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Abstract 

Congenital clubfoot or congenital talipes equinovarus (CTEV) is a complex paediatric 

foot deformity which will lead to long-term disability, deformity, and pain if left 

untreated. At present, the Ponseti method composed of a series of manipulation and 

casting is recognized as the standard treatment for clubfoot. However, the evaluation 

for the treatment outcome is based primarily on the clinical examinations and 

functional parameters while no work has explored the material response and the 

alterations of extracellular matrix (ECM) of a clubfoot tendon in response to the 

treatment – a long term stress relaxation. Ex vivo stress relaxation experiments 

discovered time-dependent tendon lengthening and ECM alterations including crimp 

angle reduction and elastin fragmentation, which illustrated the mechanism behind the 

treatment – a material-based tissue lengthening resulted from elastin fragmentation. 

This proposed mechanism was further supported by the relaxation results using elastin-

digested tendons which also found a positive contribution to stress relaxation and 

relaxation rate from elastin. As the changes in crimp and elastin structures will be 

influential in the function and health of the tendon tissue, the capability of recovery of 

these ECM alterations in a tendon became a critical examination. The in vivo results 

derived from stress-relaxed tendons of young rabbits observed restoration of the 
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above-mentioned ECM alterations along with increased elastin and vascularity level, 

and the existence of inflammation, indicating process of healing and recovery from the 

tendon in reaction to the treatment over time. While the increased vascularity and 

persisted inflammation may potentially bring concerns to the tendon health, they are 

both important biological adaptation in response to the mechanical treatment. 

Additionally, cellular response derived from the in vitro experiment discovered 

increased gene expressions of COL1A1 and ELN, supporting the incidence of recovery. 

Overall, this study reveals the treatment mechanism and proves the efficacy of the 

Ponseti method to correct clubfoot from an ECM-oriented perspective. 
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relaxation. Elastin protein level ratios of 7-d stress relaxation over 1-d stress relaxation 

of young rabbit GTs and SDFTs calculated based on Eqn. 6.2 using fluorescence level 
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changes normalized by the controls. Data are displayed as the mean ± SD (n=4). 

Significant differences were analysed by 2-sample t-test. No statistical difference was 

found between the two tendon groups. 

Figure 6.19. Quantification of cell number alterations due to stress relaxation. 

Changes in cell numbers in the rabbit GTs and SDFTs after 1 d and after 7 d compared 

to their corresponding controls. Data are derived based on Eqn. 6.4 and are displayed 

as the mean ± SD (n=4). Significant differences were analysed by 2-sample t-test. 

*P < 0.05. 

Figure 6.20. H&E-stained GT and SDFT. Optical images of rabbit GTs and SDFTs 

treated with 1-d and 7-d stress relaxation from H&E staining. A control image of each 

group is displayed in the 1st column. The collagen matrix displaying the usual wavy 

crimp pattern was stained pink, and the cell nuclei were stained purplish blue. 

Representative regions of neovascularization (2nd column) and inflammation (3rd 

column) of the tendon FM are displayed for each experimental group. 

Neovascularization (marked with white arrows) and inflammatory cells including 

macrophages (marked with yellow arrows), heterophils (marked with blue arrows), 

and lymphocytes (marked with green arrows) could be observed. Scale bars are 50 µm. 

Figure 6.21. Quantification of vascularity alterations due to stress relaxation. Changes 

in vascularity level of the rabbit GTs and SDFTs after 1 d and after 7 d compared to 

their corresponding controls were quantified based on Eqn. 4. Data are displayed as 

the mean ± SD (n=4). Significant differences were analysed by 2-sample t-test. 

*P < 0.05. 
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Figure 6.22. Illustrative image showing the cross-section microstructure/components 

including the collagen fibre, FM, IFM, and paratenon. 
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Chapter 1: Introduction 

Congenital clubfoot or congenital talipes equinovarus (CTEV) shown in Figure 1.1 is 

a complex paediatric foot deformity. It consists of four complex foot abnormalities 

with varying degrees of rigidity, namely midfoot cavus, forefoot adductus, hindfoot 

varus, and hindfoot equinus (1,2). The incidence is widely reported as 1 in 1000 live 

births in the United Kingdom with males being affected about twice as often as females 

(1,3). In almost half of affected infants, both feet are involved. To date, the causes of 

clubfoot are poorly understood and regarded as idiopathic, however genetic factors 

and associated conditions such as spinal bifida, cerebral palsy, and arthrogryposis have 

been reported (1,3,4).  

 

Figure 1.1. Illustrative image of bilateral clubfeet in a new-born infant. Image provided 

by C. Lavy, NDORMS, University of Oxford. 
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If left untreated, clubfoot inevitably leads to significant long-term disability, deformity, 

and pain (2). Although various surgical techniques including soft tissue releases and 

arthrodesis are used to correct clubfoot, currently conservative management is the 

preferred option. Some surgical techniques have been shown to pose a greater risk of 

pain, avascular necrosis, infection, over-correction, poor long-term ankle range of 

movement, weakened mechanical strength, and arthritis than if treated conservatively 

(5–10). Interestingly, some studies have also reported a correlation between the extent 

of release surgery and degree of functional impairment (7). To date, surgical options 

are mainly employed to manage resistant cases, recurrence or if unable to achieve 

complete correction of the deformity. 

 

Currently, the optimal treatment utilizes the Ponseti method developed by Ignacio 

Ponseti in the 1940s (6,11). This technique consists of two distinct stages of 

manipulation and maintenance. The manipulation phase involves identifying the head 

of talus via palpation, supinating the forefoot to eliminate the cavus deformity, and 

abducting the forefoot. This manipulation is then followed up by application of a 

plaster cast, holding the foot in the corrected position, and providing sufficient time 
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for soft tissue remodelling. This manipulation-casting sequence is repeated on a 

weekly basis for an average of six weeks until a 50-degree abduction of the foot around 

the tibia is achieved. An Achilles tenotomy may then be required to eliminate any 

residual equinus and is followed up by three weeks in a cast to aid healing (1,6,11–13). 

The maintenance phase then involves holding the foot in an abduction brace for 23 

hours per day for 3 months, helping to reduce recurrence rates (12,13). Zionts et al. 

(14) reported that due to the increased use of Ponseti method, the estimated percentage 

of clubfoot treated with surgical release has dropped from 72% in 1996 to 12%. 

 

Due to the deformities, the dimension, structure, and mechanical properties of most 

soft tissues in a clubfoot are different to those of a normal foot. The presence of 

shortened, thickened, and fibrotic tissues at the medial and posterior aspect of the 

clubfoot was reported in several studies (15–17). These abnormalities include 

thickening and shortening of the posterior tibial tendon, Achilles tendon, 

tibionavicular ligament (deltoid ligament), and plantar calcaneonavicular ligament. In 

addition, a fibrous matrix was also seen in the posterior fibulotalar and deltoid 

ligaments. Masala et al. (18) investigated the difference in mechanical properties of 

Achilles tendon between a clubfoot and a normal foot by real-time sonoelastography. 
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The result shows lower mean elasticity values from the Achilles tendons of the clubfeet 

compared to normal feet (unilateral clubfoot patients), demonstrating that the Achilles 

tendon is softer in a clubfoot. However, little is known regarding the microstructural 

integrity of a clubfoot tendon after treatment of Ponseti method. The current evaluation 

of the outcome of Ponseti method is based on clinical examinations and functional 

parameters including Pirani score, Dimeglio scale, gait analysis, isokinetic muscle 

strength, and Kinematic variables (19–23). Several studies applied radiography to 

probe the correlation between radiologic angles of the foot and the functional results 

(24–28), but these studies were unable to image the abnormal tendons and ligaments 

in a clubfoot. Chandirasegaran et al. (29) measured the length and thickness of the 

Achilles tendon of a clubfoot treated with Ponseti method by ultrasonography, and 

discovered positive correlation between tendon lengthening and hindfoot correction, 

which suggests that tendon lengthening is an indicator of clubfoot correction. Although 

ultrasonography (29,30) is capable of macroscopically imaging tendons and ligaments 

in the foot, it fails to reveal microscopic details and changes of tendons and ligaments 

due to Ponseti manipulation. In short, despite being recognized as the gold standard 

treatment for clubfoot, the influence and effect of the Ponseti manipulation/casting on 

the microstructure of tendons and ligaments remain unknown.  
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Furthermore, the average casting period between manipulations (~1 week) of Ponseti 

method, which adds up to approximately six weeks for the whole treatment, makes 

practicing Ponseti method challenging in low resource countries (31–34). As traveling 

from home to a clinic can be inconvenient, costly, and time-consuming, many clubfoot 

patients failed to follow through the entire treatment. It has been shown that the success 

of Ponseti method relies heavily on the attentive participation and abiding commitment 

from the family of the patient (35), and that any temporary discontinuation and/or 

delay of scheduled casting may result in increased number of casts required and higher 

rate of recurrence (32,36,37). Therefore, recent studies have focused on accelerated 

Ponseti protocols which utilized a shorter cast change interval (38–40). A shortened 

cast duration is likely to help reduce the number of visits to the clinic, which may 

consequently lower the ‘drop-out’ rate. However, there is no scientific evidence 

supporting an accelerated protocol in these clinical studies, and thus the optimal cast 

change interval remains inconclusive.  

 

The aim of this work is to (I) model the mechanical effect of a standard Ponseti 

manipulation/casting on a tendon tissue, (II) discover the changes of tendon 
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microstructures due to this mechanical treatment, (III) probe the mechanism behind 

the Ponseti method, (IV) investigate the role of elastin (an extracellular matrix (ECM) 

protein responsible for the recoil properties of an elastic tissue) in tendon stress 

relaxation, and (V) study the biological response to the treatment using an animal 

model to hopefully acquire supportive results for an accelerated Ponseti protocol and 

suggest additional examinations focused on tendon microstructural integrity other than 

functional parameters post-treatment. 
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Chapter 2: Literature Review 

2.1 Introduction 

A standard Ponseti method involves a series of manipulation and castings. During the 

manipulation process, the foot is slowly brought to a corrected position at which the 

soft tissues primarily at the medial and posterior side of the foot will be stretched to a 

certain strain value. The cast applied afterwards ensures this corrected position or this 

strain is well-maintained for tissue remodelling to take effect before the next 

manipulation/casting. The soft tissues responding (or resisting) to a Ponseti stretch 

include: (I) skin, (II) capsules and (III) tendons & ligaments. To investigate the main 

tissue that is restricting the foot from reaching the corrected position during stretching, 

the stress values generated from the skin (σskin), capsules (σcap) and tendons & 

ligaments (σTL) due to the mechanical stretch are required. To date, the stress values 

and elastic moduli (Eskin, Ecap and ETL) of these soft tissues in a clubfoot in response to 

stretching via the Ponseti method have not been studied. 

 

The general constitutive stress-strain relation can be described with Eqn. 2.1: 

σ = E ∙  ε                                          (Eqn. 2.1) 
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By calculating the product of the Young’s modulus of the tissue and the strain value 

produced by the stretch, the stress value required for manipulation can be acquired. A 

single stretch from a manipulation and casting causes different strain values (εskin, εcap 

and εTL) in each tissue. Typically, εskin and εTL will have approximately the same value, 

while εcap will be much smaller than εskin and εTL in any given stretch; hence, here we 

consider only εskin and εTL in our calculation. The Young’s moduli of human tendons 

& ligaments and human skin at the ankle from existing studies are listed in Table 2.1. 

It is worth noting that the approximately 10-fold difference between the modulus of 

the calcaneal tendon, which is also known as the Achilles tendon from Liao et al. (43) 

and from Kongsgaard et al. (44) was likely due to the difference in testing methods, 

the embalming treatment, and the age & condition of the tendons. Liao et al. (43) 

measured the modulus via in vitro tensile testings, while Kongsgaard et al. (44) 

adopted the ultrasonography for strain measurements together with indirect estimation 

of the in vivo tendon tensile force derived from the measured plantarflexor torque. In 

addition, Liao et al. (43) reported significantly lower modulus values in all four 

tendons and ligament caused by the treatment of Thiel embalming compared to the 

non-treated tendons. Lastly, tendons from Kongsgaard et al. (44) were from young 
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male athletes which were more likely to have stronger mechanical properties than 

those from Liao et al. (43) which were derived from old cadavers. 

