into opportunities for biomimicry in the built environment, 

it is the compilation and synthesis of that research, and the articulation of links between the research 

and its potential infrastructure applications that has now been established by this review. The review 

also articulated resilience and sustainability benefits of these biomimetic approaches, responding to 

a need for technological niches to leverage broader industry and global shifts towards sustainable, 

resilient and regenerative development in order to enable diffusion and mainstreaming (Geels, 2005). 

The third key finding of the review was to identify a limited focus in published literature on system-

level opportunities for biomimicry in the built environment. These findings extend the earlier 

observations by Reap et al. (2005) who had proposed the importance of system-level biomimicry 

approaches, and Pedersen Zari and Storey (2007) who had suggested an apparent lack of focus on 

system-level biomimicry solutions in the built environment. Research question one was thereby 

addressed through the systematic review (refer Chapter 4) highlighting the current state of published 

research into biomimicry for infrastructure and the built environment.  

Only when the opportunities for infrastructure application are clear, when system-level solutions are 

available, and when there is a demonstrable contribution to resilience, sustainability and regenerative 

performance, can biomimetic research deliver widespread benefits in this area.  
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Research Question 2: How are biomimetic design and engineering concepts currently applied to projects 

in the built environment? 

At the time of writing, limited work has been undertaken at the system-level for biomimicry in the 

built environment, with almost no published evidence of system-level applications in infrastructure 

contexts. This research captured and published the findings and learnings from six system-level 

projects that had been implemented by industry and government in the built environment, with the 

full results provided in Chapter 5. 

The case study investigation connected practice to theory through the identification of key challenges 

and priorities emerging from those early project efforts, highlighting the areas of project, 

organisational and market operations that should be addressed for system-level biomimetic design 

and engineering approaches to be further integrated into practice. The emergent themes have now 

been systematically captured, analysed and developed into a conceptual model (refer Chapter 5) to 

inform system-level biomimetic design and engineering approaches on future projects. Priority focus 

areas that emerged from the investigation included: 1) The role of organisational cultures, 2) 

supporting early transitions in emerging markets, 3) inter-organisational knowledge transfer, and 4) 

the opportunity for mainstreaming through established standards and frameworks. These focus areas 

are now available to future projects looking to apply system-level biomimetic approaches in built 

environment projects.  

Research question two is thereby answered, with the case study analysis presented in Chapter 5 

establishing how biomimetic design and engineering concepts are currently applied to built 

environment projects, and the conceptual model providing a foundation for future efforts. 

Research Question 3: How could biomimicry be integrated into government and industry practice to 

enhance resilience and regenerative performance outcomes? 

The study developed three key pathways for integrating and mainstreaming biomimetic design and 

engineering approaches into infrastructure practice. These focused on projects, people and process as 

points of influence, drawing on both the case study findings and a series of academic peer review and 

industry workshops. This multi-faceted approach offers a selection of entry points for practitioners to 

introduce biomimetic tools and frameworks. Exploring how overarching project delivery models may 

impact opportunities for innovation (projects), the research then highlighted opportunities to build 

cross-sectoral capability (people), and finally, opportunities to integrate biomimetic tools and 

frameworks into existing industry standards and frameworks (process).  

The first pathway highlighted that Integrated Project Delivery (IPD) models offer a valuable 

mechanism for supporting biomimetic innovation. Innovation diffusion in complex socio-eco-



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

220 
 

technological systems requires robust agent interaction (Nan et al., 2014), and this research identified 

project delivery models as a key leverage point for facilitating collaboration, market engagement and 

knowledge sharing in pursuit of locally attuned and adaptable design innovation (Chapter 6). 

The second pathway is an action framework (Chapter 7) developed to enhance capability and skills of 

people to implement biomimetic place-based design at scale. Here the focus is on building awareness, 

knowledge sharing and capability around biomimetic design approaches across industry, government 

and academia, to facilitate broader uptake and integration of biomimetic innovation in infrastructure 

practice (Chapter 7).  

The third pathway, with a focus on process, seeks to enhance resilience and regenerative performance 

in the infrastructure sector by incorporating biomimetic evaluation approaches into existing 

government and industry frameworks and standards. Two mechanisms are proposed for integrating 

ecological performance standards throughout the infrastructure project lifecycle: firstly through 

Environmental Impact Assessments (EIA) (Process and content), and secondly through infrastructure 

sustainability rating schemes (I.e. IS Rating Scheme) by way of 1) Governance credits (process) and 2) 

Performance requirements within other credits (content).  

