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Designification of Neurotechnological Devices through  
3D Printed Functional Materials

Nathan J. Castro* and Dietmar W. Hutmacher*

Neurotechnology as a research area can be defined as the convergence 
of neuroscience and tissue engineering/regenerative medicine. Through 
directed global initiatives concentrated on a better understanding of the 
human brain, an exponential rise in innovative functional biomaterials for 
the symbiotic integration of man and machine has risen. Unfortunately, 
neurotechnology as with other disruptive technologies faces the daunting 
path of traversing the broad chasm between the bench (development of 
technology) and the bedside (application of technology). Clinical transla-
tion of medical devices intended to assess, monitor, and treat sensorimotor 
injuries must address a selection of design and functional constraints which 
are cost limiting from a traditional manufacturing perspective. As a highly 
versatile technology, 3D printing in combination with advanced functional 
materials can be used to manufacture scaffolds for tissue engineering the 
neural-prosthesis interface as well as devices with predesigned capabili-
ties of integrating spatial and temporal data sets usable in a diagnostic and 
therapeutic context. Therefore, recent neurotechnological advancements will 
be discussed in the realm of 3D printed functional materials (>2013) with a 
focus on their potential for clinical translation.

DOI: 10.1002/adfm.201703905

1. Introduction

Neurotechnology unlike traditional reparative/regenerative 
neural tissue engineering (NTE) is defined as the application 
of devices or tools for the monitoring, assessment, and control 
of the nervous system.[1] Although discrete in their goal, they 
should not be viewed as mutually exclusive as neurotechnology 
can benefit significantly by adopting NTE strategies and con-
cepts. A synergistic interplay working toward a dynamically 
responsive symbiotic relationship between nature and tech-
nology focused on sensorimotor repair, integration, and control 
is a feasible goal.

As a research area, neurotechnology has been actively inves-
tigated for over 50 years beginning with the establishment of 
the Society of Neuroscience in 1969 and continued by directed 
governmental policies. Political directives beginning with the 
Decade of the Brain (1990s) raised public awareness of the 

Printed Neurotechnology

Dr. N. J. Castro, Prof. D. W. Hutmacher
Institute of Health and Biomedical Innovation
Queensland University of Technology
Queensland 4059, Australia
E-mail: nathan.castro@qut.edu.au; dietmar.hutmacher@qut.edu.au

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201703905.

benefits of a greater understanding of the 
human brain[2] which was followed by a 
proposal emphasizing the need of global 
transdisciplinary studies. These efforts 
pushed the idea toward understanding 
the biological underpinnings of cognitive 
behavior (“The Decade of the Mind”)[3] 
ultimately leading to the establishment of 
two pivotal initiatives.

The year 2013 was a seminal period 
in the evolution of neurotechnology 
where both the European Commission 
(Human Brain Project (HBP)) and the 
United States of America (Brain Research 
through Advancing Innovative Neurotech-
nologies (BRAIN initiative)) commenced 
large-scale publicly funded endeavors 
aimed to “accelerate our understanding 
of the human brain”[4] as well as “[ foster] 
the development and application of new 
technologies [enabling] researchers to pro-
duce dynamic pictures of the brain that 
show how individual brain cells and com-
plex neural circuits interact at the speed of 

thought.”[5] Although early criticisms of ill-defined direction and 
broadness[6] stunted the progress of the HBP, collectively these 
two initiatives have the potential to not only expedite discovery 
but also catalyze innovation and motivate rapid translation of 
technologies toward the formation of new industries through 
total financial commitments of $1.9B and $4.5B for the HBP 
and BRAIN initiative, respectively. Even though we are nearing 
the midpoint of both ventures, it is premature to speculate the 
long-term return on investment, yet we are seeing increased 
interest and attention being directed toward this broad area in 
the 21st century.