 

Table 2.1. Elastic Moduli of different human tendons, ligaments, and Skin. 

Soft Tissue Type Source Test Method Young’s Modulus 

(MPa) 

Ref. 

Human  

Ankle 

Tendons  

& 

Ligaments 

Plantaris Tendon in Vitro Tensile 1.24 × 103 (41) 

Anterior Tibialis 

Tendon 

Ultrasonography 0.45 − 1.2 × 103 (42) 

Peroneus Longus 

Tendon  

in Vitro Tensile 1 − 5 × 102 (43) 

Peroneus Brevis 

Tendon 

in Vitro Tensile 1 − 4 × 102 (43) 

Calcaneal Tendon in Vitro Tensile 0.5 − 3.5 × 102  (43) 

Calcaneofibular 

Ligament 

in Vitro Tensile 0.7 − 4.5 × 102  (43) 

Achilles Tendon Ultrasonography 2 × 103 (44) 

Deltoid 

Ligaments 

CT, MRI, and Finite 

Element Modeling 

0.45 − 2.7 × 103 (45) 
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Medial Collateral 

Ligaments 

in Vitro Tensile 0.99 − 3.2 × 102 (46) 

Lateral Collateral 

Ligaments 

in Vitro Tensile 2.16 − 5.12 × 102 (46) 

Human Skin Neck MRI and Finite 

Element Modeling 

~2 (47) 

Breast Suction Cup Method 2 − 4.8 × 10−1 (48) 

Arm  in Vivo Tensile 

(extensionmeter) 

1.3 − 6.57 × 10−1  (49) 

Arm in Vivo Indentation 4.5 − 8 × 10−3 (50) 

Arm in Vivo Indentation ~8.5 × 10−3 (51) 

Foot Ultrasound Palpation 0.6 − 1 × 10−1 (52) 

 

As the Young’s Moduli of the tendons (lowest: 50 MPa) are larger than those of the 

skin (highest: 2 MPa) with almost similar tissue-fulcrum distances, larger stresses (or 

resistance) will be generated from them during the Ponseti Method, meaning tendons 

and ligaments are the rate-limiting soft tissues in this treatment. After a session of 

manipulation/casting, how the tendon tissue responds or adapts to the tensile stress 
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before the next manipulation is a critical question. Both material stress relaxation and 

biological tissue remodelling would contribute to this process.  

 

2.2 Tendon Structure & Composition 

2.2.1 Structure of Tendon and Ligament 

Tendon is a highly ordered composite material composed of various types of proteins. 

Although approximately 55-70% of its total weight is composed of water, the tissue 

exhibits high tensile strength in a healthy state (53–55). This strong mechanical 

characteristic is contributed by the well-organized collagen fibres aligned to the load 

axis which also provides the tissue with anisotropic properties (56–59). In terms of 

cellular elements, 90-95% of the cells in a tendon are tenoblasts and tenocytes, and the 

rest are chondrocytes at the entheses and a few synovial cells in the synovial tendon 

sheath (53).  

 

Tendons are often grouped with ligaments rather than muscles due to their similarities 

in composition. For example, in an anterior cruciate ligament (ACL) reconstruction 

surgery, a patellar tendon or a four-head hamstring tendon can be used as an autograft 

(60,61). Although a tendon and a ligament have similar structures and compositions, 
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they are not completely identical. A ligament connects bone to bone and helps the 

formation of a joint. It holds the structure in place and prevents excessive or 

undesirable joint motion; on the contrary, a tendon helps facilitate joint motion. In 

addition, the forces transmitted by tendons are generally uniaxial, whereas for 

ligaments, which also possess high tensile strength, the forces can be transmitted in 

multiple directions depending on the motion of the associated joint (62–65).  

 

2.2.2 Collagen 

Collagen composes 60-85% of a tendon’s dry weight (66). For all the collagen types 

in a tendon, 60-80% is collagen I, 0-10% is collagen III, and about 2% is collagen IV. 

There are also small amounts of collagens V, VI, and other types present in the tissue 

(53,54,67). Collagen in both tendon and ligament displays a hierarchical structure 

(55,63) shown in Figure 2.1. Briefly, starting with collagen triple helix molecules as 

the basic unit, they arrange themselves in a staggered configuration to from 

tropocollagen molecules. These collagen molecules (sub-fibril) then assemble to form 

collagen fibrils in an array which creates a periodic striation known as the ‘D-spacing’ 

(~67 nm) along the long axis (68–70). The fibrils are formed and stabilized by covalent 

crosslinking. An extracellular enzyme, lysyl oxidase, deaminates lysine and 
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hydroxylysine on collagen to produce aldehyde groups, which eventually covalently 

bonded with each other to form crosslinks (71,72). The collagen molecule is believed 

to have a length of 4.46 times D-spacing (~300 nm) and a diameter of ~1.5 nm (55,69). 

Collagen fibrils display a diameter of 50-500 nm and a length up to a few millimetres. 

Multiple fibrils then come together to form collagen fibres (1-20 um) by crosslinking 

macromolecules such as proteoglycans. At the next hierarchy level, fibres are bonded 

together to form fascicles (20–200 µm) (69,70,73–75) which can assemble to form the 

bulk tissue. In a tendon, collagen fibrils and fibres are aligned parallel to the long axis 

of the tendon, whereas in a ligament, the fibrils and fibres are not all strictly aligned to 

the long axis but interlace each other at small angles (20-30°) (63). 

 

Figure 2.1. The schematic illustration of the structural hierarchy of a tendon displaying 

multiple units at different scales (fascicle, fibre, fibril & sub-fibril). 
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2.2.3 Ground Substance 

Ground substance in a tendon or a ligament refers to water, proteoglycan, and 

glycoproteins. These materials intersperse between collagen fibrils, fibres, and 

fascicles (55,65,76). Generally, ligaments have a higher portion of ground substance 

than tendons (77).  

 

Proteoglycans, which are the most abundant ground substance in tendons and 

ligaments, are considered a specific subset of glycoproteins (55). The general structure 

of proteoglycan consists of a core protein with one or more polysaccharide chains 

being covalently attached to it (55,78,79). Commonly referred as glycosaminoglycan 

(GAG), these polysaccharide chains are negatively charged and are responsible for 

drawing the major amount of water (up to 50 times by weight) (78) which accounts for 

65-75% of the tissue wet weight (65). GAGs are non-branched polysaccharide chains 

composed of repeating disaccharide units. The unit is a uronic acid connecting to an 

amino sugar by a glycosidic bond (80–83). Due to the repulsion force generated by the 

charges and the high water content, proteoglycans provide the tissue with strong 

compressive resistance and enable collagen fibres to glide over each other (65,84). 

They also allow the molecule transportation and cell migration within the ECM (78).  
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2.2.4 Elastin & Elastic Fibres 

One of the non-collagenous ECM components whose specific role in a tendon is not 

well-understood is the elastic fibre. These elastic fibres are composed of fibrillin-rich 

microfibrils surrounding a core of elastin which accounts for approximately 90% of 

the fibre volume and 1-2% of the whole tendon dry weight (78,85). The elastin protein, 

which possesses incredible flexibility and extensibility (almost 1000 times more than 

collagen), is present predominately in extensible tissues including lungs, blood vessels, 

ligaments, tendons, skin, and elastic cartilages (86,87), providing these tissues the 

ability to deform under physiological loading and recover back to the original state 

when the load is removed (i.e., reversibility) (88). The low modulus of elasticity and 

high resilience of elastin, allows elastic fibres to complement the collagen fibrillary 

tensile strength (89). 

 

The process responsible for the formation of functional elastin within the elastic fibre 

is known as elastogenesis. Within the cell, the tropoelastin monomer is produced from 

expression of the elastin gene. These intracellular tropoelastin monomers associate 

with the elastin binding protein and are later secreted to the cell surface (90,91) at 

which they aggregate by coacervation to progressively become larger spherical 



16 
 

globules (92). The tropoelastin coacervates were then deposited onto microfibrils 

which is believed to function as a scaffold to direct tropoelastin crosslinking and 

consequential elastic fibre formation (93–95). Crosslinking is facilitated by the 

enzyme lysyl oxidase, which deaminates lysine side chains in tropoelastin to form 

allysine sidechains that can subsequently react with adjacent allysine or lysine side 

chains to form crosslinks (96). These crosslinks can then further react to form 

desmosine and isodesmosine crosslinks between tropoelastin molecules. Multiple 

crosslinks result in the mature insoluble elastic fibre (96,97). 

 

 

Studies of elastin have generally focused on the cardiovascular system, lung, and skin 

tissue (98–103). In the case of an artery, both the collagen and elastic fibres appear 

undulated and wavy without loading. Under physiologic pressures or loading, most 

elastic fibres and less than 10% of the collagen fibres are straightened (104). As the 

stress increases, more collagen fibres are recruited, producing a nonlinear (J-shaped) 

stress-strain profile (98,100). Similarly, in the skin, although collagen fibres are known 

to be the main load-bearing component, the elastic fibres are responsible for the 

mechanical response at low stress and strain values and the retractability of the tissue 

(101). In a tendon, a unique wavy pattern called ‘crimp’ can be spotted on the collagen 
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fibres. During tension at low strain (~2-4%), which is known as the ‘toe’ region, the 

crimp pattern will be gradually flattened as the fibres collectively become straightened 

due to stretching. Although the organisation and the origin of fibril crimp is a highly 

debated topic. Some studies have suggested that elastin could be responsible for 

maintaining fibril crimp (77,105,106). However, the studies on elastin or elastic fibres 

in tendons are limited and inconclusive (107–109). 

 

2.3 Tendon Mechanical Properties 

2.3.1 Stress-Strain Profile of a Tendon 

A typical stress-strain curve for a tensile test on a tendon is demonstrated in Figure 2.2. 

The graph shows three distinct regions (110,111). Initially, the collagen crimps are 

stretched out, and increasing number of collagen fibres and fibrils become aligned to 

the loading axis. This region is known as the ‘toe’ region, and it normally extends to 

approximately 2% elongation (111). The toe region lies within the elastic limit and 

thus the tissue will return to its original length when unloaded. Further straining brings 

the tissue into the ‘linear’ region which exhibits a constant Young’s modulus. The 

stress-strain response mainly comes from elongating the collagen fibres and fibrils. 

Further straining induces plastic deformation by inter-fibrillar and inter-fibre sliding 
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and consequently the tissue does not return to the original length and structure after 

unloading. In the last region (yield & failure region), in which macroscopic defects 

occur, yielding begins as the slope of the curve decreases, with inevitable tissue failure 

occurring with further load (110,111). 

 

In a Ponseti treatment, the stretch caused by manipulation aims to produce sufficient 

plastic deformation in the tendons to encourage tissue remodelling and lengthening. 

This deformation should lie within the early part of the linear region (red bracket in 

Figure 2.2), as excess deformation would risk entering the yield & failure region and 

deficient deformation would prove ineffective.  
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Figure 1.2. A typical stress-strain curve of a tendon. The J-shaped curve shows three 

distinct regions. The ‘toe’ region involves uncrimping of collagen fibres controlled by 

elastin; the linear region, which is the region at which the Ponseti method targets, is 

the physiological upper limit of tendon strain whereby the collagen fibrils orient 

themselves in the direction of tensile mechanical load; and the yield & failure region 

is where micro-damage continues to accumulate and the intramolecular crosslinks 

between collagen fibres fail, causing the stiffness to decrease and the tendon to fail. 

 

2.3.2 Viscoelasticity 

A tendon displays a time-dependent mechanical behaviour known as viscoelasticity, 

which means it possesses both elastic and viscous properties (112). Due to this 

behaviour, the tissue displays several characteristics: strain rate dependency, hysteresis, 

creep, and stress relaxation.  
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The mechanical response of the tissue is dependent on the strain rate. In general, a 

faster loading results in a higher elastic modulus (113–116), as typically exhibited by 

polymers. The increase in ultimate tensile strength (UTS)/failure stress and decrease 

in strain at UTS (ɛUTS)/failure strain with increased strain rate were also reported 

(Table 2.2) (117–119). Pioletti et al. (120) demonstrated that the bovine ACL 

displayed higher stresses and elastic moduli when stretched under higher strain rates 

(0.1, 1, 5, 10, 20, 30 and 40%/s). Woo et al. (121) and Danto et al. (113) also studied 

this effect under wider ranges of strain rates on medial collateral ligaments (0.011-

222%/s) and rabbit patellar tendons (0.016-135%/s), respectively, and both showed 

the same positive correlation between elastic modulus and strain rate. According to the 

results from Bonner et al. (117), a logarithmic relation between elastic modulus and 

strain rate is discovered (Figure 2.3), i.e., the dependency becomes less significant as 

the strain rate increases.  
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Figure 2.3. The relationship between tendon elastic modulus and strain rate. The plots 

were made using the data adopted from Bonner et al. (117). (a) Elastic modulus plotted 

against strain rate; (b) Elastic modulus plotted against the logarithm of strain rate. A 

logarithm relationship was found between modulus and strain rate.  

