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Abstract 
Advancements in biomedical engineering have improved medical technology by 

redefining surgical standards and developing medical devices to carry out complex repairs 

at a tissue level; however, effective surgical management for segmental defects (nerve 

gaps) in peripheral nerves clinically, remains a challenging endeavour. Traditional nerve 

gap management surgical techniques cannot bridge longer defects effectively, while 

contemporary techniques using a variety of nerve conduits to facilitate nerve regeneration 

have consistently failed to reproduce reliable results. One of the root causes of these 

inconsistent results lies in the nerve’s inability to regrow expediently after injury and 

hence the ‘slow rate of nerve regeneration’ is one of the main factors in unsuccessful nerve 

gap management. 

This situation demands a satisfactory approach to address the aforementioned problem. 

In the past, researchers have attempted to increase the growth rate of axons by stretching 

them mechanically outside the body and have proved that axons can respond to 

mechanical stimulus where their growth rate depends on the type and degree of 

mechanical strain. These promising findings, however, are difficult to translate to in-vivo 

applications, because stretching a nerve in-vivo is not analogous to pulling it ex-vivo, 

and need appropriate resources to provide such translation, which limits the effectiveness 

of this technique clinically. 

This thesis aimed to address the slow rate of peripheral nerve regeneration post-trauma 

and presents a solution to expedite nerve growth rate. During this research work, a novel 

method of stretching a whole nerve in a conduit using a controlled negative pressure 

(vacuum) was developed. The rationale behind proposing negative pressure as a 

stretching agent was that, it would promote angiogenesis by drawing more blood, from 

the microvessels coursing in the epineurium, to nourish growing sprouts of axons. 
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Appropriate bioengineering tools were fabricated to carry out the in-vivo nerve stretch 

which included building a vacuum generating device (nerve stretcher) and fabricating a 

synthetic T-shaped conduit to hold and stretch the transected nerve stumps using the 

generated vacuum. 

Firstly, safe limits of applying vacuum to nerve stumps were ascertained during a pilot 

study on cadaveric rats (Chapter 3), where, a surgical procedure was also developed to 

implant T-shaped conduits, and ability of the nerve stretcher in generating a stable 

vacuum was tested at various vacuum levels. Secondly, the developed technique for in-

vivo nerve stretching was then preliminarily tested on live rats (Chapter 4) and based 

on the experimental observations, the strategy for implanting the nerve conduit for a 

longer post-surgical period was revised. Finally, the modified approach was tested on 30 

rats to study the in-vivo mechanotransduction effect of the injured peripheral nerves in 

response to vacuum. These in-vivo experiments involved transecting sciatic nerves of 

rats, placing the respective nerve ends into T-shaped conduits and then applying vacuum. 

Nerve stumps were tractioned at various negative pressure levels for seven days. After 

seven days, nerves were excised, and each nerve stump was sectioned and stained using 

histological and immuno-histochemical staining methods, slides were analysed 

qualitatively and quantitatively to measure the extent of nerve growth in response to 

negative pressure. 

 

The results of in-vivo nerve stretch-growth showed that the three treatment groups 

displayed better outcomes in terms of absolute growth of nerve stumps, higher rates of 

angiogenesis, and a greater quantity of nissl substance in cytoplasm over the control 

group. First, absolute growth of the nerve stumps in all three treatment groups provided 

direct quantitative evidence of enhanced growth in sciatic nerves in response to 

mechanical stress acting in the form of negative pressure. Second, a higher quantity of 

blood vessels in the treatment group confirmed the efficacy of negative pressure in 
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promoting angiogenesis. Third, the presence of nissl substance in greater amounts in the 

treatment groups signalled that the effect of nerve injury has started to resolve (on injury 

to a nerve, neurons deploy macrophages to clear up the cell debris to make room for 

Schwann cells that perform myelination of axons). During result analysis, each treatment 

group was compared against each other and the control group, and it was found that a 

negative pressure of 20 mmHg displayed the most superior outcomes, favouring both 

nerve lengthening and angiogenesis. The results of this research work successfully 

justified the hypothesis of this thesis (Chapter 2), that an in-vivo application of negative 

pressure acting directly to transected rat sciatic nerves will enhance nerve regrowth by 

promoting angiogenesis and nerve lengthening. 
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Chapter 1: Introduction  
 

The human nervous system is divided anatomically into the central nervous system 

(CNS) and a peripheral nervous system (PNS). The CNS consists of the brain that resides 

inside the cranium and the spinal cord, a continuation of the brain, lying inside the 

vertebral column, while the PNS contains a network of 43 pairs of peripheral nerves that 

connect the brain and spinal cord to the entire human body. The primary function of 

the PNS is to mainly serve as a relay between the CNS and the rest of the body. Figure 

1.1 shows a vertebral column, made of 33 vertebrae, encasing the spinal cord. Each 

vertebral level gives rise to a pair of spinal nerves. These spinal nerves form further 

branches and act as physical links between the CNS and body. 

 
 

 

Figure 1.1. A cross-sectional view of a vertebral column showing a spinal cord and a 

pair of spinal nerves. Source: Adapted from [1]. 
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1.1 Structure of a peripheral nerve 

Peripheral nerves may contain sensory, motor, and autonomic neurons (axons). Sensory 

neurons, also known as afferent neurons, take messages from receptors in the body to the 

CNS by a process called sensory transduction, motor neurons are involved in conveying 

the CNS’s decisions to effectors (e.g., muscles), whereas autonomic neurons control 

internal organs of a body. Peripheral nerves are encased in a protecting covering called 

the epineurium. In general, a peripheral nerve contains many fascicles and blood vessels. 

The fascicles are surrounded by a protective covering called the perineurium. Inside a 

fascicle, there are axons (or fibres) bathed in endoneurial fluid and are protected by a 

protective sheath called the endoneurium. These axons are either myelinated or non-

myelinated, as shown in figure 1.2. The myelin sheath is formed by glial cells (Schwann 

cells) and provide nutrition support, and offer insulation which in turn increases the 

speed at which information passed through the myelinated axon [2]. 

 

 

Figure 1.2. Peripheral nerve anatomy. Source: Adapted from [3]. 
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1.2 Peripheral nerve injuries 

A peripheral nerve may be damaged due to diseases, such as diabetes and cancer, but 

most commonly through trauma, where nerves may be stretched, crushed, or lacerated, 

in accidents such as a sports injury or a motor vehicle accident. A peripheral nerve injury 

affects the ability of CNS to communicate with the region of the body that it innervates. 

Regardless of the cause, the result is always a loss in function of the nerve, manifesting 

as pain, numbness, or weakness in the affected area. Such conditions often lead to palsy 

if they persist for longer periods. 

Peripheral nerve injuries (PNIs) range from mild to severe. Mild injuries are more likely 

to heal faster even without surgical intervention, while severe injuries, where full recovery 

may not resolve, generally require surgical intervention. Early diagnosis and treatment, 

in some cases, can prevent complications and permanent injury. Broadly speaking, PNIs 

are classified into three main categories [4] - neuropraxia, axonotmesis, and neurotmesis, 

primarily based on the extent of damage to axons and surrounding connective tissue 

layers, as shown in figure 1.3. 

 

 

Figure 1.3. Classification of peripheral nerve injuries. Source: Adapted from [5]. 
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Figure Explanation: (a) A healthy nerve fibre. (b) Neuropraxia: A nerve fibre in 

compression (c) Axonotmesis: A nerve fibre with lost axon but intact myelin sheath (d) 

Neurotmesis: A nerve fibre showing degeneration of nerve tissues and formation of a 

segmental defect. 

1.2.1 Neuropraxia 

Neuropraxia is the least severe type of PNIs and is characterised as a temporary 

interruption of nerve conduction without loss of axonal continuity. Blunt injury or focal 

pressure on the nerve is the leading cause of neuropraxia. Recovery of nerve conduction 

deficit is complete once the cause has been removed (refer to table 1.1). Examples of this 

type of injury include entrapment neuropathies, such as carpal tunnel syndrome, and 

Saturday night palsy (a radial nerve paralysis) [6]. 

1.2.2 Axonotmesis 

This nerve injury involves loss of the relative continuity of the axon along with myelin, 

but the connective tissue that forms the basic framework of the nerve remains preserved. 

An intense blunt injury is usually the causing agent. There is no nerve conduction 

(transmission of the information through the axon) distal to the site of injury. Axonal 

regeneration occurs, and recovery is possible without surgical treatment; there may be a 

residual deficit. Full recovery is expected but may take weeks to months (refer to table 

1.1). Examples of this type of injury include birth-related brachial plexus injury. 

1.2.3 Neurotmesis 

Neurotmesis is deemed to be the most severe type of PNI and is characterised by 

complete physiologic disruption of the entire nerve fibre. It is a total severance or 

disruption of the whole nerve fibre involving demyelination and complete disconnection 
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of nerve transmission. Usually, violent injuries are the cause of neurotmesis. Surgical 

intervention is necessary to repair the nerve, and full recovery is improbable. The healing 

process is prolonged, and sometimes, due to the lengthy recovery period, the affected 

muscles never regain full functionality. 

With damage to peripheral nerves, sensory and motor deficits arise. These include but 

not limited to abnormal sensation, spontaneous or evoked sensation, total loss of 

sensation, and loss of muscle movement. All these problems collectively lead to long-term 

disability, financial burden, and contribute to poor quality of life [7]. The rate of recovery 

from nerve injuries depends on the extent of nerve damage and is described in table 1.1. 

 
Table 1.1. Seddon's classification of nerve injuries and recovery times [8]. 

Degree of Nerve 
Injury 

Recovery potential 
Rate of 
recovery 

Surgery 

Neurapraxia Full Up to 12 weeks None 

Axonotmesis Slow / Incomplete 1 mm/day Neurolysis 

Neurotmesis None None 
Neurorrhaphy, 
Grafting, Nerve 

conduits 
 

1.3 Peripheral nerve repair techniques 

PNIs, whether mild or transient, are likely to impact a nerve’s function. Among the 

spectrum of nerve lesions, complete nerve transection (neurotmesis) is the most severe 

as it involves forming segmental defects in affected nerve fibres, causing a discontinuity 

of electrical transmission, and thereby making the affected region dysfunctional. This 

form of nerve trauma invariably warrants surgical intervention to bridge the gap between 

the transected ends. Under the regime of surgical solutions for repairing completely 
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transected peripheral nerves, direct suturing, grafting, and nerve entubulation are the 

most common techniques in practice. 

The main purpose of all nerve gap repair techniques is to reapproximate the transected 

nerve ends to facilitate nerve continuity. For the sake of simplicity, nerve repair 

techniques are grouped into the following two categories: 

 Traditional nerve repair techniques, and 

 Contemporary nerve repair techniques. 

 

Traditional Nerve Repair Techniques 

1.4 Microsurgical neurorrhaphy 

Microsurgical neurorrhaphy, also known as nerve anastomosis and nerve coaptation, is 

the process of joining the two ends of a transected nerve by microsurgery, usually with 

the use of fine sutures. Based on the surgical method adopted to repair a transected 

nerve, anastomosis can further be subdivided into end-to-end and end-to-side 

anastomosis. 

1.4.1 End-to-end anastomosis 

End-to-end anastomosis, also known as direct suturing, is the most straightforward 

surgical method of peripheral nerve repair. This technique is used to repair a nerve if 

both the proximal and distal nerve stumps can be re-anastomosed without traction force. 

In this technique, the transected nerve stumps of a nerve are stretched to bring them 

closer in order to eliminate the gap between them and connected using sutures, as shown 
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in figure 1.4. The strength of the repair is directly correlated to the number of sutures 

used. 

 

 

Figure 1.4. A schematic showing (a) end-to-end nerve anastomosis, and (b) end-to-

side nerve anastomosis. 

1.4.2 End-to-side anastomosis 

End-to-side anastomosis involves joining the distal stump of a transected nerve to the 

trunk of an adjacent donor nerve when the proximal stump of an injured nerve is 

unavailable [9]. Partial neurotomy of the donor's nerve provides a gateway for 

regeneration axons to enter with minimal effort in the donor's nerve. However, unlike 

end-to-end anastomosis, end-to-side nerve anastomosis is not always favoured and has 

not been widely adopted clinically because of the morbidity associated with the donor 

nerve and the inconsistent outcomes with regeneration [10]. 

1.4.3 Shortcomings of neurorrhaphy 

The application of microsurgical neurorrhaphy is limited to smaller nerve gaps, i.e., gaps 

up to 10 mm. In practice, if the nerve stumps of a transected nerve cannot be coaptated 

without undue tension in the repaired nerve segment, the formation of a neuroma in the 

proximal stump will result [11]. Moreover, undue tension in the repaired nerve often leads 
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to delayed-union, which may inhibit the growth of regenerating axons, prolonging the 

healing period and hence, impacting the quality of repair [12]. For safe neurorrhaphy, a 

mere 10% tension of the total nerve length is considered as a safe limit; otherwise, the 

capillaries within the nerve may shrink and reduce the blood flow by 50% [13]. 

Another limitation with neurorrhaphy is the nerve’s reaction to suture material that can 

lead to further scarring and neuroma development. Synthetic sutures may induce 

considerable fibrotic and inflammatory reactions, which could severely hamper nerve 

regeneration [14]. Moreover, sutures are often unable to seal the nerve properly; thus, 

they are incapable of preventing the leakage of important intraneural fluids from the 

regenerating nerve. 

1.4.4 Anastomosis using fibrin-glue 

The use of fibrin-glue (bio-glue) in nerve anastomosis has reduced the complication 

associated with suturing. Narakas revived the use of fibrin glue in nerve repair, and since 

then, its use has steadily gained popularity in nerve anastomosis [15]. It was found that 

nerve repair performed using fibrin glue produced less inflammation than the nerve 

repairs performed with micro sutures alone [16]. Fibrin glue provides adequate strength 

to hold nerve ends together, and nerve anastomosis using this glue considerably reduces 

the repair time, which is an important factor in the management of nerve injuries [17]. 

However, the outcomes still appear inferior in terms of electrophysiology and histological 

criteria compared to the surgical standard [18,19]. 

1.5 Nerve grafting 

Neurorrhaphy is not always possible, especially for bridging larger nerve gaps (30 mm); 

so in the case of severely lacerated nerves, grafting is the most indispensable and clinically 

adopted method. A graft is a nerve segment taken from a healthy donor nerve (commonly 
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sural nerve) which is used to replace or bridge an injured portion of the nerve under 

repair, as illustrated in figure 1.5. The availability of graft in a variety of lengths and 

diameters to meet a range of gap lengths and anatomical needs have made them the gold 

standard for repair of irreducible gaps [20]. Based on graft material, nerve grafting is 

divided into the following types. 

 

Figure 1.5. An illustration of nerve grafting technique. Source: Adapted from [21]. 

Figure Explanation: (a) A section of an undamaged nerve is cut out from a donor 

nerve. (b) A damaged section from the nerve being repaired is removed. (c) The nerve 

is stitched in place, and the patient’s nerve cells grow through it, restoring movement.  

1.5.1 Autografts 

Autografts, also known as autologous grafts, are pieces of nerves harvested from one’s 

own body used to bridge nerve gaps. Autografting is superior to any other graft material 

because they are immunogenically inert. The use of autograft has been reported to bridge 

medium (38 mm) [22] to large gaps (100 mm) [23] in human nerves successfully. 
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1.5.2 Vascularised grafts 

The use of vascularised motor nerve grafts was first reported by Taylor in 1976 with 

encouraging preliminary results [24]. Doi and colleagues [25] recommended the use of 

cadaveric sural nerve as a free vascularised graft for bridging gaps larger than 20 mm. 

However, Shibata et al. [26] employed vascularised nerve grafts to repair a rabbit’s 

median nerve and found no significant difference in terms of conduction velocity, 

compound action potential area, axon diameter, and muscle weight compared to control 

(autografting). 

1.5.3 Skeletal muscle graft 

Skeletal muscle tissue contains longitudinal basal lamina with an extracellular matrix 

that possesses the ability to direct and enhance regenerating nerve fibres. Coaxially 

aligned, freeze-thawed skeletal muscle autografts, in the repair of transected peripheral 

nerves have shown promise in restoring lost sensation in the repaired nerves [27]. Norris 

and colleagues [28] confirmed the efficacy of coaxial autografts of thawed skeletal muscle 

while repairing the injured digital nerves in eight patients. Sensory category S3+ was 

observed in all nerves eleven months postoperatively and appeared advantageous over 

conventional nerve grafts. Gattuso et al. also reported the use of thawed skeletal muscle 

grafts in the repair of a transected primate median nerves where nerve conduction across 

the graft and muscle activation was seen five months postoperatively. Histological 

analysis showed nerve fibres and new functional neuromuscular junctions, which 

confirmed the effective reinnervation of target muscles [29]. 

However, a number of studies have reported negative outcomes, where the muscle grafts 

revealed a high proportion of connective tissue infiltration, and inferior axon counts and 

myelination, [30,31] assumed to result from the tubular architecture of laminin within 

the graft which doesn’t support the viability of Schwann cells. 
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1.5.4 Acellular grafts 

Acellular grafts, processed allografts, decellularised grafts, and cold preserved grafts are 

commercially available processed nerve grafts in the form of a 3D scaffold. The 

preparation of acellular graft involves several steps of decellularisation and modification 

of extracellular matrix such as the addition of chondroitin ABC lyase to degrade neurite 

growth inhibitors such as chondroitin sulphate proteoglycans. Off-the-shelf availability 

of these grafts nowadays has increased their use in peripheral nerve repair because of 

decreased donor site morbidity (associated with autografts) and reduced operative time. 

Moreover, since these grafts are washed several times during their preparation, this has 

solved the problem of immune rejection and minimised the need for host 

immunosuppressive agents. 

Moore and associates [32] compared cold preserved, detergent processed, and AxoGen® 

nerve grafts with nerve isograft (a graft taken from a donor where the donor is genetically 

identical to the recipient) to repair a 14 mm defect in rat sciatic nerves. AxoGen® and 

cold preserved allografts resulted in significantly fewer regenerating nerve fibres. 

Moreover, detergent processed allografts displayed equivalent levels of motor recovery 16 

weeks postoperatively when compared to isografts. Cho et al., [33] also favoured the use 

of processed nerve grafts as an effective method to reconstruct gaps between 5 to 50 mm 

in peripheral nerves with outcome comparable to standard nerve autografting. 

1.5.5 Shortcomings of nerve grafting 

Like neurorrhaphy, nerve grafting also comes with some inherent limitations including 

donor site morbidity; graft rejection if donor's nerve is sourced from cadaveric tissue; 

inadequate return of sensory and motor function, aberrant regeneration, and inadequate 

muscle re-innervation. Therefore, the shortcomings of both microsurgical neurorrhaphy 
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and nerve grafting have placed a demand for the development of alternate techniques to 

repair large gap PNIs. 

 

Contemporary Nerve Repair Techniques 

1.6 Nerve entubulation 

Nerve entubulation is the process of encasing a transected nerve in a nerve conduit in 

order to create a favourable environment for axons to regenerate. Therefore, nerve 

conduits essentially provide a bridging scaffolding for regenerating nerve fibres without 

necessitating graft material, as shown in figure 1.6. Fundamentally, a nerve conduit 

allows the proximal nerve stump to grow and orientate toward the distal nerve stump in 

a guided manner. 

 

 

Figure 1.6. An illustration of a nerve entubulation technique. Source: Adopted from 

[34]. 
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Nerve conduits are commonly derived from biological material such as veins, gut fibres, 

and skeletal muscles, or manufactured from a variety of biocompatible materials. 

Therefore, nerve conduits can be classified as degradable and non-degradable conduits 

depending on the nature and source of material used in their fabrication. Nerve conduits 

are credited with providing several benefits such as enhancing nerve regeneration, 

mitigating scar tissue development, and preventing the leakage of intraneural fluid. 

However, due to the lack of any clinical standard, selecting the most suitable nerve 

conduit remains contentious and relies on the surgeons’ clinical judgment. Nerve repair 

using conduits is typically employed when the end-to-end distance between nerve stumps 

is greater than 10 mm, although once gaps reach 30 mm, outcomes using conduits is 

generally poor [12]. 

1.6.1 Non-degradable conduits 

The use of non-degradable conduits dates back to the 1980s. These conduits are derived 

from natural resources or synthesised from a variety of polymers. Among the non-

degradable conduits, silicone and latex conduits, sourced from natural rubber, have 

demonstrated neurological recovery superior to autograft repairs [35], while regeneration 

in silicone conduits showed outcomes comparable to suture repair across a 10 mm gap 

two months postoperatively [36]. A polytetrafluoroethylene (ePTFE) conduit was 

reported to be beneficial in bridging a gap of 29 mm in a human ulnar nerve, where the 

patient achieved excellent motor and sensory recovery [37]. In a poly-hydroxyethyl-

methacrylate (pHEMA) conduit, axonal regeneration was comparable to autografting in 

a 10 mm gap repair in rat sciatic nerves, but signs of calcification were noted [38]. 

Unlike degradable materials, non-degradable materials are often non-permeable and, 

thus, isolates the repaired nerve from its neighbouring tissue. Moreover, non-degradable 

material may induce inflammation due to its lack of biocompatibility and, hence, requires 

removal once nerve regeneration is achieved. For instance, silicone conduits are known 



36 
 

to cause fibrosis when allowed to remain in-situ over six months  [39]; unfortunately, this 

limits the effectiveness of such nerve repair. 

1.6.2 Degradable conduits 

The use of degradable conduits in repairing longer segmental defects has increased in 

popularity as they are, at least theoretically, superior to non-degradable conduits because 

of their ability to self-degrade and reabsorb, thereby eliminating the need for surgical 

retrieval. These benefits, among others, have increased the motivation to test other 

natural materials to support nerve regeneration. 

Collagen, a structural protein, and chitosan, a linear polysaccharide, have recently 

attracted attention due to their biocompatibility, biodegradability, ease of manufacture, 

and unique physicochemical properties [40,41]. Initially, both appeared to have only a 

limited benefit on nerve regeneration [42,43], probably due to the lack of advanced micro-

manufacturing technologies, but now their use appears indispensable. Collagen conduits 

are known to promote nerve regeneration by increasing re-myelination and neurite 

extension in rats and improving lost sensation in humans, compared to nerve grafting 

[44]. Collagen conduit also appears to produce significantly higher axon counts and 

myelin density compared to autografts [45] across a gap of 20 mm in a rat sciatic nerve. 

Chitosan conduits have demonstrated favourable physiological environments for nerve 

generation [46,47] and help bridge gaps more efficiently when cross-linked with dibasic 

sodium phosphate [48]. Although both chitosan and collagen conduits show promise in 

smaller gap repairs, their ability to support nerve regeneration in large gaps (> 30 mm) 

appears less favourable [49]. 

Nerve conduits made up of Poly ε-caprolactone (PCL), and poly L-lactide-co-ε-

caprolactone (PLCL) were used to bridge nerve gaps of 5 mm, 15 mm, and 45 mm in 

rats’ sciatic nerves. Nerve regeneration and functional recovery were observed for the 5 

mm and 15 mm sized defects six months post-repair, but due to PCL’s mechanical 
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stiffness; the 45 mm defects failed to produce any functional recovery [50]. Nerves 

repaired by PCL conduits in humans showed an improvement of sensation in affected 

patients at least comparable with the nerve grafts [51]. 

Nerve conduits made of biodegradable thermoplastic polymers like poly-glycolic acid 

(PGA) and poly-lactic acid (PLA) have demonstrated successful recovery of sensory loss 

in humans, increased diameter of regenerated fibres in rabbits, and superior functional 

outcomes in rats compared to direct suturing. Successful recovery of sensory loss in 

lingual nerve repairs in humans, with gaps of 50 mm, was achieved using a PGA conduit 

[52]; however, functional recovery was inconsistent. Moreover, PGA repairs were found 

to be functionally equivalent to direct suture repairs [53], although myelinated axons 

were significantly larger than those repaired by nerve grafting [54]. PGA conduit also 

reported a successful functional recovery in a dog phrenic nerve with a gap of 80 mm 

[55]. 

Similarly, using a PLA conduit to repair 20 mm gap in rabbit sciatic nerve was 

successfully bridged four months postoperatively. The diameter of the regenerated fibres 

continued to increase while the conduit degraded over 18 months [56]. However, when 

repairing larger (30 mm) gaps, there were no significant benefits compared with the 

control group (nerve grafting) in terms of mean fibre diameter, amplitude and conduction 

velocity [57]. PLA conduits, therefore, may be considered superior to nerve grafting only 

for smaller nerve gaps (<30 mm). 

A variety of other biodegradable nerve conduits have reported yielding promising results. 

A poly-3-hydroxybutyrate (PHB) nerve conduit supported nerve regeneration in a 40 

mm gap in a rabbit common-peroneal model, with a significantly higher number of fibres 

compared to nerve grafting group [58]. Functional recovery upon repairing of a 30 mm 

gap using a poly 3-hydroxybutyrate-co-3-hydroxy valerate (PHBV) conduit was also 

reported superior to nerve grafting [59]. A nerve conduit manufactured from freeze-dried 

alginate gel covered by PGA mesh was found to be beneficial in improving functional 
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recovery across a 50 mm gap in cat sciatic nerves 13 weeks post-implantation, and the 

conduit degraded completely with minimal inflammation [59]. Figure 1.7 shows that for 

bridging longer nerve gaps, degradable nerve conduits are the better choice than non-

degradable conduits. 