For that purpose, White et al.[7] recently published a review 
on clinical translation of neurotechnology within the context 
of developing holistic therapy concepts for psychological and 
behavioral disorders. The review centered on seven under-
lying principles a medical device should exhibit for clinical 
success: (1) “verifiable” or having a testable intended function; 
(2) “useful” to fulfil an unmet need; (3) “consistent” agreement 
between the clinical need and product design; (4) “reproduc-
ible” effects for a homogeneous user population; (5) “mecha-
nism-driven” or targeting a specific pathophysiological process; 
(6) “complete” and tunable parameters to produce an expected 
result with minimal expense of resources; and (7) “deployable” 
or highly likely for wide-scale adoption. Undoubtedly these 
principles establish a systematic framework for clinical trans-
lation of neurotechnology with emphasis on effective, targeted 
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and efficient neurotechnological device design as shown in 
Figure 1. An “idealized” neuroprosthesis would involve devel-
oping a closed-loop brain–machine interface (BMI)-controlled 
wireless prosthesis with self-learning for peripheral nerve sign-
aling through integrated biocompatible packaging in combina-
tion with noninvasive wearable electronics. In the following 
we will begin exploring such a scenario beginning with neural 
probes for signal acquisition.

Based on the aforementioned design principles, we will 
briefly review and critically discuss three main research 
areas: (1) BMI with an emphasis on functional neural probes;  
(2) implantable and topical flexible electronics; and (3) custom 
prostheses with haptic sensing. The overarching goal is to pro-
vide the reader with an understanding of the current state-of-
the-art of these areas with respect to 3D printable functional 
materials as well as a prospective on the feasibility of inte-
grating all areas toward a modular BMI-directed neuropros-
thesis. We first begin the discussion with an overview of neural 
tissue engineering and scaffold design from a developmental 
biology perspective, then concentrate on the BMI interface by 
highlighting functional materials in combination with addi-
tive biomanufacturing technologies (i.e., 3D printing (3DP)) 
for effective translation of technologies addressing the brain–
machine interface.

2. Neural Tissue Engineering

The need for new approaches and materials was explicitly artic-
ulated in the US National Institutes of Health (NIH) BRAIN 
initiative where “innovative new concepts, delivery methods, 
or biocompatible materials are required to dramatically reduce 
the invasiveness of acute or chronic electrodes”, combined with 
the need to develop “new in vivo electrical capabilities, such as 
chronic multiunit intracellular recording or high density elec-
trodes.” Interfacing devices with the nervous system requires 
the integration of directed control of nerve cell activity and 

acquisition of information with dynamic feedback regarding 
tissue activity. To achieve optimal performance from BMI/
brain–computer interface (BCI) devices, a long-term func-
tional connection between “hard” device and “soft” excitable 
tissue is a condition sine qua non. First and second generation 
brain–machine/brain–computer Interface (BMI/BCI) devices 
use metal electrodes, which have a restricted ability to transfer 
electricity to biological tissues and a poor track record for long-
term in vivo biocompatibility. This limits their employment 
in next-generation, high-resolution devices such as the bionic 
eye[8] and brain–machine interfaces. Several biomaterials have 
been explored as coatings to improve the performance of metal 
electrodes, but scar tissue formation remains a major clinical 
problem.

For that purpose, functional materials and tissue engineered 
constructs (TECs) stand to play a vital role in the evolution of 
neurotechnology wherein the device is surgically connected 
and then remodeled in situ by the neural host tissue which 
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Figure 1. Design and systematic framework of a brain–machine Inter-
face system. Signals produced by the brain are recorded from the scalp, 
from the cortical surface, or from within the brain. These signals are then 
analyzed and correlated to the patient’s intent. These features are then 
translated into commands that control application devices that replace, 
restore, enhance, supplement, or improve natural CNS outputs.
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subsequently facilitates the formation of neuromuscular junc-
tions to record cell activity and drive peripheral prosthetics 
or rehabilitating limbs (via functional electrical stimulation). 
TECs provide a multitude of improvements when compared 
to current mainstream technologies including: being a better 
delivery system for neural cell stimulation; greater cytocompat-
ibility for increased neural cell survival and tissue regeneration 
as well as facilitator of mid-to-late stage neural tissue hemo-
stasis. TECs will also support the development of more com-
plex BMI/BCI devices for the restoration of sensory and motor 
function.

Ideally, neural tissue should attach and expand upon the 
electrode surface to create an intimate junction between the 
device and host environment. Numerous strategies to miti-
gate scar tissue infiltration have been proposed, including 
drug delivery,[9] flexible electrodes,[10] and conductive polymer 
(CP) coatings.[11] Recent advancements in NTE have led to a 
paradigm shift in biomedical electrode design. Technologies 
capable of 3D printing cell-laden biomimetic scaffolds (cellular 
solids) and/or functional matrices (hydrogels) to effectively sup-
port an integrated BMI/BCI device with the surrounding tissue 
illustrate the possibility of a complete and deployable system.