 

Table 2.2. Existing work demonstrating the strain rate dependency of tendons and 

ligaments. 

Source Strain Rate 

(%/s) 

Elastic 

Modulus 

(MPa) 

UTS (MPa) ɛUTS (%) Ref. 

Human 

Achilles 

Tendon 

10 401.1 73.3 25.2 (118,119) 

100 544.7 81.3 21.0 

Source Strain Rate 

(%/s) 

Elastic 

Modulus 

(MPa) 

Failure 

Stress 

(MPa) 

Failure 

Strain (%) 

Ref. 
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Porcine 

Lateral 

Collateral 

Ligament 

1 288 39.9 17 (117) 

10 364 56.5 18 

94 656 72.8 14 

1060 763 75.9 11 

12990 906 77.4 9 

 

When a tendon is strained, the energy stored during loading is more than the energy 

lost during unloading, i.e., the area under the loading curve is larger than that under 

the unloading curve. This feature on the curve, which represents the energy lost as a 

result of a non-conservative or dissipative process, is known as hysteresis loop 

(112,122). Under repetitive loading-unloading, the stress-strain curve of each cycle 

will be dissimilar until approximately 10 cycles (77). The size of the hysteresis is 

believed to be relevant to locomotion efficiency (123) and the risk of thermal damage 

(124,125). A creep describes the continuous increase in strain or deformation under 

constant loading force. The shape of the deformation-time curve during a creep test is 

believed to be dependent on the loading history (loading force, loading rate and force 

increments) (126,127). Wren et al. (128) reported that the time to failure decreases 

with increasing applied stress and increasing initial strain. 
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A stress relaxation, demonstrated in Figure 2.4, describes the continuous decrease in 

stress over time under constant strain. The relaxation rate of the stress is believed to 

be faster with a higher initial stress (129–131). Under different strain rates applied to 

reach the initial strain, the tendon will display different relaxation profiles. With a 

higher strain rate, the corresponding peak stress will be higher, resulting a faster 

relaxation (126,132). More details about stress relaxation will be discussed in the next 

section. 

 

Figure 2.4. A typical stress-time curve of a single stress relaxation. 
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2.4 Stress Relaxation and Tissue Remodelling/Adaptation 

It is worth highlighting that stress relaxation is the main event in a Ponseti method. As 

the clubfoot is held at an improved position by casting after manipulation, a constant 

strain or deformation is applied, and consequently stress relaxation occurs in the 

strained soft tissues. During this process, both the (I) material stress relaxation and (II) 

tissue remodelling/adaptation take place and both events are responsible for the shape 

of the relaxation curve.  

 

Regarding the first event, existing in vitro studies on stress relaxation have focused on 

the microstructural changes of collagen units (i.e., fibrils, fibres, and fascicles) 

including reorganization, sliding and relaxation of each unit (129,133,134). Screen et 

al. (134) reported that reacting to a constant strain, the collagen fibres predominantly 

dissipate the stress through inter-fibre sliding compared to fibre relaxation, especially 

in lower stain values. When tested in higher strains, the percentage of fibre relaxation 

increases, indicating fibril level sliding/reorganization is adopted. The non-

collagenous components of the tendon matrix, particularly proteoglycans (PGs) and 

glycosaminoglycans (GAGs), are generally believed to play an important  role in 

viscoelasticity and stress relaxation. Legerlotz et al. (135) showed that the removal of 
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GAGs by chondroitinase in a tendon lead to more stress relaxation. The tendons from 

mice with knockouts of decorin, the major PG in a tendon, also show increased stress 

relaxation (136), relaxation rate (137) and reduced strain rate dependency (138). 

However, the roles of other important non-collagenous components such as elastin or 

elastic fibres in tendon viscoelasticity and stress relaxation remain unclear. While 

elastin digestion by elastase on tendon results in lower ultimate tensile stress and 

failure strain with no change in elastic modulus (139), no work has focused on the 

effect elastin removal on stress relaxation. At the same time, recognizing these 

microstructural deformations, tissue remodelling causes subtle growth of the tissue 

which would also contribute to the stress relaxation. The existing mechanical work of 

in vitro stress relaxation on tendons cannot examine the effect of tissue growth but 

only the microstructure rearrangement. It is thus reasonably to predict that the in vivo 

stress relaxation during a Ponseti stretch would be faster than the in vitro tests.  

 

Unlike synthetic materials, a biological material like the tendon is capable of adapting 

to chemical and physical stimuli (140). The tenocytes in a tendon, which express a 

fibroblastic phenotype, are responsible for responding to stimuli by producing growth 

factors (141), synthesizing collagen and other matrix components of the ECM (142), 
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and remodelling old ECM by releasing matrix metalloproteinases (MMPs) (143). 

Mechanical loading or straining are a key stimulus which generates a series of signals 

responsible for maintaining, repairing, and modifying the ECM in a tendon. Fibroblast  

proliferation, morphology, alignment, and gene expression have been reported to be 

influenced by mechanical stimuli (144–149). In terms of ECM synthesis and 

remodelling, studies have shown that cyclic tension on fibroblasts can increase 

collagen type I and collagen type III mRNA expression (148,150,151). These changes 

cause the number, diameter, and concentration of collagen fibrils to increase (152,153), 

thus increasing the stiffness of the tissue (152,154). By contrast, compression loading 

is believed to induce the synthesis of (152,154) proteoglycans and type II collagen, 

and in some cases, a decrease in collagen type I (155–158). This change in composition 

results in the formation of fibrocartilaginous matrix (158,159). The adaptation of a 

tendon is dependent on the type of loading, strain magnitude, strain rate and number 

of cycles. It is worth mentioning that most existing studies on the effect of mechanical 

stretching on tissue remodelling focused mainly on short-term cyclic straining (145–

151,160,161). Kalson et al. (162) studied the effect of static stretching on adaptation 

by slow stretching (0.25%/day) a tendon-like construct seeded with embryonic tendon 

cells for 4 days. The result shows increased collagen fibril diameter, fibril length, fibril 
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number, and mechanical stiffness. The increase in the collagen fibril length and 

number is a promising indication of tendon growth or lengthening which is expected 

and desired in the Ponseti treatment. On the other hand, under a long-term stress 

relaxation, the tissue response and adaptation could be different. 

 

2.5 Summary 

The Ponseti method, developed by Dr. Ignacio V. Ponseti in the 1940s, has been 

recognized as the gold standard treatment for clubfoot (6,11). However, the current 

outcome evaluation for the treatment is based only on clinical and functional 

parameters (19–23). A single manipulation and casting in the Ponseti method results 

in a long-term stress relaxation on the key resistant soft tissues in the clubfoot: tendons. 

The lack of knowledge regarding how these soft tissues respond and remodel 

according to a long-term stress relaxation provide us with no insight on the structural 

outcomes, thus inhibiting the development of additional outcome examinations 

focusing on tissue integrity and the improvement in the efficiency of Ponseti method.  

 

Although a tendon is predominately composed of collagen fibres, non-collagenous 

components such as PGs, GAGs and elastin are also critical to the function and 
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mechanical behaviour of the tissue (107–109). Existing studies on tendon stress 

relaxation mainly focused on how collagen units react (sliding and reorganizing at 

different hierarchy levels) to dissipate stresses, and the roles of PGs and GAGs in stress 

relaxation (134,135). Composing only 1-2% of the whole tendon dry weight, elastin is 

a much weaker but more extensive material compared to collagen. Unlike collagen, 

which provides the tissue with the main tensile strength, elastin functions primarily in 

the physiological loading known as the ‘toe region’ by providing the tissue with 

flexibility and retractability (77,86,87,105,106). Although a few studies have explored 

the mechanical role of elastin in a tendon (107,139), minimum effort has been put in 

their contribution to the viscoelasticity of a tendon.  

 

By observing the microstructural changes, particularly the elastin in a tendon after a 

long-term stress relaxation, the effect of a single Ponseti manipulation/casting can be 

studied. Understanding the role of elastin in tendon stress relaxation, may help us 

improve the Ponseti method and suggest additional examinations on tissue integrity 

after the treatment.  
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Chapter 3: Setup & Design of Tensile Testing and Strain-rate Dependency of a 

Tendon 

3.1 Introduction 

When a tendon is stretched, the collagen fibres begin to uncrimp once the mechanical 

profile enters the toe region. As the straining continues and reaches the linear region 

of the profile, more collagen fibres are recruited and aligned to the load axis, causing 

stress response to increase drastically. A Ponseti manipulation would gradually stretch 

the tendons and ligaments at the medial and posterior sides of the foot. A cast is then 

applied to maintain the corrected foot position, thus initiating stress relaxation in the 

tissues. To test this mechanical event on a tendon, a tensile testing setup must first be 

developed. Unlike the conventional solid materials, e.g., metals, alloys, etc., a tendon 

is a soft material that displays undesirable properties when being tested on a 

mechanical tester. To begin with, the wet and slippery surface of a tendon causes the 

biggest challenge for gripping the sample ends firmly using common grips and clamps 

(163). While insufficient compression between the grips would result in slippage of 

the sample, excessive compression would inflict damage or rupture close to the 

gripping regions, causing premature yielding on these sample ends which produces 

unreliable mechanical results. To solve this issue, several clamp designs using self -
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tightening clamp, sandpaper or other high friction surfaces have been proposed; 

however, slippage still occurs (164,165). Riemersa and Schamhardt (166) first 

proposed the solution for removing slippage by lowering the surface temperature at 

the gripping region using ‘cryo-jaw’ clamps. These freezing clamps have shown to 

grip the tendons up to a tensile load of 13800 N without the occurrence of slippage 

(166–169). However, this thesis aims to examine the effect of a Ponseti cast on the 

tendon, which would produce a stress relaxation lasting for almost a week. The 

requirement for long durations more than an hour for each test would make cryogenic 

clamps nonapplicable as the freezing effect from the clamp will creep towards the 

testing region over time. This temperature fluctuation within the tendon during testing 

is likely to alter the mechanical response recorded (170–172). Shi et al. (173) 

developed a polymeric serrated teeth to grip the tendon for tensile testing at room 

temperature. The teeth were designed as peak-to-peak instead of peak-to-valley, which 

reduced the risk of the expansion and creep of the tendon and was able to reduce the 

occurrence of slippage. From their results, the teeth were able to stretch bovine tendons 

to a maximum load of 6.87 kN. However, the compressed regions of the tendon by the 

clamp may produce higher stress concentration as seen in existing experiments 

(174,175); hence, additional measures must be applied to solve this issue.  
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Currently, there is no fixed criterion on how fast a manipulation of the clubfoot should 

be. As mentioned in section 2.3.2, tendon is a viscoelastic material (112), i.e., its 

mechanical properties are time time-dependent or rate-dependent. Several studies have 

explored the strain rate-dependency of Young’s modulus (E) on a tendon. While in 

general, a faster loading would result in a higher elastic modulus (113–116), as 

typically exhibited by polymers, some studies did not observe this strain rate-

dependency (176,177). Furthermore, loading at higher strain rates have been reported 

to show correspondence to a lower strain at ultimate tensile stress (UTS) (117,118). 

However, the strain rate-dependency of tendons has not been examined in a slow 

loading regime of the Ponseti manipulation.  

 

In summary, this chapter aims to first experiment a gripping method for long-term 

tendon stress relaxation. 3D-printed acrylonitrile butadiene styrene (ABS) teeth-based 

clamps were made based on the design from Shi et al. (173) to allow firm grips without 

causing rupture on the gripping ends. Selective air-drying was performed on the 

gripping ends of the tendon to remove the slippery and compliant characteristics due 

to hydration. The viability of this new method was tested by comparing the engineering 
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strains derived from the grip displacement with the surface strain. This surface strain 

was measured from the displacement of ink markers on the tendon surface. Once a 

tensile testing setup was established, the strain rate-dependencies of the (I) Young’s 

modulus and (II) strain at UTS (εUTS) of a young tendon were examined at five 

different strain rates. 