 

 

Figure 1.7. The graphical representation of the potential of degradable and non-

degradable conduits in bridging a variety of gap lengths. 
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1.7 Use of physical therapeutic agents to 
promote nerve regeneration 

It is evident that nerve conduits are being widely utilised to reconstruct large gap nerve 

defects; however, no clinically available conduits are known to guarantee full 

functionality. Subsequently, this has made the reconstruction of larger nerve defects a 

significant clinical challenge. Many commercially available conduits are unable to sustain 

nerve regeneration across defects longer than 30 mm because of limitations in their 

fabrication, short degradation times, and imprecise mechanical properties. Advances in 

biomedical engineering and the discovery of physical therapeutic agents (PTAs) have 

made noticeable progress in restoring the functionality of repaired peripheral nerves. The 

use of PTAs involves the systematic application of various sources of energy, near or 

around the injury site. The extracorporeal use of PTAs has recently gained much 

popularity in clinical practice. These therapeutic tools are believed to accelerate 

peripheral nerve regeneration by mitigating the loss of muscle function and up-regulating 

growth factors at the injury site. 

1.7.1 Electrical and magnetic stimulation 

The topical use of controlled electric fields to excite nerve growth rates in order to 

increase the number of regenerating axons has been reported widely. The ethos behind 

the application of electrical stimulation (ES) is to promote functional recovery and 

reinnervation. The ES technique has many clinical applications and is being used in 

neuromuscular reinnervation and to accelerate wound healing [60]. Recent attempts have 

been made to engineer electrically conductive conduits by embedding electrodes and 

carbon nanotubes (CNT) in their structures to increase the regrowth rate of the motor 

axon. Conduits with embedded gold electrodes in thin polyimide films have been reported 

to maximise axonal sprouting [61]. Studies have demonstrated that a weak electric field 
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enhances neurite outgrowth both in-vitro [62,63] and in-vivo [64,65]. Electrical 

stimulation at 20 Hz for 1 hour was found to promote motor axonal regeneration in-vivo 

[66]. Interestingly, electrical stimulation (0.1 ms square pulse at 20 Hz) of a rat femoral 

nerve for 1 hour, even before repairing a gap of 2 mm using a polyethene conduit, resulted 

in accelerated functional recovery and increased the soma size of regenerated 

motoneurons, which indicates that they are projecting correctly; however, the axonal 

thickness and myelination density of the regenerated axons remained inferior to those of 

controls [67]. One hour of ES is reported to accelerate both axonal regeneration and 

preferential motor reinnervation in a rat femoral nerve transection model [68]. A rat 

sciatic nerve with 15 mm gap, repaired using a perforated chitosan conduit, displayed 

better electrophysiology and functional recovery than did the control when electrically 

stimulated for 1 hour at 20 Hz shortly after repair [69]. In a comparative study, a daily 

15-minute percutaneous application of low-frequency ES (1 mA at 2 Hz) from 1–6 weeks 

post-surgery resulted in a greater number of myelinated fibres, higher axon density, and 

a higher ratio of blood vessels compared to the control group [70].  

Similar to ES, daily exposure to 400 electromagnetic pulses per second for 15 minutes 

resulted in a greater number of myelinated nerve fibres [71]. A weak magnetic field (0.5 

mT, 50 Hz) when applied for four hours daily starting at three weeks post-repair, helped 

to attain a high functional recovery after 32 weeks [72]. Similar results were found using 

a weak electromagnetic field (0.3 mT, 2 Hz) while repairing transected sciatic nerves 

using a chitosan conduit [73]. 

However, some studies have reported that electromagnetic and ES therapies have 

negligible and/or negative effects on nerve regeneration [74,75], while increased 

neuromuscular activity due to ES can reduce sprouting in partially denervated muscles 

and, thus, be detrimental [76]. The use of ES after facial nerve repair made no statistical 

difference in terms of functional recovery between a control and treatment group [77]. 

Similarly, the use of a static electromagnetic field did not enhance the regeneration of a 
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resected median nerve inside a biodegradable polymer conduit in sheep [74]. ES is also 

reported to produce poorer outcomes due to tissue degeneration and distal stump fibrosis 

[78]. These disparate findings suggest that ES and electromagnetic therapy could have 

different effects, thus necessitating protocols to prevent detrimental stimulation [78]. 

1.7.2 Ultrasound therapy 

Ultrasound (US) therapy is believed to facilitate nerve regeneration after peripheral nerve 

injury by reducing pain, which appears dependent on its ability to limit the upregulation 

of the neurokinin-1 receptor, substance-P, tumour necrosis factor-α, and interleukin-6 

around the injured nerve [79]. The use of US therapy at an intensity of 1.6 µW/m2 for 

20 min/day for 12 days demonstrated an increased number and size of regenerated axons, 

as well as improved myelination in rat sciatic nerves compared to control [80]. Similarly, 

using a conduit manufactured from PLGA to bridge a gap of 10 mm in a rat sciatic 

nerve, and then using US therapy (1 MHz, 4×10-3 W/mm2) for two minutes once per 

week for eight weeks revealed that axons reached the distal stump faster than those in 

the control group [81]. 

1.7.3 Laser therapy 

Laser therapy involves irradiating an area of tissue with a beam of low-energy photons 

to raise the temperature of damaged tissue, thereby increasing neuronal activity, and 

promoting healing. It is reported to have a protective and immediate effect in maintaining 

the functional activity of injured nerves by decreasing scar tissue formation and 

significantly increasing axonal growth [82]. Similarly, one hour of optical treatment of an 

injured sciatic nerve, even applied prior to repair, can help to attain a significantly higher 

evoked electromyography response in rats [83]. 
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Low-level laser therapy (660 nm aluminium gallium indium phosphide laser at an energy 

density of 0.576 J/m2), focused on an injured nerve for 30 min immediately after surgery, 

resulted in successful regeneration across a 15 mm gap in a rat sciatic nerve repaired 

with a biodegradable nerve conduit [84,85]. Furthermore, transcutaneous laser therapy 

for nine consecutive days (5 min/day at an energy density of 96 µJ/m2) resulted in a 

significantly higher sciatic functional index and improved functional recovery 12 weeks 

after implantation. Contrary to this, the use of low-level laser therapy (aluminium 

gallium arsenide; 660 nm, 40 kJ/m2, 26.3 mW, beam area of 63 mm2) on a rat sciatic 

nerve did not aid functional recovery [86]. 
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Chapter 2: Research Problem and 
Proposed Solution 
 

Peripheral nerve injuries remain a significant source of chronic morbidity, disability, and 

economic burden. Nerves that experience neurotmesis regenerate poorly, and invariably 

never regain proper function. Even with the aid of nerve conduits, injured nerves require 

months to years to heal [87]. The literature review (Chapter 1) has revealed that for 

significant segmental nerve defects (i.e., gaps longer than 30 mm), the use of physical 

therapeutic agents (PTAs) such as electrical stimulation, electromagnetic excitation, 

ultrasound, and laser therapy, alongside nerve entubulation may provide improved nerve 

regeneration [7]. However, conduits, in conjunction with PTAs, do not always produce 

reliable results with respect to functional recovery [74,78]. It is noteworthy that many 

studies using nerve conduits intergrated with PTAs have not translated into clinical 

trials.  

Effective long gap management for nerve repair at the clinical stage is still a challenging 

task. Traditional nerve gap management techniques simply cannot bridge longer nerve 

gaps effectively, while contemporary techniques have consistently failed to reproduce 

reliable results. One root cause for ineffective nerve gap management lies in the nerve’s 

inability to regrow expediently after injury. Even under favourable micro-conditions, the 

rate of nerve regeneration appears not to exceed 1 mm/day [88]. This dilemma demands 

a novel nerve gap management technique to expedite nerve regeneration- a technique 

that is easy to adapt clinically. There is also a need for exploring new PTAs to speedup 

nerve regeneration. 
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2.1 Hypothesis 

A hypothesis is developed to address the slow nerve regeneration process: “An in-vivo 

application of negative pressure acting directly to transected rat sciatic nerves will 

enhance nerve regrowth by promoting angiogenesis and nerve lengthening”. 

2.2 Basis of the hypothesis 

The following are the logical pieces of evidence that form the basis of this hypothesis. 

 Embryonic stretch-growth of peripheral nerves. 

 Ex-vivo axonal stretch growth. 

 Negative pressure wound therapy. 

2.2.1 Stretch-growth of phrenic nerve 

The first evidence that a nerve fibre responds to a stretching force comes from the natural 

stretch-growth of a phrenic nerve. During embryogenesis, the septum transversum 

(future diaphragm) receives its nerve supply from the cervical spinal segments, C3, C4, 

and C5, as shown in figure 2.1. When the embryo undergoes longitudinal folding in a 

later stage of development, it increases the distance between the diaphragm and its neural 

origin, therefore, leading to elongation of its nerve supply [89]. In other words, as the 

head (cranial) and tail (caudal) ends of the embryo move together, the precursor of the 

diaphragm (septum transversum) moves from the neck region of the embryo, inferiorly, 

to the superior abdomen where it resides in the adult. This migration pulls the cervical 

nerves (phrenic nerve) that innervate the diaphragm along with it thus generating 

tension on the developing phrenic nerve. Thus this implies that the phrenic nerve is 

forced to lengthen, in response to stretching force in order to maintain its integrity. 
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Figure 2.1. An illustration of the development of the diaphragm (septum transversum) 

from its embryonic origin. Source: Adapted from [89]. 

2.2.2 Ex-vivo axonal stretch growth 

Cellular response to mechanical stimuli, also known as mechanotransduction, plays a 

vital role in nerve growth and development. Once neurons reach their respective targets, 

further growth depends on mechanical forces that generally arise as the organism grows 

[90,91]. Soon after Paul Weiss coined the term ‘towed-growth’ and described the 

possibility of axonal stretch-growth [92] in-vitro, the response of axons to mechanical 

stretch has been reported continually in the literature. 

Many ex-vivo pioneer studies at tissue level have demonstrated that axons produced 

impressive growth under the effect of purely mechanical tensile forces [93]. For instance, 

dorsal root ganglion neurons from a chick embryo were stretched at a rate of between 

0.04 and 0.17 mm/hour to achieve a 1 mm axonal extension after 24 hours without 

detrimental outcomes of stretch [94]. A linear relationship was found between tension 

and growth rate when chicken neurons were subjected to an axial tensile force [95,96]. 

Neurites of pheochromocytoma (PC-12) cells also showed a linear relationship between 

axial tension and induced strain with a high degree of reproducibility [97]. Similarly, 
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stretching primary rat cortex neurons at 0.042 mm/hour over 10 days, produced a 10 

mm increase in their overall length [98]. 

Axonal stretch-growth studies were employed ex-vivo, but to the best of our knowledge, 

studies investigating in-vivo nerve stretch-growth is absent. The underlying reason is 

that in-vivo axonal stretch-growth is challenging because of the difficulty of stretching a 

whole nerve, in-situ, without inflicting further nerve injury. This challenge is the main 

motive of developing and devising a method to mimic axonal stretch-growth at an in-

vivo level. 

2.2.3 Negative pressure wound therapy 

Negative pressure wound therapy (NPWT) provides a continuous or intermittent 

application of vacuum (negative pressure) to the surface of a wound that improves the 

wound environment, accelerates healing, and reduces wound closure time. Studies on 

vacuum applications in animals have shown an increase in blood flow, rate of granulation 

tissue formation, and cellular proliferation [99,100]. The effectiveness of this method 

appears to be associated to NPWT’s ability to maintain a stable physiological 

temperature and humid micro-environment, which facilitates cell proliferation and 

migration, promoting angiogenesis and breakdown of necrotic tissue [101]. Due to the 

enormous benefits of NPWT, it was decided to use negative pressure (vacuum), as a 

stretching force, to induce stretch-growth of transected peripheral nerves. 

2.3 Aims 

The broader aim of this research is to address the slow rate of peripheral nerve growth 

by: 
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 Developing a methodology to translate ex-vivo axonal stretch-growth to in-vivo 

nerve stretching and developing appropriate resources/tools to make this 

translation possible. 

 Using the devised methodology, applying the negative pressure for in-vivo nerve 

stretching and observing its effect on nerve regrowth. 

Each aim will be elaborated in the coming chapters. 

2.4 Thesis organisation 

Chapter 1 

Chapter 1 presents a short description on peripheral nerve anatomy and peripheral nerve 

injury classification, aetiology, and consequence, followed by a comprehensive literature 

review on available nerve gap management techniques and the effectiveness of using a 

nerve conduit for bridging significant nerve gaps in conjunction with physical therapeutic 

agents. 

Chapter 2 

Explains the current research problem associated with peripheral nerve regeneration, 

proposes a solution to address the problem effectively, defines objectives and goal of 

research investigation, and explicitly outlines the aims, and research hypothesis of the 

project. 

Chapter 3 

Explains the research methodology used to address the research problem and presents a 

prototype of a nerve-stretching device (nerve stretcher). The prototype of the device was 

used to carry out a pilot study in which the performance of the device was tested and a 
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surgical method to implant a T-shaped nerve conduit in the rat for holding transected 

nerve stumps of a sciatic nerve was underpinned. From the prototype, a nerve stretcher 

(V 1.0) was built, and experiments were carried out on alive rats to test the performance 

of the devised methodology. In a few rats, the nerve stumps slipped out of their conduit, 

and subsequently, the technique to secure nerve stumps in the conduit was further 

revised. 

Chapter 4 

Explains the detailed development of the nerve stretcher (V 2.0) and its integration with 

the internet-of-things platform. A web-based user interface was designed to control the 

nerve stretcher remotely, and the device was equipped with an animal monitoring system 

for the welfare of rats. The nerve stretcher V 2.0 was used to study the effect of different 

level of negative pressure (vacuum) on the regrowth of transected sciatic nerves of Wistar 

rats (in-vivo experiments). 

Chapter 5 

Chapter 5 explains the process of nerve tissue processing, tissue staining and analyses, 

and the microscopic findings of the in-vivo research work. The outcome of these staining 

methods was analysed by performing qualitative and quantitative analysis. The results 

are reported at the end of each staining method. 

Chapter 6 

Chapter 6 outlines the conclusion and presents a discussion on the overall project. The 

limitations of this study are also reported here, along with directives for future work. 
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Chapter 3: Research Design and 
Methodology 

 
In this chapter, an inherent problem of peripheral nerve, i.e., the slow rate of nerve 

regeneration is addressed. Here a novel way of achieving a faster regrowth rate of 

transected peripheral nerves by using a controlled negative gauge pressure (vacuum) has 

been proposed. If successful, this method will revolutionise surgical therapeutics in 

peripheral nerve repair and enhance nerve growth rate that will lead to a paradigm shift 

in nerve repair techniques. 

3.1 Nerve stretch-growth 

As discussed in chapter 2, axons ex-vivo respond to mechanical stimulus and can be 

stretched mechanically to increase their growth rate. The stretch-growth of axonal tracts 

ex-vivo and their transient lengthening has been discussed in the literature extensively; 

however, evidence of in-vivo investigations is scarce. Stretching axons, although practical 

ex-vivo, is more challenging in-vivo due to the difficulties of applying in-situ axial tensile 

forces. 

Here, a technique has been developed to apply axial tensile forces to a peripheral nerve 

in-vivo. A device has been constructed, called a ‘Nerve Stretcher’, which uses negative 

gauge pressure to pull sectioned nerve stumps together within a nerve conduit. The 

present study is a proof of concept to translate the idea of stretching individual axons 

in-vitro [90,94,102] to stretching an entire nerve in-vivo. 

So, this chapter briefly explains: 
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a. The development of a device (nerve stretcher) that can provide such translation 

and, 

b. Presents a pilot study with an in-vivo experimental model to investigate a feasible 

way of applying negative pressure to stretch whole sectioned peripheral nerves. 

3.2 Project division 

The project is divided into the following three main tasks: 

1. Measuring the tensile strength of a rat sciatic nerve. 

2. Designing and fabrication of a nerve conduit for holding nerve stumps in order to 

allow them to stretch unidirectionally. 

3. Development of a nerve stretching platform. 

3.2.1 Tensile testing of rat sciatic nerve 

The very first step in this project was to get an estimation of how much stress a rat’s 

sciatic nerve can endure without being damaged. For this, sciatic nerves (n = 12) were 

excised from fresh cadaveric Wistar rats (figure 3.1 a). The length and diameter of each 

nerve fibre were measured using ImageJ_1.52a [103]. Both ends of a nerve were wrapped 

in a cotton gauze swab to avoid non-uniform gripping (figure 3.1 b), and the nerve was 

immobilised between two mechanical clamps in such a way that the final length between 

the two clamps was 10 mm (figure 3.2). 
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(a)     (b) 

Figure 3.1 (a) An excised sciatic nerve. (b) The nerve ends are wrapped in cotton gauze. 

 

Petroleum jelly was applied to the nerve to avoid desiccation. A tensile testing machine 

(TytronTM 250, MTS Systems Corporation, USA) was calibrated at ±25 N and ±2.5 N 

according to the manufacturer's guidelines before testing. The nerve sample was 

elongated to failure at a strain rate of 10 mm/min as shown in figure 3.2 (a), and a force-

extension graph was obtained as shown in figure 3.2 (b). 

 

 

(a) 
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(b) 

Figure 3.2. (a) Tensile testing of a rat’s (Wistar) sciatic nerve. (b) A force-extension 
curve of a nerve. 

 
 

By knowing the diameter of the nerve, stress and strain values for each sciatic nerve were 

derived. The yield strength was taken as a threshold for applying negative pressure to 

nerve stumps. The yield strength values for all the nerves tested were plotted, as shown 

in figure 3.3, and the results were summarised in table 3.1. The mean value of yield 

strength was calculated to be 1.77 ± 0.584 N/mm2, which was close to the values of 2.5 

N/mm2 [104], and 2.72 N/mm2 [105] reported in the literature. According to the results 

of current testing, 1.77 ± 0.584 N/mm2 is the maximum stress a sciatic nerve of a Wistar 

rat can withstand; values exceeding this could irreversibly damage the nerve physically 

and should be avoided. 
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Figure 3.3. The yield strength of the rat’s sciatic nerve. 

Table 3.1. Tensile testing of the sciatic nerves. 

Nerve 

sample 

Nerve 

diameter 

(mm) 

Cross-sectional 

area (mm) 

Max. 

Force (N) 

Yield strength 

(N/mm2) 

1 1.4 1.5394 2.77 1.81 

2 1.2 1.131 1.583 1.40 

3 1.3 1.3273 1.924 1.45 

4 1.1 0.9503 1.254 1.32 

5 1.5 1.7671 3.728 2.11 

6 1.0 0.7854 0.871 1.11 

7 1.5 1.7671 4.311 2.44 

8 1.0 0.7854 0.714 0.91 

9 1.4 1.5394 3.355 2.18 

10 1.6 2.0106 5.589 2.78 

11 1.2 1.131 1.561 1.38 

12 1.4 1.5394 3.431 2.23 
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3.2.2 Fabrication of a nerve conduit 

In the second phase of this project, a nerve conduit was constructed using silicone tubing. 

There was a need for such a conduit to hold the sciatic nerve stumps while applying the 

axial stretching force (negative pressure) to them. Subject to the available space at the 

implantation site, i.e., space beneath the gluteal musculature of Wistar rat, a T-shaped 

conduit aligned well with the course of the sciatic nerve. Made-to-order medical grade 

silicone tubing (Jehbco Manufacturing Pty Ltd., Brookvale, Australia) with an outer 

diameter and wall thickness of 2.7 mm and 0.75 mm respectively, was used to 

manufacture a T-shaped conduit. 

The silicone tubing was cut into two pieces of unequal lengths of 40 mm and 260 mm, 

respectively. A hole (1.2 mm in diameter) was drilled in the middle of the 40 mm tubing 

piece to make the crossbar of the conduit (figure 3.4 a), and one end of the longer piece 

(260 mm) was glued to crossbar in such a way that it covered the hole completely (figure 

3.4 b). A metallic wire was passed through the crossbar and across the joint to ensure 

there was no blockage at the junction. Finally, the nerve conduit underwent a bubble 

detection test (n = 100) at 100 mmHg to ensure no leakage across the T-junction. 

 

 

Figure 3.4. A T-shaped nerve conduit (The tail section is not fully shown.) 
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3.2.3 Developing a nerve stretcher prototype 

The proximal nerve stump, having the natural ability to regenerate under a favourable 

micro-environment, was desired to be stretched in a T-shaped silicone conduit. So far, a 

T-shaped conduit was manufactured to hold sciatic nerve stumps, and the tensile 

strength of a sciatic nerve of a Wistar rat has been estimated to calculate the safe limits 

of applied vacuum. Now a platform was needed that could develop a controlled negative 

pressure into a vacuum chamber, which when applied through the nerve conduit could 

be used for nerve stretching. 

In order to build a prototype, a mini diaphragm pump (BTC IIS, Parker Hannifin Co., 

Cleveland, USA) operating at 12 Volts and capable of producing a vacuum (negative 

gauge pressure) of 580 mmHg was acquired. The pump was connected to an acrylic 

vacuum chamber (V.A.C. Freedom 300 mL Canister, KCI Medical Ltd, Dublin, Ireland) 

via a silicone tube (Jehbco Manufacturing Pty Ltd., Brookvale, Australia). The T-shaped 

nerve conduit, which was fabricated earlier, was used for nerve housing, and its tail was 

connected to the vacuum chamber. The vacuum chamber incorporated a sachet of silica 

gel to absorb any moisture/fluid entering in it, and the level of negative pressure was 

monitored by an integrated vacuum sensor (MPXV6115V, NXP Semiconductors, Inc. 

Eindhoven, Netherland) and maintained at a specified level by a microcontroller 

(Arduino Mega 2560, Arduino LLC, Italy). 

Since the vacuum sensor was an analogue sensor, it produced a continuous output signal 

(voltage) proportional to the level of negative pressure inside the vacuum chamber, which 

was then converted to a digital signal by the microcontroller using its built-in analogue-

to-digital converter (ADC). The microcontroller also provided a useful platform to 

control and drive various devices such as a vacuum pump, solenoid valve, and a graphics 

display. Figure 3.5 shows a prototype of a nerve stretcher. 
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Figure 3.5. A prototype of a nerve stretcher developed on a breadboard. 

 

3.2.4 Characteristics of the prototype system 

The resolution and accuracy of the system depend on the ability of the: 

 ADC to detect the smallest change in voltage being measured by it (i.e., sensor’s 

output voltage), also known as the resolution of the ADC. 

 Vacuum sensor to detect/measure a smallest possible change in the quantity of 

vacuum, also known as sensitivity of the vacuum sensor. 

 Accuracy of the vacuum sensor. 

 
The ADC has 10-bit resolution overpotentials ranging from 0 to 5 volts, so the resolution 

of the system can be calculated by using the following equation. 

 Resolution = (Ref. Voltage)/ (Resolution of ADC) 

 Resolution = (5 V)/ (1023 steps) = 0.0048 V/steps 
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Thus, the system's resolution is 4.88 mV. In other words, the ADC would not discern a 

change in input to less than 4.88 mV. A vacuum of 50 mmHg and 150 mmHg was 

generated in the vacuum chamber, and the sensor’s output voltages were recorded for 

these two pressures and found to be 4.34, and 3.83 volts respectively. A line graph was 

plotted using these values, and the sensitivity of the sensor was determined by finding 

the slope of the line shown in figure 3.6 (a) and found to be 5.101 mV/mmHg. This 

means that the output of the vacuum sensor changes by 5.101 mV when the input 

quantity (negative pressure) changes by 1 mmHg. 

 

 

 (a)       (b) 

Figure 3.6. Measuring the (a) sensitivity and (b) accuracy of the system. 

 
Accuracy of the system which is the deviation in actual output from nominal output over 

the entire pressure range, and greatly depends on linearity, temperature and pressure 

hysteresis of the vacuum sensor, was measured using a digital manometer (Omega 

Engineering Inc. Norwalk, USA) having 0.25% full-scale terminal point accuracy, (more 

details in section 4.3.2) and the error in pressure measurement was plotted as shown in 

figure 3.6 (b). The graph (figure 3.6 b) shows that the system prototype has a maximum 

deviation of ±2.94 mmHg while measuring a vacuum over its entire range. The 

characteristics of the system (prototype) are provided in table 3.2. 
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Table 3.2. Characteristics of the prototype system. 

Characteristic Typ Unit 

Supply voltage (VIN) 20 V 

Resolution 4.88 mV 

Vacuum range 0 to 580 mmHg 

Sensitivity 5.101 mV/mmHg 

Pressure error ± 2.94 mmHg 

3.2.5 Programming of the system 

The device was programmed through a custom control module written in the C-language 

using Arduino IDE (refer to Appendix A1 for Arduino code). The desired level of negative 

pressure (Pr) can be set using the onboard pressure knob, and the device can be controlled 

using the control buttons, as shown in figure 3.5. Upon turning the device ON, the 

microcontroller initialised by sending a signal to the solenoid valve, which let filtered air 

enter the vacuum chamber allowing the pressure inside the vacuum chamber to reach 

atmospheric pressure. This one-time step at device start-up is crucial as the initial 

pressure level inside the vacuum chamber provides a reference point for automatic 

calibration of the vacuum sensor. The microcontroller then repeatedly performs the 

following tasks, as illustrated in figure 3.7: 

 Polling the vacuum sensor to measure the level of negative pressure in the vacuum 

chamber. 

 Comparing the current level of negative pressure (Pc) in the vacuum chamber 

against the desired level (Pr). 

 Turning the vacuum pump on or off as required to maintain a steady state of 

negative pressure in the vacuum chamber. 
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The negative pressure (Po) generated in the vacuum chamber was then utilised for nerve 

stretching. The system prototype was named ‘Nerve Stretcher’. 

 

Note: In this thesis, negative pressure (vacuum) means negative gauge pressure, i.e. sub-

atmospheric pressure. So, a negative pressure (vacuum) of 20 mmHg means 20 mmHg 

less than 760 mmHg (Standard atmospheric pressure). 
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Figure 3.7. The basic working principle of a system prototype (Nerve Stretcher). 