It is these implementation and mainstreaming pathways of integrated project delivery (Chapter 6), 

capability building frameworks (Chapter 7) and incorporation into frameworks and standards (Chapter 

8) that will support integration of system-level biomimicry tools and frameworks into infrastructure 

practice across projects, people and processes in support of improved resilience and regenerative 

performance outcomes. Research question three was thereby answered, by establishing three 

pathways for integrating and mainstreaming biomimetic design and engineering into infrastructure 

practice by industry and government. 

These contributions and the methods through which they serve to answer the three research 

questions are presented in Figure 14 below. 
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Figure 14. Thesis overview - research questions, methods, outputs and synthesis
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Key contributions: Building theory to transform practice  

This thesis presents six key academic contributions that advance the knowledge base of biomimetic 

design and engineering for infrastructure. This section steps through contributions from each paper, 

to illustrate the theoretical foundations and pathways to practice arising from this research. This 

research first established the opportunity for biomimetic design and engineering approaches to be 

applied in a meaningful way to infrastructure assets and networks. While technologies, products and 

design approaches were emerging, these had not been consolidated in a way that articulated: a) why 

– the proposed justification and context for adoption, b) what – what biomimetic design and 

engineering looked like in practice for infrastructure, and c) how – how these approaches could 

tangibly be introduced and integrated into existing practice in support of resilience and regenerative 

performance outcomes.  

The research questions exploring context (RQ1), current approaches (RQ2) and future mechanisms 

(RQ3), provided a logical structure for developing pathways for implementation and mainstreaming 

of biomimetic design and engineering approaches. 

1. Establishing the theoretical foundations – biomimetic design and engineering to support 

infrastructure resilience and regenerative performance outcomes  

The first paper, a narrative review, consolidates three theoretical fields to expand resilience theory 

(Chapter 2). The review of infrastructure adaptation, resilience and biomimicry contributes to 

advances in notions of resilience and the role for regenerative design in the built environment. The 

paper extends on earlier work by Woods (2015), who had highlighted the opportunity for ‘sustained 

adaptability’ as a resilience regime, and that of Chester and Allenby (2019) who had highlighted the 

important role of flexibility and agility in reconsidering infrastructure resilience. The research 

presented in Chapter 2 highlights that biomimicry can offer a novel lens for built environment 

resilience and regenerative design approaches, and can provide mechanisms and perspectives to 

achieve these goals. This is a key theoretical contribution of this thesis. 

2. Establishing applicability of biomimetic design and engineering to infrastructure 

The quantitative systematic literature review (Chapter 4) provided a first of its kind review of 

biomimetic design and engineering publications across built environment and infrastructure 

applications. This analysis expanded on important early work by Gleich et al. (2009) who investigated 

broader trends in biomimetics, as well as advancing the higher-level considerations of opportunities 

for biomimicry in engineering by Taylor Buck (2017) and Pacheco-Torgal et al. (2015). This research 

consolidated a wide range of emerging research into succinct and easy to interpret summary tables at 

the form, process and system-levels (refer Chapter 4), an important theoretical contribution to the 
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field of biomimicry. For practitioners looking to explore what biomimicry may look like for 

infrastructure applications, this paper offers a ready reference to easily explore emerging 

opportunities for biomimetic design and engineering in infrastructure. For researchers, the analysis 

offers a new foundation for future systematic reviews in this space, where research can delve more 

specifically into infrastructure examples as they emerge.  

3. Distinguishing between progress in form, process and system level applications 

In terms of building theory that transforms practice, it is important to note that the vast majority of 

biomimetic design and engineering examples emerging in that systematic review were at the ‘form’ 

and ‘process’ level of biomimicry (See Chapter 4). These examples offer many opportunities for 

infrastructure designers and engineers to substitute a specific component of their project for a 

biomimetic option but almost no tools and frameworks to support biomimetic design approaches for 

entire projects and networks. For that reason this research then investigated and analysed six case 

studies of applied system-level approaches, identifying that system-level efforts were in fact being 

undertaken by industry and government. In short, it was revealed that form and process level 

approaches were frequently captured in academic sources, with limited industry application, and 

system-level approaches were piloted by industry and government, with little academic recognition. 