 

3.2 Materials & Methods 

3.2.1 Clamps Development & Sample Preparation 

The design chart and the actual clamps were displayed in Figure 3.1. The 3D-printed 

serrated teeth can be inserted into the socket of the metallic piece. Each end of a tendon 

sample can be sandwiched between two serrated teeth and then be secured with screws 

before inserting into a tensile tester. The polymeric teeth were 3D printed using ABS 

by an uPrint SE Plus 3D printer (Stratasys) with each step of 0.25 mm of layer 

thickness. The dimension of a teeth piece is: 4.1 mm in bulk thickness; 1.6 mm in the 

thickness of the teeth part; 20 mm in width; and 32 mm in length. The metallic parts 

of the clamps, which were made of 304 stainless steel, were fabricated at the workshop 

in the department of Engineering Science, Oxford University.   
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Four-week-old Dutch Calf feet were obtained from a local abattoir. Deep digital flexor 

tendons (DDFTs) of the feet were extracted at their origins and insertions, and stored 

in -80oC. Before testing, DDFTs were selectively air-dried on both ends using plastic 

films (Figure 3.2), which left a 50-55 mm testing region in the centre, for secured 

gripping and failure prevention at the ends.  

 

Figure 3.1. The design chart adopted from Shi et al. (173) (top) and the actual image 

(bottom) of the custom-made clamps consist of serrated ABS teeth and steel chambers.  
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Figure 3.2. Illustrative images showing the changes of the tendon ends before (left) 

and after (right) selective air-drying. The tendon surface displays a yellow-ish colour 

and becomes stiffer after drying.   

 

3.2.2 Tensile Testing and Strain Measurement 

Once both ends of the tendon sample have been securely gripped with the clamps, the 

initial length (l0) of the tendon (i.e., the hydrated sampling region) was measured 

before inserting into an Autograph AGS-X tensile tester (Shimadzu) with a 5 kN load 

cell. The engineering strain (εe) at any time during the test (t) was derived based on the 

grip displacement (l(t)) and l0 using the following equation:  

εe(t) =
[l(t)−l0 ]

l0
                     (Eqn. 3.1) 

A permanent marker was used to create markings on the sampling (hydrated) region. 

Once the sample along with the clamps were inserted into the tester, a video camera 
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was used to record the displacement of the markers (d) over time during the tensile test 

as shown in Figure 3.3. The surface strain (εs) was then derived using Eqn. 3.2. 

εs(t) =
[d(t)−d0]

d0
                     (Eqn. 3.2) 

The cross-sectional area was acquired from the width and thickness of the sample 

measured with a calliper, assuming the cross-sections have an oval shape for all 

samples. The initial stroke position was set to be at ~0.1N of tensile force for each test. 

Tendon samples were stretched under a strain rate of 0.5%/s until 8%. The values of 

the engineering strain and surface strain acquired from Eqn. 3.1 & 3.2 over time were 

compared at the same time points by paired t-test.  

 

Figure 3.3. A demonstration showing the maker displacement (d 0 to d(t)) on the tendon 

surface before (left) and after 16 seconds of tensile testing (right).  
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3.2.3 Strain Rate-dependencies of Modulus and Strain at Ultimate Tensile Stress 

Following the tensile testing setup and sample preparation mentioned in the previous 

sections, young DDFTs were tensile tested at 5 different strain rates using a tensile 

tester (DMG, 6160). Clinically, the manipulation of a clubfoot using the Ponseti 

method takes about 1-2 minutes to gradually move the clubfoot to a corrected position. 

Based on the estimated tendon strain of 7-10% produced by a single manipulation to 

correct adductus, which will be detailed in section 4.2.1, a Ponseti manipulation is 

likely to strain the tendon at strain rates between 0.05%/s to 0.17%/s. Hence, strain 

rates of (I) 1%/s, (II) 0.5%/s, (III) 0.1%/s, (IV) 0.01%/s, and (V) 0.001%/s were tested 

in this chapter. The initial stroke position was set to be at ~0.1N of tensile force for 

each test. 

 

3.3 Results 

3.3.1 Tensile Setup Applicability & Strain Measurement  

The combination of the polymeric teeth and the selective air-drying successfully 

gripped the tendon sample until failure (Figure 3.4) without slippage and rupture at the 

gripped site. As shown in Figure 3.4, the reduced compliance due to drying also 
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ensured the occurrence of elongation and failure at the sampling region rather than the 

gripped region. Results from the surface strain measurement using markers as strain 

gauges were displayed in Figure 3.5. For all three tests (n=3), no statistical difference 

was found between the surface strain and the grip strain. The surface strain rate of each 

curve was also derived by linear fitting the εs-time curve as shown in Figure 3.5. A 

mean surface strain rate of 0.487±0.011%/s, which is similar to the grip strain rate of 

0.5%/s.   

 

Figure 3.4. A demonstration of a tendon strained to failure. The tendon sample were 

prepared and gripped as mentioned in the method section. Failure occurred at the 

middle of the sampling region of the sample.  
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Figure 3.5. Comparisons of the values of the surface strain (red) and the grip strain 

(blue) plotted against testing time of 3 separate tests (a, b & c). Paired t-test found no 

difference between the two strains for all 3 tests. A linear fitting was conducted and 

displayed for each test.  

 

3.3.2 Strain Rate-dependencies of Modulus and Strain at Ultimate Tensile Stress 

Figure 3.6(a) shows the illustrative stress-strain curves of the tendons strained at 5 

different strain rates. Higher stress responses can be observed from samples strained 

at higher rates, demonstrating a positive correlation. The Young’s modulus and the 

εUTS were plotted against the logarithm of strain rate as shown in Figure 3.6(b) and 

3.6(c). Strain rate-dependency could be observed in the Young’s modulus as the strain 

rate began to decrease from 1%/s. From Figure 3.6(b), while decreased modulus could 

be seen in the curve, statistical difference only existed between strain rates of 100 times 

gap. By reducing the strain rate from 1%/s to 10-3%/s, the modulus could be lowered 

approximately 4 times smaller. On the other hand, no association was discovered 

between strain rate and the εUTS (Figure 3.6(c)). Univariate linear regression was 

performed on the dataset of modulus vs the logarithm of strain rate, and the result 
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generated a linear fit with a slope of 89.8 MPa and an intercept of 321.1 MPa (red line 

in Figure 3.6(b)). 
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Figure 3.6. Mechanical results of the strain rate-dependency experiments. (a) 

Illustrative stress-strain profile of all 5 strain rates tested (1%/s, 0.5%/s, 0.1%/s, 

0.01%/s & 0.001%/s), and the results of the strain rate-dependencies of the (b) Young’s 

modulus and the (c) strain at UTS. Both data are plotted against the logarithm of the 

strain rate (%/s). Univariate linear regression (y = a x + b) was applied to (b), and the 

results generated a linear fit (red line) with a slope of 89.8 MPa and an intercept of 

321.1 MPa with an R-Square of 0.93. All data are displayed as the mean ± standard 

deviation (SD) (n=3). *P < 0.05. 

 

3.4 Discussion 

Tensile testing on tendon tissues has been challenging based on several issues 

including slippage and rupture or compliance generated by gripping (163). Because of 

these complications, the results derived from tensile tests are often unreliable and 

inaccurate. To examine the effect of a Ponseti cast on a tendon, a mechanical setup 

capable of performing long-term stress relaxations on tendons is required. Although 

the cryogenic clamps have been widely used on tensile tests to produce viable results 

(166–169), this technique cannot be applied on a tensile test lasting more than several 

hours. Hence, a non-frozen clamp system was developed in this experiment. The 

polymeric serrated teeth adopted from Shi et al. (173) was designed to firmly hold the 

tissue to prevent slippage. Made of ABS, high compressive forces for gripping were 

allowed without the risk of rupturing the tendon due to the low stiffness nature of ABS, 

since the conventional metallic teeth are likely to create cuts on the tendon. To further 

limit slippage, drying on the gripped regions of the tendon was conducted, as hydration 
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is a main source of the tissue’s slippery nature. In addition, dehydration also increased 

the stiffness of the tendon, which not only lowered the risk of rupture but also 

prevented high strain concentration occurring at the gripped region of the tendon.  

 

To further examine the applicability of this gripping technique, the surface strain was 

measured and compared with the strain derived from grip displacement. If any of the 

complication mentioned above (e.g., slippage or high strain concentration at the 

gripped region) have occurred, the measured surface strain on the tendon would be 

smaller than the grip strain. Current methods of measuring strain of a tendon have used 

transducer-based systems, medical imaging, and strain gauges (178). The applications 

of transducer-based systems including liquid metal strain gauges (179–181), 

implantable force transducers (182,183) and Hall effect transducers (184–186) are 

complicated and hard to implement. Medical imaging techniques such as ultrasound 

(187,188), MRI (189), and fluorescent cell tracking (190) are expensive and time-

consuming. Physical strain gauges when being attached to the tendon surface by 

suturing, gluing, etc. (191–193) may result in tissue damage or inaccuracy due to 

insecure attachment. In this experiment, the tendon strain was measured by monitoring 

the marker displacement. While this method is less sophisticated , for a relatively large 
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objective strain of 8%, the measurement errors are more tolerable. In addition, this 

study does not focus on local strain distribution but the overall engineering tensile 

strain; hence, a simplified marker-tracking method is reasonable and viable. The 

results from the strain measurement demonstrated matching strain and strain rate 

values between the surface and grip strains indicating a successful tensile test setup 

capable of producing reliable strain values based on grip displacement. 

 

Strain rate-dependency of Young’s modulus was found between 1%/s and 10-3%/s 

within which the modulus would decrease as the strain rate was decreased. This 

observation is expected and matches the results from existing work (113–116). Bonner 

et al. (117) plotted the Young’s moduli over logarithm of a wide range of strain rates 

(from 1%/s to 12990%/s), and discovered a linear relationship between them. This 

logarithmic association between the modulus and strain rate has also been observed in 

polymer materials (194–196). The use of a logarithm function was driven by the fact 

that mechanical properties of polymer systems are usually sensitive to the logarithm 

of the rate of loading (194–196). As a tendon is also a polymer material, a 

phenomenological dependence equation (Eqn. 3.3) for polymer materials adopted 
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from Richeton et al. (195) was applied to characterise the dependency of strain rate 

and modulus for the young bovine DDFTs. Eqn. 3.3 was displayed below: 

E

Eref
=  1 + S × log (

ε̇

ε̇ref
)              (Eqn.3.3) 

where E is the Young’s modulus, Eref is the reference value of the Young’s modulus, 

ε̇ is the strain rate, ε̇ref is the reference value of the strain rate, and S is the strain rate 

dependency. From the univariate linear regression shown in Figure 3.6(b), a slope of 

89.8 MPa and an intercept of 321.1 MPa were derived. Using these parameter values 

derived from linear regression with the chosen reference strain rate (ε̇ref) of 10-3%/s 

and the corresponding reference modulus (Eref) of 61.7 MPa, a strain rate dependency 

(S) value of about 1.46 was derived. Several models have been developed to probe the 

association between the mechanical properties and strain rate or temperature for 

polymers (197–202). Specifically, the phenomenological Eyring’s model has been 

used to describe this association in polymers for decades (198,199). The Eyring’s 

equation (198,199) was shown below: 

σy =
∆H

V
+  

kT

V
(log (

ε̇

ε̇0
))                 (Eqn. 3.4) 

where σy is the yield stress, ΔH is the activation energy, V is the activation volume, k 

is the Boltzmann constant, T is the temperature, ε̇ is the strain rate, and ε̇0  is a 

constant pre-exponential strain rate. Considering the fact that yield stress is also a 
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mechanical property that is sensitive to strain rate, and the stress value could be derived 

from the product of modulus and strain, comparing Eqn. 3.3 with Eqn. 3.4 would 

provide insights for understanding the physical meaning of strain rate dependency. 

Like Eqn. 3.3, Eqn. 3.4 also consists of a logarithm of strain rate over a strain rate 

constant with a slope and an intercept containing energy and temperature terms. 