(Black lines represent electrical signals, while blue lines represent negative pressure flow) 
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3.3 Pilot study 

A pilot study, a requisite step in any research process, was carried out to examine the 

performance of the newly built prototype of nerve stretching platform. A total of five 

freshly euthanised Wistar rats were used to qualify the performance of the prototype of 

the nerve-stretching device. All surgical procedures were carried out according to an 

animal ethics protocol approved by Griffith University (NRS/01/17/AEC). These 

experiments were carried out proactively to ensure the feasibility of the surgical 

procedure for implanting the T-shaped nerve conduit, and the threshold of applied 

vacuum to the nerve stumps. 

The fur on the left hind limb (primary surgical area) and cervical region (secondary 

surgical area) of a rat was shaved to expose the skin (figure 3.8 a), entry and exit marks 

for making a subcutaneous tunnel, to accommodate the tail section of the conduit, were 

marked (figure 3.8 b), and a skin incision was made with a surgical blade at both surgical 

areas (figure 3.8 c). The skin incision at the primary surgical area was enlarged (figure 

3.8 d), and the sciatic nerve was exposed in the mid-thigh region (figure 3.8 e). A 

subcutaneous tunnel was developed using a blunt rod end between the two surgical areas 

(figure 3.8 f), and the tail section of the conduit was then pulled through the tunnel. The 

sciatic nerve was gently separated from surrounding tissues and transected (figure 3.8 g). 

The nerve ends were excised off to make a gap between the two nerve ends (stumps) 

(figure 3.8 h). The proximal and distal nerve stumps were inserted into the crossbar of 

the T-shaped conduit (figure 3.8 i). 
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Figure 3.8. Pictorial view of a pilot study on a freshly euthanised Wistar rat. 

 

3.3.1 Applying negative pressure to nerve stumps 

The tail of the T-shaped conduit emerging out of the cervical area (figure 3.8 j) was 

connected to the vacuum chamber, as illustrated in figure 3.9 (a). The device was turned 

and a negative pressure of 10 mmHg, corresponding to an average force of 1.7 mN, was 

applied to the nerve stumps. The whole experimental setup (rat connected with a device) 

was placed in a biosafety cabinet to avoid unpleasant odours (cadaveric rats). 
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Figure 3.9. (a) A T-shape nerve conduit with proximal and distal nerve stumps inserted 

into its crossbar. (b) A line plot is showing the performance of the nerve stretcher in 

maintaining a vacuum. 
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The device was programmed to increase the level of vacuum (Pr) in 10 mmHg intervals 

after every 5 hours, which in turn increased the stretching force applied to the nerve 

stumps. Figure 3.9 (b) demonstrates the performance of the device in generating and 

maintaining a vacuum (Pr) over a fixed interval of time. At a vacuum level of 110 mmHg, 

corresponding to an average force of 18.7 mN, the axoplasmic fluid was observed in the 

crossbar of the conduit. The device was stopped immediately, and by fine-tuning the 

vacuum, the threshold (Pt) was found to be 102 mmHg, corresponding to an average 

force of 17.34 mN, illustrating that in order to avoid the loss of intra-neural fluid and 

subsequent collapse of the nerve’s internal structural framework, the desired pressure 

(Pr) must not exceed limiting pressure (Pt). 

Note: In order to maintain consistency throughout the thesis in reporting the amount 

of force experienced by the nerves, the values are reported in terms of negative pressure 

in millimetre of mercury rather than their corresponding force values in milli-Newtons. 

3.3.2 Analysis of vacuum data 

As the device did not have data storing ability, due to lack of data storage unit attached 

to it, the negative pressure history was continuously retrieved from the serial port of the 

microcontroller, by attaching it to a PC using a USB cable, while the device was in 

operation. The figure 3.10 shows a zoomed-in portion of figure 3.9 (b) and demonstrates 

the performance of the device in maintaining a negative pressure at 40 mmHg in the 

vacuum chamber for the first rat during the pilot study. The device was able to maintain 

the negative pressure with an average of 41.59 ± 2.1 mmHg, which was significantly 

closer to the required pressure (Pr = 40 mmHg). 

 



66 
 

 

Figure 3.10. A zoomed-in portion of the figure 3.9 b showing vacuum at 40 mmHg for 

Rat-I. 

 
The pressure history of all rats (n=5) included in the pilot study at 40 mmHg is shown 

in figure 3.11. Average values of negative pressure for Rat-I, Rat-II, Rat-III, Rat-IV, and 

Rat-V were found to be 41.5±2.14, 42.3±1.96, 42.9±1.55, 41.7±2.15, 42.5±2.04 mmHg 

respectively. The pressure history at other levels (Pr = 10, 20, 30, 50, 60, 70, 80, 90, 100) 

is not plotted here as the data was showing a trend similar to the one reported in figure 

3.11 where all the mean values were significantly closer to their respective required 

negative pressure; however, the values along with standard deviation are reported in 

table 3.3. 
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Figure 3.11. Vacuum history of the rats included in the pilot study (Only vacuum data 

at 40 mmHg is plotted here). 

 
Table 3.3. Mean value of the vacuum data for all the rats included in the pilot study. 

Vacuum 
Level 
(mmHg) 

Average (mean) ± Standard Deviation (SD) 

Rat-I Rat-II Rat-III Rat-IV Rat-V 

10 
10.92 

±2.98 

11.31 

±1.73 

10.87 

±2.12 

12.82 

±1.65 

11.94 

±1.82 

20 
22.59 

±2.14 

23.31 

±1.86 

19.67 

±2.47 

22.34 

±2.64 

21.98 

±1.89 

30 
32.45 

±1.59 

31.68 

±2.31 

32.54 

±1.71 

33.95 

±1.97 

33.46 

±2.11 

40 
41.59 

±2.12 

42.31 

±1.86 

42.76 

±2.65 

41.98 

±2.38 

42.45 

± 2.93 

50 54.12 51.94 52.46 49.74 51.55 
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±2.19 ±2.69 ±2.17 ±2.45 ±2.23 

60 
64.15 

±2.19 

59.88 

±2.22 

63.24 

±2.67 

65.62 

±1.99 

61.89 

±2.43 

70 
71.86 

±2.87 

75.12 

±1.54 

73.45 

±1.23 

71.96 

±3.12 

75.23 

±2.11 

80 
82.33 

±2.13 

82.68 

±2.33 

81.98 

±2.18 

82.86 

±1.89 

84.11 

±1.89 

90 
88.78 

±3.11 

92.64 

±2.34 

92.73 

±2.09 

93.12 

±1.76 

94.05 

±2.05 

100 
101.87 

±3.65 

After observing axoplasmic fluid in T-shaped conduit for the 

1st rat at a pressure greater than 100 mmHg, the other rats 

were experimented at 102, 104, 106, and 108 mmHg to find the 

safe limit (threshold-Pt) of applying negative pressure to nerve 

stumps. 

110 
108.87 

±7.84 

 

3.3.3 Challenges faced during the pilot study 

The experiments performed during the pilot study also addressed the stability of nerve 

stumps inside the crossbar of the conduit. It was speculated that, if the rats were alive 

instead of cadaveric, the nerve stumps would likely have moved out of their prostheses 

which may cause catastrophic failure of the vacuum pump due to continuous leakage 

through the system (continuous running of the vacuum pump would cause overheating - 

a common cause of motor failure and arguably the most difficult to overcome). During 

one experiment, when hind limbs of a rat (Rat-V) were displaced through manual 

manipulation, a continuous leakage through the system was observed, which was an 

indication that the nerve stumps had moved out of the conduit. A further two 

methodological amendments were devised (see section 3.8) to overcome this situation. 
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Another problem was the inability of the device (nerve stretcher) to save its metrics, i.e., 

pressure history of the negative pressure level in the vacuum chamber due to the lack of 

a data storage unit. During the pilot study, it was also noted that the vacuum pump 

produced a loud noise during its operation, which could potentially disturb rats in future 

in-vivo experiments. 

3.4 Designing the nerve stretcher (V 1.0) 

Based on the feedback of the pilot study, the design of the nerve stretcher was modified 

and transferred from breadboard on to a perma-board, as shown in figure 3.12. The 

microcontroller, Arduino, was replaced by a Teensy development board as it was required 

to keep a record of the level of negative pressure in the vacuum chamber. This 

microcontroller has a built-in SD card slot to facilitate storing the nerve stretchers' 

metrics. In addition, it has 16 bit ADC that provides precise control in measuring and 

expressing analogue input voltages to digital signals than 10 bit ADC; however, while 

using the nerve stretcher, the ADC was programmed to run at 12 bit in order to get a 

stable digital output with less noise. 

As the Teensy microcontroller board runs at 3.3 V, and its ADC cannot measure voltages 

higher than 3.3 V, so a vacuum sensor with maximum output voltage up to 3.3 volts was 

used. Moreover, the control buttons were replaced with a rotary quadrature encoder to 

set the desired level of vacuum (Pr), as shown in figure 3.12. 

The vacuum pump was also replaced with a micro-vacuum pump, working at 3 V, to 

reduce the noise level and power requirements to run it. The mono-coloured LCD used 

in the system prototype was replaced with a mini graphics LED to save physical space 

on the perma-board. The vacuum (Po) was recorded every minute on a memory card 

(16GB EVO+, Samsung, Seoul, KR) attached to the controller to keep track of the 
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quantity of the negative pressure. A complete list of improvements made in hardware is 

listed in table 3.4. The characteristics of the nerve stretcher V 1.0 are given in table 3.5. 

 
Table 3.4. List of some major improvements in the design of the nerve stretcher V 1.0. 

Old component (s) Replaced by 
Purpose behind 
change 

Mini-vacuum pump 

 

Micro-vacuum pump 

 

 Reduce the level of 
noise 

 Save physical space 
on perma-board 

Arduino Mega 2560 
Microcontroller 

 

Teensy 3.6 development 
board 

 

Teensy provided a 
built-in SD card slot. 

Breadboard 

 

Permaboard 

 

The prototype was 
converted to the first 
version of nerve 
stretcher. 

Vacuum sensor 

MP3V6115V 

 

Vacuum sensor 

MP3V5050V 

 

Reducing the sensor’s 
output voltage from 5V 
to 3.3 V due to ADC 
limitation. 

Monochrome LCD 
OLED (Organic light-
emitting diode) 

 Save physical space 
on perm-aboard 
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 OLED uses i2c 
protocol to 
communicate with 
the microcontroller. 

Knob (Potentiometer) 

 

Incremental Rotary encoder 

 

To provide digital 
output signal and 
greater accuracy than a 
potentiometer. 

 

 

Figure 3.12. A nerve stretcher developed on a perma-board (V 1.0). 

 
Table 3.5. Characteristics of the nerve stretcher V 1.0. 

Characteristic Typ Unit 

Supply voltage (Vin) 5.5 V 

Vacuum range 0 to 200 mmHg 

Sensitivity 7.2 mV/mmHg 

Pressure error ±2.54 mmHg 
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3.5 Testing the performance of nerve 
stretcher 

A series of experiments was carried out on healthy live rats in accordance with an animal 

ethics protocol approved at Griffith University (NRS/01/17/AEC). A total of nine 

Wistar adult male rats (n = 9), weighing 410 – 500 grams and age ~three months, were 

used in this study to validate the performance of nerve stretcher (V 1.0) in real-time. 

3.6 Pre-surgical preparation 

All surgical tools were autoclaved while the T-shaped nerve conduit was soaked in 100% 

ethanol for five minutes and then flushed with sterile saline (0.9% Sodium Chloride, 

Pfizer Inc., USA). The rats were anesthetised with a mixture of O2/isoflurane (0.5L/1-

3%) at 2% induction and 1% maintenance along with subcutaneous buprenorphine (0.05 

mg/kg SC) injection to mitigate postoperative pain. The surgical sites were shaved, and 

antiseptic iodine (10% Povidone-iodine solution) was applied to the shaved areas. 

The rat was positioned prone onto a sterilised drape over a heat blanket. The stabilisation 

of the hind limb was achieved using an adhesive tape. By using a skin marker (WriteSite 

2900BN, Aspen Surgical Co., USA), three dots were made at the knee joint, hip joint, 

and ischial tuberosity, respectively (figure 3.13 a). A line (L1) was drawn from the hip 

joint to ischial tuberosity. Similarly, another line (L2) was drawn from the midpoint of 

L1 towards the knee joint, perpendicular to L1, representing the course of the sciatic 

nerve. 



73 
 

 

Figure 3.13. Images of the surgical procedure and implantation of the conduit. 

Figure Explanation: (a) An operative technique for exposing the sciatic nerve of a Wistar rat. (b) A muscle splitting approach. (c) A 

retractor was used to widen the surgical area. (d) Crossbar aligned with the resected nerve. (e) Nerve ends (stumps) are inside the 

crossbar of the conduit. (f) An anchor suture at the tunnel’s exit. (g) The tunnel’s exit is protected by a saddle.
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3.7 Nerve transection and conduit 
implantation 

A skin incision was made along the dotted line (L3), starting from the knee joint to the 

ischial tuberosity. The plane between the biceps femoris and the gluteus maximus muscle 

was dissected bluntly using the muscle splitting approach (figure 3.13 b) to reveal the 

underlying sciatic nerve. Retractors were placed beneath the muscles to widen the 

dissected area (figure 3.13 c). The sciatic nerve was gently dissected from the surrounding 

connective tissues with curved scissors and resected using a microblade at its midpoint. 

The nerve ends were further excised to make a gap of approximately 10 mm between 

them, aligned with the crossbar (figure 3.13 d), and finally inserted into the nerve conduit 

(figure 3.13 e). 

A subcutaneous tunnel was developed using a blunt rod starting from the gluteal region, 

travelling subcutaneously, and ending at the cervical region. The tail of the conduit was 

towed into the tunnel and secured to the skin at the tunnel’s exit with an anchor suture 

(figure 3.13 f) to prevent the dislocation of the conduit. The wound was irrigated with 

sterile saline and closed using absorbable sutures (6/0 PDS). A wound dressing spray 

(Opsite, Smith & Nephew, London, UK) was also applied to the surgical areas to 

facilitate wound sterility, prevent maceration, and mitigate contamination. 

The rat was tethered to a cage using a harness (CIH95, Instech Lab Inc., USA) which 

consists of a softly moulded elastomeric saddle with a vented dome that protects the 

cervical region from direct physical access, adjustable belly bands to secure the saddle to 

rat (figure 3.14 a), and a spring stock to protect the externalised silicone tubing and 

transmit torque to a plastic swivel. One end of a silicone tubing was attached to the 

swivel while the other end, passing through the spring and exiting in the dome, was 

connected to the tail of the conduit coming out of the cervical region using a straight 
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tubing-connector (Part No. 11684, Qosina, Corp. Ronkonkoma, USA). The swivel was 

then mounted on a single-axis counter-balanced swivel mount (figure 3.14 b) (CM375BP, 

Instech Lab Inc., Plymouth Meeting, USA), and its other end was connected to the 

vacuum chamber. 

 

(a) 

 

(b) 

Figure 3.14. (a) A rat harness. (b) A swivel attached to swivel mount. 



76 
 

3.8 Applying a vacuum to nerve stumps 

It was expected that the nerve stumps would move out of the conduit in live rats; so, to 

overcome this limitation, the vacuum was applied to nerve stumps using two different 

methods. At this stage, the rats were divided randomly into three equal groups (n = 3). 

All the rats received a continuous vacuum of 10 mmHg for six days, along with the 

following additional treatment to secure/restrain the nerve stumps inside the nerve 

conduit so that they did not slip out during rat locomotion. 

1. Group A: no additional support was provided (Control group). 

2. Group B: the nerve stumps were secured with an epineurial suture at each end of the 

crossbar. 

3. Group C: the same procedure as for group B along with the use of tissue adhesive to 

restrict the gliding of conduit over the soft tissues. 

 
Rats were put in their respective cages, and vacuum (Pr) was applied to the nerve stumps 

and recorded every minute, which resulted in 9640 values at the end of a single animal 

trial. Rats were provided with free access to food and water and exposed to 12 hours of 

light and dark cycles. At sixth day post-surgery, the rats were anaesthetised, and the 

surgical site was re-opened using the same procedure as described in section 3.2. The rats 

were euthanised by subcutaneous lethabarb injection (Virbac Pty Ltd, Milperra, 

Australia) concurrent with isoflurane. 
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3.9 Analysis of vacuum data of live rats 

3.9.1 Analysis of vacuum data of group A rats 

Figure 3.15 shows the vacuum acting on the nerve stumps for the three rats in group A 

(control) whose nerve ends were pulled in the crossbar without additional securing. Once 

the animals awoke from surgery, the nerve stumps dislocated from the conduit - as 

expected, and a significant leak in vacuum was observed. It is apparent that for the first 

and third rats, the vacuum level dropped immediately, while for the second rat, it 

dropped around the 12th-hour post-surgery. The rat 2a also chewed at its primary surgical 

area without showing any sign of fear or distress. 

On examining the re-opened primary surgical site, the proximal, as well as distal nerve 

stumps of the first and third rats, were found out of the conduit. In contrast, only the 

proximal nerve stump of the second rat was seen outside of the conduit. Due to the 

dislocation of the nerve stumps, wound exudate was also sucked from the injury site and 

observed in the conduit’s tail section of all rats. 

 

 

Figure 3.15. The negative pressure history of rats in group A. 
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(Note: The negative pressure was lost for all the rats in group A due to leakage occurred 

when nerve stumps moved out of the conduit). 

3.9.2 Analysis of vacuum data of group B rats 

The nerve stumps of the sciatic nerves of rats in group B were secured to their conduit 

by suturing epineurium (8/0 Nylon) to the ends of the crossbar of the conduit, as shown 

in figure 3.16. 

 

 

Figure 3.16. Group B rats: Epineurial suture at ends of the crossbar. 

 
In figure 3.17, the graphs show a noticeable fluctuation in pressure for all rats in this 

group. For instance, a significant drop in the level of negative pressure was observed for 

rats 1b and 2b (figure 3.17 a-b) throughout the duration of the experiment. This shows 

the inability of the conduit to hold the nerve stumps in their place is a contributing 

factor to this unpredictable fluctuation. On post-mortem examination of these three rats, 
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the distal nerve stumps remained secure in the conduit while proximal nerve stumps were 

found outside the conduit but still attached to the epineurial suture. 

 
For rat 3b (figure 3.17 c), a stable pressure was recorded, and both nerve stumps were 

found inside the conduit on post-mortem. This is correlated to the activity of the animal, 

as rat 3b displayed the least activity for the first three days compared to the others, 

without signs of fear, pain, or abnormal posturing. However, negative pressure data 

showed a considerable deviation from the mean value, suggesting that although epineurial 

sutures may secure the nerve stumps to some extent, they eventually fail after longer 

durations. 
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Figure 3.17. Vacuum history of rats in group B. 

Figure Explanation: (a) and (b) Frequent pressure dropped. (c) The pressure remained stable but, starting from 3rd-day post-surgery, 

fluctuated significantly.



81 
 

3.9.3 Analysis of vacuum data of group C rats 

The rats in group C received the same epineurial suturing as did the rats in group B 

along with additional tissue adhesive. The tissue adhesive (Histoacryl, B. Braun, 

Melsungen, Germany) was used to adhere to the junction of the conduit to adjacent 

tissues in order to restrict the excursion of the conduit during locomotion as shown in 

figure 3.18. 

 

Figure 3.18. Group-C rats: Epineurial sutures along with the use of tissue adhesive. 

 
The additional support that the adhesive provided to the conduit resulted in less 

fluctuation in negative pressure for all the rats in this group. The proximal and distal 

nerve stumps of all the rats were found entirely within their conduits at post-mortem 

examination. Macroscopically, there were no signs of tissue inflammation due to the use 

of tissue adhesive. In general, the rats were found to be healthy and displayed normal 

behavioural signs as specified in the ethics protocol. Figure 3.19 shows the pressure 

history of rats in group C. The means values of negative pressure for the rats 1c, 2c and 
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3c were found to be 12.4±2.02 mmHg, 11.6±3.13 mmHg, and 11.8±2.36 mmHg 

respectively. The values are reasonably close to the desired value (Pr = 10 mmHg), 

suggesting that there was no pressure leakage or slipping of nerve stumps out of the 

conduit. 

 

 

Figure 3.19. The negative pressure history of rats in group C at 10 mmHg. 

3.10 Challenges faced during experiments on 
alive rats 

One of the rats in Group A (rat 1a) tried to chew the silicone conduit by pulling the 

stock-spring in its cage and bit at the tube near the swivel which resulted in a loss of 

negative pressure; however, the problem was promptly rectified. Another rat from the 

same group (rat 2a) started biting at the primary surgical site at the start of 3rd-day 

post-surgery and exposed its conduit. This problem was unexpected exposing the rat and 

could not be rectified because ethics restrictions precluded exposing the rat to a second 

surgery to correct the problem. Therefore, these problems necessitated modification to 
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the surgical procedure (which is discussed in chapter 4). The nerve stretcher was also 

redesigned (Chapter 4) and manufactured on a printed circuit board to accommodate a 

real-time vacuum monitoring facility to get notified of any leakage in the system. The 

next chapter will briefly explain the fabrication of the nerve stretcher and its integration 

with the internet-of-things platform. 

3.11 Summary 

In summary, a method of applying an in-vivo axial tensile force (negative 

pressure/vacuum) to whole nerve stumps from a transected peripheral nerve (sciatic 

nerve) has been presented. A device named the nerve stretcher was designed and 

constructed to apply vacuum in a custom-made T-shaped nerve conduit. Preliminary 

experimentation on cadaveric Wistar rats successfully demonstrated the performance of 

the nerve stretcher in generating and providing a stable vacuum. Further experiments 

on live rats revealed the potential for different strategies to hold the nerve stumps in the 

conduit. The experimental results infer that the strategies used in group A and B were 

not capable of maintaining the nerve stumps in place and they subsequently became 

displaced once rats resumed locomotion. However, as in group C, the stability of the 

nerve stumps was achieved successfully by restricting the degree of freedom of the conduit 

using tissue adhesive; the use of tissue glue facilitated the nerve stumps to remain in the 

conduit which in turn proved to be effective in providing a stable vacuum to the sectioned 

nerve stumps. The observations from the experimental results proposed an effective 

technique to hold nerve stumps in a conduit, demonstrate the effectiveness of the 

developed platform, and provide guidelines for in-vivo nerve stretch-growth study. 

Moreover, the nerve stretcher proved to be a viable option for applying controlled axial 

stress to a peripheral nerve in-vivo. The research findings of the pilot study formed the 

basis of subsequent research (chapter 4) which is aimed at investigating the outcome of 

applying a negative pressure for nerve stretch-growth. 
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Chapter 4: Nerve Stretcher V 2.0 
 

A nerve stretcher, which has been prototyped and extensively tested recently [106], is a 

device that uses a controlled amount of negative pressure to produce axial tensile force 

to pull a sectioned peripheral nerve in-vivo, in a T-shaped nerve conduit, that in turn is 

expected to expedite nerve growth rate. As discussed in chapter 3, a series of experiments 

was carried out to test the performance of the nerve stretcher dynamically in-situ. During 

these experiments, a few challenges necessitated redesigning the device – such as the 

ability to control and operate the nerve stretcher remotely and the addition of a feature 

to monitor negative pressure history in real-time. In this chapter, an improved design of 

the nerve stretcher (Version 2.0) has been presented along with its integration with a 

state-of-the-art online vacuum monitoring facility to control, collect, process, and 

visualise vacuum (negative gauge pressure) data in real-time. 

The current design brings many components of the device from the previous version (V 

1.0) of the device, along with the replacement of micro-controller with one having built-

in WiFi connectivity, an improved vacuum sensor, and a man-machine user interface to 

interact and control the device as well as to monitor stretching force (vacuum) in real-

time. The new platform is also equipped with a webcam-based monitoring system to 

study the animal’s behaviour during experiments remotely. These improvements brought 

a set of new features to the nerve stretcher and made it possible to run it without having 

direct physical access to it over an extended period. 
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4.1 Designing and fabrication 

4.1.1 List of design files 

A description of the design files that were used to program the nerve stretcher V 2.0 is 

provided in table 4.1. These files can be downloaded from the GitHub data repository 

using the following link. 

https://github.com/msanaullahsahar/nervestretcher 

Table 4.1. Design files summary 

Filename File Description 

Firmware.bin A source code to run the nerve stretcher. 

GerberFiles.zip 
Gerber files to manufacture printed circuit board of the nerve 
stretcher. 

comPort.sh A script to find available communication (COM) ports. 

Flasher.sh A script to upload firmware to the microcontroller. 

getEssentials.sh 
A script to download a web user interface for the Nerve 
Stretcher. 

PiCamX.sh A script to install an online animal monitoring system. 

deviceAccessPage.sh 
A script to access the connection setting homepage (WLAN - 
Wireless local area network) created by the nerve stretcher V 
2.0 in order to provide it with internet access. 

 

4.1.2 List of materials 

Table 4.2 shows the list of the material used in the fabrication of a nerve stretcher V 2.0 

and in the development of an animal monitoring system. 

https://github.com/msanaullahsahar/nervestretcher
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Table 4.2. List of materials used in the fabrication of a nerve stretcher V 2.0. 

Designator Component Qty. 