This is an important finding for guiding ongoing investigation in the field of biomimicry. The systematic 

review (Chapter 4) addressed the former by consolidating form and process-level publications for a 

wider audience. The case studies then addressed the latter by investigating applied system-level 

projects with academic rigour. 

4. Creating an evidence-base for ongoing enquiry 

The case study analysis (Chapter 5) contributed new insights for the field into the challenges and 

priority areas emerging from leading international projects. This first-of-its-kind analysis offers 

practitioners early insights into priority focus areas for future projects by revealing trends, patterns, 

successes and barriers to implementation of system-level biomimicry frameworks in a built 

environment context. Further, it provides a basis for testing and refining these priority areas, 

challenges and learnings across a wider range of case studies as additional built environment and 

infrastructure examples emerge.  

The synthesis of these case studies highlighted the value of three emerging tools and frameworks for 

pursuing biomimicry at the systems level: Life’s Principles, Genius of Place, and Ecological Performance 

Standards. The features of these three tools have been consolidated in a table of leading international 

approaches (Table 3, Chapter 5). While the Life’s Principles and Genius of Place frameworks were 

available in a biomimicry education handbook Baumeister et al. (2013), and outlined in a selection of 
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public and industry-facing publications, there remained very little consideration of these in peer 

reviewed literature, none of which focused on potential or actual infrastructure applications. For the 

Ecological Performance Standards approach, robust foundations had been established in a thesis by 

Stack (2014), and while these had progressed in practice, there remained almost no reference to the 

EPS approach in peer reviewed literature. In outlining these three tools and investigating applied 

examples, this research builds on important work by Baumeister et al. (2013) and Stack (2014) and 

makes this information more readily available to infrastructure and built environment sectors, 

creating improved opportunities for uptake and integration of biomimetic design and engineering.  

5. Enhancing industry-engaged enquiry methodologies 

There were some modest methodological contributions in the thesis. To identify potential barriers to 

mainstreaming of these tools, this research used an exploratory scoping workshop with academic 

experts as a novel advancement of traditional workshop methods that proved particularly beneficial 

for this new and emerging interdisciplinary focus area. The step then to industry workshops enabled 

multiple perspectives and the opportunity to explore challenges and identify practical leverage points 

for industry application. This multi-faceted engagement methodology ensured that both academic 

and practitioner perspectives were captured to inform future approaches, supporting the research to 

build theory that transforms practice. 

6. Defining three pathways for integrating biomimetic design and engineering for infrastructure 

Biomimetic place-based design and ecological performance standards are now available for industry 

and government to use in the design and engineering of infrastructure through the development of 

three pathways for uptake. Where prior research had explored the potential for alternative project 

delivery models to support sustainability outcomes (Kivilä et al., 2017), this thesis used a biomimetic 

design case study to highlight opportunities for biomimetic innovation to be supported by integrated 

project delivery models, by responding to key ‘agent interaction’ elements of the Nan et al. (2014) 

innovation framework. The research highlighted how specific attributes of the IPD model can directly 

address the challenges and priorities presented in the conceptual model of Chapter 5. This contributes 

to the growing research base into triple-bottom-line benefits of IPD models for complex and 

innovative construction projects (El Asmar et al., 2013).  

The capability-building pathway then responded to the important requirements of ‘Awareness, 

Motivation and Capability’ in the Nan et al. (2014) Framework, by synthesising key industry insights 

into existing knowledge gaps and barriers to uptake of biomimetic place-based design. The resulting 

action framework for capability building is the first of its kind to facilitate scalable applications of 
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biomimetic design and engineering in cities and regions, providing avenues for industry, government 

and academia to progress BPD at scale. 

Finally, this research highlighted how ecological performance standards can serve as a regenerative 

development evaluation tool for infrastructure, expanding on earlier investigations into ecosystem 

services evaluation in environmental impact assessments (Baker et al., 2013, Honrado et al., 2013), 

and revealing the current consideration of ecosystem services in infrastructure sustainability rating 

schemes. The research established two novel approaches to integration of EPS into these mainstream 

industry and government frameworks, developing recommended implementation pathways for EPS 

in both EIA and infrastructure sustainability rating schemes.  

These three pathways establish clear directions for future investigation and piloting of biomimetic 

design and engineering for infrastructure and represent the major applied contributions of the thesis. 