Through normalisation of the ΔH/V term (intercept), Eqn. 3.4 could be rewritten as: 

σy  ∙ V

∆H
= 1 +  

kT

∆H
(log (

ε̇

ε̇0
))        (Eqn. 3.5) 

where the first term containing the yield stress becomes unitless. Thus, from Eqn. 3.3 

and Eqn. 3.5, the strain rate dependency would be positively and negatively correlated 

to temperature and activation energy, respectively.  

 

One theory for explaining the modulus strain rate-dependency is the dissipative theory 

derived by Ciarletta and Ben Amar (203). Ground substance, the key component for 

tendon hydration and inter-fibre force transfer, is thought to mediate interactions and 

create temporary interfibrillar bridges between collagen fibres during loading. When 

strained at relatively slow rates, the water and ground substance matrix are believed to 

have sufficient time to disperse and distribute forces, respectively, thus dissipating the 

stresses; when strained at higher rates, less time is given to the fluid to dissipate 
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through the ECM (204). Reduced strain rate-dependency was found in decorin-

knockout mice (138). It is likely that the dissipative events also resulted from inter-

fibre sliding and reorganization. Both Screen et al. (134) and Gupta et al. (129) 

reported that reacting to a constant strain, the collagen fibres predominantly dissipate 

the stress through inter-fibre sliding compared to fibre relaxation. As the strain rate 

increases, apart from the hindrance of fluid dissipation, the collagen fibres also have 

less time for inter-fibre sliding, causing higher percentages of tensile strain 

experienced by the fibres, which produces stiffer responses. This speculation is also 

supported by a study done by Clemmer et al. (204) in which higher levels of fibre 

elongation, larger portion of aligned fibres, and increased elastic modulus were seen 

in tendons strained at higher rates. Essentially, these microstructural events (i.e., fluid 

dissipation mediated by ground substance, inter-fibre sliding, and fibre relaxation) 

would occur during straining to dissipate stresses in the tendon matrix. As the strain 

rate decreases, the effect of stress dissipation is likely to become more significant, thus 

reducing the stress response and modulus. These microstructural events may also 

explain the lack of rate-dependency in εUTS in this study, which matches the findings 

from several existing studies (118,205,206). Additionally, both Bonner et al. (117) and 

Edwards et al. (207) also found no rate-dependency in failure strain on porcine 
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ligaments and tendons. This observation suggests that the incidence of failure during 

straining in a tendon is predominately controlled by the strain experienced by collagen 

units in the fibre or/and fibril hierarchies rather than stress, i.e., failure would occur 

when a certain fibre/fibril strain is reached no matter what stress value is produced. 

Straining at lower strain rates permits more time for inter-fibre sliding and fibre 

reorganization to take place before more fibres are being recruited during straining. 

Straining at higher rates would only result in higher fibre recruitment which generates 

a stiffer response, but the maximum strain experienced by the local fibres/fibrils is 

likely the same as that strained at lower rates (identical local maximum of strain); 

hence, only the modulus and stress display rate-dependencies. Clinically, as a lower 

strain rate would result in a lower modulus, suggesting a slower manipulation 

procedure in the Ponseti method could contribute to lower resistance from the foot. 

 

3.5 Summary 

In this chapter, a simple but effective tensile setup has been developed to solve the 

common issues spotted in tendon tensile testing. The use of polymeric teeth for 

gripping the tendon limits the risk of cutting when high compression is required to 

secure the sample. Selective air-drying removes the slippage complication caused by 
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hydration and the high strain concentration at the gripped sites. Through comparison 

between the grip strain and the surface strain derived by marker displacement, this new 

gripping setup has proved to be successful. Using this setup, the strain rate-

dependencies of E and εUTS were experimented at 5 different strain rates. While no 

dependency was found in εUTS, lower E values were observed under lower rates. The 

result suggests the probability of minimizing resistance from the clubfoot by lowering 

the rate of the Ponseti manipulation procedure.  
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Chapter 4: The Effect of Time-dependent Stress Relaxation on Tendon 

Microstructure and Elastin  

4.1 Introduction 

A Ponseti manipulation would stretch the tendons at the medial and posterior sides of 

the foot. A cast is then applied to maintain the corrected foot position, thus initiating 

stress relaxation in these soft tissues. When a tendon is stretched, the collagen fibres 

begin to uncrimp once the mechanical profile enters the toe region. As the straining 

continues and reaches the linear region of the profile, more collagen fibres are recruited 

and aligned to the load axis, causing stress response to increase drastically. In 

physiological loading, a tendon is generally strained in the toe region where the tissue 

is able to recoil back its original state when the load is removed. This uncrimping and 

recoiling characteristic is commonly thought to be controlled by the elastin 

(77,105,106). In the case of a Ponseti manipulation, the tissue strain is believed to be 

in the linear region since the objective of each Ponseti cast is to permanently bring the 

foot to an improved position, thereby lengthening the tendon in the absence of loading. 

To achieve this goal, sufficient plastic deformation is required and is most likely 

accomplished in the linear region (208).  
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As a biological composite material, plastic deformation could occur in different 

components in a tendon including collagen fibres, elastin, and various types of ground 

substance. Tissue remodelling can then repair this micro-damage and restore normal 

tendon function through ECM degradation and synthesis. Examining the biological 

response may help us discover the plastic-deformed components in a tendon. Existing 

in vitro studies have shown that cyclic tension on tendon or ligament fibroblasts can 

increase collagen type I and collagen type III mRNA expression (148,150,151). Since 

a tendon is primarily composed of collagen, in order to adapt to tension and achieve 

tissue lengthening, the upregulation of collagen expression to produce more collagen 

fibres appears reasonable. Nevertheless, other ECM components may also be 

functionally and microstructurally altered. Gupta et al. (129) studied how a tendon 

structurally respond to stress relaxation at different levels of collagen unit and found 

out that inter-fibre sliding contributed more to stress relaxation compared to intra-fibre 

relaxation. The result suggests that other ECM components residing in the inter-fibre 

matrix (i.e., elastin and ground substance) play a key role in stress relaxation and are 

likely to be microstructurally altered or plastically deformed. How non-collagenous 

components such as elastin contribute to stress relaxation, and conversely how stress 

relaxation influence these components are critical questions for studying the Ponseti 
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method. In addition, present studies only experimented tendon stress relaxation within 

several minutes which are not comparable to the duration of one Ponseti cast.  

 

Composed of a core of elastin and a scaffold of microfibrils, elastic fibre is an 

important ECM component in soft tissues, providing the tissue with flexibility and 

extensibility. Most studies which involve observing or imaging the elastin were 

conducted mainly on arteries with some work on skin, lungs, and kidneys (209–213). 

In a tendon or ligament, although the elastin contributes to only 1-2% of the tissue dry 

weight, they were suggested to be responsible for retaining the collagen crimp, ensure 

elastic stretch and recoil, and play a pivotal role in the resistance of the transverse shear 

forces within the tissue (139,214,215). To observe the microstructural changes in a 

tendon after a Ponseti treatment, microscopic techniques to image different tendon 

ECM components are needed. 

 

Early studies adopted electron microscopy, scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM), to image elastin in a tendon (105,216–218). 

However, before imaging, tendon samples will require dehydration treatment which 

could disrupt the sample microstructure. The use of TEM would also require ultra-thin 
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tendon samples through sectioning (219). In addition, although both the SEM and 

TEM are suitable to investigate the ultrastructure of elastin with great resolution, the 

magnification range is generally too high to visualise the overall organization or the 

functional unit of elastin.  

 

Other techniques that require minimal tissue processing and enable good elastin 

visualization were also considered. Recent studies have explored the possibility of 

using magnetic resonance imaging (MRI) to image elastin. A novel elastin-specific 

magnetic resonance contrast agent has been developed as an elastin-specific probe 

(212,220–222). Although MRI is a painless and non-invasive technique, its low-

resolution characteristic makes imaging the microscopic morphology of elastin fibres 

challenging. Histological staining is also a common method for imaging structural 

components in a tendon. This technique is less expensive, allows for the study of large 

sections of sample, and is able to visualise multiple components by using different 

stains. Stains that are specifically used for identifying elastin include Weigert’s 

resorcin-fuchsin stain (223), Verhoeff–Van Gieson stain (VVG) stain (224) and 

Miller’s elastic Van Gieson (MVG) stain (109). Among these staining methods, the 

Miller’s stain has been reported to show better elastin-to-background contrast, elastin 
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definition and staining consistency, and to be easy to perform (225). However, to 

visualise the stained structures and components, traditional optical microscopes are 

commonly used in histology, and they generally do not have sufficient imaging 

resolution to distinguish the detailed fibre structure of tendons but reveal the overall 

fibre texture and the morphology of tenocytes. 

 

To solve the problem of poor resolution in histology but still be able differentiate 

elastin from other ECM components, confocal laser scanning microscopy can be used. 

Offering better resolution then the conventional wide field optical microscopy, a 

confocal microscope can control the depth of field, reduce background information at 

the focal plane, and image serial sections from thick samples. Unlike the conventional 

optical microscopy, in confocal microscopy, the excitation beam can be focused 

through objective lens on a small pot inside the sample. The reflected/fluorescent light 

is then collected, projected, and focused to a detector. A tiny pinhole aperture is 

applied to allow only the light emitting from the desired focal spot to pass through. 

This setup allows the microscope to filter out any out-of-focused and scattered light 

signals that could reduce image resolution (226). The use of autoflorescence signal to 

visualise elastin has been experimented. Since elastin display excitation maxima at 
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350-450 nm and emission maxima at 420-520 nm (227), some work has utilized this 

natural fluorescence signal without tagging elastin with fluorophores. Elastin in 

various soft tissues including medial collateral ligament, trabecular meshwork tendon, 

ciliary muscle tendon, coronary adventitia, linea alba and aortas has been imaged by 

two-photon/multiphoton excitation with excitation wavelengths of 800-850 nm and 

emission wavelengths collected at 495-550 nm (214,228–231). In addition to 

autofluorescence signals, sulforhodamine B (SRB), a polar fluorescence dye with low 

molecular weight (max. absorption: 565 nm & max. emission: 590 nm), has shown to 

selectively stain elastin over collagen (107,232,233). Ricard et al. (234) demonstrated 

that compared to autofluorescence, which has an emission wavelength in the blue 

range that can be highly scattered and absorbed by the surrounding ECM and requires 

long exposure time, the SRB was able to image elastin in muscle epimysium, muscle 

endomysium and blood vessels with lower incident laser power but better signal 

intensity. However, in a tendon where elastin only composes 1-2% of tissue dry weight, 

the two aforementioned methods may not provide sufficient signals, elastin-specificity 

or bonding of dyes with elastin. These issues can be solved with fluorescence 

immunohistochemistry (IHC) which uses antibodies to strongly and specifically bond 

with the antigens on the target protein. This strong bonding between the two molecules 
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is more resistant to washing procedures and reduces the amount of non-specific 

binding. After the first or primary antibody bonds with the target protein, a secondary 

antibody carrying a fluorophore can then bond with the primary antibody. Since the 

secondary antibody is made in a species that is different than both those of the primary 

antibody or the specimen, it limits non-specific binding with surrounding antigens 

other than the primary antibodies which minimizes false positives and background 

noise (235). 

  

In this chapter, we aim to study the effect of long-term stress relaxation on tendon 

microstructure. Particularly, how the length of casting or stress relaxation duration 

would influence microstructure was examined. The collagen crimp morphology of a 

young bovine deep digital flexor was observed using SEM. The efficacy of multiple 

methods for imaging elastin in tendons including histology, SRB fluorescence dye and 

fluorescence IHC were also experimented. Recognizing the microstructural changes 

and pinpointing the key disrupted ECM components may help us understand the 

mechanism of Ponseti method and how a tendon is lengthened in each 

manipulation/casting. 
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4.2 Materials & Method 

4.2.1 Stress Relaxation Test 

To determine the objective tensile strain value for modelling a Ponseti cast, two 

estimations were conducted first. Using a plastic clubfoot model of a 6 to 8-week-old 

infant from the Nuffield Orthopaedic Centre as an example shown in Figure 4.1, the 

total tensile strain produced by the correction around the ankle of a clubfoot can be 

estimated. A deformity component known as adductus describes the medial deviation 

away from the leg’s vertical axis towards the midline (3). The correction to this inward 

rotation on the medial side of the clubfoot was chosen for the first estimation. The 

uncorrected angle between the 3rd metatarsal and tibia (metatarsal-talus-tibia) (θ0) was 

roughly measured to be 143.4 degrees using ImageJ as shown in Figure 4.1 (red 

markings). Since a healthy foot can generate a 30-degree rotation towards the lateral 

side (236), an objective rotation degree was assigned as 210 degrees. Hence, an angle 

deviation percentage of 46.4% ((210 − 143.4) 143.4 × 100%⁄ ) was derived as a 

simplified approximation to the total tensile strain produced by correcting adductus. A 

mean cast number of 7.59 was reported by Vaishy et al. to correct a clubfoot (237). 