P1, P2, P3, P4 Male header pins 4 

S1 On/Off Pushbutton 1 

S2 Tactile button switch 1 

K1, K2 Normally-open-type, 3 VDC, 10 A 2 

R1, R2, R3, R4 Resistor 10 KΩ 4 

R5, R7 Resistor 1 KΩ 2 

R6, R8 Resistor 120 Ω 2 

C1, C3 Capacitor 0.33 µF 2 

C2, C4, C5, C6 Capacitor 0.1 µF 4 

C7 Capacitor 0.01 µF 1 

C8 Capacitor 1 µF 1 

C9 Capacitor 470 pF 1 

D1, D2, D3 1N4001 diode 3 

J1 DC power connector 1 

U1 Voltage regulator LP2950 CZ-3.0 1 

U2 Voltage regulator L78L33 ACZTR 1 

U4 Microcontroller ESP8266 ESP-12F 1 

Q1, Q2 Transistor BC337 2 

LED1, LED2 5 mm Red LEDs 2 

Valve Solenoid valve (Normally-closed-type) 3V DC 1 

OLED 0.96” Graphic display SSD1306 1 

Pump Micro vacuum pump SC3101PM 1 
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Sensor Vacuum sensor (MP3V5050V) 1 

Shunt Jumper – 2 Pin, 2.54mm pitch 1 

Solder Wire Solder wire 0.6 mm 1 

Canister Vacuum Canister (300 mL) 1 

Tubing Silicone tubing (2 m) 1 

SBC Raspberry Pi 4 (Model B, 4GB RAM) 1 

SD card Micro SD card 16 GB 1 

Power adaptor Wall power supply (5.1V, 3A) 2 

USB to TTL USB to Serial Converter 1 

Webcam Generic USB webcam 1 

 

4.1.3 Circuit schematic of nerve stretcher V 2.0 

The electronic circuit of the nerve stretcher was designed using EasyEDA 

(https://easyeda.com/editor)- an electronic design software. The free version of this 

software is enough for designing a circuit, and it allows easy access to an extensive library 

of electronic components to choose from, converting design schematic to board schematic 

and generating Gerber files necessary for printing a permanent circuit board. The symbols 

and footprints of the required electronics parts listed in table 4.2 were picked from the 

EasyEda library and placed on to its canvas. The connections between the components 

were made according to the circuit schematic, as shown in figure 4.1.
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Figure 4.1. A circuit schematic of the nerve stretcher V 2.0. 



90 
 

The design schematic was then converted to a board schematic board (figure 4.2), and 

the electrical wires were routed using the autoroute facility of the EasyEda. The board 

schematic was inspected for DRC (design-rule-check) errors, and then Gerber files, 

necessary to machine a printed circuit board, were generated. The Gerber files were 

examined for any possible defects using Gerber viewer software (http://gerbv.geda-

project.org) and then sent for printed circuit board manufacturing (JaiLiChuang, Hong 

Kong: https://jlcpcb.com). 

 

 

Figure 4.2. A board schematic designed in EasyEDA. 

https://jlcpcb.com/


91 
 

 

Figure 4.3. A printed circuit board developed from the board schematic. 

 
The device building process started with soldering electronic components onto the printed 

circuit board at their designated places. The through-hole soldering technique was used 

to solder components except for surface mount devices, like microcontroller and vacuum 

sensor, which were soldered using a surface mount technique. Additionally, electrical 

wires were soldered to the terminals of the micro-vacuum pump and solenoid valve, to 

allow convenient connection to their respective male-header pins (P1 and P2). For surface 

mount soldering, the individual pads of the components on the printed circuit board, 

shown in figure 4.4 (a), were cleaned with isopropyl alcohol. Subsequently, a smooth 

coating of solder-flux was applied on the pads, followed by a smooth layer of solder-paste. 

The pads were then heated gently with the tip of a soldering iron (Soldering Iron’s Tip 

Temperature: 250 °C) in order to deposit solder-paste well on them. The components 

were then placed on their corresponding pads, and hot air was blown directly on them 

using a hot-air gun. The remaining parts were placed on their designated location on the 

printed circuit board and were soldered using through-hole soldering technique. The 
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printed circuit board was then cleaned using a bannister brush soaked in isopropyl 

alcohol. 

 

 

(a) 

 

(b) 

Figure 4.4. (a) A printed circuit board is showing metallic pads of a microcontroller 

and a vacuum sensor. (b) The surface mount components (microcontroller and vacuum 

sensor) were soldered using a surface mount soldering technique. 
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Figure 4.5. A complete Nerve Stretcher V 2.0.  

4.2 Software description 

The program to run the nerve stretcher was written and compiled using an Arduino IDE 

(integrated development environment). A web-based user interface to visualise the 

device’s metrics and control its attributes was made using an open-source internet-of-

things (IoT) platform (ThingsBoard, Inc., New York, USA). All the files and scripts 

mentioned in these instructions were downloaded from the data repository (a link is 

provided in section 4.1.1 to download these files) except where stated. 
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4.2.1 Programming the raspberry-pi 

A micro-SD card was flashed with the latest Raspbian operating system  (Raspbian 

buster lite) using Etcher- an image flasher on a laptop running Ubuntu 

(https://github.com/balena-io/etcher). A file (ssh), provided in the repository, was 

downloaded, and added to boot directory (/boot) of the micro-SD card in order to allow 

the incoming connection from laptop to the raspberry-pi. The micro-SD card was ejected 

from the laptop, and the raspberry-pi was powered-on with the micro-SD card inserted 

into its SD-card slot with an ethernet cable connecting raspberry-pi to an internet 

modem. The internet protocol address of the raspberry-pi was obtained from the 

administration homepage of the internet modem/router. The command-line interface of 

the raspberry-pi was accessed on a laptop by using a command (ssh pi@raspberry-pi-

address) in Ubuntu’s terminal. The default username and password, pi and raspberry, 

were used to access raspberry-pi’s command-line interface. After logging-in raspberry-pi, 

Wi-Fi connection settings were adjusted by typing the following commands in the 

terminal. 

 

4.2.2 Programming the nerve stretcher 

In order to upload firmware to the microcontroller of the nerve stretcher V 2.0, ESPtool, 

a python-based utility to communicate with the bootloader in the microcontroller, was 

downloaded and installed by typing the following commands in Ubuntu’s terminal. 

sudo wget 
https://raw.githubusercontent.com/msanaullahsahar/nerve
stretcher/master/wifi-settings.sh 
sudo chmod 7555 wifi-settings.sh 
sudo bash wifi-settings.sh 

https://github.com/balena-io/etcher
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The following steps were performed chronologically. 

 A 2-pin shunt was put on the two pins of the P4 terminal, leaving the first pin 

next to the reset button (S2) untouched, as shown in figure 4.6 (a). 

 A serial converter was connected to the nerve stretcher using UART interface at 

P3. TX, RX, and GND of the serial converter were connected to RX, TX, and 

GND of the nerve stretcher. The serial converter was then inserted into the female 

USB port of the laptop, as shown in figure 4.6 (a). 

 The nerve stretcher was powered through its power jack (J1), and the power 

button on it was pressed. 

 A communication port (COM) scanner script (comPort.sh) was download and 

run in Ubuntu’s terminal, which displayed a COM port number that was required 

in the next step. 

 On the laptop, a script, Flasher.sh, was downloaded and run in Ubuntu’s 

terminal to upload the firmware to the microcontroller. 

 The serial converter and the 2-pin-shunt were removed, and the nerve stretcher 

V 2.0 was restarted.

sudo apt install python3-pip 
sudo pip3 install esptool 
sudo reboot now 
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(a)                                                                           (b) 

Figure 4.6. A nerve stretcher V 2.0 is showing. 

Figure Explanation: (a) configurations required to upload the firmware (b) and a start-up logo during power-on.
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4.2.3 Installation of IoT platform 

An open-source IoT (internet-of-things) platform - Thingsboard necessary to display the 

web user interface of the nerve stretcher was installed on the raspberry-pi. The 

installation of this software was achieved by downloading and installing a script 

(installTB.sh) from the data repository. The installation process was fully automatic, 

and a web-link was displayed at the end of a successful installation to access the platform. 

Finally, a port number 8080 was opened at the router’s level (also known as port 

forwarding) to allow inbound traffic to reach to the IoT platform. 

 

4.2.4 Importing web user interface 

A modular web user interface, designed in json (JavaScript object notation) to control 

the nerve stretcher V 2.0, was imported into the IoT platform. A script 

(getEssentials.sh) was downloaded on the laptop and run in the raspberry-pi’s 

terminal (sudo bash getEssentials.sh). This process generated two files with a name 

dashboard.json and myDevices.csv that needed to be imported in later steps. The IoT 

platform was accessed on the laptop by its URL and default credentials were used for 

signing on the platform (Username: tenant@thingsboard.org, Password: tenant) and 

the web user interface was imported. The detail on how to import the web user interface 

is given in the Appendix A3.

sudo wget 
https://raw.githubusercontent.com/msanaullahsahar/nerve
stretcher/master/installTB.sh 
sudo chmod 7555 installTB.sh 
sudo bash installTB.sh 
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Figure 4.7. A web user interface of the nerve stretcher V 2.0. 
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4.2.5 Online monitoring system 

The aim of the online monitoring of rats during their post-operative period was to observe 

their behavioural responses to stretch on their sectioned nerves and stop the experiment 

if found rats in distress. A video camera, having a standard male USB-type-A port, was 

interfaced directly with the raspberry-pi using one of its four standard female USB-type-

A port. The Motion software (https://motion-project.github.io/index.html) was 

then installed to control the webcam, and images were streamed to the web user interface 

using the iframe attribute of hypertext markup language. Unfortunately, even taking a 

few images/frames at regular intervals resulted in a collection of a large volume of images 

that caused the raspberry-pi to run out of disk space. This challenge was addressed by 

deleting the images from the image directory at regular intervals using a time-based job 

scheduler. The information about the number of images in the image directory was sent 

to the web user interface by message queuing telemetry transport. A script, PiCamX.sh, 

was downloaded and run in the raspberry pi’s terminal to install the online monitoring 

system. 

 

4.2.6 WiFi connectivity for nerve stretcher 

The nerve stretcher was turned on after flashing firmware, and the laptop was connected 

to a WiFi network  nESt-V2 (created by nerve stretcher), and the nerve stretcher’s 

access point connection page was accessed by running a script (deviceAccessPage.sh) 

in the Ubuntu’s terminal. On this page, WiFi configurations for the nerve stretcher were 

performed by selecting a WiFi network to which nerve stretcher was intended to connect 

sudo wget 
https://raw.githubusercontent.com/msanaullahsahar/nerve
stretcher/master/PiCamX.sh 
sudo chmod a+x PiCamX.sh 
sudo bash PiCamX.sh 
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to, supplying a password of the WiFi/router/modem and then replacing the raspberry-

pi-IP-Address with the real IP address of the raspberry-pi. After saving the WiFi 

credentials, the nerve stretcher was restarted, and it displayed a start-up logo, as shown 

in figure 4.6 (b), indicating that it was ready to use. 

4.3 Characteristics of the nerve stretcher V 
2.0 

4.3.1 Leakage rate 

Leakage is unavoidable in a vacuum system, for example, the leakage through the micro-

vacuum pump alone was ~3 mmHg/min according to manufacturer’s datasheet, whereas 

leakage through the remaining components was unknown. We assumed the leakage rate 

of a nerve stretcher was as an aggregate of the leakage through silicone tubing, vacuum 

sensor, and vacuum chamber. To test this, a negative pressure of ~100 mmHg was 

generated in the vacuum chamber, and then the micro-vacuum pump was disconnected 

from its connector (P1) while the nerve stretcher was operated normally, with point-A 

(figure 4.15) fully closed, until the vacuum chamber reached a stable baseline as indicated 

by the curve reaching 0 mmHg. The test was repeated ten times (n=10) on the same 

nerve stretcher, and the pressure history was retrieved and plotted. The leakage rate of 

each observation was calculated by measuring the slope of the curve, as shown in figure 

4.8. 
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Figure 4.8. Measurement of the nerve stretcher’s leakage rate. 

 
Table 4.3 shows the measurement of the slope of the curve (vacuum versus time of each 

observation) for each observation. The average leakage rate, along with standard 

deviation, was plotted in figure 4.9 and found to be 5.7 ± 0.38 mmHg/min, demonstrating 

that 46% of leakage is caused by components outside the micro-vacuum pump. 

 
Table 4.3. The leakage rate of the system. 

No. of observation Leakage rate (mmHg/min) 

1 6.20 

2 5.42 

3 5.35 

4 5.75 

5 6.25 

6 5.65 

7 5.45 

8 5.85 
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9 5.45 

10 5.65 

 

 

Figure 4.9. Leakage rate from the system (Mean + standard deviation). 

4.3.2 Sensitivity and accuracy of nerve stretcher 

The ADC of nerve stretcher V 2.0 has 10 bits resolution ranging from 0 to 5 volts, so the 

resolution of the system is 4.88 mV. This means that the ADC would not discern a 

change in input to less than 4.88 mV. A vacuum of 50 mmHg and 150 mmHg was 

generated in the vacuum chamber, and the sensor’s output voltages were recorded for 

these two pressures and found to be 2.44, and 1.72 Volts respectively. A line graph was 

plotted using these values, and the sensitivity of the sensor was determined by finding 

the slope of the line, as shown in figure 4.10, and found to be 7.2 mV/mmHg. This means 

that the output of the vacuum sensor changes by 7.2 mV when the input quantity 

(negative pressure) changes by 1 mmHg. 
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Figure 4.10. Sensitivity: Output voltage vs. negative pressure. 

 
Although the nerve stretcher V 2.0 was equipped with a factory calibrated and 

temperature compensated vacuum sensor for providing a positive electrical output 

proportional to applied vacuum up to its rated pressure, nevertheless, its accuracy, which 

is the deviation in actual output from nominal output over the entire pressure range, was 

measured using a digital manometer (Omega Engineering Inc. Norwalk, USA) having 

0.25% full-scale terminal point accuracy. A vacuum of 50 mmHg was developed by the 

nerve stretcher in the vacuum chamber and measured using the digital manometer. A 

total of ten observations were made and are reported in table 4.4. 

 
Table 4.4. The experimental data of the pressure error before and after calibration. 

A: Negative pressure of 50 mmHg created by nerve stretcher and measured by digital 
manometer (Pre error correction). 

B: Negative pressure of 50 mmHg created by nerve stretcher and measured by digital 
manometer (Post error correction) 
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Observation (n) A Error = A - 50 B Error = B - 50 

1 54.06 4.06 51.82 1.82 

2 57.68 7.68 52.02 2.02 

3 56.59 6.59 51.31 1.31 

4 57.41 7.41 51.85 1.85 

5 55.12 5.12 51.34 1.34 

6 58.43 8.43 51.68 1.68 

7 57.03 7.03 51.75 1.75 

8 56.28 6.28 52.15 2.12 

9 55.19 5.19 51.63 1.63 

10 56.54 6.54 51.84 1.20 

 

The mean value of the error was calculated to be 6.43±1.33 mmHg, as shown in figure 

4.11. This error was adjusted in the software while programming the nerve stretcher, and 

the same experiment was repeated after performing this software-based error correction. 

 

 

Figure 4.11. Error in pressure measurement before and after calibration of the nerve 

stretcher V 2.0. 
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The graph in figure 4.11 shows that the nerve stretcher had an average deviation of 

6.43±1.33 mmHg while measuring a vacuum over its entire range before error 

compensation, and an average deviation of 1.67 ± 0.3 mmHg post-error compensation. 

The deviation in measurement (pressure error) is illustrated in figure 4.12. 

 

 

Figure 4.12. Accuracy: Pressure error band of the nerve stretcher V 2.0. 

4.3.3 Measurement of noise level 

The noise level of the nerve stretcher was measured using a decibel meter (Integrating 

Sound Datalogger – 850017, Sper Scientific Direct, Scottsdale, USA) having a resolution, 

accuracy, and range of 0.1 dB, ±1.0 dB, and 30 – 130 dB respectively. The nerve stretcher 

was placed in the animal recovery room, 300 mm away from the decibel meter. The noise 

level was then measured at 20 mmHg to 160 mmHg with an increment of 20 mmHg in 

the vacuum (negative pressure) level (n = 10). The mean values were calculated to be 

53.4±1.65, 53.8±1.95, 55.6±1.70, 55.5±1.38, 53.9±2.30, 53.7±1.49, 52.8±1.48, and 

52.7±2.41, respectively, and plotted, as shown in figure 4.13 (a). The line graph in figure 

4.13 (b) shows that noise increased as the device started creating a vacuum and kept 

increasing until the vacuum reached 60 mmHg. It then slowly started to reduce and 

reached to 52 dB at 160 mmHg. The nerve stretcher produced maximum noise at 60 

mmHg. The characteristics of the nerve stretcher V 2.0 are summarised in table 4.5. 
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                         (a)                                           (b)   

Figure 4.13. (a) Mean values of noise level at different levels of vacuum. (b) A line 

graph is showing a trend of noise level against the vacuum level. 

 
Table 4.5. Characteristics of the nerve stretcher V 2.0 

Characteristic Value Unit 

Supply voltage 12 V 

Supply current 0.4 A 

Resolution 4.8 mV 

Vacuum range 0 to 200 mmHg 

*Accuracy 1.67 ± 0.3 mmHg 

Sensitivity 7.2 mV/mmHg 

Pressure error 1.1±0.31 mmHg 

Leakage rate 5 mmHg 

Noise level 55 (300 mm away) dB 

Life test 50 – 80 hours (running continuously) 

 
Note: Accuracy of nerve stretcher V 2.0 is subjected to the accuracy of the digital 

manometer used for calibration. 



107 
 

4.4 Nerve stretch-growth study 

4.4.1 In-vivo experiments 

A nerve stretch growth study was carried out using 30 adult male Wistar rats and using 

the surgical procedure described earlier [106]. (Although a request was made for 120 rats, 

the numbers were limited by the animal ethics, who considered the novelty and higher 

degree of invasiveness to allow a lower number of animals. Ethics approval is attached. 

Refer to Appendix C). The rats were divided into two main groups: a control group and 

a set of treatment groups having 6 and 24 rats, respectively. The treatment groups were 

divided into three groups: Group A (20 mmHg), Group B (40 mmHg) and Group C (60 

mmHg) based on the intensity of the vacuum applied for nerve stretch-growth with eight 

rats in each group, as shown in figure 4.14. 

 

 

Figure 4.14. Division of the rats in various groups. 

 

Total Rat

n = 30

Control Group

(No Pressure)

n = 6

Treatment Group

(Variable Pressure)

n = 24

Group A

(20 mmHg)

n = 8

Group B

( 40 mmHg)

n = 8

Group C

(60 mmHg)

n = 8
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The control group was given the name ‘K’. Each treatment group was tested with 

different negative pressure to observe the effect of different pressure (vacuum/negative 

pressure) on nerve stretch growth. Each rat was assigned a name for identification 

purposes (during data analysis) according to a nomenclature RXY, where ‘X’ was the rat 

number, and ‘Y’ corresponded to the name of the rat’s group. For instance, R2K means 

the second rat of the control group. A total of four surgeries were performed every week 

for six weeks and then three surgeries for the next two weeks, as shown in table 4.6.  

 
Table 4.6. A scheme of performing surgeries on rats. 

Note: There were six rats in the control group and eight rats in each of the treatment 

groups. A () means surgery was performed on rats, and the opposite was true for (). 

Weeks 
Control Group 

K 

Treatment Group 

Group A Group B Group C 

1     

2     

3     

4     

5     

6     

7     

8     

 

Note: As negative pressure of greater than 102 mmHg was found to be detrimental, and 

the adequate quantity of negative pressure for nerve stretching was unknown, so instead 

of making a single treatment group, it was decided to make three smaller groups and use 

a different level of negative pressure over a range below the identified threshold of 102 
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mmHg for each of them. Subsequently, negative pressures 20, 40, and 60 mmHg, 

corresponding to a stretching force of 3.4 mN, 6.8 mN, and 10.2 mN respectively, were 

chosen for groups A, B, and C, respectively. 

 

Some additional suspensory skin sutures were used to restrict the gliding of the tail of 

the T-shaped conduit in subcutaneous tunnels, as shown in figure 4.15. A short video 

showing the modified surgical procedure is available at 

(https://youtu.be/fs9r0zykJco). 

 

 

Figure 4.15. A modified surgical procedure. Suspensory skin sutures were used to 

restrict the gliding of the tail of the T-shaped conduit in the subcutaneous tunnel. 

 

Figure 4.16 shows an experimental setup used for the in-vivo nerve-stretch growth study. 

In this setup, the vacuum chamber is connected to the micro-vacuum pump, solenoid 

valve, and vacuum sensor through its input ports, while the output port of the vacuum 

chamber is connected to the top port of swivel via a silicone tube. A second silicone tube, 

connected to the lower port of swivel, passing through a spring stock, and finally exiting 

https://youtu.be/fs9r0zykJco
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in a vented dome reaches to point-A (figure 4.16). The spring protects the silicone tube 

from animal chewing and transmits torque to the swivel which is mounted on a single-

axis counter-balanced lever (Instech Lab Inc., Plymouth Meeting, United States). Four 

such experimental setups were developed. 

 

 

Figure 4.16. An experimental setup for in-vivo nerve stretch growth. 

 

As explained earlier, four surgeries were performed every week (one rat from each group), 

and for each rat, the end of the silicone tubing at point-A was connected to the tail of 

the T-shaped conduit exiting the rat’s cervical region, as shown in figure 4.17, using an 
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elbow-shaped tubing connector. This means that each rat had its own dedicated 

experimental setup. 

 

 

 
Figure 4.17. The tail of the T-shaped conduit coming out of the cervical region was 

connected to the silicone tubing coming out of spring in rubber dome with the help of an 

elbow-shaped connector. 
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4.4.2 Applying negative pressure to nerve stumps 

The nerve stretchers of each rat from the treatment groups were connected to the wall 

power supply via its power adaptor and turned on to supply negative pressure in order 

to stretch the nerve stumps, while the rats from the control group received no vacuum. 

Each experiment was continued for seven days (The length of the experiment was limited 

to seven days by the ethics committee), and it required eight weeks to complete all 

experiments. Figure 4.18 shows a rat in its cage during nerve stretch growth experiments. 

 

 

Figure 4.18. A rat (R3A) in its cage during nerve stretch growth experiment. 

 
During the experiment, the nerve stretcher was set to record the amount of negative 

pressure (vacuum) in the vacuum chamber (and acting on the nerve stumps) after every 

six hours. This resulted in a collection of twenty-eight such observations for each 

experiment. At the end of the in-vivo experiment, the rats were euthanised, by intra-

peritoneal lethabarb injection while anaesthetised with isoflurane, according to ethics 

guidelines, their conduits along with nerve stumps were retrieved for histological analysis 

(more detail in chapter 5), and the vacuum sensor data of each rat was retrieved from 

the database of the nerve stretcher. 
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The vacuum sensor data for all the rats belonging to the treatment group was statistically 

analysed using GraphPad Prism 8.3.0 (GraphPad Software, San Diego, USA) and mean 

values of negative pressure along with standard deviation for each rat are reported in 

table 4.7 and plotted as shown in figure 4.19. 

The negative pressure data was again analysed group-wise, and the mean values of 

negative pressure for Group A, Group B, and Group C were found to 22.5±2.12, 

42.4±2.30, and 63.2±2.40 mmHg which were to be significantly closer to their desired 

vacuum level 20, 40, and 60 mmHg respectively. 
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Table 4.7. Descriptive statistics of the negative pressure (vacuum sensor data). 

Rat No. 
Minimum Value 

(mmHg) 

Maximum Value 

(mmHg) 

Range 

(mmHg) 

Mean 

(mmHg) 

Standard Deviation 

(mmHg) 

Control Group (0 mmHg) 

R1K Expired under anaesthesia during surgery 

R2K 

(No negative pressure was supplied to the control group) 

R3K 

R4K 

R5K 

R6K 

Group A (20 mmHg) 

R1A 17.5 23.5 5.0 20.2 1.81 

R2A 18.7 27.0 8.28 22.3 1.96 

R3A 18.5 26.3 7.86 22.8 1.76 

R4A 21.3 26.0 4.66 23.6 1.19 

R5A 17.7 24.7 7.01 22.1 1.75 

R6A 19.0 25.4 6.46 22.6 1.57 
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R7A 20.9 27.9 6.98 23.8 1.78 

R8A 15.5 28.2 12.7 22.2 2.83 

Group B (40 mmHg) 

R1B 37.2 43.8 7.0 40.3 2.07 

R2B 38.7 46.3 7.61 42.8 2.52 

R3B 39.7 45.2 5.51 42.3 1.51 

R4B 35.7 48.5 12.8 42.8 3.2 

R5B 38.9 46.5 7.57 42.3 1.86 

R6B 38.3 47.5 9.29 42.5 2.27 

R7B 38.7 46.9 8.25 42.8 2.07 

R8B 40.3 46.5 6.24 43 1.49 

Group C (60 mmHg) 

R1C 56.4 63.6 8.0 60.3 2.42 

R2C 60.1 68.8 8.79 64.2 2.55 

R3C 62.0 67.0 4.97 64.1 1.44 

R4C 60.1 68.1 8.02 63.8 2.2 

R5C 61.5 67.0 5.54 63.2 1.26 
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R6C 59.0 67.0 8.0 62.5 1.48 

R7C 62.0 69.0 7.0 64.7 1.90 

R8C 57.9 67.4 9.47 62.8 2.68 
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Figure 4.19. The vacuum history of the rats from each treatment group.
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4.4.3   Challenges faced during in-vivo experiments 

During these in-vivo trials, one rat from the control group (R1K) died during surgery 

under anaesthesia. The incident was reported according to guidelines provided by the 

animal ethics committee. 

4.5 Summary 

In this chapter, the electronic design, manufacture, and performance testing of the nerve 

stretcher V 2.0 have been presented. The problems encountered with the earlier version 

of this device like the absence of real-time pressure monitoring and lack of control to 

operate the nerve stretcher remotely were subsequently addressed and reported herein. 