3. 3D Bioprinting for Neural Regeneration

Recently, NTE has shown great promise in addressing once per-
ceived intractable acute neural injuries and congenital defects 
via the development of biomimetic hydrogels or “bioinks.” 
Bioinks have shown to improve the development of functional 
network connectivity and neural synapses when compared to 
2D cultures.[15] In addition to the development of bioinks, 3D 
bioprinting/biofabrication technologies have spurred advance-
ments in the field of customized 3D neural networks composed 
of matrices possessing suitable mechanical properties as well as 
biological complexity closely matching native neural tissues. An 
exemplary illustration of the potential of 3D bioprinted func-
tional neural TECs was shown by Hsieh et al.,[16] where neural 
stem cells (NSCs) embedded within a novel class of waterborne 
polyurethanes were implanted in a traumatic brain injury adult 
zebrafish model leading to a recovery of mobility up to 81% 
when compared to untreated control. These findings suggest 
NSCs embedded within a suitable 3D hydrogel matrix may 
have the potential to improve the function of impaired nervous 
system in various neurodegenerative diseases.

In addition to functional bioink development, the combina-
tion of biomaterials and printing modalities toward complex 
3D printed matrices with multifunctionality has also been 
explored. Lee et al.[17] combined electrospinning and stereo-
lithography bioprinting to manufacture composite scaffolds 
with enhanced neural cell adhesion and elongation proper-
ties illustrating not only the need but also the effectiveness of 
multimaterial technologies. These are only a handful of exem-
plary uses of 3D bioprinting for the replication of natural 3D 
bioprinted structures which illustrate the usefulness of 3D  
bioprinting/biofabrication for neural network models and 
functional scaffolds.

The reader is directed to Mir et al.[18] for a thorough review 
focusing on 3D bioprinting for healthcare and medical 

applications where the current state-of-the-art in the field is 
presented with emphasis on the persistent limiting factors of 
biocompatibility, printability, and dynamically tunable avail-
able materials. Additionally, Kyle et al.[19] critically reviewed the 
concept of “printability” as a driver toward the development of 
bioinks with special consideration placed on physicochemical 
characteristics.

Although NTE is an integral part of the discussion and 
advancements have been made in the area of 3D printable 
neural grafts[20] and brain-like structures,[21] the reader is 
directed to the following articles for in-depth and extensive 
reading of the state of the art of NTE.[22] Therefore, the authors’ 
objective is not a comprehensive review of NTE, but to call 
attention to an oft over-looked body of evidence with direct 
implications in translational NTE and neurotechnology taking a 
perspective from the convergence of developmental biology and 
scaffold-based tissue engineering.

3.1. Scar Formation and Neural Tissue Regeneration

From an advanced biomaterials perspective it is extremely 
important to consider the complex interplay between the scaf-
fold and early stage cell processes (attachment, proliferation, 
and differentiation) as well as extracellular matrix (ECM) devel-
opment at various stages of the regeneration process which can 
take months to mature for neural tissues and their interfaces. 
In 2013, Ioannis Yannas put forward an evidence-based perspec-
tive for scaffold design combined with a biomaterial concept 
which focuses on a developmental process for tissue regenera-
tion: tissue CBSIR.[12] Two landmark reviews[13] did lay out the 
rationale for what could be defined today as “scaffoldnomics.” A 
very recent article has provided further empirical evidence sub-
stantiating the scaffold design and advanced biomaterial concept 
with respect to peripheral nerve tissue engineering.[14]

According to the CBSIR theory, which has refuted long-
standing beliefs of scaffold design philosophy with respect to 
scar formation, scaffolds should not be designed as an exact 
copy exhibiting the properties of the tissue for which it is regen-
erating, but provide an interconnected porous architecture in 
combination with temporal mechanical stability founded on the 
biological understanding of control of wound contraction which 
is purported to result in the prevention of scar tissue formation 
to allow for guided tissue regeneration instead of tissue repair. 
Next, the rate of scaffold degradation after tissue maturation 
within the cellular solid and/or matrices should closely match 
the rate of new tissue synthesis.[23] The CBSIR theory provides 
key evidence from an advanced biomaterials as well as basic cel-
lular and biomechanical perspective on how to effectively design 
scaffolds in order to achieve the best possible regenerative effect.