Since approximately 3 casts were used to correct canvus in the beginning and equinus 

at the end (238), 4.59 casts would contribute to the adductus correction, and each cast 
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would produce a tensile strain of 10.1%. Another estimation based on the string 

elongation using the same clubfoot plastic model (correction of adductus) was also 

conducted. From the plastic model shown in Figure 4.1, after the correction was 

applied, the string on the medial side (marked by yellow arrows), which approximates 

the tebialis posterior tendon, was lengthened, and the length values before (l0) and after 

(lc) the correction were measured. This lengthening of the string was assumed to mimic 

the lengthening of the tendons and ligaments due to the Ponseti manipulation. The 

percentage of tensile strain (ε) produced by the correction was calculated using the 

following equation: 

ε =
(lc−l0 )

l0
× 100%                       (Eqn. 4.1) 

This correction procedure was conducted repeatedly for 10 times, and the mean strain 

was derived as 35.71 ± 6.48%. Similarly, assuming 4.59 casts (237,238) were used to 

achieve this strain value, each cast would produce a strain of 7.78%. In summary, 

based on these estimations, a single casting of the Ponseti method may generate a 

tensile strain between 7-10%. Since a stretch in the linear region would generate 

irreversible micro-damage to the tendon, painful reaction is likely to occur. Hence, a 

strain of 8%, which lies in the beginning of the linear region (demonstrated in Figure 

4.4 in section 4.3.1), was chosen to model an actual Ponseti casting.   
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Figure 4.1. Illustrative images of the adductus correction using a plastic clubfoot model.  

A plastic model for clubfoot without manipulation is shown in the left image in which 

the red lines marked the inward rotation angle of adductus at the medial side and the 

yellow arrows marked the string (an approximation of the tebialis posterior tendon) 

with an initial length (l0). After correction, which is shown in the right image, 

lengthening of the string (lc) simulating the lengthening of tendons and ligaments in 

the clubfoot can be measured. 

 

Regarding the stress relaxation tests, the sample preparation and mechanical testing 

set-up were adopted from chapter 3. Briefly, 2 to 4-week-old bovine DDFTs were 

selectively/partially air-dried on both ends, which left a 50-55 mm testing region in 

the centre, for secured gripping and failure prevention at the ends. A permanent marker 

was used to label both ends of the experimental (hydrated) region. The cross-sectional 

area was acquired from the width and thickness of the sample measured with a calliper, 
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assuming the cross-sections have an oval shape for all samples. Customized 3D-

printed ABS teeth were used to grip the dried sample ends firmly before inserting into 

an Autograph AGS-X mechanical testing machine (Shimadzu) with a 5 kN load cell. 

The initial stroke position was set to be at ~0.1N of tensile force for each test. Tendon 

samples were stretched under a strain rate of 0.5%/s until 8% engineering strain and 

then held for 0 h (immediate return to initial length), 2 h, 24 h and 48 h. During stress 

relaxation testing, the samples were wrapped with plastic films and sprayed with 

phosphate buffered saline (PBS) solution with 0.2 mg/ml sodium azide for every 4-6 

hours. After the treatment, the tension was released by reverting to the initial stroke 

position. The tendon length was then re-measured and compared with its original 

length. Control samples were prepared by cutting a piece (~1 cm in length) of the 

original tendon of each experimental group (0 h, 2 h, 24 h and 48 h) before the stress 

relaxation test. 

 

4.2.2 Sample Preparation for Imaging 

To prepare the samples for imaging, the tendons were first cut along the long axis into 

pieces (~1 cm in length). For Miller’s elastic staining, the tendon pieces were directly 

fixed in 10% formalin. For the rest imaging methods, the tendon pieces were incubated 
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in cryoprotectant solutions: 15% (w/v) sucrose & 15% (v/v) ethylene glycol in 0.1M 

phosphate buffer (PB) and 30% (w/v) sucrose and 30% (v/v) ethylene glycol in 0.1M 

PB successively, embedded in an optimal cutting temperature compound (OCT) 

(Labtech, 16-004004) in a custom-made mold, and cooled in -20oC. The OCT-

embedded blocks were then transferred to a dry ice sliding microtome (Leica 

Biosystems, SM2000 R) for cryosectioning. Each block was fixed on a stage cooled 

by dry ice. Tissue blocks were sectioned into 200 µm thick for SEM imaging and into 

50 µm thick for fluorescence imaging. All sectioned tendon sheets were washed in 

PBS three times to remove the remaining cryoprotectant and OCT compound. 

 

For SEM imaging, tendon sections were fixed in 2.5% glutaraldehyde (Fluorochem, 

358208), dehydrated by a series of ethanol solutions (50%, 70%, 80%, 90% & 100% 

x 3 times) and Hexamethyldisilazane (HMDS) (Sigma, 440191), and coated with ~6 

nm of platinum before imaging; for fluorescence confocal imaging, tendon sections 

were fixed in 10% formalin (Sigma, HT501128) before staining.  

 

For Miller’s elastic staining, to allow paraffin wax to fully infiltrate the tissue, the 

formalin-fixed tendon piece was dehydrated using a series of ethanol solutions with an 
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increasing concentration gradient (50%, 70%, 80%, 95% & 100% x3). Clearing of the 

tendon sample was achieved through treatment of xylene. As the dehydrated samples 

were immersed in three changes of xylene, the residual ethanol in the tissue was 

gradually replaced with xylene and the sample became transparent. The samples were 

then immersed in three different paraffin wax immersions to replace xylene in the 

tissue with paraffin and the samples were embedded into blocks. Lastly, tissue blocks 

were sectioned into 5 µm thick sections using a microtome (Leica Biosystems, 

RM2125 RTS). Sections were transferred onto glass microscope slides in a warm 

water bath (40-45oC). After dried in air for 30 minutes, the sections were baked in an 

oven at 45oC overnight before proceeding to staining. The Miller’s elastic stain (TCS 

Biosciences, HS237) staining procedure is illustrated as follows: Paraffin embedded 

tendon sections were transferred into a xylene solution to remove paraffin wax from 

the sections. These deparaffinized sections were immediately treated with a series of 

ethanol solutions with descending concentrations (100% for 3 min x 2, 95% for 1 min 

& 70% for 1min) to gradually rehydrate the samples. Sections were oxidized in 1% 

potassium permanganate for 5 min and 1% oxalic acid was later used (10 min 

immersion) to remove potassium permanganate from the tissues. After washing with 

95% ethanol, sections were stained with Miller’s stain for 3h. Once staining was 
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completed, sections were wash with 95% ethanol and running H2O before counter-

staining with Van Gieson stain for 4 min which could give the collagen background a 

pink/red colour. This counterstain would provide a colour contrast to the elastin that 

was stained black. Lastly, sections were dehydrated by ethanol gradient and treated 

with xylene before mounting on slides with dibutylphthalate polystyrene xylene (DPX) 

(Solmedia, REA219). Stained sections were imaged under optical microscope. 

 

Staining with SRB dye was achieved by directly immersing the tendon sections in a 1 

mg/ml SRB solution for 1 min followed by washing with PBS three times. SRB 

solutions were prepared by dissolving SRB powders (Sigma, 230162) in PBS solution. 

The effect of fixing with 10% formalin, treatment with hyaluronidase (4800 units/ml) 

and treatment with collagenase (30 cdu/ml) were examined. The treatment of 

hyaluronidase or collagenase before staining has been shown to improve tissue 

permeability for SRB molecules (239). Both enzyme solutions were prepared by 

dissolving the stock powders (Sigma, H3506 and Sigma, C0130) in PBS solution.  

 

To prepare samples for fluorescence IHC, tendon sections were permeabilized with 

0.1% triton x-100 (Sigma, T8787) for 10 minutes, blocked with 1% bovine serum 
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albumin (BSA) (Sigma, A9647) in PBS that contained 0.05% triton x-100 for 1 hour 

to minimize non-specific hydrophobic bonding before primary staining. Tendon 

elastin was immunostained with rabbit anti-elastin antibody (Abcam, ab21607) as the 

primary antibody and with Alexa FluorTM 488 goat anti-rabbit IgG (Invitrogen, A-

11034) as the secondary antibody. Briefly, tendon sections were incubated in the 

primary antibody solution of 1:200 dilution (in 1% BSA) at 4 °C for 48 h. Samples 

were then washed with PBS and incubated in the secondary antibody solution of 1:500 

dilution (in 1% BSA) for 1 hour at room temperature. After washing with PBS, cell 

nuclei in the tendon were stained by incubating the samples in a DAPI solution (1:1000 

dilution in PBS) for 10 min at room temperature. Once staining was complete, samples 

were mounted on microscope slides with FluoroSave mounting media (Sigma, 

345789). 

 

4.2.3 SEM Imaging 

The collagen fibre morphology of the tendon was visualised by an Evo MA10 SEM 

(Zeiss). To compare the changes happened in these two parameters, a small piece of 

control sample was cut off from the original sample using surgical blades before the 

stress relaxation test for each experimental group which allows direct comparison of 
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each sample with its untreated counterpart. The crimp angle (θ) and fibre side length 

(d) in each crimp were measured (30 sets of data points) using ImageJ. More details 

will be displayed in section 4.3.2. Two-sample t tests were conducted to test the 

hypothesis of no difference between the treated and the control groups.   

 

4.2.4 Confocal Fluorescence Imaging 

The elastin morphology was captured using a FV1000 confocal laser scanning 

microscope (Olympus). SRB-stained sections were excited at 559 nm and SRB 

emissions were collected at 565-600 nm. IHC sections tagged with Alexa Fluor 488 

were excited at 488 nm and collected using a 500-530 nm bandpass filter. A 20× and 

an oil immersion 60× objective lenses were used to collect emission spectra. 

 

Image processing and analysis were performed using ImageJ to reduce background 

noise and to quantify the 2D elastin volume fraction. The amount of fragmentated 

elastin in the stress-relaxed samples was also quantified using threshold adjustment 

(details will be explained later in section 4.3.3). 

 

4.3 Results  
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4.3.1 Physical & Mechanical Integrity 

The stress-time profile of the stress relaxation test of the 2 h experimental group was 

displayed in Figure 4.2. As an illustration, all experimental groups produced similar 

stress-time profiles in which the stress response clearly differentiated the toe and linear 

regions in the first 16 seconds under a slow strain rate of 0.5%/s (compared to common 

stress relaxation tests (135,240–243)) and then exponentially decayed over time after 

t = 16 s where 8% strain was reached. 

 

Figure 4.2. The illustrative stress-time mechanical profile of a young bovine DDFT 

undergoing 2 h of stress relaxation.  

(a) The initial 30 seconds of the relaxation profile displaying the transition from the 

‘toe’ to ‘linear’ region. (b) The initial 20 minutes of the relaxation profile displaying 

the exponential decay of stresses. 

 

After the stress relaxation treatment, the tendon samples showed lengthening without 

loading. The tendon lengthening percentages of different relaxation durations are 

displayed in Figure 4.3. The results show that the degree of tendon lengthening is 
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dependent on the duration of stress relaxation. No statistical difference was spotted 

between the 24 h and 48 h groups which suggests the ‘material part’ of tendon 

lengthening or the maximum lengthening in a single Ponseti cast was achieved within 

the first day of casting. Stress relaxation for 2 h was able to reach approximately 83% 

of the maximum lengthening value from the 24 h and 48 h groups.  

 

Figure 4.3. The tendon lengthening percentages due to stress relaxation.  

The lengthening (ΔL/L0 ×  100%,  𝐿: 𝑡𝑒𝑛𝑑𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ; 𝐿 0: 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑡𝑒𝑛𝑑𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ ) 

of different relaxation durations (0 h, 2 h, 24 h & 48 h) calculated based on Eqn. 4.1. 