In the present design, a microcontroller having built-in WiFi capability and a state-of-

the-art vacuum sensor was used. Additionally, a modular web-based user interface was 

developed for the nerve stretcher. The user interface was tailored to access some of the 

device’s essential functions such as, on/off, monitoring and visualising the pressure in 

real-time, setting the desired vacuum by rotating the pressure control knob, and 

observing the movement of the animal without having physical access to the device. The 

nerve stretcher was then employed for in-vivo nerve stretch-growth experiments. The 

rats were randomly divided into control and treatments groups. The treatment groups 

were supplied with a negative pressure of 20, 40, and 60 mmHg. The nerve stretcher 

successfully created the desired pressure for each rat (Figure 4.19). The T-shaped 

conduit, along with nerve stumps, was retrieved from each rat at the end of each 

experiment, and the nerve stumps were processed for microscopic analysis (Chapter 5). 
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Chapter 5: Evidence of In-vivo Nerve 
Stretch-Growth 
 

A series of experiments on nerve-stretch growth involving transected sciatic nerve of 

Wistar rats using nerve stretcher V 2.0 was performed (chapter 4). Due to the novelty 

of this experiment, animal ethics allowed only a small number of animals per group and 

stipulated a short recovery period (1 week). This explains why only 30 rats were chosen 

over four groups for one recovery timepoint (one-week). In this chapter, evidence of in-

vivo growth under the effect of negative pressure has been presented. Nerve tissues were 

stained using a variety of histological and immunofluorescence staining methods, and 

results are reported. Quantitative and qualitative analysis of the results have shown that 

negative pressure has a great potential for assisting nerve growth. 

5.1 Retrieval of nerve stumps 

The rats were divided into four groups depending on the intensity of the negative pressure 

applied to their sectioned nerve stumps. Besides the control group which received no 

pressure (0 mmHg), the other treatment groups A, B, and C received 20, 40, and 60 

mmHg of pressure, respectively. At the end of the experiment, each rat was anaesthetised, 

the surgical site was opened using the same procedure described earlier in chapter 3, the 

length of each nerve stump within the conduit was measured using a ruler, and the T-

shaped nerve conduit was retrieved as shown in figure 5.1 (a). Finally, the rat was 

euthanised by intra-peritoneal lethabarb injection while anaesthetised with isoflurane 

according to ethical guidelines. 
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Figure 5.1. A series of images showing the nerve retrieval process from a T-shaped 

conduit. 

Figure Explanation: P = Proximal stump, D = Distal stump. (a) Proximal and distal 

nerve stumps inside a conduit at the end of 7 days (b) Nerve is retrieved from the 

conduit (c) A scalpel was used to separate the proximal nerve stump from the distal 

stump at the junction. (d) A proximal and distal nerve stump. 

 
The nerve conduit was cut using a scalpel in order to retrieve the nerve stumps, as shown 

in figure 5.1 (b). The nerve stumps of eight rats were found to be fully approximated 

figure 5.1 (b), which was an initial qualitative sign of the effectiveness of negative 

pressure to induce stretch-growth. In this study, only the proximal nerve stumps of the 

rats were further processed for analysis. 
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5.2 Tissue processing for histological analysis 

Initially, the retrieved nerve stumps (n = 29) were fixed in order to preserve their natural 

histological state. During fixation process, the nerve stumps were immersed in 4% 

paraformaldehyde (PFA) for four hours and then washed in 0.2% glycine in phosphate-

buffered saline (PBS) before dehydration in 100% ethanol (EtOH). The nerve stumps 

were then stained with 2% osmium tetroxide (OsO4) for two hours for myelin sheath 

visualisation. The undesired tissue mass at the end of each nerve stump was removed 

with the help of a scalpel, as shown in figure 5.2. 

 

 

Figure 5.2. Staining of a nerve stump with osmium tetroxide along with the removal of 

an undesired mass of nervous tissues at the parted line. 

 
The nerve stumps, fixed and osmium treated in earlier steps, were embedded into molten 

paraffin. A single nerve stump was cut into three equal parts, and each piece was placed 

into a paraffin-filled metallic mould, as shown in figure 5.3. A histo-cassette (Shandon 

Tissue Cassettes I, Thermo Fisher Scientific Inc. Massachusetts, USA) was used to 

provide support to the tissues for later microtomy. 
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Figure 5.3. Dividing a nerve stump into three equal parts, and then embedding each 

piece in a paraffin block. 

 
Once the nerve stumps hardened within the paraffin block, a microtome (Leica 

Microsystems Pty Ltd., Mt Waverley, Australia) was used to slice the nerve stumps into 

thin sections (5 µm) as shown in figure 5.4. Six transverse slices, each of 5 µm thickness, 

and containing three nerve sections per slice were collected at 250 µm intervals along the 

length of the nerve, as shown in figure 5.5. The nerve sections were placed onto glass 

microscope slides and then oven-dried for ~ 20 minutes. This resulted in a collection of 

5-6 sets of glass slides (depending on the length of a nerve stump) with 6 slides per set. 
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Figure 5.4. Microtomy of nerve stumps. 

5.3 Nerve tissue staining 

A peripheral nerve can be divided into two main functional units based on microscopic 

analysis; parenchyma consisting of axons with their supportive Schwann cells, and the 

stroma made up of connective tissue. Peripheral nerve tissue is often stained by various 

techniques to quantify the extent of nerve regeneration. In this study, the nerve sections 

were stained by the following methods. 

 Histological staining. 

 Immunohistochemical staining 
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5.4 Histological staining 

5.4.1 Osmium tetraoxide and Masson's trichrome staining 

The histological analysis of Osmium and Masson stained nerve sections was performed 

to observe the morphology of each nerve stump. The primary objective of this analysis 

was to observe and compare the changes that occurred in nerve morphology under the 

effect of negative pressure. Glass microscope slides were prepared in a set of six, and from 

each set, every 3rd slide was stained with Masson’s trichrome, to investigate the 

connective tissue component of the nerves and the potential for fibrosis as a result of the 

treatment intervention, while the remaining five slides were left unstained for Nissl 

staining and immunohistochemistry. Therefore, a total of nine slides per proximal nerve 

stump (i.e., for a single rat) were stained using the following staining protocol. 

5.4.1.1 Solutions and Reagents 

Refer to Appendix B. 

5.4.1.2 Staining Protocol 

The nerve tissue sections were deparaffinised by immersing them in xylene for 15 minutes, 

dehydrating through 100% alcohol, 95% alcohol, and 70% alcohol, for 5 minutes each, 

and then rehydrating using distilled water. Nerve sections were incubated in Bouin's 

solution for 60 minutes at 56 °C to improve the staining quality and then rinsed in 

running tap water for 5 minutes. The slides were then stained in Weigert's iron 

hematoxylin, Biebrich Scarlet / Acid Fuchsin solution, Phosphomolybdic / 

phosphotungstic acid solution, Aniline blue solution, and 1% Acetic acid solution and 

incubated for 5, 15, 15, 5 and 2 minutes respectively, with rinsing in water after each 

incubation step. The nerve sections were dehydrated through absolute alcohol and 

cleared in xylene to wipe off biebrich scarlet-acid fuchsin staining before mounting them 

with DPX (Dibutylphthalate Polystyrene Xylene) mountant. 
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5.4.2 Histological analysis of staining results 

The histological analysis of Osmium and Masson stained nerve sections was performed 

through qualitative and quantitative analysis. The findings of quantitative and 

qualitative assessments were independently verified by a medical pathologist (blinded to 

the study). 

5.4.2.1 Qualitative analysis 

In qualitative analysis, the nerve sections were observed under a confocal microscope 

(Nikon Eclipse E200) at 10X magnification, to find the presence of cell debris, myelin 

degradation, macrophages, neovascularisation, blood clots, and haemorrhage etc. These 

qualitative assessments were made for each nerve stump in the control and treatment 

group, and findings are presented in table 5.1. 

In general, less cell debris was found at the transection site in the three treatment groups 

as compared to the control group. In addition, intact axons were found earlier when 

moving proximally from the transection site when compared to the control. Moreover, 

neovascularisation was observed in all treatment groups distal to transection site and in 

contrast, it was absent in the control group. However, for medium and higher-pressure 

groups (B and C) haematomas were observed which were absent in both the control and 

group A. The presence of these haematomas could be a result of the higher negative 

pressure pulling blood out of micro-vasculature. 
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Table 5.1. Qualitative analysis of Masson’s trichrome staining. 

Rat Groups 

Observations 

At the transection site Proximal to the transection site 
Most proximal to the 
transection site 

Control 
0 mmHg 

 Myelin degeneration (osmium 
stained), cell debris and blood 
clots were seen. 

 Intact myelinated axons were 
absent. 

 Foamy macrophages were found. 

 Thickened endoneurium with little or no 
epi- and perineurium was seen. 

 Some intact axons in the thickened 
endoneurium were also observed. 

 Normal histology of a 
peripheral nerve was seen. 

 Myelinated axons with 
endo, epi, and thick 
perineurium were present. 

Group A 

20 mmHg 

 Inflammatory cells and myelin 
droplets were present. 

 Little to no cell debris was 
observed. 

 Some intact myelinated axons 
were seen. 

 Increased endoneurium with no 
epi- or perineurium was observed. 

 Epi and perineurium were observed. 
 Normal nerve histology, along with some 

myelin droplets, was observed. 
 Few intact myelinated axons. 
 Neovascularization was observed. 

 Normal histology of the 
nerve was seen. 

 Myelinated axons with 
endo, epi, and thick 
perineurium were present. 
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Group B 

40 mmHg 

 Inflammatory cells and blood 
clots were seen. 

 Myelin debris was present. 
 Foamy macrophages, as well as 

haemorrhage, were present. 

 Thickened endoneurium, inflammatory 
cells, scarce myelin debris, and some 
intact axons were present. 

 Neovascularization, and some intact 
axons were observed. 

 Normal histology of a 
peripheral nerve seen. 

 Myelinated axons with 
endo, epi, and thick 
perineurium were present. 

Group C 

60 mmHg 

 Cell debris, inflammation, 
haemorrhage, foamy 
macrophages, and myelin droplets 
were seen. 

 Thickened endoneurium, along with 
some intact axons, were observed. 

 Normal histology of the 
peripheral nerve was 
observed. 
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5.4.2.2 Semi-quantitative analysis 

In semi-quantitative analysis, the nerve sections were observed under a confocal 

microscope (Nikon Eclipse E200) at 10X magnification, to ascertain the start of myelin 

breakdown and connective tissue degeneration, the location where endoneurium started 

to thicken, the site where intact axons started to appear and pinpointing the position 

from where normal histology of the nerve started. These quantitative assessments were 

made for each nerve stump in the control and treatment group, and findings are recorded 

in table 5.2. 

Note: The results of this analysis were independently verified by a medical pathologist 

blinded to the study. 

 
Table 5.2. A semi-quantitative analysis based on Osmium and Masson staining. 

Rat 
No. 

Myelin debris and 
tissue degeneration 

(µm) 

Endoneurium 
starts to thicken 

(µm) 

Intact 
axons start 
to appear 

(µm) 

Normal 
histology 

starts (µm) 

Control (0 mmHg) 

R2k 0 – 280 295 951 1258 

R3k 0 – 210 280 920 1350 

R4k 10 – 285 285 835 1385 

R5k 10 – 560 835 2210 2500 

R6k 10 – 285 285 560 1660 

Group A (20 mmHg) 

R1A 10 – 280 280 590 935 

R2A 10 – 280 295 560 855 
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R3A 10 – 285 560 835 1935 

R4A 10 – 170 350 1230 1765 

R5A 10 – 170 410 1230 1765 

R6A 10 – 170 385 1230 1765 

R7A 10 – 170 265 1230 1765 

R8A 10 – 285 320 870 1935 

Group B (40 mmHg) 

R1B 10 – 185 3000 3000 5770 

R2B 10 – 275 4150 4990 6090 

R3B 10 – 255 4150 4990 6090 

R4B 10 – 285 560 1110 2210 

R5B 10 – 560 835 1110 2775 

R6B 10 – 285 285 1385 2485 

R7B 10 – 560 560 1110 2500 

R8B 10 – 285 560 835 1660 

Group C (60 mmHg) 

R1C 10 – 220 2485 2550 4700 

R2C 10 – 210 2015 3600 4240 

R3C 560 – 400 4975 4975 5800 

R4C 10 – 295 2285 3850 5935 
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R5C 10 – 1935 2210 2760 4425 

R6C 10 – 435 2110 3110 3935 

R7C 10 – 285 2360 2730 2910 

R8C 10 – 1385 1160 2210 3600 

 

 

5.4.2.3 Division of a nerve stump into zones 

Based on qualitative and quantitative analysis of the Masson’s trichrome stained nerve 

sections, each nerve stump was classified into three regional zones based on pathological 

features, histological findings, and nerve morphology, as shown in figure 5.5. These three 

zones were named as Zone-I (the injury/transection site), Zone-II (area proximal to 

transection site) and Zone-III (native tissue) respectively. An illustration of these zones 

and their indicative location on a nerve stump is shown in figure 5.6. 
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Figure 5.5. A nerve stump stained with Masson’s trichrome showing its three distinct zones. 
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Figure 5.6. A schematic showing the location of the three zones of a proximal nerve stump. 
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5.4.3 Guidelines for data analysis 

In this thesis, statistical analysis of the data was performed either using parametric or 

non-parametric ANOVA (Kruskal-Wallis test also known as ANOVA by ranks) based 

on the outcome of normality test (Shapiro-Wilk test) to observe the effect of negative 

pressure on various dependent variables such as length of nerve zones, gross and actual 

nerve length, and angiogenesis. This was followed by post-hoc test (Dunnett’s or Tukey’s) 

to compare means or medians between two independent groups in order to find out which 

treatment group (if any) is significantly different to control group. Statistical analyses 

were performed using GraphPad Prism 8.4.0 (GraphPad Software, San Diego, USA). 

The graphical representation of the data analysis scheme is shown in figure 5.7. 

 

 

Figure 5.7. Scheme for statistical analysis of experimental data. 
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For every analysis the following research question was asked, 

 Research Question: do the measured quantities significantly differ with respect to 

their controls? 

and the following null and alternate hypothesis were tested. 

 Null hypothesis (Ho): there is no statistically significant difference between the 

measured quantity and its control (p > 0.05). 

 Alternate hypothesis (Ha): the measured quantity differs significantly compared 

to its control (p > 0.05). 

The null hypothesis (Ho) assumes that there is no difference between the observed value 

and the control, and the results are random due to chance. The alternate hypothesis (Ha) 

says that the results are because of treatment (negative pressure effect) and are not due 

to chance. To reject the null hypothesis, differences among control and treatment groups 

were considered significant at *p < 0.05, **p < 0.01, and ***p < 0.001. 

Note: The asterisk sign shows the strength of p value. 

5.4.4 Morphometric analysis of nerve zones 

The length of each nerve stump zone was calculated from the above histological analysis 

(table 5.2), and the collected data were statistically analysed using GraphPad Prism 

8.4.0 (GraphPad Software, San Diego, USA). The average length of each zone of the 

nerve stumps in the control and treatment group are provided in table 5.3. 

Note:  Smaller group size i.e., less rats per groups is a contributing factor of large 

variation from average values i.e., larger values of standard deviation. 
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Table 5.3. The average length of each zone in millimetres (Mean ± SD). 

Groups Zone-I Zone-II Zone-III 

Control 0.39 ± 0.21 1.1 ± 0.46 2.8 ± 0.99 

A 0.87 ± 1.1 1.8 ± 0.78 5.7 ± 2.5 

B 1.7 ± 1.8 1.6 ± 0.29 4.2 ± 1.9 

C 0.75 ± 0.53 1.6 ± 0.22 3.45 ± 0.58 

 

Statistical analysis, non-parametric ANOVA (Kruskal-Wallis Test) was performed for 

each zone followed by multiple comparison test. Differences were considered significant 

at *p < 0.05, **p < 0.01, and ***p < 0.001. The test results showed that none of the groups 

in zone 1 and II are statistically significantly different to their respective controls (p = 

0.7611, and 0.1845 respectively). However, analysis of Zone-III rejected the null 

hypothesis and confirmed that at least one group is significantly different than other 

groups i.e., variation among group’s medians is greater than expected by chance (p = 

0.0423). This was followed by multiple comparison test (Dunnett’s post-hoc test), which 

also showed that only group A of Zone-III is significant different than control (p < 

0.0225). as shown in figure 5.8. 

Note: Detailed analysis is provided in Appendix-E1-E3. 
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Figure 5.8. The average length of nerve zones in control and treatment groups along 

with standard deviation. 

All the treatment groups in each zone showed a positively correlation with stretching 

force (negative pressure), except the treatment groups in Zone-III, as it demonstrated an 

increase in length relative to an increase in negative pressure compared to their respective 

control. In contrast, group B and C of Zone-III showed a negative correlation in the 

average length of Zone-III with increasing negative pressure as shown in figure 5.8. This 

suggested that the growth effect of a nerve was not exclusively under the effect of 

negative pressure alone, and if it was, then it would have occurred highest in group B 

and C rather than group A. This analysis also suggests that a negative pressure of 20 

mmHg is the most effective pressure for nerve stretch-growth. 
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5.4.5 Apparent nerve growth 

As discussed earlier, the length of the proximal nerve stumps was measured on the day 

of surgery (Li) and similarly after seven days (Lf), when the T-shaped conduits containing 

the nerve stumps were retrieved. The arithmetic difference between the two values was 

taken as apparent growth (gross growth) of a nerve stump, as illustrated in figure 5.9. 

 

 

Figure 5.9. Measurement of the nerve length inside the conduit at day 1 and 7 during 

the nerve stretch-growth experiment. 

 
Statistical analysis of the apparent nerve growth data was performed using non-

parametric ANOVA (Kruskal-Wallis test) which showed statistically significant 

difference among the medians of the control and treatment groups (p < 0.0001). This 

was followed by multiple comparison test (Dunnett’s post-hoc test) to know which 

treatment group showed significant difference to control group. The average apparent 

length (gross length) of the nerve stumps inside the conduit are in reported in table 5.4 

and plotted in figure 5.10. 

 
 

 



140 
 

Table 5.4. Measurement of the apparent nerve growth in millimetres (Mean ± SD) 

Groups Li Lf Ggross = Lf - Li 

Control 3.8 + 0.8 4.4 + 1.4 0.6 + 0.15 

Group A 3.75 + 1.2 7.95 + 2.0 4.2 + 0.91 

Group B 4.7 + 2.3 7.2 + 1.5 2.5 + 0.25 

Group C 4.1 + 0.9 6.3 + 1.1 2.2 + 0.33 

 

 

Figure 5.10. The average apparent nerve growth at day 7. 

 
A reduction in the gap between the proximal and distal stumps was observed in the three 

treatment groups, while no reduction in the nerve gap was found in the control group. 

This reduction in the nerve gap became possible due to the lengthening of the proximal 

nerve stump within the T-shaped conduit in response to the axial stretching force 

(negative pressure). These findings coincided with the previous understanding that nerve 

regenerates from the proximal stump. The mean values of apparent nerve growth as 
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plotted in figure 5.10 showed that group A displayed the highest growth in nerve length 

followed by group B, while group C didn’t show any significant difference compared to 

the nerve growth in control group. These results suggest that there lies a modest negative 

pressure effect which could help to increase the length of a regenerating nerve, with a 

negative pressure of 20 mmHg yielding better results in terms of nerve growth than 

control and other treatment groups (higher pressure). These claims will be further 

justified in the next section. 

5.4.6 Actual (absolute) nerve growth 

As discussed in the previous section, all the three treatment groups showed an increase 

in nerve growth, which was reflected by a reduction in nerve gap within the conduit, 

however, as with the histological analysis of the nerve stumps, it is evident that the 

leading end of the nerve stump, i.e., Zone-I represents connective tissue only and does 

not represent nerve growth, therefore, the actual nerve growth over a period of seven 

days was calculated by subtracting the length of Zone-I off each nerve stump from its 

apparent growth in order to estimate the true length of the regenerating nerve stump as 

illustrated in figure 5.11. 

 

 

Figure 5.11. Measurement of the actual nerve growth. 
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Ggross = Lf – Li 

Gactual = Ggross – Lz1 

Where, 

 Ggross = Apparent increase in the length of a nerve stump 

 Lf = Length of nerve stump inside conduit on 7th day 

 Li = Length of nerve stump inside conduit on 1st day 

 Gactual = Actual increase in the length of the functional nerve stump 

 LZ1 = Length of Zone-I 

 
 

Table 5.5. Mean of actual nerve growth calculated in millimetres (mean values + SD) 

from the histological analysis of proximal nerve stumps. 

Groups Ggross Lz1 Gactual 

Control 0.6 + 0.158 0.39 + 0.21 0.25 ± 0.17 

Group A 4.2 + 0.915 0.87 + 1.07 3.33 ± 1.55 

Group B 2.5 + 0.25 1.66 + 1.84 1.26 ± 1.28 

Group C 2.2 + 0.33 0.75 + 0.53 1.45 ± 0.59 

 

The actual growth of nerve stumps was calculated and reported in table 5.5. The data 

was analysed using non-parametric ANOVA (Kruskal-Wallis test) which proved that 

variation among group medians is significantly greater than expected by chance. A 

multiple comparison test (Dunnett’s post-hoc test) was then performed and it was found 

that group A has showed the greatest nerve growth (p = 0.0034) compared to the control 

group as plotted in figure 5.12. In contrast, the actual nerve growth within group B and 

C showed no statistical difference compared to the control (p > 0.05). These findings 

support the claim made at the end of the section 5.4.5 that suggest that negative pressure 

causes the nerve stump to grow at a faster rate than the control. Moreover, it shows that 
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a negative pressure of 20 mmHg yields the most favourable growth outcomes, in terms 

of increasing the length of nerve stumps as compared to the control and other treatment 

groups. 

 

Figure 5.12. Actual nerve growth in the control and treatment groups. 

5.4.7 Angiometric analysis 

The regeneration of the vascular network is a positive sign of the growth and regeneration 

of the peripheral nerves [107]. Blood vessels play a direct role in supporting peripheral 

nerve regeneration, as these are used as tracks to direct Schwann cell migration across 

the gap, and there is a direct relationship between angiogenesis and neurogenesis [108]. 

The number of blood vessels from the osmium and Masson stained slides was counted in 

Zone-II using a light microscope (Nikon Eclipse E200) at 10X magnification, as shown in 

figure 5.13. Three nerve sections from Zone-II of each nerve stump were examined. The 

number of blood vessels in each chosen section were counted, averaged, and reported in 

table 5.6. 
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Figure 5.13. An example of counting blood vessels in a nerve tissue section. 
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Table 5.6. Angiometric analysis of osmium and Masson stained nerve sections in Zone-II. 

Groups Rat No. 
Zone-II 

Total blood vessels Blood vessels in  

 

 

image/section 1 image/section 2 image/section 3 

Control Group 

0 mmHg 

R2k 5 4 5 14 

R3k 4 3 5 12 

R4k 6 4 6 16 

R5k 3 5 7 15 

R6k 6 3 4 13 

Group A 

20 mmHg 

R1A 11 7 7 25 

R2A 6 11 6 23 

R3A 12 9 7 28 

R4A 6 10 5 21 

R5A 9 7 10 26 

R6A 5 12 6 23 

R7A 13 6 6 24 

R8A 11 9 10 29 

Group B R1B 7 5 4 16 

R2B 9 5 5 19 
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40 mmHg R3B 4 7 3 14 

R4B 12 4 6 22 

R5B 4 6 8 18 

R6B 6 5 1 12 

R7B 3 7 8 18 

R8B 8 5 8 21 

Group C 

60 mmHg 

R1C 5 6 3 14 

R2C 7 2 4 13 

R3C 9 3 4 16 

R4C 5 4 3 12 

R5C 6 7 5 18 

R6C 3 5 6 14 

R7C 6 3 7 16 

R8C 5 9 3 17 
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The data in table 5.6 was statistically analysed and the mean values are plotted along 

with standard deviation as shown in figure 5.14. The average number of blood vessels 

were found to be 24.9 ± 2.7 in group A, 17.5 ± 3.38 in group B, 15.0 ± 2.07 in group C, 

and 14 ± 1.58 in control group. 

 

 

Figure 5.14. The average number of blood vessels in Zone-II of the control and 

treatment groups. 

 
Non-parametric analysis of variance (Kruskal-Wallis Test) was performed which 

indicated that a significant variation exists among the medians of control and treatment 

groups (p = 0.0003). Multiple comparison test (Dunnett’s post-hoc test) was then carried 

out to confirm median of which group significantly different to control. In general, blood 

vessels were observed in all treatment groups; however, only group A showed statistically 

significant difference than control (**p < 0.01) whereas group B and C failed to show any 

significant difference (p = 0.3797, and p = 0.9999) compared to control. This analysis 

suggested that a negative pressure of 20 mmHg positively affects the formation of 

vascular bundles during nerve growth than the control and other treatment groups 

(Group B and C). 
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5.5 Nissl staining 

Nissl substance are granules of the rough endoplasmic reticulum (RER) and mainly 

composed of ribonucleic acid (RNA). They are found in the cytoplasm of neurons and 

play an important role in protein synthesis during axonal regeneration. However, when 

axons are injured, this basophilic material becomes dissolved in the cell body of axons - 

a process known as chromatolysis [109]. Therein, the objective of nissl staining was to 

confirm the presence of nissl substance in the cytoplasm of neurons in formalin-fixed, 

paraffin-embedded tissue, as its presence would indirectly confirm that the effect of nerve 

injury is in the process of being reversed, and neuronal cells have started to synthesise 

structural proteins necessary for axonal repair and growth [110]. This staining imparts 

purple colour to axons (neurons), and by calculating the area of the stained region, the 

nerve growth can be quantified. 

Aforementioned, Zone-II being immediately proximal to the transection site would 

possess the greatest potential of axonal regeneration out of the three zones. This is 

consistent with the outcomes seen in, angiometery, and actual growth. Thus Zone-II was 

stained using Cresyl violet stain solution (Abcam, Cambridge, UK) using the following 

protocol. 