Unfortunately, this concept is often overlooked by the tissue 
engineering community. Scaffold design considerations are 
complex with multiple aspects (3D structure, mechanical and 
surface properties, degradation kinetics/products, composition 
of biological components, etc.) and their changes over time 
in vitro and/or in vivo need to be taken into consideration. 
Therefore, a scaffold for neural tissue interface engineering 
has to be considered not as an inert 3D structure, but rather 
as a conduit for dynamic (chemical, biological, and mechanical) 
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extracellular signaling, facilitating a developmentally conducive 
niche at the site of damage through progenitor cell recruitment, 
growth, and differentiation.

Developmental biology clearly shows that normal tissue 
healing in adults is a complex succession of progressive remod-
eling of pre-existing tissue structures that exhibit distinctively 
different mechanical and biological features. However, many 
neural tissue engineers have utilized scaffolds and matrices 
with mechanical and biochemical functions designed to closely 
mimic the properties of the final tissue. Lessons learned from 
developmental biology suggest that we should concentrate on 
the designification of scaffolds that mimic/promote these meta-
stable, remodeling tissues and enhance cell–cell and cell–matrix 
interactions instead of precisely engineering a scaffold using the 
final tissue as a one-to-one design template.[24] Not solely limited 
to “traditional” NTE scaffold design, the preceding considera-
tions must also be applied to all aspects of a neurotechnological 
device.[25] In the following we will discuss the BMI/BCI and 
regions of the technology which need to be addressed.

4. BMI/BCI

One of the primary roles of the central nervous system (CNS) 
is to transduce environmental (external) and physiological 
(internal) events in to intelligible and actionable signals. 
One way a BMI/BCI facilitates this process is by encoding/
decoding CNS-derived signals for direct control of electro-
mechanical systems. CNS signals and activity are typically 
measured and converted into an artificial output that replaces, 
restores, enhances, supplements, or improves a natural CNS 
output thereby altering the dynamic interactions between the 
CNS and its external or internal environment.[26] To further 
understand the limitations of current technologies, one needs 
to critically review the state of the art of advanced materials 
and devices used to record said activities.

CNS signals can be of electrophysiological,[27] neurochem-
ical,[28] and metabolic origin[29] encoding and transducing sen-
sory and stimulatory responses that occur continually in the 
CNS. Most of these can be detected and monitored by meas-
uring electric or magnetic fields[30] or other parameters. Signal 
detection occurs with topical sensors placed on the scalp (elec-
troencephalography), upon the surface of the brain (electro-
corticography), or within the brain (neural probes) (Figure 2). 
A BMI/BCI records these signals, extracts pertinent measure-
ments, and converts (or translates) them into new artificial 
outputs that actively or passively act on the environment or 
on the body itself. The entire process starts with acquisition 
or detection of a measurable signal emanating from a tar-
geted region of interest and then transduces this signal to a 
voluntary action. Accurate and precise acquisition is impera-
tive for short and long-term functionality of any BMI/BCI. 
Inherent spatial and temporal signal resolution is associ-
ated to each method of signal acquisition as electromagnetic 
signals quickly weaken as they propagate toward the scalp. 
Appropriate selection of detection method/device for use in 
a particular circumstance is contingent on reaching a balance 
between the feasibility of signal acquisition, the longevity of 
the implant, and the resolution required for proper trans-
duction. Signal strength is inherently strongest closer to the 
source. Invasive neural probes exhibit excellent spatial delivery 
and acquisition of signals (single-cell/neuron) and have been 
widely used in stimulatory[31] as well as single cell recording/
stimulating devices.[32] Therefore, in the following we will 
focus on intracortical neural probes.