All data are displayed as the mean ± SD (n=3). Significant differences were analysed 

by 2-sample t-test. *P < 0.05, ***P < 0.001. 
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To investigate the variation in mechanical profile, a second tensile test were conducted 

on the 2 h group immediately after the stress relaxation. Once the stress relaxation 

experiment was complete, the tendon was allowed to return to the initial stroke position 

(where the first test started) and then stretched to the same stroke position (where the 

first test ended) under the same strain rate. A set of illustrative stress-strain curves were 

displayed in Figure 4.4. To compare the differences in stress response at each 

elongation point, stresses in both curves were plotted against the engineering strain 

values of the first curve (stress relaxation test). Throughout the whole 8% strain, the 

stress responses of the second tensile test were lower than those of the first tensile test 

at all strain values. On the other hand, no reduction in the Young’s modulus (first test: 

201.6 ± 62.3 MPa and second test: 250.7 ± 68.3 MPa), which was derived by linearly 

fitting the short linear region below 8% strain, was confirmed statistically using the 

paired t test.  
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Figure 4.4. The illustrative mechanical profiles of a young bovine DDFT before and 

after the 2 h stress relaxation treatment. (a) The stress-strain curves of the first (blue) 

and second (red) tensile straining. The second test was conducted at the same initial 

stroke position and under the same strain rate of 0.5%/s as the first test. (b) The stress-

strain curves of the initial 6% strain of (a). 

 

4.3.2 Collagen Crimp Morphology 

Figure 4.5 shows the surface morphology of a bovine DDFT stress-relaxed for 48 h 

and its untreated control capture by SEM imaging. Images of the control displays the 

common wavy pattern of collagen fibre crimp in tendon tissues. On the other hand, 

regions of flattened crimps were spotted in tendons that experienced long-term stress 

relaxation.  
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Figure 4.5. SEM images of the stress-relaxed tendons (right column) and its control 

(left column). Scale bars are 500 µm (top row) and 50 µm (bottom row). 

 

The angles (θ) and the side length (d) of a crimp were measured using ImageJ 

according to the illustrative SEM image in Figure 4.6. For each experimental group of 

relaxation duration, 30 measurements (n = 30) were recorded for both θ and d, and the 

values were compared to those obtained from its corresponding control.  
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Figure 4.6. Illustration of crimp angle (θ) and side length (d) measurement. Scale bars 

are 50 µm. 

 

Crimp angle reduction was discovered in tendons treated with stress relaxation, while 

no change was seen on fibre side length. As shown in Figure 4.7 and Table 4.1, 

different durations of stress relaxation showed different levels of crimp angle reduction 

that coincides with the levels of the tissue’s lengthening (2 h < 24 h = 48 h). No angle 

reduction was spotted in the 0 h group which highlighted the importance of relaxation 

duration (length of casting). Since no change was observed on crimp side length in 

each experimental group, according to the demonstration in Figure 4.6, the 
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contribution of angle reduction to lengthening can be calculated using the following 

equation: 

Lengthening (∆θ) =
∆L

L0
=

cos θExp−cos θCtrl

cos θCtrl
=

cos θExp

cos θCtrl
− 1        (Eqn. 4.2) 

The calculated result displayed in Figure 4.8 shows similar order (2 h < 24 h = 48 h) 

comparing to the result in Figure 4.3.  

 

Figure 4.7. Crimp angle reduction of tendons treated with stress relaxation. 

Crimp angle values of tendons treated with stress relaxation (blue) for different 

durations (0 h, 2 h, 24 h & 48 h) and their respective controls (red). Data are displayed 

as the mean ± SD (n=30). Significant differences were analysed by 2-sample t-test. 

*P < 0.05, ***P < 0.001. 
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Table 4.1. Values of crimp angle reduction of tendons treated with stress relaxation of 

different durations. Data are displayed as the mean ± SD. 

Relaxation Duration 2 h 24 h 48 h 

θExp
̅̅ ̅̅ ̅̅ − θCtrl

̅̅ ̅̅ ̅̅  (degree) 3.61 ± 3.89 8.79 ± 4.05 9.70 ± 3.51 

 

Figure 4.8. Estimated values of tendon lengthening contributed by crimp angle 

reduction of tendons of different stress relaxation durations (2 h, 24 h & 48 h) 

calculated using Eqn. 4.2. 
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4.3.3 Elastin Imaging and Elastin Morphology 

4.3.3.1 Miller’s Stain 

Sections stained with Miller’s elastic stain are shown in Figure 4.9. No cells can be 

seen in the matrix under the microscope. The collagen fibres, which are the primary 

ECM in the sample, appeared in a red/pinkish colour. The elastin should appear as 

sparse dark fibres conforming to the crimp morphology, but they are barely visible. In 

addition, the density of elastin in the image appears to be lower than that in an 

immunostained image (Figure 4.11) which will be further examined in detail in section 

4.3.3.3. Overall, the Miller’s stain method provides a fast and simple way to visualise 

the general elastin morphology in a section. However, a conventional light microscope 

was unable to image the ECM with higher resolution and magnification.  



75 
 

 

Figure 4.9. A tendon section stained with Miller’s elastic stain. The collagen matrix 

was stained darkish red. The elastin, which should be stained black, was not observed. 

Scale bars are 50 µm. 

 

4.3.3.2 SRB Dye 

The results of SRB staining for elastin are shown in Figure 4.10 and Figure 4.11. 

Control samples, which did not treat with SRB, displayed a blank view under 559 nm 

excitation with a bandpass filter at 565-600 nm. Fixing with 10% formalin or treatment 

with hyaluronidase or collagenase did not improve image clarity nor enhance the 

fluorescence intensity of elastin. Treating an unfixed sheet with hyaluronidase or 
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collagenase would cause it to fall apart; hence, the effect of hyaluronidase or 

collagenase was only experimented on fixed samples.  

 

Although the collagen fibres appear to also have an affinity to SRB molecules, elastin 

was present as fibres with higher fluorescence intensity (marked by white arrows in 

Figure 4.11) and were distributed throughout the collagen matrix following the crimp 

morphology. Background subtraction could reduce noise from collagen which made 

elastin more visually apparent as shown in Figure 4.11. However, emissions from 

collagen are still visible in several regions (yellow circles).  

 

Decreased SRB concentration and increased washing time both reduced the 

fluorescence intensity from the ECM, implying this method displays not only non-

specific but also weak binding to the ECM.  
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Figure 4.10. Fluorescence images of tendon sections stained with SRB: (a) unfixed 

section; (b) fixed section; (c) section treated with hyaluronidase; (d) section treated 

with hyaluronidase and collagenase. Scale bars are 100 µm. 
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Figure 4.11. Fluorescence image of tendon section stained with SRB before and after 

background subtraction. Scale bars are 50 µm. 

 

4.3.3.3 Fluorescence Immunohistochemistry 

Elastin imaging with fluorescence IHC displays better clarity than the other two 

methods. Compared to SRB staining, IHC stained images show consistent elastin 

signal intensity and low background emission throughout the sample. As seen in 

Figure 4.12, within a tendon fascicle matrix (FM), Elastin fibres run in accord with the 

collagen crimp morphology along the tendon long axis and are evenly distributed 

throughout the sample. These shape and distribution can also be justified by viewing 

the cross-sectional sections in which the elastin fibres sparsely appear as points and 

dots in the FM. Outside the FM, in the regions of interfascicle matrix (IFM), the elastin 

fibres do not appear as aligned/organised fibres but rather as clusters spreading all over 
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the IFM. In addition, the emission intensity of elastin in the IFM was higher than that 

in the FM, indicating a higher amount/density of elastin in the IFM.  

 

Figure 4.12. Fluorescence images of immunostained elastin and DAPI-stained cell 

nuclei. Representative immunostained tendon images captured by confocal 

microscopy revealing the morphology of elastin (green; left column), cell nuclei (blue; 

mid column) and tendon matrix (grey; right column) in bovine DDFTs. Images are 

displayed in the longitudinal view (top 2 rows) and the cross-sectional view (bottom 2 
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rows). Scale bars in the 1st and 3rd rows are 50 µm; scale bars in the 2nd and 4th rows 

are 25 µm. 

 

Through DAPI staining, cell nuclei were visible in both the FM and IFM. From both 

the longitudinal and transverse section of the sample, a large portion of elastin was 

seen to be localized around cells in both the FM and IFM.  

 

Elastin imaging on stress-relaxed tendon samples, which is shown in Figure 4.13, 

discovered altered elastin morphology. The results discovered fragmentation of elastin 

distributing throughout the tendon matrix. The features of elastin fragmentation 

commonly seen in cardiovascular tissues include: (I) cluster-forming elastin fragments 

(mostly spherical shape); (II) assembly or localization of these clusters; (III) higher 

elastin fluorescence intensity from these clusters compared to the surrounding 

unfragmented elastin. These features were also seen in the stress-relaxed tendon 

samples displayed in Figure 4.13. The level of elastin fragmentation was quantified 

based on image analysis (2D) using ImageJ. Briefly, as illustrated in Figure 4.14, (I) 

the regions containing fragmented elastin clusters were selected and cropped from the 

original image; (II) the cropped images were converted to 8-bit grayscale; (III) the 

threshold of the image was adjusted based on the mean fluorescence level of the local 
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healthy/intact elastin (mean of 5 intensity maxima) where all fluorescence signals 

lower than this mean were excluded; finally, (IV) the total area of these elastin 

fragments were measured using particle analysis where only particles of size larger 

than 5 pixel2 were included. Because the elastin fluorescence intensity was much 

higher in the IFM compared to that in the FM, and the elastin in the IFM did not appear 

as fibres in the IFM, differentiating the fragmentated elastin from the healthy elastin 

in IFM based on fibre shape and fluorescence level was not viable. Hence, only the 

area of the fragmented elastin in the FM was considered for the elastin fragment 

quantification. Similarly, the fragmentation level shown in Figure 4.15 also 

corresponded to both the levels of crimp angle reduction and tissue lengthening (2 h < 

24 h = 48 h) shown in the previous sections.  
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Figure 4.13. Comparison of the elastin morphology (left column), cell nuclei (mid 

column) and tissue matrix background (right column) of a healthy tendon (top row) to 

those of a stress-relaxed tendon (bottom row). Fragmentated elastin is marked by white 

arrows. Scale bars are 25 µm. 

 

 

Figure 4.14. Illustration of the collection and the quantification (particle analysis) of 

elastin fragments. The quantification process was conducted as follows: (I) The 

regions containing fragmented elastin clusters were selected and cropped from the 

original image; (II) the cropped images were converted to 8-bit grayscale; (III) the 

threshold of the image was adjusted based on the mean fluorescence level (mean of 5 

intensity maxima) of the local healthy/intact elastin (yellow circles) where all 

fluorescence signals lower than this mean were excluded; finally, (IV) the total area of 
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these elastin fragments were measured using particle analysis where only particles of 

size larger than 5 pixel2 were included. 

 

Figure 4.15. The elastin fragmentation ratio in the tendon matrix after the treatment of 

stress relaxation. Values of fragmentation ratio of young bovine DDFTs treated with 

stress relaxation of different durations (0 h, 2 h, 24 h & 48 h). Data are displayed as 

the mean ± SD (n=20). Fragmentation ratio is defined as the total area of elastin 

fragments over the image area (tendon matrix area) for each fluorescence image. 

Significant differences were analyzed by 2-sample t-test. *P < 0.05, ***P < 0.001. 

 

4.4 Discussion 

A long-term stress relaxation modelling the Ponseti method successfully lengthened a 

tendon without the loss of elastic modulus in vitro in less than 24 hours. From the 

lengthening results (Figure 4.3), 83% of the maximum lengthening value could be 
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achieved in 2 hours of treatment. While the actual time required to produce the 

maximum lengthening is still unclear, it is likely to fall within the first few hours of 

the casting period. This time length for generating the lengthening, which is a material-

based adaptation to mechanical loading in this ex vivo experiment, is much shorter than 

the duration of existing experiments studying the biological adaptation of the tendon 

responding to loading (145,152–154). In general, a 2 h duration is not sufficient for 

ECM deposition or degradation by cellular activities to occur or to be detected, which 

suggests that this lengthening response for the long-term stress relaxation would also 

be a material-based adaption primarily in an in vivo condition within 2 h to 24 h. In 

addition, studies that examined the effect of mechanical treatment has centred on 

dynamic or cyclic loading (145,244–247); hence, the biological response from a long-

term stress relaxation has not yet been well-studied. 