5.5.1 Staining protocol 

The nerve sections chosen for Nissl staining were deparaffinised in xylene for 10 minutes, 

dehydrated in 100% alcohol (5 min), and then hydrated in distilled water (1 min). The 

working solution (Cresyl violet stain solution 1%) was applied for 3 minutes. The slides 

were rinsed in 2 changes of distilled water and dehydrated in absolute alcohol (100% 

Ethanol) for 30 seconds to remove the excess stain, if present, and cleared in xylene for 

1 minute. The nerve sections were mounted using synthetic resin (DXP mountant, 



149 
 

Sigma-Aldrich, Missouri, USA) and covered with coverslips. The slides containing nerve 

sections were ready for microscopy. 

5.5.2 Qualitative analysis of Nissl staining 

The stained nerve sections were observed under a light microscope (Nikon Eclipse E200) 

at 10X magnification. Figure 5.15 shows stained images of representative nerve sections 

from each group. Initial analysis of these stained images showed the presence of Nissl 

substance in all treatment groups, and the control. However, group A and B displayed 

the greatest degree of Nissl substance as compared to group C, whereas all treatment 

groups showed a greater spread of Nissl substance than the control group. 

Note: The results of the qualitative assessment of Nissl staining were independently 

verified by a medical pathologist (blinded to the study). 

 

  

a. Control.                                     b. Group A. 
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c. Group B.                                     d. Group C. 

Figure 5.15. The stained images of representative nerve sections from control and 

treatment groups (Scale bar 100 µm, Magnification 10X). 

5.5.3 Semi-quantitative analysis of Nissl staining 

The quantification of the area of Nissl substance in axons (purple colour) was performed 

using ImageJ software (version 1.53a). In this analysis, the percentage of the purple area 

was calculated with respect to the total area of the image. The images were imported in 

ImageJ software. First, an image was altered to 8-bit form, and its threshold was adjusted 

to differentiate between Nissl substance (purple area) and background. The brightness 

and contrast parameters were optimised to obtain the widest range of grey pixelation. 

Some images were also denoised and smoothened as required to get a better 

representation of the stained area. After this step, the image was analysed, and the 

percentage of the stained area was calculated. The mean values of the percentages of the 

stained area for all images of control and treatment groups were calculated and reported 

in table 5.7. 
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Table 5.7. Quantification of the area stained with Nissl stain (Size of all the images, 

analysed using ImageJ, was kept the same: 400x400 pixel). 

Groups Percentage of Nissl stained area 

Control 6.07 ± 0.46 

Group A 26.9 ± 2.45 

Group B 22.7 ± 2.47 

Group C 18.1 ± 1.51 

 
The raw data of Nissl staining was then statistically analysed using GraphPad Prism 

8.4.0 (GraphPad Software, San Diego, USA). One-way non-parametric ANOVA 

(Kruskal-Wallis Test) was performed and the differences among mean values of the 

control and treatment groups were considered significant at ∗p < 0.05, ∗∗p < 0.01, and 

***p < 0.001. The analysis showed that variation among group’s medians is not due to 

by chance (p < 0.0001). This was followed by Dunn’s post-hoc test to compare the 

difference between groups (comparing the ranks of the treatment group against control) 

which confirmed that the groups A (p < 0.0001) and B (p = 0.0035) are significantly 

different to control group (p < 0.0001, p = 0.0035), while group C didn’t show significant 

difference than control (p = 0.2824) as shown in figure 5.16 (see Appendix E5 for detailed 

analysis).  
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Figure 5.16. Percentage of the stained area in Zone-II of nerve stumps of rats in control 

and treatment groups. 

5.5.4 Discussion on Nissl staining 

Group-A (20 mmHg) displayed the greatest percentage (26.9%) of Nissl substance as 

compared to the control (6.07%) and other two treatment groups B and C (22.7%, 18.1%) 

respectively; suggesting that the lowest amount of negative pressure (20 mmHg) may 

have the greatest positive effect on axonal regeneration. However, it is worthy to note 

that Nissl staining does not differentiate between neurons and non-neuronal cells, as all 

cells’ cytoplasm contains RER. Although the other likely candidates stained would be 

Schwann cells and macrophages which are imperative to the nerve regeneration process 

and at this early stage of injury as they are involved in clearing up the debris of myelin 

and axons. However, because of the lack of specificity of Nissl staining in identifying 

neuronal cells, we transitioned to a more specific form of staining, against axonal 

antigens. 

5.6 Immunohistochemical staining 

Immunohistochemical staining is a process of detecting antigens in tissue by means of an 

antigen-antibody-interaction. This staining is widely used to understand the distribution 

and localisation of differentially expressed proteins in different parts of a tissue. In the 

present study, the purpose of this staining was to use β3-tubulin as a marker for axonal 

tissue and confirm its presence, as it is a structural protein and is specifically localised 

to axons. For immunostaining, one slide from Zone-II per rat was selected. Zone-II was 

chosen primarily because histological and morphometric analysis has shown a great 

potential for positive nerve regeneration in Zone-II as compared to the other two zones. 
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5.6.1 Staining protocol for β3-tubulin 

5.6.1.1 Reagents and solutions 

1. Blocking solution: 0.3% Triton X-100 and 2% BSA in 1xPBS 

 Add 1g of BSA and 150 µL (draw up 175 µL due to viscosity) of Triton-X100 

to 50 mL of 1xPBS, mix well in 50 mL falcon tube. 

2. Blocking solution with Hoechst: 

 Dilute Hoechst in blocking solution. Dilution is 1:5000. 

 Primary antibody: Anti-β3-tubulin antibody (Abcam, Cambridge, UK). 

 Secondary antibody: Donkey anti-rabbit 647 (Thermo Fisher Scientific Inc. 

Massachusetts, USA) 

3. Mounting medium (DPX mountant, Sigma-Aldrich, Missouri, USA). 

5.6.1.2 Staining protocol 

The nerve sections were deparaffinised by immersion in xylene for 15 minutes and then 

rinsing them through graded alcohol for 2 minutes each: 100% ethanol, 80% ethanol, and 

50% ethanol. The nerve sections were gently washed in deionised water for 5 minutes, 

and the tissue slides containing nerve sections were air-dried. In order to break down the 

protein cross-links formed by formalin fixation, and to uncover hidden antigenic sites, 

the heat-induced epitope retrieval (H.I.E.R.) method was applied. The glass slides were 

placed in an antigen retrieval solution (TE buffer) in the antigen retriever apparatus, 

and the apparatus was run at 95 °C for 20 minutes. At the end of the antigen retrieval 

step, the apparatus was allowed to cool down to room temperature before removing the 

slides. The slides were rinsed through deionised water for 1 minute, and the nerve sections 

encircled from the back with Dako pen (Agilent, Santa Clara, USA) and from the front 

with liquid silicone. Each nerve section on the glass slides was washed with PBS (One 

drop of PBS on each section) for 1 minute. 
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Nerve sections were blocked with blocking solution (Hoechst in blocking solution) for 60 

minutes at room temperature (50 μL per slide) and washed in PBS for 2 minutes (2 

washes). Optimally diluted primary antibody [dilution: (2% BSA) 999:1 (antibody)] was 

applied to each nerve section, and the slides were incubated for 24 hours at 4°C. At the 

end of the incubation period, the slides were again washed in a buffer (PBS) for 2 minutes 

and optimally diluted secondary antibody (in blocking solution with Hoechst), 50 μL per 

slide, was applied. The slides were again incubated for 60 minutes but at room 

temperature. 

The slides were again rinsed through wash buffer (PBS) for 2 minutes (3 washes) and 

air-dried before mounting nerve sections with synthetic mountant (DPX mountant, 

Sigma-Aldrich, Missouri, USA) and the nerve sections were covered with coverslips. 

5.6.2 Qualitative analysis of β3-tubulin staining 

The stained nerve sections were observed under Nikon Eclipse Ti2 microscope at 10X. 

Figure 5.17 shows representative images of nerve sections of both the control and the 

treatment groups stained with anti β3-tubulin. In general, β3-tubulin expressed poorly 

in control and group C due to the fact that the length of the experiment was limited to 

seven days only and it is very unlikely to observe this protein in abundance within seven 

days of nerve repair. Although the presence of β3-tubulin appeared more apparent in 

groups A and B, its variable and inconsistent expression should be taken with caution. 

In the treatment groups, it appears to justify the claim that negative pressure supports 

axonal regeneration better than control. 

Note: The qualitative results of β3-tubulin staining were independently verified by a 

medical pathologist (blinded to the study). 
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a. Control.                                  b. Group A. 

   

c. Group B.                              d. Group C. 

 
Figure 5.17. Representative images of control and treatment groups showing expression 

of β3-tubulin protein. Immunofluorescent staining of anti-β3-tubulin (red) (Scale bar 

100 μm, Magnification 10X). 

5.6.3 Quantitative analysis of β3-tubulin staining 

β3-tubulin stained images were analysed quantitatively for the expression of β3-tubulin 

in each image using ImageJ software. The images were imported into ImageJ software 
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and converted to binary images. A series of morphological operations were carried out 

on binary images such as denoising, smoothing, correcting sharpness, brightness, and 

contrast, as shown in figure 5.18 (a). Image thresholding was applied according to the 

iterative selection method [111] to differentiate the white pixels from the background. As 

a result of thresholding, the pixels below threshold range were converted to black, as 

shown in figure 5.18 (b). The white pixels were taken as β3-tubulin particles and were 

counted and their mean values along with standard deviation are reported in table 5.8. 

 

      

(a)                                            (b) 

Figure 5.18. Image processing for the quantification of β3-tubulin particles. 

Figure explanation: 

Figure 5.18. (a) An example of a binary image processed using ImageJ for image 

thresholding process. 

Figure 5.18. (b) An image obtained after image thresholding and ready for particle 

analysis (quantification of β3-tubulin). 
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Table 5.8. Particle analysis of the stained images. 

Groups Zone-II (β3-tubulin Particle Counts) 

Control Group 1354 ± 1235 

Group A 1984 ± 1112 

Group B 1761 ± 1025 

Group C 1172 ± 691 

 

The data obtained as a result of β3-tubulin particles was statistically analysed using 

GraphPad Prism 8.4.0. Non-parametric ANOVA (Kruskal-Wallis test) was performed 

and the differences among the median values of the groups were considered significant 

at ∗p < 0.05, ∗∗p < 0.01, and ***p < 0.001 (See Appendix E6 for detailed analysis). The 

statistical analysis showed that medians of the groups were from same population and 

none of the group was significantly different from the other (p = 0.4720). In other words, 

null hypothesis cannot be neglected. The large values of standard deviation that all the 

groups showed are the main reason why the ANOVA test declared the differences to be 

non-significant. This means that the expression of β3-tubulin is not consistent, and it 

shows a large variation even within the same group. 
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Figure 5.19. Expression of β3-tubulin in Zone-II of the control and treatment groups 

(None of the group showed a statistically significant difference over the control). 

5.7 Summary 

In summary, a variety of staining methods were used to observe the effect of negative 

pressure on nerve growth after injury. From the culmination of staining results, it can 

be inferred that negative pressure of 20 mmHg (Group A) have the greatest positive 

effect on absolute nerve growth, angiogenesis, and connective tissue regeneration 

(epineurium and perineurium) over the control and the other treatment groups. In the 

reported herein, Masson’s and Osmium staining, and the subsequent histological analysis 

were the most robust in demonstrating the morphometric detail of the growing nerve. 

However, the qualitative analysis of immunofluorescence staining was less compelling, 

especially considering there was not enough time to see nerve regeneration, as the rats 

were sacrificed at the 7th-day post-surgery, (this period was stipulated by the animal 

ethics), and not extended over longer recovery periods; however, this should be explored 
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in future work. Within a period of one week, it is hard to discriminate between axons 

and myelin debris, and this could be a reason why the expression of β3-tubulin protein 

was not consistent. Also, β3-tubulin staining only shows axonal tissue, and the results 

could be degenerating axons that are being phagocytosed by macrophages and Schwann 

cells. Here it is worthy of noting that GAP-43, which is a new axonal growth-associated 

protein and a positive marker for newly sprouting axons, was also targeted during 

immunohistochemical (immunofluorescence) staining. Nerve sections were stained with 

anti-GAP-43 antibody, but the expression of this protein remained equally poor in the 

control and treatment groups, and the quantification of its expression was not worth 

further exploring. 

However, as this research work is a preliminary in-vivo study, applying axial stretching 

force (negative pressure) to transected peripheral nerves to access nerve stretch-growth, 

the results remain highly encouraging and warrant further exploration with a greater 

number of rats and longer recovery times. At this stage, although according to 

morphometric analysis, nerve growth is better in treatment groups than control; however, 

due to the degeneration process occurring in Zone-II, it is too early to differentiate true 

regenerating axons from degenerating ones. It may also be possible that the negative 

pressure is more effective at speeding up the break-down process, i.e., clearing damaged 

and dead tissue.  
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Chapter 6: Conclusion and Discussion 
 

When designing a new technique for solving a medical problem, having modern tools at 

your disposal, is of prime importance. This thesis is aimed at solving a significant clinical 

problem that being the slow rate of peripheral nerve regeneration post-injury. Incomplete 

nerve regeneration due to the delayed union of resected nerve stumps, and muscle 

atrophy due to lengthy denervation periods, are some of the effects of slow nerve 

regeneration that contribute to poor quality of an affected patient’s life.  

Traditional nerve repair techniques like suturing and nerve grafting can be used for 

reconstruction of segmental defects in peripheral nerves; however, these techniques, 

despite their frequent use, do not provide an optimal solution. Suturing induces tension 

at the coaptation site, which could potentially hamper the nerve regeneration process 

and further reduce the blood flow through the microvasculature of the nerves (capillaries 

collapse under tension). Nerve grafting requires harvesting a healthy donor nerve to 

bridge a segmental defect in an injured nerve. In nerve grafting, even if the graft material 

is sourced from the same species, it may cause graft rejection. Although graft rejection 

can be mitigated by suppressing the activity of the immune system by the intravenous 

administration of cyclosporin-A, unfortunately, this makes a body more susceptible to 

other diseases and infections. In this situation, it appears that there is a trade-off between 

repairing nerves by conventional techniques and morbidity elsewhere in return; so, these 

repair solutions are not ideal from the biomedical engineering or clinical points of view. 

Contemporary nerve repair techniques are making use of hollow conduits to provide a 

guide for the proximal stump of an injured nerve to grow naturally, finding its distal 

counterpart, fusing together to make a connection. For shorter nerve gaps (less than 10 

mm), the repair outcomes of the conduit techniques are comparable to traditional nerve 

repair techniques, however when the gap length increases, nerve growth rates become 
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inconsistent, and due to slow nerve regeneration, outcomes are generally poor, unreliable, 

and spurious. 

At the start of this research work, the underlying problem of large nerve gaps 

reconstruction, that is ‘slow nerve regeneration rate’ was acknowledged, and strategies 

to deal with this problem were outlined. 

 

As it has been well established that neurons possess the ability to respond to a mechanical 

stimulus - a phenomenon known as mechanotransduction, thus, this work planned to 

exploit this intrinsic property that neurons possess for addressing slow nerve 

regeneration. Although mechanotransduction of neurons has been tested extensively ex-

vivo, the potential of peripheral nerves to regenerate under the effect of axial tensile 

forces in-vivo has not previously been explored. One possible reason for this is the lack 

of capabilities of translating ex-vivo axonal stretch-growth to in-vivo nerve stretching 

such as lack of guidance on how to apply in-vivo axial stress, no information on the type 

of mechanical stimulus to be used, and unknown possible adverse effects of in-vivo nerve 

stretching. 

In wound management at the clinical level, negative pressure wound therapy is quite 

successful in aiding unresponsive wounds to heal faster by increasing the flow of blood, 

the rate of granulation tissue formation, and cellular proliferation. Based on these 

theoretical concepts, combining mechano-transduction with negative pressure in wound 

repair, it was hypothesised that stretching nerve stumps - using negative pressure - of 

transected sciatic nerves in Wistar rats, delivered though a silicone conduit, would 

increase the rate of nerve growth by promoting angiogenesis and nerve lengthening. As 

in-vivo nerve stretching was a novel task with no previous precedence, this hypothesis 

demanded a de novo approach. 
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Firstly, typical conduits used in contemporary nerve repair techniques are cylindrical and 

require the insertion of both stumps of a transected nerve into each of its receptive ends. 

This design makes it impossible to apply negative pressure to the nerve stumps. This 

limitation necessitated the design of a T-shaped silicone conduit so that nerve stumps 

can be accommodated in the two ends of a crossbar while the tail of the T-section can 

be used for apply negative pressure to nerve stumps; however, such a medical-grade T-

shaped silicone conduit did not exist. 

Secondly, a device that produced a low amount of controllable negative pressure to pull 

nerve stumps in the newly constructed T-shaped conduit was required, but the same 

problem of unavailability was encountered. 

Consequently, the first two tasks of this project were constructing a device for generating 

negative pressure and designing a T-shaped conduit for holding nerve stumps; hence, the 

translation of axonal stretch-growth from ex-vivo to in-vivo nerve stretching using a 

controlled amount of negative pressure was made possible with the development of a 

nerve stretcher and in-house manufacturing of a custom-shaped silicone conduit. 

A pilot study on freshly euthanised rats (Chapter 3) successfully demonstrated the 

performance of the nerve stretcher in generating and providing a stable negative pressure 

as well as the ability of the conduit in holding nerve stumps during nerve stretching. 

During the pilot study, a few technical issues relating to nerve stretcher (lack of saving 

the device metrics, and loud noise of the vacuum pump) and surgical technique adopted 

to implant the T-shaped conduit (moving out of the nerve stumps from the conduit) 

were encountered and subsequently rectified before proceeding to the in-vivo 

experiments. The device was upgraded, and the surgical technique was revised (Chapter 

4). 

The refined technique was used to study the effect of negative pressure on nerve growth 

in live rats (Chapter 4). By establishing a rat model of completely transected sciatic 

nerves, the potential of nerve growth associated with in-vivo nerve stretch was explored. 
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During these in-vivo experiments, the designed method yielded promising results 

(Chapter 5) in terms of faster growth of an injured sciatic nerve, and greater angiogenesis 

in treatment groups as compared to the control group. 

6.1 Thesis discussion 

This dissertation has demonstrated that negative pressure acting directly on the 

transected nerve stumps of Wistar rat sciatic nerves can stimulate nerve growth. The 

experimental results have shown that negative pressure has imparted a positive impact 

on nerve regrowth. The microscopic results produced in this dissertation were collected 

through two staining methods: histological staining and immunohistochemical 

(immunofluorescence) staining. The results of both staining methods were further 

analysed by a mixed-method approach, i.e., quantitatively, and qualitatively. 

Histological staining involved staining of nerve sections with Masson’s trichrome (along 

with osmium tetraoxide) and Nissl stain to observe the nerve morphology and the 

presence of Nissl substance in the cytoplasm of neurons. Qualitative analysis of the nerve 

sections stained in Masson’s/osmium (Chapter 5, Section 5.4.2.1) revealed the nerve’s 

morphology and allowed each proximal nerve stump to be divided into three distinct 

zones (Chapter 5, Section 5.4.2.3) which made it easier to analysis Zone-II which was the 

only region involved in degeneration-regeneration of axons, while Zone-I and Zone-III 

mainly consisted of connective tissues and normal native tissue (uninjured) respectively. 

Similarly, quantitative analysis (Chapter 5, Section 5.4.2.2) explicitly confirmed that the 

treatment groups displayed a positive outcome in terms of an increase in the total length 

of proximal nerve stump, an increase in the length of Zone-II, and a higher number of 

blood vessels when compared to control (Chapter 5, Section 5.4.4-5.4.7). These distinct 

changes in the treatment groups responsible for enhanced nerve growth can be explained 

in two ways. 
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First is the increased length of the proximal nerve stumps of treatment groups in 

response to negative pressure. The proximal nerve stumps of rats in group A (20 mmHg) 

displayed a consistent increase in length. Initially, it was speculated that this growth was 

the result of macro-deformation in the internal structure of the nerve in response to 

negative pressure (axial tension); however, after dividing the nerve stump into zones 

which formed the basis of calculating the absolute nerve growth (Chapter 5, Section 

5.4.6) ruled out this assumption, because if this was indeed true, then group C (60 

mmHg) would have shown the greatest increase in length. Moreover, as the nerve stumps 

were secured with epineurial sutures (8/0 nylon) to their respective conduits, hence it 

was highly improbable that the nerve stumps were drawn into the conduits, and thus 

creating a false impression of an increase in their length. 

Second is the significantly higher degree of angiogenesis in treatment groups as 

compared to the control. Increased angiogenesis in treatment groups made it evident that 

growth in the length of a nerve is due to the nerve’s natural response to stretch stimulus 

(mechanotransduction) with an increased number of blood vessels nourishing the growing 

nerve fibres. It was also found that negative pressure (vacuum) of 20 mmHg favoured 

higher angiogenesis as compared to control and other treatment groups. 

Qualitative analysis of the nerve sections stained with Nissl stain showed the presence of 

Nissl substance in all treatment groups and the control. The presence of the Nissl 

substance indirectly confirmed that the process of nerve regeneration has started, and 

neurons have started forming structural proteins necessary for axonal growth. Within 

the treatment groups, groups A and B showed greater expression of Nissl substance as 

compared to group C, whereas all treatment groups showed a greater amount of Nissl 

substance than the control group. Quantitative analysis of these nerve sections involved 

in quantifying the expression of Nissl substance which was done by calculating the 

percentage of Nissl stained area. All treatment groups showed a statistically significant 

difference to the control group. Here, group A (20 mmHg) and group B (40 mmHg) 
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performed equally well, and both groups yielded higher expression of nissl substance than 

group C (60 mmHg) and control group (0 mmHg). 

Immunofluorescence staining confirmed the presence of β3-tubulin, which is a structural 

protein found in axons. Qualitative analysis of the nerve sections showed a variable 

expression of β3-tubulin in control and treatment groups. In general, the expression of 

β3-tubulin remained too low in all the treatment groups, including the control. 

Quantitative analysis also confirmed the findings of qualitative analysis and none of the 

treatment groups showed a statistically significant difference to the control. The reason 

for the variable expression of β3-tubulin (immunofluorescence staining) lies in the fact 

that enough time was not granted for nerve regeneration by the ethics committee as this 

was a novel experiment with the unknown outcome. In this case, it was highly unlikely 

to observe axonal regeneration in detail on seventh-day post-repair. 

In all these microscopic analyses, the results of Masson’s/osmium and nissl staining 

outperformed the results of immunofluorescence staining. Histological staining including 

morphometric analysis (angiometery, zone analysis, measurement of gross and absolute 

length) provided convincing evidence that in-vivo stretching of a peripheral nerve using 

negative pressure results in faster nerve growth than the control. Nevertheless, intimate 

understanding of the facilitatory effect of negative pressure on nerve growth requires 

further research to reveal the underlying mechanism that accelerates this growth pattern. 

6.2 Thesis contributions 

Followings are the two prominent contributions of this dissertation to scientific 

knowledge. 
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6.2.1 Scientific contribution 

This study is the first demonstration of in-vivo nerve growth facilitated by negative 

pressure (vacuum). This work provides the proof of principle of the in-vivo 

mechanotransduction process in peripheral nerves and is an excellent example of 

translational research that has bridged the success of mechanobiology in-vitro into an in-

vivo model. This technique, once matured, maybe exploited at the clinical level to bridge 

longer segmental defects in peripheral nerves. 

6.2.2 Hardware contribution 

A device has been designed, prototyped, and fabricated to create a controlled amount of 

negative pressure for in-vivo nerve stretch-growth. This work included not only the 

construction of medical electronics but developing a complete integrated platform where 

the device was fully compliant with the newly emerging field of medical-internet-of-things 

(m-IoTs). 

6.3 Research limitations 

This study had the following limitations. 

1. As this research was a novel proof of concept study assessing the effect of negative 

pressure on nerve growth, no guidance on stretching a nerve in-vivo using negative 

pressure was available prior to this study. Safe limits of applying negative pressure 

and the possible deleterious effects were unknown. The tensile testing of the sciatic 

nerve of a Wistar rat did not consider the loss of axoplasmic fluid through the 

nerve in response to an axial stretching force, and later during the pilot study, a 

negative pressure of greater than ~102 mmHg was found to be detrimental. Since 

the adequate quantity of negative pressure for optimal nerve stretch-growth was 
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unknown, instead of making a single treatment group and testing it against a 

single level of negative pressure, it was decided to make three smaller groups and 

choosing a different level of negative pressure over a range below the identified 

threshold of 102 mmHg for each of them. Subsequently, negative pressures 20, 40, 

and 60 mmHg were chosen for groups A, B, and C, respectively. 

2. Small animal cohorts and a short experimental duration were approved by the 

ethics committee due to the novelty of the research work, and this made it highly 

improbable to follow the progression of the regenerating axons. 

3. The number of rats used in this study was only 30, and their numbers in the 

control and treatment groups were not equal, as one rat from the control group 

died under anaesthesia. In statistics, the smaller group size may affects the power 

of statistical analysis (confidence level of the study). 

6.4 Directives for further works 

During this research project, it was evident that the T-shaped silicone conduit provided 

no support for the regenerating nerve fibres to grow through and outside, delivering 

negative pressure, did not encourage nerve regeneration. In future work, the conduit 

should be redesigned by substituting the crossbar of the conduit with a hybrid bilayer 

crossbar, where the inner layer is constructed of functional self-assembling peptide 

(SAPs) nanofibres and the outer layer from Polyglycolic acid (PLGA) nanofibres with 

graphene electrodes embedded in between these two layers, as shown in figure 6.1. 

Microfabrication technology, such as sol-gel or electrospinning process, will be employed 

for conduit fabrication depending on the available resources and facilities. 
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Figure 6.1. A proposed structure of the crossbar of the T-shaped nerve conduit. 