4.1. Neural Probes

Invasive electrophysiologic acquisition of brain signals is 
primarily accomplished by neurosurgical implantation of 
electrodes within or upon a patient’s brain. The preferred 
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Figure 2. Brain–machine interfacing. The graphical illustration evaluates the benefits and drawbacks of invasive and noninvasive neural recording 
devices. Reproduced with permission.[33] Copyright 2014, The Scientist.
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implantation site is the motor cortex since it is more easily 
accessible and generates signals that can be measured and gen-
erated through simple tasks such as actual or imaginary motor 
movements.[34] Neural activity is not a single event, therefore 
continuous recording is necessary and typically undertaken 
using microelectrode arrays. These arrays are composed of 
single inorganic materials (also defined as neural probes) man-
ufactured via traditional lithographic techniques. “Successful” 
recording is contingent on the spatial/temporal resolution of 
the desired signal, the number and placement of electrodes, and 
the functional lifetime of the device.[35] Several electrode tech-
nologies have been developed and are shown in Figure 3. Some 
of which have effectively satisfied several of the aforementioned 
design principles previously discussed. Namely, those relating 
to verifiability, usefulness, and mechanism-driven where the 
intended use of some of these neural electrode microarrays is 
the transduction of signals designed to operate machine-driven 
systems (i.e., robotic arms) for paralytic patients.

As with all impactful translational work, international and 
interdisciplinary collaborations are imperative to the pro-
ject’s overall success. Collinger et al.[36] provide an anecdotal 

example of such a project which lead to the development of a 
BMI-modulated neuroprosthetic arm. Although measurable 
clinical success has been realized with traditional microelec-
trode arrays, concerns regarding long-term implantation per-
sist[37] and research is being actively pursued in an effort to 
mitigate unwanted acute inflammation and chronic glial cell 
proliferation (gliosis) which contribute to signal loss/degrada-
tion and shortened device lifetime.[38]

In order for these devices to satisfactorily be complete and 
deployable, they should retain their intended function from 
years to decades with minimal active intervention resulting in 
a dynamically responsive self-correcting system. Signal loss 
has been attributed to acute immune response and long-term 
fibrous encapsulation of the electrode as a result of the presence 
of a foreign device. A recent in-depth study by Barrese et al. 
showed and elucidated multifactorial degradation of implants 
originally designed for permanent function[39] via scanning 
electron microscopy analysis. Upon insertion of the electrode, 
vascular disruption ensues as well as destruction of all neurons 
in its path which initiates an acute immune response resulting 
in the recruitment of glial cells,[40] which results in gliosis 

Adv. Funct. Mater. 2017, 1703905

Figure 3. Neural probes and microarrays. Optical images of the eight-channel silicon substrate Michigan electrode A) and various site layouts B) with 
scanning electron image (SEM) imaging of individual gold site C). BrainGate microarray connected to Ti pedestal D), corresponding high magnifica-
tion SEM E), and stacked arrays F). SEM of single gold-tipped parylene probe and array of 100 H). Epiretinal prosthesis encapsulated in parylene C/
silicon rubber I) with corresponding SEM J). Complete microelectrode array assembly K) and silk-supported polyimide electrode array molded upon 
a curved glass surface. Various microelectrode arrays for peripheral signal acquisition. Reproduced with permission.[35] Copyright 2014, WILEY-VCH.
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(fibrous encapsulation or scarring of neural tissue) occurring 
several months thereafter as shown in Figure 4.

Some of the contributing factors leading to long-term degra-
dation include corrosion of metallic electrodes, loss of polymeric 
coating integrity and delamination of silicone substrates. In addi-
tion, mechanical property mismatch between the rigid electrode 
and soft tissue further compounds the problem from a clinical 
point of view. Although polymeric materials have been used in 
the production of soft microelectrode arrays, their potential in 
this long-term in vivo has yet to be fully realized. Therefore, we 
will discuss recent advancements in functional polymeric mate-
rials from a TE/regenerative medicine (RM) perspective which 
may have the potential of mitigating issues related to compro-
mised long-term in vivo biocompatibility and function.

One approach to address this is to modulate cell compat-
ibility and tissue integration by incorporating NTE approaches 
toward electrode design.[42] Seymour and Kipke evaluated the 
effects of subcellular lattice structures on tissue integration in 
a rat pial model using a polymeric substrate (Parylene-C). They 
could show the effectiveness of a fully interconnected porous 
architecture and its ability to minimize neuronal loss and 
decrease superficial microglia activation and protein deposi-
tion. In addition to electrode design, material selection should 
be considered in an effort to mitigate potential cytotoxic effects 
of metallic constituents commonly used for neural probes. For 
that purpose, conductive polymers have been investigated as 
functional materials for this particular application.