These contributions represent the creation of a bridge between academia, industry and government, 

or between theory and practice. Building robust theoretical and conceptual foundations for future 

research, they also create early steppingstones for practitioners to adopt and continue refining 

biomimetic design and engineering approaches in an infrastructure context. 

Key Scope and Qualifications 

This research adopted a rigorous methodology comprising two literature reviews, international case 

studies, academic peer review and industry workshops, however as detailed in Chapter 3, there are 

several limitations to the research scoping and methods that must be considered. These include: 

• A sample size of six case studies, based primarily in the United States, meaning that findings 

are considered indicative rather than representative. 

• A predominantly qualitative approach to the study, with limited opportunity for quantitative 

assessment or analysis due to the emergent nature of the field. 

• Two Australian destinations for industry workshops, with locations selected due to the 

proximity to the research team. While an effort was made to ensure multiple perspectives 

through engagement with two different cities, this sample remains small due to timing and 

budget constraints. 

• Literature reviews and case studies that spanned built environment applications, as opposed 

to entirely infrastructure-specific examples. This was due to the lack of peer-reviewed 

literature and applied practice that explicitly linked biomimetic design and engineering 

opportunities to infrastructure applications. 

• A limited focus on ‘people-based’ solutions such as community engagement and 

development, with a focus instead on design and engineering opportunities. 



Thesis Manuscript                                                                   Samantha Hayes s5084409 
 

226 
 

These qualifications highlight the need to undertake further research into biomimetic design and 

engineering in infrastructure contexts, including identification of additional case study projects 

internationally. With these limitations in mind, there is opportunity for further investigation that 

builds upon this early work and adopts quantitative research methodologies to contribute to the 

empirical research base, including evaluation of performance on pilot projects. Where this research 

thesis focused on design and engineering solutions, there is scope similarly for further investigation 

into the social and human elements of resilient and regenerative design, both in regards to the impacts 

of complex challenges on communities and cultures, and the opportunities for biomimicry to inform 

approaches to social resilience and regeneration.  

Implications and next steps for research 

Recognising the above limitations and opportunities, this thesis has several implications for the 

research field and creates a foundation for further enquiry that can build on these findings.  

The unification of biomimicry, infrastructure engineering and socio-ecological resilience creates 

opportunities for further research into transformed concepts of resilience in infrastructure, including 

mechanisms for integrating socio-ecological resilience concepts into engineering resilience 

frameworks, definitions and approaches. This can include further investigation of the role of 

biomimicry in supporting that shift, as well as the tangible contributions biomimicry may offer to 

regenerative design agendas. 

The systematic review and case studies were early investigations into how these concepts may be 

applied to infrastructure, and often drew on built environment examples that can be applied to 

infrastructure, but have previously been applied in non-infrastructure contexts. Future research will 

now be able to expand upon this foundational work to investigate applied infrastructure examples as 

they emerge. Case study findings can be further tested and refined by capturing varying organisational 

types, from different geographical locations and with a more specific applied infrastructure focus. 

Early insights into the role of project delivery methods in supporting biomimetic innovation create an 

opportunity to investigate demonstrated performance outcomes across pilot projects using both 

traditional and alternative delivery models, in order to build empirical data on projected and actual 

performance. At a broader industry level, the capability building framework for biomimetic design at 

scale articulated priority actions for academia in pursuing this approach, providing a tangible 

framework for biological research, design development, incorporation of BPD into degree programs, 

and evaluation of performance on applied BPD projects. Finally, there is an opportunity for research 

to further detail the mechanisms for integration of EPS and other biomimetic design and engineering 
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approaches into existing frameworks, and to assess the effectiveness of early efforts and pilot 

projects. 

Implications for transforming practice  

Beyond academia, the findings also have implications for industry and government application of 

biomimetic design and engineering, starting with consideration of socio-ecological resilience 

principles by infrastructure designers and engineers when planning and implementing resilience 

efforts. For industry working groups and associations, this research provides a catalyst for challenging 

and expanding concepts of resilience and sustainability for the infrastructure sector. This includes 

consideration of how we may learn from nature to inform our understanding of, approaches to, and 

measurement of resilience in the built environment. 

Practitioners can now readily identify biomimetic design and engineering opportunities for 

infrastructure through the summaries of form, process and system-level biomimicry applications as 

presented in this research. This exploration of existing research across multiple disciplines clarifies the 

‘what’ and ‘how’ of biomimetic design and engineering for infrastructure. 