The outer layer of the crossbar manufactured from PLGA nanofibres will impart 

mechanical strength to the conduit while the inner layer developed from SAPs will 

facilitate cell adhesion and promote angiogenesis by mimicking the structure of the 

natural extracellular matrix. Since the crossbar will have graphene electrodes embedded 

in between these two layers, aligned longitudinally to the longer axis of the crossbar, this 

work could possibly be expanded by exploring the extracorporeal use of physical 

therapeutic agents to achieve functional recovery alongside nerve-stretch-growth. The 

possibilities of promoting this work are limitless; it is just a matter of exploring them in 

a scientific way to achieve faster nerve growth. 

6.5 Closure 

This research work was done to solve a significant clinical problem associated with the 

regrowth of peripheral nerves. The unique aspect of this research work is the translation 

of ex-vivo axonal growth to in-vivo nerve stretch-growth. This dissertation is focused on 

accelerating peripheral nerve regrowth using negative pressure. In conclusion, the results 

of this dissertation reported the following: 
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i. Development of a methodology to translate ex-vivo axonal stretch growth to in-

vivo nerve stretching in order to accelerate the quasi-static rate of nerve growth. 

ii. A medium (T-shaped conduit) to apply negative pressure directly to nerve stumps 

of a sciatic nerve of a Wistar rat was designed and fabricated. 

iii. A nerve stretcher (medical device) tailored to enhance nerve regrowth, integrated 

with ‘internet-of-things’ catering to a specific niche market within a medical 

engineering community, was developed. 

iv. In-vivo stretching of sciatic nerves of Wistar rats using negative pressure resulted 

in better growth of nerves compared to the control. 

v. The negative pressure of 20 mmHg was found to be an optimal pressure used for 

in-vivo sciatic nerve stretch-growth of a Wistar rat as it favoured both, nerve 

growth and neovascularisation. 
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A1: Arduino code for prototype 
This code was written for the prototype of the nerve st retcher. This code must  be 
compiled using an Arduino Mega 2560. 

 

#include "U8glib.h" 
#include "DHT.h" 
 
U8GLIB_ST7920_128X64 u8g(13, 11, 12, U8G_PIN_NONE); 
 
int htPin = 7; 
int 
var = 0; 
DHT dht(htPin, DHT22); // Specify Sensor Pin and Sensor Type 
int SensorValue, NegPressure, x, y, snp, sv, sv2, P; 
float vo, kpa, mmHg, E, E1, h, t; 
const int rPin = 8; 
int pumpState = LOW; 
 
# 
define tempVal 0 // Temporary Value 
/*-------------------------------- 
     Buttons for navigation 
  --------------------------------*/ 
# define KeyPrev 3# define KeyNext 2# define KeySelect 4# define KeyBack 5 
 
uint8_t btnPrev = 3; 
uint8_t btnNext = 2; 
uint8_t btnSelect = 4; 
uint8_t btnBack = 5; 
 
uint8_t uiKeyCodeFirst = tempVal; 
uint8_t uiKeyCodeSecond = tempVal; 
uint8_t uiKeyCode = tempVal; 
 
void BtnConfig(void) { 
 // Configure input buttons 
 pinMode(btnPrev, INPUT); // Set the pin as input 
 digitalWrite(btnPrev, HIGH); // Enables the internal pull up resistor 
 pinMode(btnNext, INPUT); // Set the pin as input 
 digitalWrite(btnNext, HIGH); // Enables the internal pull up resistor 
 pinMode(btnSelect, INPUT); // Set the pin as input 
 digitalWrite(btnSelect, HIGH); // Enables the internal pull up resistor 
 pinMode(btnBack, INPUT); // Set the pin as input 
 digitalWrite(btnBack, HIGH); // Enables the internal pull up resistor 
} 
 
void BtnDebounce(void) { 
 // Button Debounce 
 uiKeyCodeSecond = uiKeyCodeFirst; 
 if (digitalRead(btnPrev) == LOW) 
  uiKeyCodeFirst = KeyPrev; 
 else if (digitalRead(btnNext) == LOW) 
  uiKeyCodeFirst = KeyNext; 
 else if (digitalRead(btnSelect) == LOW) 
  uiKeyCodeFirst = KeySelect; 
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 else if (digitalRead(btnBack) == LOW) 
  uiKeyCodeFirst = KeyBack; 
 else 
  uiKeyCodeFirst = tempVal; 
 
 if (uiKeyCodeSecond == uiKeyCodeFirst) 
  uiKeyCode = uiKeyCodeFirst; 
 else 
  uiKeyCode = tempVal; 
} 
 
# define MenuItems 6 
//The names of the menus that will appear in the Display 
const char * MenuStrings[MenuItems] = { 
 "Monitor Sensors", 
 "Automatic 20 mmHg", 
 "Manual Control < 15", 
 "Nerve Insertion", 
 "Run at Full Speed", 
 "-- Disclaimer --" 
}; 
 
uint8_t CurrentMenu = 0; // Check the current screen that is being 
displayed 
uint8_t MenuRedrawReq = 0; // Enable the menu to be drawn on the screen 
uint8_t last_key_code = tempVal; 
int screen = 0; // Screen value currently being displayed 
 
/*---------------------------------------------------------------- 
      Below is the SubMenu for each Menu screen 
      Just create a Void Screen () for your screen 
  --------------------------------------------------------------*/ 
void CheckSensors() { 
 SensorValue = analogRead(A0); 
 h = dht.readHumidity(); 
 t = dht.readTemperature(); 
 Serial.print(SensorValue); 
 Serial.print(","); 
 Serial.print(h); 
 Serial.print(","); 
 Serial.println(t); 
} 
//Screen 1 - Check Sensor Values 
void Screen1() { 
 u8g.drawRFrame(0, 0, 128, 64, 0); 
 u8g.drawLine(0, 13, 128, 13); 
 u8g.drawLine(0, 26, 128, 26); 
 u8g.drawLine(90, 0, 90, 13); 
 u8g.drawLine(60, 13, 60, 26); 
 u8g.setFont(u8g_font_6x10); 
 u8g.drawStr(2, 10, "Vacuum Sensor"); 
 u8g.setPrintPos(100, 10); 
 u8g.print(SensorValue); 
 u8g.drawStr(3, 23, "T = "); 
 u8g.setPrintPos(28, 23); 
 u8g.print(t, 1); 
 u8g.drawStr(64, 23, "H = "); 
 u8g.setPrintPos(88, 23); 
 u8g.print(h, 1); 
 u8g.drawStr(120, 23, "%"); 
 u8g.setFont(u8g_font_5x8); 
 u8g.drawStr(2, 35, "If Vacuum Sensor Value is"); 
 u8g.drawStr(2, 43, "less than 941, Please"); 
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 u8g.drawStr(2, 52, "Contact me at:"); 
 u8g.drawStr(26, 62, "0420615180"); 
 u8g.setFont(u8g_font_6x12_78_79); 
 u8g.drawStr(14, 62, "\x6"); 
} 
 
// Set Negative Pressure Value at 20 
void Set20mmHg() { 
 snp = 20; 
 sv = analogRead(A0); 
 if (sv > 941) { 
  x = sv - 941; 
  sv = sv - x; 
 } 
 vo = sv * (5.0 / 1023.0); 
 kpa = ((vo / 5) - 0.92) / (0.007652); 
 mmHg = kpa * (763 / 101.325); 
 P = abs(round(mmHg)); 
 Serial.println(P); 
 E = abs(snp - P); 
 E = E / snp; 
 E1 = 100 * E; 
 int snp2 = snp; 
 
 if (P < snp2) { 
  digitalWrite(rPin, HIGH); 
  delay(6); 
  digitalWrite(rPin, LOW); 
 } else { 
  digitalWrite(rPin, LOW); 
 } 
 delay(100); 
} 
 
void Screen2(void) { 
 u8g.setFont(u8g_font_6x10); 
 u8g.drawFrame(0, 0, 128, 64); 
 u8g.drawLine(0, 16, 128, 16); 
 u8g.drawLine(0, 32, 128, 32); 
 u8g.drawLine(0, 48, 128, 48); 
 u8g.drawLine(75, 16, 75, 64); 
 u8g.drawStr(13, 12, "Automatic 20 mmHg"); 
 u8g.drawStr(3, 27, "Set Value"); 
 u8g.drawStr(3, 43, "Pressure Now"); 
 u8g.drawStr(3, 60, "Error (%)"); 
 u8g.setPrintPos(85, 27); 
 u8g.print(snp); 
 u8g.setPrintPos(85, 43); 
 u8g.print(P); 
 u8g.setPrintPos(85, 60); 
 u8g.print(E1, 1); 
 u8g.drawStr(118, 60, "%"); 
 u8g.setFont(u8g_font_5x7); 
 u8g.drawStr(105, 27, "mmHg"); 
 u8g.drawStr(105, 43, "mmHg"); 
} 
 
// Take negative pressure value from user 
void TakeFromPot() { 
 snp = analogRead(A2); 
 snp = round(snp * (560.0 / 1023.0)); 
 delay(200); 
 sv = analogRead(A0); 
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 if (sv > 941) { 
  x = sv - 941; 
  sv = sv - x; 
 } 
 vo = sv * (5.0 / 1023.0); 
 kpa = ((vo / 5) - 0.92) / (0.007652); 
 mmHg = kpa * (763 / 101.325); 
 P = abs(round(mmHg)); 
 E = abs(snp - P); 
 Serial.println(P); 
 E = E / snp; 
 E1 = 100 * E; 
 int snp2 = snp; 
 if (P < snp2) { 
  digitalWrite(rPin, HIGH); 
  delay(6); 
  digitalWrite(rPin, LOW); 
 } else { 
  digitalWrite(rPin, LOW); 
 } 
} 
 
// Showing negative pressure value from user 
void Screen3(void) { 
 u8g.drawFrame(0, 0, 128, 64); 
 u8g.drawLine(0, 16, 128, 16); 
 u8g.drawLine(0, 32, 128, 32); 
 u8g.drawLine(0, 48, 128, 48); 
 u8g.drawLine(75, 16, 75, 64); 
 u8g.drawStr(20, 12, "Manual Control"); 
 u8g.drawStr(3, 27, "Set Value"); 
 u8g.drawStr(3, 43, "Pressure Now"); 
 u8g.drawStr(3, 60, "Error (%)"); 
 u8g.setPrintPos(85, 27); 
 u8g.print(snp); 
 u8g.setPrintPos(85, 43); 
 u8g.print(P); 
 u8g.setPrintPos(85, 60); 
 u8g.print(E1, 1); 
 u8g.drawStr(118, 60, "%"); 
 u8g.setFont(u8g_font_5x7); 
 u8g.drawStr(105, 27, "mmHg"); 
 u8g.drawStr(105, 43, "mmHg"); 
} 
 
// Nerve Insertion Process 
void NerveInsertion() { 
 snp = 150; 
 sv = analogRead(A0); 
 if (sv > 941) { 
  x = sv - 941; 
  sv = sv - x; 
 } 
 vo = sv * (5.0 / 1023.0); 
 kpa = ((vo / 5) - 0.92) / (0.007652); 
 mmHg = kpa * (763 / 101.325); 
 P = abs(round(mmHg)); 
 E = abs(snp - P); 
 Serial.println(P); 
 E = E / snp; 
 E1 = 100 * E; 
 int snp2 = snp; 
 if (P < snp2) { 
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  digitalWrite(rPin, HIGH); 
  delay(10); 
  digitalWrite(rPin, LOW); 
 } else { 
  digitalWrite(rPin, LOW); 
 } 
 delay(100); 
} 
 
void Screen4(void) { 
 u8g.setFont(u8g_font_6x10); 
 u8g.drawFrame(0, 0, 128, 64); 
 u8g.drawLine(0, 16, 128, 16); 
 u8g.drawLine(0, 32, 128, 32); 
 u8g.drawLine(0, 48, 128, 48); 
 u8g.drawLine(75, 16, 75, 64); 
 u8g.drawStr(15, 12, "Nerve Insertion"); 
 u8g.drawStr(3, 27, "Set Value"); 
 u8g.drawStr(3, 43, "Pressure Now"); 
 u8g.drawStr(3, 60, "Error (%)"); 
 u8g.setPrintPos(85, 27); 
 u8g.print(snp); 
 u8g.setPrintPos(85, 43); 
 u8g.print(P); 
 u8g.setPrintPos(85, 60); 
 u8g.print(E1, 1); 
 u8g.drawStr(118, 60, "%"); 
 u8g.setFont(u8g_font_5x7); 
 u8g.drawStr(105, 27, "mmHg"); 
 u8g.drawStr(105, 43, "mmHg"); 
} 
 
// Free Run at 530 mmHg 
void FreeRun() { 
 snp = 400; 
 sv = analogRead(A0); 
 if (sv > 941) { 
  x = sv - 941; 
  sv = sv - x; 
 } 
 vo = sv * (5.0 / 1023.0); 
 kpa = ((vo / 5) - 0.92) / (0.007652); 
 mmHg = kpa * (763 / 101.325); 
 P = abs(round(mmHg)); 
 Serial.println(P); 
 if (P < snp && pumpState == LOW) { 
  pumpState = HIGH; 
 } else { 
  pumpState = LOW; 
 } 
 digitalWrite(rPin, pumpState); 
} 
 
void Screen5(void) { 
 u8g.setFont(u8g_font_6x10); 
 u8g.drawFrame(0, 0, 128, 64); 
 u8g.drawLine(0, 26, 128, 26); 
 u8g.drawLine(75, 0, 75, 26); 
 u8g.drawStr(3, 12, "Current"); 
 u8g.drawStr(3, 23, "Pressure"); 
 u8g.setPrintPos(80, 17); 
 u8g.print(P); 
 u8g.drawStr(102, 17, "mmHg"); 
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 u8g.setFont(u8g_font_5x7); 
 u8g.drawStr(3, 35, "Note: The vacuum pump is"); 
 u8g.drawStr(3, 45, "running at full speed."); 
 u8g.drawStr(20, 58, "Not Recommended"); 
 u8g.setFont(u8g_font_cursor); 
 u8g.drawStr(12, 55, "\x91"); 
 u8g.drawStr(115, 58, "\x78"); 
 u8g.setFont(u8g_font_6x10); 
} 
 
 
// Information & Copyright 
void credits() {} 
 
void Screen6(void) { 
 //  u8g.setFont(u8g_font_6x10); 
 u8g.setFont(u8g_font_tpssb); 
 u8g.drawStr(20, 10, "Disclaimer"); 
 u8g.drawLine(20, 13, 80, 13); 
 u8g.drawStr(2, 25, "This program is still"); 
 u8g.drawStr(2, 35, "in development phase"); 
 u8g.drawStr(2, 45, "Developer is not"); 
 u8g.drawStr(2, 55, "responsible."); 
} 
 
 
void setup() { 
 pinMode(rPin, OUTPUT); 
 Serial.begin(9600); 
 u8g.setColorIndex(1); 
 u8g.firstPage(); 
 do { 
  intro(); 
 } while (u8g.nextPage()); 
 delay(5000); 
 BtnConfig(); 
 MenuRedrawReq = 1; 
} 
 
void intro(void) { 
 u8g.setFont(u8g_font_6x10); 
 u8g.drawStr(10, 10, "Negative Pressure"); 
 u8g.drawStr(20, 20, "Neurogenesis"); 
 u8g.drawLine(5, 23, 120, 23); 
 u8g.setFont(u8g_font_5x7); 
 u8g.drawStr(12, 32, "Software Version : 1.2"); 
 u8g.drawStr(30, 42, "Device ID : 25022018"); 
 u8g.setFont(u8g_font_tpssb); 
 u8g.drawStr(9, 60, "Griffith University"); 
 u8g.setFont(u8g_font_6x10); 
} 
 
// Below is the drawing sub menu of the main menu 
void drawMenu(void) { 
 int i, h, w, d; 
 u8g.setFont(u8g_font_6x10); 
 u8g.setFontRefHeightText(); 
 u8g.setFontPosTop(); 
 
 h = u8g.getFontAscent() - u8g.getFontDescent(); 
 w = u8g.getWidth(); 
 
 for (i = 0; i < MenuItems; i++) { 
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  d = (w - u8g.getStrWidth(MenuStrings[i])) / 2; 
  u8g.setDefaultForegroundColor(); 
  if (i == CurrentMenu) { 
   u8g.drawRFrame(0, i * h + 1, w, h, 2); 
  } 
  u8g.drawStr(d, i * h, MenuStrings[i]); 
 } 
} 
 
// Function to change line of menu items 
void UpdateMenu(void) { 
 if (uiKeyCode != tempVal && last_key_code == uiKeyCode) { 
  return; 
 } 
 last_key_code = uiKeyCode; 
 
 switch (uiKeyCode) { 
  case KeyNext: 
   CurrentMenu++; 
   if (CurrentMenu >= MenuItems) 
    CurrentMenu = 0; 
   MenuRedrawReq = 1; 
   break; 
  case KeyPrev: 
   if (CurrentMenu == 0) 
    CurrentMenu = MenuItems; 
   CurrentMenu--; 
   break; 
 } 
} 
 
 
void loop() { 
 BtnConfig(); 
 if (MenuRedrawReq = 1 && screen == 0) { 
  BtnDebounce(); 
  u8g.firstPage(); 
  do { 
   drawMenu(); 
  } 
  while (u8g.nextPage()); 
  MenuRedrawReq = 0; 
 } 
 if (MenuRedrawReq = 1) { 
  UpdateMenu(); //update menu bar 
 } 
 
 /*-------------------------- 
      1st Sub Menu 
   --------------------------*/ 
 // Checks if the Menu Item is selected and the SELECT button has been 
pressed 
 if (CurrentMenu == 0 && digitalRead(btnSelect) == 0) { 
  screen = 1; // Set the screen 
  MenuRedrawReq = 0; // Disable menu 
 } 
 if (screen == 1) { // Check if you're on the screen 
  u8g.firstPage(); // Launches the Screen Page 
  do { 
   Screen1(); // Calls the sub routine of the screen 
   CheckSensors(); 
   if (digitalRead(btnBack) == 0) { // Check if the BACK button has been 
pressed 



189 
 

    CurrentMenu = 0; // Returns the cursor to the first menu position 
    MenuRedrawReq = 1; // Enable the Main Menu 
    screen = 0; // Set as the First Screen 
   } 
  } while (u8g.nextPage()); // Finish the screen page and go to the next 
screen 
 } 
 /*------------------------- 
     2nd Sub Menu 
   --------------------------*/ 
 // Checks if the Menu Item is selected and the SELECT button has been 
pressed 
 if (CurrentMenu == 1 && digitalRead(btnSelect) == 0) { 
  screen = 2; // Set the screen 
  MenuRedrawReq = 0; // Disable menu 
 } 
 if (screen == 2) { // Check if you're on the screen 
  u8g.firstPage(); // Launches the Screen Page 
  do { 
   Screen2(); // Calls the sub routine of the screen 
   Set20mmHg(); 
   if (digitalRead(btnBack) == 0) { // Checks if the BACK button has been 
pressed 
    CurrentMenu = 0; // Returns the cursor to the first menu position 
    MenuRedrawReq = 1; // Enable the Main Menu 
    screen = 0; // Set as the First Screen 
   } 
  } while (u8g.nextPage()); // Finish the screen page and go to the next 
screen 
 } 
 
 /*----------------------------- 
        3rd Sub Menu 
    ---------------------------*/ 
 // Checks if the Menu Item is selected and the SELECT button has been 
pressed 
 if (CurrentMenu == 2 && digitalRead(btnSelect) == 0) { 
  screen = 3; // Set the screen 
  MenuRedrawReq = 0; // Disable menu 
 } 
 if (screen == 3) { // Check if you're on the screen 
  u8g.firstPage(); // Launches the Screen Page 
  do { 
   Screen3(); // Calls the sub routine of the screen 
   TakeFromPot(); 
   if (digitalRead(btnBack) == 0) { // Checks if the BACK button has been 
pressed 
    CurrentMenu = 0; // Returns the cursor to the first menu position 
    MenuRedrawReq = 1; // Enable the Main Menu 
    screen = 0; // Set as the First Screen 
   } 
  } while (u8g.nextPage()); // Finish the screen page and go to the next 
screen 
 } 
 
 /*------------------------------ 
     4rth Sub Menu 
   ------------------------------*/ 
 // Checks if the Menu Item is selected and the SELECT button has been 
pressed 
 if (CurrentMenu == 3 && digitalRead(btnSelect) == 0) { 
  screen = 4; // Set the screen 
  MenuRedrawReq = 0; // Disable menu 
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 } 
 if (screen == 4) { // Check if you're on the screen 
  u8g.firstPage(); // Launches the Screen Page 
  do { 
   Screen4(); // Calls the sub routine of the screen 
   NerveInsertion(); 
   if (digitalRead(btnBack) == 0) { // Checks if the BACK button has been 
pressed 
    CurrentMenu = 0; // Returns the cursor to the first menu position 
    MenuRedrawReq = 1; // Enable the Main Menu 
    screen = 0; // Set as the First Screen 
   } 
  } while (u8g.nextPage()); // Finish the screen page and go to the next 
screen 
 } 
 
 /*------------------------------ 
       5th Sub Menu 
   ------------------------------*/ 
if (CurrentMenu == 4 && digitalRead(btnSelect) == 0) { 
  screen = 5; // Set the screen 
  MenuRedrawReq = 0; // Disable menu 
 } 
 if (screen == 5) { // Check if you're on the screen 
  u8g.firstPage(); // Launches the Screen Page 
  do { 
   Screen5(); // Calls the sub routine of the screen 
   FreeRun(); 
   if (digitalRead(btnBack) == 0) { // Checks if the BACK button has been 
pressed 
    CurrentMenu = 0; // Returns the cursor to the first menu position 
    MenuRedrawReq = 1; // Enable the Main Menu 
    screen = 0; // Set as the First Screen 
   } 
  } while (u8g.nextPage()); // Go to the next screen 
 } 
 /*------------------------------ 
       6th Sub Menu 
   ------------------------------*/ 
if (CurrentMenu == 5 && digitalRead(btnSelect) == 0) { 
  screen = 6; // Set the screen 
  MenuRedrawReq = 0; // Disable menu 
 } 
 if (screen == 6) { // Check if you're on the screen 
  u8g.firstPage(); // Launches the Screen Page 
  do { 
   Screen6(); // Calls the sub routine of the screen 
   credits(); 
   if (digitalRead(btnBack) == 0) { // Checks if the BACK button has been 
pressed 
    CurrentMenu = 0; // Returns the cursor to the first menu position 
    MenuRedrawReq = 1; // Enable the Main Menu 
    screen = 0; // Set as the First Screen 
   } 
  } while (u8g.nextPage()); // Go to the next screen 
 } 
} 
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A2: Web-user interface for nerve stretcher 

The following bash script was used to download web user interface for nerve stretcher. 

 
#!/bin/bash 
START=$(date +%s) 
echo "This script will download dashboard and device's information." 
echo "Remove the files if there were already downloaded." 
sudo rm -rf dashboard.json nerve_stretcher.json myDevices.csv 
# "Fetch dashboard from GitHub" 
sudo wget "https://raw.githubusercontent.com/msanaullahsahar/ 
nervestretcher/master/nerve_stretcher.json" 
myName=$(whoami) 
sudo chown -R $myName nerve_stretcher.json 
echo "Modify dashboard file with new IP address for accessing  camera in 
dashboard." 
read -p "What is your Raspberry-Pi's IP address? : "  rPiAddress 
sudo sed -i -e "s/localhost/$rPiAddress/g" nerve_stretcher.json 
sudo mv nerve_stretcher.json dashboard.json 
sudo chown -R $myName dashboard.json 
echo "Remove original dashboard file" 
sudo rm -rf nerve_stretcher.json 
echo "Fetch Devices from GitHub" 
sudo wget "https://raw.githubusercontent.com/msanaullahsahar\ 
/nervestretcher/master/myDevices.csv" 
sudo chown -R $myName myDevices.csv 
echo "New line for spacing" 
echo "Your Raspberry-Pi\'s IP address is: $rPiAddress. If this is wrong, 
run this script again." 
echo "All Done! Press Ok to exit." 
END=$(date +%s) 
DIFF=$(( $END - $START )) 
echo "It took $DIFF seconds to complete installation." 
# Display Ok Box 
whiptail --title "Downloading Completed" --msgbox "Check your folder for 
dashboard.json and myDevices.csv files." 8 78 
exitstatus=$? 
if [ $exitstatus = 0 ]; then 
 exit 1 || return 1 
fi 
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A3: Importing web user interface 

The following steps should be performed in order to import web user interface to IoT 

platform. 

 

1. By selecting devices on the menu bar, two new devices were created by clicking 

on the plus sign in the bottom of the right-hand side of the screen and importing 

myDevices.csv file. On import configuration step, both checkboxes were removed, 

and on select columns type option, column type was chosen as Name, Type and 

Access token for first, second and third row respectively. Finally, the process was 

completed by clicking the ok button. 

2. The web user interface was imported by clicking on dashboards on the menu bar, 

hitting the plus sign, selecting import dashboard option, choosing the web user 

interface file (dashboard.json) downloaded earlier, and finally clicking on import 

button. 

3. On the newly appeared window (Configure aliases), both aliases were edited one 

by one. For both cases filter type was chosen as a single entity, the type was 

chosen as a device, and finally, for Nerve Stretcher and Image Counter, devices 

were chosen as Nerve Stretcher and Image Counter respectively. The 

configurations were saved by pressing the save button, which completed the web 

user interface importing process. The web user interface was then accessed by 

clicking on the newly imported dashboard card (nerve stretcher dashboard). 
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A4: Firmware flasher 

The following bash script was used to flash the firmware of the nerve stretcher V 2.0. 