4.2. Conductive Polymers and Organic Bioelectronics

In the last two decades, there has been growing interest in the 
potential to develop incisive neural prostheses that interface 
selectively and favorably with the peripheral nervous system 

(PNS) or central neural populations to supplement or replace 
body functions. These targeted input and/or output systems can 
be modulated to enhance neural communication between body 
systems or between the body and the environment. Organic 
electronics/bioelectronics[43] is a research area bridging the gap 
between biology and technology. With the aforementioned TE/
RM design approaches, suitable materials with inherent bio-
compatibility for long-term tissue growth in combination with 
advanced manufacturing strategies, we are on the fringes of 
ever more useful technologies.

Conductive polymers (CPs) (Figure 5) are a class of organic 
polymers when in the presence of a dopant material form 
conjugated double-bond along their backbone. This reaction 
allows for ionic discharge which renders these polymers highly 
conductive and functionally analogous to semiconductors or 
metals. The unique caveat is the added capacity of tunability 
during the polymerization process. Notwithstanding, CPs 
also offer other tunable physicochemical properties, including 
hydrophilicity. Polypyrrole and poly(3,4-ethylenedioxythio-
phene) are two of the most widely used CPs synthesized for 
enhanced biocompatibility rendering them more favorable over 
inorganic conductive materials. Owing to the ease and low cost 
of processing the raw materials, these polymers have received 
greater attention. It is worth mentioning the two primary syn-
thesis methods: chemical and electrochemical polymerization. 
In each case, radical cations are induced by oxidation and cou-
pling to form dimers that propagate and polymerize by addi-
tional oxidization of the oligomer and/or coupling with the oxi-
dized monomers. Specific to chemically mediated deposition, 
an oxidizing agent is required in addition to a large amount of 
polymer precursors as well as extensive reaction times.

Electrochemical processes induce polymerization by 
applying current through a system composed of CPs placed 
upon a conductive substrate. Typically, a working electrode or 

Figure 4. Acute neural tissue trauma due to neural probe insertion. Reproduced with permission.[41] Copyright 2015, IOP Publishing Ltd.

Adv. Funct. Mater. 2017, 1703905



www.afm-journal.dewww.advancedsciencenews.com

1703905 (7 of 12) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

substrate is placed into a solution of precursor reagents (i.e., 
monomer and dopant) where an electric current is applied to 
facilitate oxidized cationic radicalization guiding deposition of 
CP on the substrate.[44] Electrochemical polymerization is more 
effective when compared to chemical polymerization due to the 
need of less reagent material.

In order to harness the full capacity of TE/RM strategies 
to design functional neuroprostheses, CPs must transcend 
from thin-film patterning[45] and conductive coatings to addi-
tive manufacturing technologies such as 3D printing. Since 
the first reported bioresorbable CP in 2002,[46] few researchers 
have investigated rendering CPs 3D printable leading to func-
tional electrically conductive bioactive TEC. Recently, Zhao 

et al.[47] published an overview of work related to conductive 
polymer gels (CPGs) which combine the electrical conductivity 
of CPs with the tunability and manufacturability of hydrogels. 
The underlying behavior is analogous to the concept of inter-
penetrated networks (IPNs)[48] where a composite gel system 
exhibits characteristics of the individual components, but 
works synergistically for enhanced functional physicochemical 
behavior.

In the following we will highlight recent work related to 
electrically conductive stretchable electronics with an emphasis 
on manufacturing/3D printing for the development of TEC-
directed implantable electronics. Looking at both sides of the 
BMI-modulated neuroprosthesis, we will also expand the 

Figure 5. CPG/hydrogel interpenetrating network. A) Graphical representation of CPG/hydrogel interactions of an electrically conductive interpene-
trating network. B) A thermoresponsive hydrogel consisting of a CPG crosslinked by phytic acid in poly(N-isopropylacrylamide) (PNIPAM). Reproduced 
with permission.[47] Copyright 2017, American Chemical Society.

Adv. Funct. Mater. 2017, 1703905

Figure 6. Continuous multimaterial extrusion bioprinter. A,B) Schematic illustration of mounted bioprinting head and multimaterial manifold with 
corresponding optical images C,D). Custom extrusion pattern E) and resultant printed multimaterial structure F,G). Graphical representation H) and 
optical image I) of planar circuit with differential luminescence intensities L). M,N) Quantified resistance and luminescence of 2% alginate/carbon 
nanotube bioinks. Reproduced with permission.[51] Copyright 2017, WILEY-VCH.
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discussion to include topical stretchable electronics for PNS 
signal transduction.