The articulation of priority focus areas for system-level biomimetic design and engineering allows 

practitioners to proactively manage these important aspects of project, organisation and market 

operations. This includes, for example, engaging early with supply chain partners to build capability 

and buy-in on biomimetic innovation opportunities. For industry bodies, it highlights the necessity of 

targeted guidance and knowledge sharing to build awareness and capability across that sector.  

The findings on IPD models provide industry and government with a project structure that directly 

addresses these priority areas through collaborative project management. The IPD model allows 

project partners to engage directly with suppliers and subcontractors to workshop innovative 

solutions and project approaches. For those looking to pilot biomimetic place-based design 

approaches, the findings highlight the benefits of selecting IPD or Alliance projects for optimum early 

outcomes. 

The capability building framework then developed a pathway for integration of BPD approaches into 

city and region-wide strategies, planning and programs, articulating priority actions for government 

and industry. This includes an important role for government in adjusting specifications and design 

guidelines to support biomimetic design and evaluation, and a role for industry in identifying research 

needs, developing design solutions, piloting and knowledge sharing.  

Avenues for mainstreaming and integration into industry practice can be immediately piloted on one 

or several rating schemes (industry) and EIA’s (government) internationally, to leverage existing 
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frameworks and standards in pursuit of regenerative performance outcomes for infrastructure assets 

and networks.  

Final thoughts  

Sustainability and resilience are increasingly recognised as priority outcomes for infrastructure assets 

and networks, and significant advances have been made to reduce the negative impacts of 

development and to enhance the robustness of infrastructure in the face of evolving global 

environmental, social and technological challenges. While there is a growing appreciation that 

increasing complexity and uncertainty requires new and transformed ways of thinking about our cities, 

current approaches are failing to achieve necessary performance improvements. It is for this reason 

that regenerative design and performance is emerging as a more ambitious built environment 

development agenda. Biomimicry, or ‘innovation inspired by nature’, offers humanity an opportunity 

to turn to living systems for perspectives and strategies to inspire innovative and regenerative 

approaches in our built environments.  

This research established the ‘why’ ‘what’ and ‘how’ of biomimetic design and engineering for the 

infrastructure sector and in doing so has created a pathway from theory to broader practice. The 

findings provide clear next steps for industry, government and academia to mainstream biomimetic 

approaches through project delivery models, capability building and integration into existing 

frameworks. It is intended that the mechanisms for biomimetic design and engineering established in 

this multidisciplinary research will contribute to enhancing resilience and regenerative performance 

outcomes of infrastructure in the built environment.  
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Appendix A 
Interview Questions (additional prompts shown in grey italics): 

 

Part A: Project details 

To start, could you provide an overview of the project and the biomimetic initiatives 

identified/implemented? 

What was your role in the project? 

What were the key drivers for the project/initiative? 

What were the key benefits of the project? 

Were there financial benefits, environmental, and/or social benefits? 

Were there resilience benefits? 

What were the aspects of the project that you think were done particularly well? 

What did you find to be the key challenges and barriers to implementation? 

Which of these do you think are specific to your industry (if any) and why? 

Building on those, what do you think were the most important learnings from the project (positive 

and negative)? 

Were there process improvements? 

Were there organisational learnings? 

Did the project contribute to the broader knowledge base? 

Do you have recommendations for others seeking to incorporate biomimicry into their 

infrastructure design? 

Were there any ongoing adjustments to the way your organisation operates, as a result of the 

biomimicry project? 

Is there anything else that you would like to add about the project? 

 

Part B: Biomimicry in infrastructure (where relevant to person/project) 

In your opinion, would you say that there are significant opportunities for biomimicry in 

infrastructure? 

Do you believe that the most significant opportunities are at the form, process or system 

level?  

Have you seen an increase in the prevalence of biomimicry/ biomimetic engineering in your sector? 

Why do you think this is? 

What are the systemic challenges that you see as hindering the uptake of biomimetic engineering 

solutions? 
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Are they regulatory; cost; social; informational; organisational.  

What would be the 1-2 key action areas for the sector, that you think would help to overcome these 

challenges? 

Are they changes to regulation; proof of concept; availability of information; 

commercialisation? 

Could biomimetic engineering be incorporated into existing industry frameworks? 

Which frameworks? 

Do you think this is a significant opportunity? 

What do you think would be the primary barriers? 

How do you think this could be achieved? 

Is there anything else that you would like to add? 

 

 