 

#!/bin/bash 
# Check if this script is run as root 
if ! [ $(id -u) = 0 ]; then 
echo "This script must be run as root." 
exit 1 
fi 
# Delete old firmware if any 
test -f Firmware.bin && sudo rm -rf Firmware.bin 
# Install Python3 PiP3 and ESPtool 
sudo apt install python3-pip 
sudo pip3 install esptool 
clear 
# Downloading Updated Firmware. 
echo Downloading Updated Firmware. 
sudo wget https://raw.githubusercontent.com/msanaullahsahar\ 
/nervestretcher/master/Firmware.bin 
# Getting serial port information from user. 
read -p "Please enter your COM port number [0 to 9]: "  portNumber 
echo "Flashing firmware started." 
esptool.py --port /dev/ttyUSB$portNumber write_flash 0x00000000 
Firmware.bin 
# Display Ok Box 
whiptail --title "Check Terminal" --msgbox "Please see terminal\ 
for SUCCESS/FAILURE message." 8 78 
exitstatus=$? 
if [ $exitstatus = 0 ]; then 
 exit 1 || return 1 
fi 
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A5: Installation of IoT platform 

A bash script to install IoT Platform on raspberry-pi 4 Model B (4GB RAM). This script 

needs to be run in raspberry-pi’s terminal as a root user. 

 

#!/bin/bash 
# Check if this script is run as root 
if ! [ $(id -u) = 0 ]; then 
echo "This script must be run as root." 
exit 1 
fi 
# Install necessary packages 
sudo apt-get install -y whiptail dialog wget unzip curl 
# Install Open JDK 8 
echo "Install Open JDK 8" 
echo 'deb http://ftp.de.debian.org/debian sid main' >> 
/etc/apt/sources.list 
sudo apt-get update -y 
sudo apt-get install openjdk-8-jdk 
# Downloading Latest ThingsBoard Package 
URL=$(curl -s https://api.github.com/repos/thingsboard/thingsboard\ 
/releases/latest | grep browser_download_url.*deb | 
cut -d '"' -f 4) 
sleep 5 
wget "$URL" 2>&1 |stdbuf -o0 awk '/[.] +[0-9][0-9]?[0-9]?%/ { print 
substr($0,63,3) }' | dialog --gauge "Downloading Thingsboard Platform." 10 
100 
thingsboard="$(find . -name "*.deb")" 
# Making ThingsBoard Platform Ready for Installation 
sudo dpkg -i $thingsboard 
# Installing PostgreSQL for backend database 
sudo apt-get install -y postgresql postgresql-contrib 
sudo systemctl enable postgresql 
sudo service postgresql start 
su - postgres -c "psql -U postgres -d postgres -c \"alter user postgres 
with password 'post24984';\"" 
sudo -u postgres psql -c 'create database thingsboard;' 
# Restrict ThingsBoard Memory Usage 
totalRam=$(free -m | awk '/^Mem:/{print $2}') 
if [ $totalRam -lt 490 ]; then 
echo 'export JAVA_OPTS="$JAVA_OPTS -Dplatform=rpi -Xms256M -Xmx256M"' >>\ 
 /etc/thingsboard/conf/thingsboard.conf 
elif [ $totalRam -gt 3900 ]; then 
echo 'export JAVA_OPTS="$JAVA_OPTS -Dplatform=rpi -Xms2048M -Xmx2048M"' >>\ 
 /etc/thingsboard/conf/thingsboard.conf 
elif [ $totalRam -gt 490 -o $totalRam -lt 1024 ]; then 
echo 'export JAVA_OPTS="$JAVA_OPTS -Dplatform=rpi -Xms512M -Xmx512M"' >>\ 
 /etc/thingsboard/conf/thingsboard.conf 
else 
 echo "INFO: RAM size unknown." 
fi 
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fi 
# Configuring database for Thingsboard 
echo '# DB Configuration' >> /etc/thingsboard/conf/thingsboard.conf 
echo 'export DATABASE_ENTITIES_TYPE=sql' >> /etc/thingsboard/conf/\ 
thingsboard.conf 
echo 'export DATABASE_TS_TYPE=sql' >> /etc/thingsboard/conf/\ 
thingsboard.conf 
echo 'export SPRING_JPA_DATABASE_PLATFORM=org.hibernate.dialect.\ 
PostgreSQLDialect' >> /etc/thingsboard/conf/thingsboard.conf 
echo 'export SPRING_DRIVER_CLASS_NAME=org.postgresql.Driver' >>\ 
 /etc/thingsboard/conf/thingsboard.conf 
echo 'export SPRING_DATASOURCE_URL=jdbc:postgresql://localhost:5432\ 
/thingsboard' >> /etc/thingsboard/conf/thingsboard.conf 
echo 'export SPRING_DATASOURCE_USERNAME=postgres' >>\ 
 /etc/thingsboard/conf/thingsboard.conf 
echo 'export SPRING_DATASOURCE_PASSWORD=post24984' >>\ 
 /etc/thingsboard/conf/thingsboard.conf 
#Installing ThingsBoard Platform 
sudo /usr/share/thingsboard/bin/install/install.sh --loadDemo 
# Starting Thingsboard as a Service 
sudo systemctl enable thingsboard 
sudo systemctl start thingsboard 
# Installing Proxy Server 
sudo apt install nginx -y 
sudo wget "https://raw.githubusercontent.com/msanaullahsahar\ 
/nervestretcher/master/thingsboard.conf" 
sudo mv thingsboard.conf /etc/nginx/conf.d/thingsboard.conf 
sudo systemctl restart nginx 
# Finding IP address of the Thingsboard IoT Platform 
ipv4=$(curl ifconfig.co) 
ipv41=$(hostname -I) 
# How to access dashboard? 
echo ThingsBoard platform can be accessed by using any\ 
 of the following link. 
echo http://$ipv4:8080/login 
echo http://$ipv41:8080/login 
echo http://raspberrypi/login 
echo You may need port forwarding (port#8080) if you wish to\ 
 access GUI from outside of your private network. 
echo All Done! 
# Ask permission to restart raspberry-pi 
if (whiptail --title "Reboot Permission" --yesno "Do you want to reboot now 
(y/n)?" 10 60) then 
 sudo reboot now 
else 
 echo "Please reboot manually otherwise IoT platform\ 
  may not start properly." 
fi 
 

 



196 
 

A6: WiFi settings for raspberry-pi 

This script allows a user to do correct WiFi settings on the raspberry-pi so that the web 

user interface to control the nerve stretcher can be accessed. 

 

#!/bin/bash 
echo "Updating system" 
sudo apt-get update -y 
sudo apt-get install -y whiptail wget 
echo Ask permission to set WiFi 
whiptail --title "Permission" --yesno "WiFi-Setting's Script. Do you want\ 
 to continue (yes/no)?" 10 60 
exitstatus=$? 
if [ $exitstatus = 1 ]; then 
 exit 1 || return 1 
fi 
echo "WiFi-Settings begins" 
# Enter WiFi SSID 
SSID=$(whiptail --inputbox "What is your WiFi name?" 8 78\ 
 --title "WiFi SSID" 3>&1 1>&2 2>&3) 
exitstatus=$? 
if [ $exitstatus = 1 ]; then 
exit 1 || return 1 
fi 
# Enter WiFi Password 
PSWD=$(whiptail --inputbox "Please supply your WiFi Password?" 8 78\ 
 --title "WiFi Password" 3>&1 1>&2 2>&3) 
exitstatus=$? 
if [ $exitstatus = 1 ]; then 
 exit 1 || return 1 
fi 
# Enter your country code 
CCODE=$(whiptail --inputbox "Please enter two letters code of your\ 
 country? For example, The two letters code for Australia is AU"\ 
  8 78 --title "WiFi Country Code" 3>&1 1>&2 2>&3) 
exitstatus=$? 
if [ $exitstatus = 1 ]; then 
exit 1 || return 1 
fi 
echo "Download WiFi Config file" 
sudo rm -rf /etc/wpa_supplicant/wpa_supplicant.conf 
sudo wget https://raw.githubusercontent.com/msanaullahsahar\ 
/nervestretcher/master/wpa_supplicant.conf 
sudo mv wpa_supplicant.conf /etc/wpa_supplicant/ 
sudo sed -i -e "s/myCountry/$CCODE/g" /etc/wpa_supplicant\ 
/wpa_supplicant.conf 
sudo sed -i -e "s/mySSID/$SSID/g" /etc/wpa_supplicant\ 
/wpa_supplicant.conf 
sudo sed -i -e "s/myPassword/$PSWD/g" /etc/wpa_supplicant\ 
/wpa_supplicant.conf 
echo "Reboot System" 
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if (whiptail --title "Reboot Permission" --yesno "Do you want\ 
 to reboot now (y/n)?" 10 60) then 
sudo reboot now 
else 
 echo "Please reboot manually. WiFi will work only\ 
  after reboot" 
fi 
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A7: PiCamX 

A bash script to install a remote monitoring system on the raspberry-pi. The USB-

webcam needs to be attached to raspberry-pi during the installation of this script. 

 

#!/bin/bash 
echo "Making directory for storing images." 
sudo mkdir /home/pi/motion 
sudo chmod a+x /home/pi/motion 
echo "Installing Python PIP." 
sudo apt-get install python-pip -y 
echo "Installing GiT." 
sudo apt-get install git -y 
echo "Installing Python MQTT." 
sudo git clone https://github.com/eclipse/paho.mqtt.python 
cd paho.mqtt.python 
sudo python setup.py install 
cd 
echo "Installing Screen." 
sudo apt-get install screen -y 
echo "Installing Motion Camera Software." 
sudo apt-get install motion -y 
echo "Modifying Motion File." 
sudo sed -i -e 's/daemon off/daemon on/g' /etc/motion/motion.conf 
sudo sed -i -e 's/width 320/width 640/g' /etc/motion/motion.conf 
sudo sed -i -e 's/height 240/height 480/g' /etc/motion/motion.conf 
sudo sed -i -e 's/framerate 2/framerate 5/g' /etc/motion\ 
/motion.conf 
sudo sed -i -e 's/auto_brightness off/auto_brightness\ 
 on/g' /etc/motion/motion.conf 
sudo sed -i -e 's/stream_localhost on/stream_localhost\ 
 off/g' /etc/motion/motion.conf 
sudo sed -i -e 's/webcontrol_localhost on/webcontrol_localhost\ 
 off/g' /etc/motion/motion.conf 
sudo sed -i -e 's/quality 75/quality 100/g'/etc/motion/motion.conf 
sudo sed -i -e 's/; webcontrol_authentication username:password/\ 
webcontrol_authentication admin:sahar/g' /etc/motion/motion.conf 
echo "Change Location of Files to USB." 
sudo sed -i -e 's#/var/lib/motion#/home/pi/motion#g'\ 
 /etc/motion/motion.conf 
echo "Edit Motion File." 
sudo sed -i -e 's/start_motion_daemon=no/start_motion_daemon\ 
=yes/g' /etc/default/motion 
echo "Restart Motion." 
sudo service motion restart 
sleep 5 
echo "Run Motion." 
sudo motion 
echo "Downloading Count Pics and Clear Pics Stuff." 
cd /home/pi 
sudo wget https://raw.githubusercontent.com/msanaullahsahar\ 
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/nervestretcher/master/countPics.py 
sudo wget https://raw.githubusercontent.com/msanaullahsahar\ 
/nervestretcher/master/countPics.sh 
sudo wget https://raw.githubusercontent.com/msanaullahsahar\ 
/nervestretcher/master/clearPics.py 
sudo wget https://raw.githubusercontent.com/msanaullahsahar\ 
/nervestretcher/master/cam.sh 
sudo chmod a+x countPics.py clearPics.py countPics.sh cam.sh  
echo "Modifying CRONTAB." 
echo '*/5 * * * * sudo python /home/pi/clearPics.py' >>\ 
 /var/spool/cron/crontabs/root 
echo '@reboot ( sleep 2 ;sh /home/pi/countPics.sh )' >>\ 
 /var/spool/cron/crontabs/root 
echo '@reboot ( sleep 10 ;sh /home/pi/cam.sh )' >>\ 
 /var/spool/cron/crontabs/root 
echo "All Done" 
if (whiptail --title "Reboot Permission" --yesno "Do you\ 
 want to reboot now (y/n)?" 10 60) then 
 sudo reboot now 
else 

echo "Please reboot otherwise camera may not work properly." 
fi 
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A8: Counting items in the image directory 

This python script counts pictures and videos in the image directory 

and report their number to the web user interface. 

 

#!/usr/bin/env python 
import os, time, sys, glob, json, socket 
import paho.mqtt.client as mqtt 
host_name = socket.gethostname() 
host_ip = socket.gethostbyname(host_name)  
data = {'picFiles': 0} 
mqttServer  = host_ip 
accessToken = "GMxsuGHOU1GIJKB5iFd9" 
dir='/home/pi/motion' 
picFiles = 0 
client = mqtt.Client() 
client.username_pw_set(accessToken) 
client.connect (mqttServer, 1883, 60) 
client.loop_start() 
while True: 
 try: 
  list = os.listdir(dir) 
  picFiles = len(list) 
  print(picFiles) 
  data['picFiles'] = picFiles 
  client.publish('v1/devices/me/telemetry', 
  json.dumps(data), 1) 
  time.sleep(1) 
 except KeyboardInterrupt: 
  client.disconnect() 
  sys.exit() 
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A9: Deleting images from the image 

directory 

The following python script delete images from image directory at regular intervals to 

reclaim space. 

 

#!/usr/bin/env python 
import glob 
import os 
directory='/home/pi/motion' 
os.chdir(directory) 
fileExt = ('*.avi', '*.jpg') 
files_grabbed = [] 
for files in fileExt: 
 files_grabbed.extend(glob.glob(files)) 
for filename in files_grabbed: 
 os.unlink(filename) 
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Appendix - B 

(Solutions and Reagents) 
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The following solutions were used during Masson’s trichrome staining. 

1. Bouin’s solution 

Picric acid (saturated) 75 mL, formaldehyde (37-40%) 25 mL, and, glacial acetic acid 5 

mL. 

2. Weigert’s iron haematoxylin solution 

 Stock Solution A: Haematoxylin 1 g, 95% Alcohol 100 mL Stock 

 Solution B: 29% Ferric chloride in water 4 ml, Distilled water 95 mL, conc. 

HCL 1 mL 

3. Weigert’s iron haematoxylin working solution 

 Mix equal parts of stock solution A and B. Biebrich Scarlet-Acid, fuchsin 

solution biebrich scarlet, 1% aqueous- 90 mL, Acid fuchsin, 1% aqueous 10 

mL, and Glacial acetic acid 1 mL. 

4. Phosphomolybdic - phosphotungstic acid solution 

5% phosphomolybdic acid 25 mL, 5% phosphotungstic acid 25 mL. 

5. Aniline blue solution 

Aniline blue 2.5 g, Glacial acetic acid 2 mL, Distilled water 100 mL. 

6. 1% Acetic acid solution 

Glacial acetic acid 1 mL, Distilled water 99 mL. 

7. TE Buffer 

The recipe below was used to create a 100 mL TE buffer solution. 
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Table B1: Reagents used in the preparation of TE buffer. 

Reagent Volume Final concentration 

1M Tris-Cl (pH 8.0) 1 mL 10 mM 

0.5M EDTA (pH 8.0) 0.2 mL 1 mM 

Distilled H2O 98.8 mL  

 

Recipe: 

a) Take out 1 mL of 1M Tris-Cl (pH 8.0) and add to a 0.2 mL 0.5M EDTA (pH 

8.0). 

b) Add the above solution to 98.8 mL of distilled water. 

c) Stir the solution well. 

d) Autoclave the solution for 20 min at 15 psi. 

e) Store TE buffer solution at room temperature. 
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Appendix - C 
 

(Ethics Approval) 
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Appendix – D 
Load displacement graphs of tensile testing of sciatic nerves of rats 

 

 

A tensile test was performed using twelve sciatic nerves of Wistar rats (n=12). The 

length and diameter of each nerve fibre were measured, and both ends of each nerve were 

wrapped in a cotton gauze swab to avoid non-uniform gripping. Each nerve fibre was 

immobilised between two mechanical clamps of the tensile testing machine (TytronTM 

250, MTS Systems Corporation, USA) in such a way that the final length between the 

two clamps was 10 mm.  Each nerve sample was elongated to failure at a strain rate of 

10 mm/min, and force-extension graphs were obtained as shown below. 
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Appendix – E 
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E1: Statistical analysis of table 5.3 

 

Statistical analysis of Zone I 

1. Raw data of zone I 

Control Group A Group B Group C 

0.56 0.01 3.875 0.01 

0.1 0.285 0.285 0.01 

0.6 1.66 0.285 1.385 

0.45 0.285 0.01 1.2 

0.25 2.485 2.21 0.68 
* 0.01 4.7 0.79 
* 0.01 0.01 0.68 
* 2.25 1.935 1.25 

 

2. Kruskal-Wallis Test (Nonparametric ANOVA) 
The p value is 0.7611 and is considered not significant. Variation among column 
medians is not significantly greater than expected by chance. 
 

3. Calculation detail 

Group Number of Points Sum of Ranks Mean of Ranks 

Control 5 62 12.4 

Group A 8 111 13.875 

Group B 8 137 17.125 

Group C 8 125 15.625 

 

 Kruskal-Wallis Statistic KW = 1.166 (corrected for ties). 

Post tests were not calculated because the p value was greater than .05. 

 

 



211 
 

Statistical analysis of Zone II 

1. Raw data of zone 2 

Control Group A Group B Group C 

0.275 0.55 1.665 1.375 

1.1 1.4 1.65 1.59 

1.665 1.3 1.925 1.925 

1.375 1.8 1.1 1.6 

0.8 3.3 1.665 1.25 
* 2.3 1.375 1.82 
* 2.2 1.375 1.63 
* 1.5 1.94 1.45 

 

2. Kruskal-Wallis Test (Nonparametric ANOVA) 
The p value is 0.1845 and is considered not significant. Variation among column 
medians is not significantly greater than expected by chance. 
 

3. Calculation detail 

Group Number of Points Sum of Ranks Mean of Ranks 

Control 5 38 7.6 

Group A 8 141 17.625 

Group B 8 132 16.5 

Group C 8 124 15.5 

 

 Kruskal-Wallis Statistic KW = 4.832 (corrected for ties). 

Post tests were not calculated because the p value was greater than 0.05. 
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Statistical analysis of Zone III 

1. Data of Zone-3 

Control Group A Group B Group C 

4.2 10.698 5.242 2.628 

1.6 4.959 3.798 4.084 

2.8 4.369 2.979 3.925 

3.2 5.799 7.618 2.96 

2.2 5.918 2.253 3.54 
* 4.63 2.784 4.12 
* 2.098 5.845 2.85 
* 7.36 3.007 3.54 

 

2. Kruskal-Wallis Test (Nonparametric ANOVA) 
The p value is 0.0423 and is considered significant. Variation among column 
medians is significantly greater than expected by chance. 
 

3. Calculation detail 

Group Number of Points Sum of Ranks Mean of Ranks 

Control 5 42 8.4 

Group A 8 171 21.375 

Group B 8 122 15.25 

Group C 8 100 12.5 
 

 Kruskal-Wallis Statistic KW = 8.187 (corrected for ties). 

4. Dunn's Multiple Comparisons Test 

Comparison 
Mean Rank 

Difference 

Significant / 

Non-significant 
p value 

Control vs. Group A -12.975 * p < 0.05 

Control vs. Group B -6.85 Non-significant p > 0.05 

Control vs. Group C -4.1 Non-significant p > 0.05 

 
5. Result 

Group A is significantly different than control. 
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E2: Statistical analysis of table 5.4 

1. Raw data of apparent nerve growth 

Control Group A Group B Group C 

0.7 6.1 2.8 2.6 

0.5 4.4 2.5 1.8 

0.4 3.4 2.3 2.6 

0.8 4.2 2.6 1.8 

0.6 3.6 2.2 1.9 
* 3.5 2.4 2.2 
* 3.6 2.9 2.4 
* 4.8 2.3 2.3 

 

2. Kruskal-Wallis Test (Nonparametric ANOVA) 
The p value is less than 0.0001 and is considered extremely significant. Variation 
among column medians is significantly greater than expected by chance. 

3. Calculation detail 

Group Number of Points Sum of Ranks Mean of Ranks 

Control 5 15 3 

Group A 8 204 25.5 

Group B 8 123 15.375 

Group C 8 93 11.625 

 

 Kruskal-Wallis Statistic KW = 23.438 (corrected for ties) 

4. Dunn's Multiple Comparisons Test 

Comparison Mean Rank Difference p value 
Control vs. Group A -22.5 ***p < 0.001 
Control vs. Group B -12.375 *p = 0.032 
Control vs. Group C -8.625 p = 0.2255 

 

5. Result 
Group A and B are statistically significantly different to control group. 
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E3: Statistical analysis of table 5.5 

1. Raw data of actual/true/absolute nerve growth. 

Control Group A Group B Group C 

0.14 6.09 0 2.59 

0.4 4.115 2.215 1.79 

0 1.74 2.015 1.215 

0.35 3.915 2.59 0.6 

0.35 1.115 0 1.22 

* 3.49 0 1.41 

* 3.59 2.89 1.72 

* 2.55 0.365 1.05 

 
2. Kruskal-Wallis Test (Nonparametric ANOVA) 

The p value is 0.0034 and is considered very significant. Variation among column 
medians is significantly greater than expected by chance. 
 

3. Calculation detail 

Group Number Points Sum of Ranks Mean of Ranks 

Control 5 29.5 5.9 

Group A 8 185 23.125 

Group b 8 101 12.625 

Group C 8 119.5 14.938 

 

 Kruskal-Wallis Statistic KW = 13.659 (corrected for ties) 
 

4. Dunn's Multiple Comparisons Test 

Comparison Mean Rank Difference p value 
Control vs. Group A -17.225   p < 0.01 
Control vs. Group B         -6.725 p > 0.05 
Control vs. Group C -9.038 p > 0.05 

 

5. Result: Group A is statistically significantly different to control group. 
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E4: Statistical analysis of the angiometry 
1. Raw data of actual/true/absolute nerve growth. 

Control Group A Group B Group C 

14 25 16 14 
12 23 19 13 
16 28 14 16 
15 21 22 12 
13 26 18 18 
* 23 12 14 
* 24 18 16 
* 29 21 17 

 
2. Kruskal-Wallis Test (Nonparametric ANOVA): The p value is 0.0003 and is 

considered extremely significant. Variation among column medians is significantly 
greater than expected by chance. 
 

3. Calculation detail 

Group Number Points Sum of Ranks Mean of Ranks 

Control 5 36.5 7.3 

Group A 8 202.5 25.31 

Group b 8 117.5 14.68 

Group C 8 78.5 9.813 

 

 Kruskal-Wallis Statistic KW = 18.949 (corrected for ties) 
 

4. Dunn's Multiple Comparisons Test 

Comparison Mean Rank Difference p value 
Control vs. Group A -18.013  p < 0.01 
Control vs. Group B         -7.388 p > 0.05 
Control vs. Group C -2.513 p > 0.05 

 

5. Result 

Group A is statistically significantly different to control group. 
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E5: Statistical analysis of Nissl staining 
1. Raw data of Nissl staining. 

Control Group A Group B Group C 

5.3 25.4 24.2 18.5 
6.7 22.7 24.6 16.8 
5.9 26.3 19.3 19.6 
6.2 29.9 26.3 17.6 
6.5 27.3 21.5 16.7 
5.8 26.9 22.5 16.8 
6.1 29.5 20.5 20.5 
5.3 25.4 24.2 18.5 

 
2. Kruskal-Wallis Test (Nonparametric ANOVA): The p value is 0.0001 and is 

considered extremely significant. Variation among column medians is significantly 
greater than expected by chance. 

 
3. Calculation detail 

Group Number Points Sum of Ranks Mean of Ranks 

Control 7 28 4 

Group A 7 170.5 24.357 

Group b 7 128 18.286 

Group C 7 79.5 11.357 

 
Kruskal-Wallis Statistic KW = 23.981 (corrected for ties) 

 
4. Dunn's Multiple Comparisons Test 

Comparison Mean Rank Difference p value 
Control vs. Group A -20.357  p < 0.001 
Control vs. Group B         -14.286 p < 0.01 
Control vs. Group C -7.357 p > 0.05 

 

5. Result 

Group A and B are statistically significantly different to control group. 
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E6: Statistical analysis of β3-tubulin staining 
1. Raw data of β3-tubulin staining. 

Control Group A Group B Group C 

750 2455 2192 1846 
3563 2928 982 1654 
463 3530 1200 236 

1282 1354 563 1736 
256 1265 3623 984 
635 2100 2244 1496 

2531 256 1523 253 
750 2455 2192 1846 

 
2. Kruskal-Wallis Test (Nonparametric ANOVA) 

The p value is 0.4720 and is considered not significant. Variation among column 
medians is not significantly greater than expected by chance. 
 

3. Calculation detail 

Group Number Points Sum of Ranks Mean of Ranks 

Control 7 87.5 12.5 

Group A 7 123.5 17.64 

Group b 7 113 16.14 

Group C 7 82 11.71 

 

Kruskal-Wallis Statistic KW = 2.518 (corrected for ties). 

Post tests were not calculated because the p value was greater than 0.05. 
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Appendix - F 
 

(Quantification of β3-tubulin staining) 
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// Griffith University 

// Author: Muhammad Sana Ullah Sahar 

// This macro is a part of Sahar's PhD thesis and is written for quantitative 
analysis of β3-tubulin staining. This macro should be used with ImageJ 1.53c. 

macro "Quantification of β3-tubulin Staining" 

{ 

input = getDirectory("Choose Destination Directory "); 

list = getFileList(input); 

for (i = 0; i < list.length; i++) 

 action(input, list[i]); 

function action (input, filename){ 

 open(input+filename); 

 run("16-bit"); 

 setAutoThreshold("Default no-reset"); 

 setOption("BlackBackground", false); 

 run("Convert to Mask"); 

 run("Fill Holes"); 

 run("Analyze Particles...", "size=10-Infinity show=Outlines clear 
summarize"); 

 run("Close"); 

} 

selectWindow("Summary"); 

saveAs("Results", input + File.separator + "β3-tubulin_Summary.xls"); 

} 
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