5. 3D Printed Implantable and Topical Stretchable 
Electronics

Microelectrode arrays and neural probes are traditionally 
manufactured via lithographic techniques through serial dep-
osition and etching of conductive metals and masking agents 
on planar substrates. Although conductive polymers have 
shown potential to integrate the desired properties of both 
discrete materials, extension to a fully extrudable and 3D 
printable matrix for rapid manufacturing is lagging. One of 
the primary limitations is the chemical and electrical process 
of incorporating dopant material(s). In most circumstances, 
incubation times on the order of several minutes are neces-
sary to achieve the desired electrical properties. In addition to 
incubation time, material viscosity is also of concern where 
CPGs typically require heating for good flow. Wu et al.[49] 
recently 3D printed a self-healing conductive hydrogel based 
on the chemically crosslinkable poly(2-acrylamido-2-methyl 
propane sulfonic acid) semi-IPN originally developed by 
Siddhanta and Gangopadhyay.[50] Although defined and con-
sistent extrusion was achieved after heating (≈90 °C) and 

warm printing (≈60 °C) with retained electrical conduc-
tivity, it was enhanced through the incorporation of activated 
charcoal. Unlike Wu’s single material extrusion platform, 
Khademhosseini and co-workers[51] developed a seven-mate-
rial bioprinter with tunable mixing for graded and functional 
planar constructs (Figure 6).

To this day, few approaches and strategies have been devel-
oped to manufacture free-standing 3D printed electronics 
which satisfy all the above outlined NTE frontiers with respect 
to compliance, biocompatibility, and tissue remodeling. Due 
to the hydrophilic nature and low inherent viscosity of soft 
materials, self-supporting bioprinted structures are few and 
difficult to manufacture. Extensive studies investigating mate-
rial properties including shear-thinning[52] of advanced gel-
like materials and their effects on 3D bioprinting have been 
conducted, yet a few have been applied toward 3D printing of 
functional implantable electronics. One potential 3D printing 
strategy for free-standing/free-forming electronics has been 
illustrated by Bhattacharjee et al.[53] (Figure 7) where granular 
gels consisting of Carbopol ETD 2020 polymer have been used 
as an embedding matrix for printing of high-resolution hollow 
interconnected structures with potential for use as biocompat-
ible biosensors (Figure 7A–C). Although they have yet to realize 
a conductive 3D free-formed structure, studies have printed 
traditional substrate materials including polydimethylsiloxaone 

Adv. Funct. Mater. 2017, 1703905

Figure 7. Free-form printing in granular gel. A–C) 3D printed interconnected hollow branched networks. D) Photocrosslinked linear arrays and cor-
responding skewed optical image E). F) Rheologically different biomaterials printed within a granular gel matrix. Reproduced with permission.[53] 
Copyright 2017, American Association for the Advancement of Science.
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(PDMS) as the granular gel. Notwithstanding, one can envi-
sion depositing dopant/monomer reagents within a granular 
gel containing undoped reagents for precise and controlled 3D 
electronics fabrication thus potentially satisfying a bulk of the 
requirements needed for implantable electrodes.

To further illustrate versatility and manufacturability, com-
mercial photoinitiators and rheologically disparate biomaterials 
have also been incorporated to add shape and volume mainte-
nance combined with biocompatibility of 3D printed structures 
(Figure 7D–F).

Figure 8. 3D printed tactile sensor. A) Schematic rendering of tactile sensor. B) Corresponding SEM images of top (left), coiled stretchable sensor 
layer (center), and full assembly (right). C) Mounted tactile sensor placed superficial to the radial artery (left) with corresponding resting pulse (center) 
and accelerated pulse postexercise (right). D) Representative current changes of mounted sensor upon pressing (left), bending (center) and mounted 
upon the fingertip. Reproduced with permission.[55] Copyright 2017, WILEY-VCH.
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Although improvements have been made in this area, fur-
ther concerted efforts must be placed toward the development 
of evermore functional materials as well as bioprinting tech-
nologies which will allow for highly reproducible, long-term func-
tional and deployable devices.

Considerable advancements have been made in the area of 
3D printed wearable electronics. Although less rigorous design 
and material requirements are needed, wearable electronics 
must still exhibit certain characteristics including mechanical 
flexibility, scalability, integration with the dermis as well as 
be durable enough to endure day-to-day activities. Herein, we 
will focus on 3D printed wearable electronics with integrated 
haptic response for wireless BMI/BCI-control. Unlike trans-
cortical neural probes which acquire afferent signals through 
intimate contact with individual neurons or neural networks, 
surface electromyography (SEMG) is traditionally used for 
signal acquisition by wearable electronics. In 2000 Hermens 
et al.[54] published a seminal paper standardizing SEMG sen-
sors which resulted in a list of parametric design considera-
tions including electrode diameter (<10 mm), interelectrode 
distance (<20 mm) and sensor orientation (along long axis of 
muscle) with the goal of better signal-to-noise ratio and signal 
detection.

Recently, Guo et al.[55] developed a 3D printed stretchable 
sensor for tactile signal acquisition (Figure 8). Briefly, the con-
ductive ink was composed of submicrometer-sized silver nano-
particles embedded within a room temperature curable silicone 
elastomer[56] and evaluated for extrudability at varying concen-
trations up to 86 wt%. A sacrificial layer consisting of a curing 
retarder and thickening agent provided structural support for 
the overhanging top electrode.

In addition to 3D printing doped elastomeric materials, 
liquid metals have also been used in the development of tac-
tile sensors as well as integrated antennae for wireless data 
transfer.[57] As highlighted by Dickey, although liquid metals 
(i.e., gallium) are in abundance naturally they cannot be mined 
directly as they exist predominantly as impurities in other 
metals, therefore scalability is largely unattainable with these 
versatile materials.

6. Clinical BMI/BCI-Modulated Neuroprosthesis

As an exemplary illustration of clinical neurotechnology, 
Wodlinger et al. utilized two 96-electrode microarrays similar to 
those shown in Figure 3h for signal acquisition and calibration 
of a 10 degree-of-freedom modular prosthetic limb (MPL) on 
a 52-year old tetraplegic patient up to 280 d. The results illus-
trated accelerated learning of the patient with increasing MPL 
degrees of freedom[58] as well as enhanced dexterity after virtual 
reality training. Therefore, emphasis has begun to be placed 
on the importance of visual context for proprioception[59] as 
well as sensory feedback (i.e., haptic response) as an integral 
component of manual dexterity and object handling[58,60] in 
BMI/BCI-modulated neuroprostheses. Through the use of 3D 
printing and functional materials, a wide range of possibili-
ties exist for systematic integration of the distinct components 
related to neurotechnology. Although, we are far from realizing 
a technology which will satisfy all seven principles of clinical 

translation, much progress has been made. Standardization 
of testing protocols, 3D printing methods/technologies, and 
implementation are lacking and need to be addressed in order 
to move forward.

7. Future Perspectives

Genuine unmet medical needs persist in virtually every domain 
of brain and nervous system disabilities, including: Alzheimer’s 
disease, addiction, anxiety, depression, epilepsy, multiple scle-
rosis, obesity, pain, Parkinson’s, spinal cord injury, stroke, 
schizophrenia, sleep disorders, and traumatic brain injury. 
Henceforth, neuroscience is now moving from basic to transla-
tional science now defined as neurotechnology. In this feature 
article, we argued for the convergence of tissue engineering and 
its multidisciplinary disciplines into neurotechnology. When 
viewed separately, the technological innovations reviewed and 
discussed will not dramatically improve disease diagnosis and 
therapeutic effectiveness of brain and nervous system disor-
ders. Therefore, investigating them unconnectedly would be 
an oversight. Initiatives such as BRAIN and the Human Brain 
Project spurred research in the fields of neuroscience and tech-
nology facilitating global collaborations. Further technological 
advancements purveyed through programs such as the Defense 
Advanced Research Projects Agency funded Neuro Function, 
Activity, Structure, and Technology (NeuroFAST)[61] which 
highlight limitations with regard to real-time functional record-
ings with increased spatiotemporal resolution as well as the 
integration of functional and cognitive data within a closed-loop 
system. To drive the breakthrough treatments that will truly 
transform neurotechnology in the years to come biomaterial 
scientists, tissue engineers and neurotechnologists should be 
motivated to think through what will advance as the savoir faire 
to collaborate and build multidisciplinary teams which translate 
the innovations from bench to bedside.
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