 

Mechanically, the second tensile test performed on the stress-relaxed tendons 

discovered decreased stress values throughout the whole 8% strain. This reduction of 

stresses was likely caused by the long-term stress relaxation treatment which might 

plastically deformed certain ECM components in the tendon. However, no loss of the 

Young’s modulus has been observed. Existing studies (247,248) have studied the 
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effect of preconditioning on tendon microstructure and tensile properties and have 

discovered augmented stiffness and modulus which suggests that collagen fibre 

realignment could be a potential mechanism of preconditioning. Hence, the increase 

of modulus after the stress relaxation test may be the result of progressive fibre 

rearrangement/realignment occurred during stress relaxation as more collagen fibres 

were responding when the tendon was stretched in the linear region in the second test. 

Furthermore, the capability/capacity of inter-fibre sliding, which is known as a 

mechanism for force damping and stress dissipation during tension, could have been 

consumed during the first long-term stress relaxation test (76,134,135,249). Besides 

the deviations in stresses and modulus, the transition region from toe to linear was 

reduced and became sharper after the stress relaxation. Although from Figure 4.3, the 

onset strains of the transition from toe to linear for the first and second curves are ~6% 

and ~7%, respectively, the actual test starting point (where the sample experienced 

tension) for the second curve is about 2% strain on the X-axis where detectable stress 

values appeared, meaning the actual transition occurred at ~5% strain for the second 

curve.  
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The stress-relaxed tendons also displayed flattening of the collagen crimps revealed 

under SEM imaging (Figure 4.5). As no tension was applied on the stress-relaxed  

tendon, this crimp angle reduction was irreversible, and thus the capacity for 

uncrimping in response to loading would be reduced. This angle reduction also 

contributes to the lengthening of the tendon tissue as shown in Figure 4.8. However, 

the value of the percentage of lengthening due to crimp angle reduction (Figure 4.8) 

was smaller than that of the bulk tissue lengthening (Figure 4.3) in each experimental 

group which suggests additional lengthening mechanism contributing to the tissue 

lengthening. As no change was found on the fibre side length of the crimps due to 

stress relaxation, irreversible sliding of the collagen fibres was most likely to be the 

additional contribution to lengthening. This angle reduction in the absence of loading 

is also responsible for the reduction of toe region after the stress relaxation treatment 

seen in section 4.3.1. As the ‘uncrimping’ behaviour would progressively occur during 

tension in the toe region (250–252), it is reasonable to expect a reduction of toe region 

after the treatment.  

 

The function and mechanical properties of a tendon is highly dependent on the 

structural arrangement of collagen fibres. Crimp, a unique planar sinusoidal waviness 
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of the fibres, plays a vital role in the mechanical behaviour of tendon including natural 

shock-absorbing, elastic recoil and physiological toe region (252–255), and is believed 

to be formed during the embryonic development stage (255,256). Changes in crimp 

morphology such as crimp size, crimp angle and crimp periodicity length are known 

to be influenced by tendon types, age, training, injuries, and even pathological 

conditions (250,257–264). Generally, for a certain type of tendon, aging, injuries, and 

training would result in the reduction of crimp angle (257–260,262,264). Franchi et al. 

(262) stated that the crimp angle reduction is a consequence of a functional adaptation 

of ECM to exercise to increase tendon stiffness and force transmission efficiency; 

however, in the case of an aged or injured tendon, a reduced crimp angle could 

predispose the fibres to overstretching and further damage. The microtrauma could 

accumulate with further high load cycles and eventually result in tendonitis (258,259). 

Although the crimp angle reduction observed in this experiment was independent of 

tissue remodelling and biological adaptation of the tendon, these studies provide 

insights on the potential risk brought by the Ponseti casting. As the disruption of crimp 

morphology will certainly influence the structural, functional, and mechanical 

integrity of a healthy tendon, the restoration of the crimp structure would need to be 

examined as an indication for treatment success.  
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Several methods for elastin imaging were explored in this chapter. To achieve better 

resolution, the confocal laser microscope was chosen. SRB staining on elastin was 

unsuccessful due to the nonspecific binding of SRB molecules on collagen which was 

also seen in existing studies on tendon elastin imaging (107,233). Therefore, although 

SRB staining has been demonstrated to be a fast and simple technique to visualise 

elastin in a tendon, its affinity to collagen is an issue. As the majority of the ECM in a 

tendon is collagen, and elastin contributes to only 1-2% of the tissue dry weight, the 

signal-to-noise ratio is difficult to overcome. Furthermore, due to the weak binding of 

SRB molecules to the ECM, the significant variance of fluorescence intensity from 

washing duration or dye concentration would largely disturb the imaging integrity and 

consistency. Overall, imaging via immunohistochemistry and confocal laser 

microscope produced better tendon elastin images with higher resolution, 

magnification, and elastin-specificity.  

 

A healthy elastin morphology in a tendon FM (Figure 4.12), which appears as wavy 

fibres conforming the collagen crimp, matches the observations seen in current work 

(107–109,219,233). On the other hand, elastin in the IFM does not display as aligned 
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fibres and is higher in amount. As the IFM is mechanically softer than the FM, with a 

much higher content of elastin, elastin may play a key mechanical role in the IFM, 

most likely facilitating fascicles to slide and recoil back with respect to each other, 

withstanding shear stresses, and transferring load between fascicles (214,219,265,266). 

Similarly, elastin in the FM is also speculated to participate in inter-fibre sliding and 

load transfer (215,233,267). Another observation revealed from the fluorescence 

images is the affinity of tendon cells with elastin. This close localization implies 

interactions between cells and elastin, and that elastin could influence cellular function 

and health. In the case of mechanical loading, as the elastin is known to participate in 

load transfer between fibres and fascicles, mechanical cues could be introduced to cells 

by elastin, thus triggering mechanotransduction and in return initiating tissue 

remodelling and mechanical adaptation (268). In a tendon, tenocytes are the primary 

cells that are responsible for tendon ECM deposition and remodelling. They are 

“specialized” fibroblasts primarily residing in the FM which have an elongated cell 

shape and a spindle-like nucleus. As seen in Figure 4.12, the shape of the cell nuclei 

in the FM does match the spindle-like feature of the tenocytes while the cell nuclei in 

the IFM display a more rounded shape. Additionally, like the case of elastin content, 

the cell density is much higher in the IFM compared to the FM. Although tenocytes 
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have been reported to change their shape of nucleus in response to mechanical 

load/strain (245), the IFM cells are commonly believed to be different from the 

tenocytes in FM (265,269). Having different cell types and cell densities, the ECM 

remodelling and turnover rates in both regions could be different. Thorpe et al. (270) 

has discovered higher abundance of neopeptides or protein fragments in the IFM by 

mass spectrometry, indicating greater matrix degradation or matrix turnover in the IFM. 

Hence, it is reasonable to predict that these two regions may respond differently to 

adapt to mechanical loading. 

 

Elastin fragmentation, which is a common degeneration seen in aged elastic tissues 

(271–275), was found in stress-relaxed tendons shown in Figure 4.13. Again, a time-

dependency (2 h < 24 h = 48 h) matching those of tendon lengthening and crimp angle 

reduction was seen in elastin. These cross-supporting results indicate a possible 

mechanism, which may also be a potential drawback, for the Ponseti method. The 

irreversible crimp angle reduction, which contributed to the lengthening of tendon, 

was a result of elastin fragmentation as the elastin protein is known to be responsible 

for the extensibility and retractability of both the collagen crimp and the tendon tissue 

(77,105,106). To understand and speculate the cause of elastin fragmentation due to 
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the stress relaxation treatment, the theories of the origin of the elastin’s elasticity 

including rubber elasticity, liberational entropic mechanism, and hydrophobic effect 

(276) were first studied. Among these theories, the hydrophobic effect is the most well-

known theory which took the unique hydrophobic feature of elastin into account and 

explained the reason for the requirement of water for generating elasticity. Because 

elastin is composed of multiple hydrophilic and hydrophobic domains, under its 

relaxed state in vivo, the polypeptide self-arranges its conformation (folding) to 

minimize its hydrophobic regions exposed to the hydrophilic environment and 

maximize its hydrophobic-hydrophobic interactions to achieve the lowest free energy 

state. As tension is applied, the extended state (unfolding) of the elastin leads to 

increased hydrophobic-hydrophilic interactions (solvent-accessible hydrophobic 

regions) and decreased hydrophobic- hydrophobic interactions resulting in a higher 

free energy state which gives rise to its elasticity. This folding mechanism of elastin 

not only produces its elasticity, but also contributes to its high resilience to hydrolytic 

degradation (277–280). Urry et al. studied the effect of conversion of hydrophobic 

regions into polar residue on hydrophobic folding using elastin-like polypeptides and 

concluded that the loss of hydrophobic regions causes unfolding and makes the 

polypeptide more susceptible to proteolysis (278). Studies on hydrolysis or 
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solubilization of mature elastin using the hot alkaline method (279,281,282) also 

discovered the importance of unfolding the hydrophobic regions to increasing the 

efficiency of hydrolysis. With the addition of an organic solvent (e.g., alcohols) to the 

reaction solution, the hydrophobic regions of elastin were unfolded and exposed to 

hydrolytic attack resulting in increased reaction rate and decreased reaction 

temperature. For the same reason, as illustrated in Figure 4.16, the stress relaxation 

treatment also stretched the elastin protein for several hours, exposing the hydrophobic 

region for hydrolysis to occur. In addition, as the experimental group with stress 

relaxation time = 0 (0 h) produced no elastin fragmentation and existing studies have 

shown that elastin is capable of withstanding tensile strain of more than 100% 

(283,284), the cause of fragmentation was unlikely due to mechanical fracture but 

hydrolytic degradation which progresses or worsens over time. One possible location 

at which this hydrolytic degradation took place is the hydrophobic disulphide bonding, 

which are responsible for the self-assembly nature and the elastin’s interaction with 

the microfibril scaffold of elastic fibres (277,285,286). Various studies, by means of 

single-molecule force spectroscopy (287–295), molecular force probes (296,297), and 

computational studies (298–306), have discovered a stress-induced reduction of the 

disulphide bond. Under tensile forces from 0 to 2 nN on a single disulphide bond, a 
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second-order nucleophilic substitution (SN2) reaction, in which the hydroxide ion 

attacks the sulphur atom, is promoted due to a notable decrease of the activation free 

energy from 27 kcal/mol to about 11 kcal/mol without the addition of neither alkaline 

nor heat to the reaction (292,307). The result of this SN2 reaction is the cleavage of the 

disulphide bond on the elastin.  

 

 

Figure 4.16. Illustration of the effect of adding alcohols or stress relaxation (prolonged 

tension) to the reaction solution of elastin hydrolysis. Under normal condition (left), 

the folded conformation of elastin shield the hydrophobic region (red bars) from the 

water molecules; while under tension or the addition of alcohols (right), the unfolded 

conformation exposes the hydrophobic region to the water molecules, allowing 

hydrolytic degradation to occur. 

 

Elastin fragmentation in soft tissues could cause or trigger various health 

complications that would accumulate over time. For instance, cardiovascular health 
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issues including hypertension, arterial stiffening, calcification, and aneurysms are 

frequently observed in association with defects, degradation, or fragmentation in 

elastin (308–313). O'Rourke et al. in 2010 introduced a progressive deterioration in 

the vascular structure and function called vascular aging continuum which highlighted 

the fracture of elastin fibres as the main trigger (314). Due to the poor turnover rate 

and remodelling capability of elastin in matured tissues, although elastin is a stable 

and durable ECM component with longevity almost comparable with the human 

lifespan, they are generally irreparable for adults when damaged (271). Once damage 

or degradation of elastin occurs, the body tends to recover the affected region by 

deposition of collagens or proteoglycans (209,315), which would cause the elastic 

tissue to lose its extensibility and reversible recoil that allows it to withstand repeated 

mechanical deformation without suffering irreversible plastic damage (316). Similarly, 

as mentioned in the previous section, although the contribution of elastin to linear 

modulus is not significant in a tendon, elastin fragmentation would reduce the crimp 

angle and reduce the toe region which consequently predispose the collagen fibres to 

overstretching and plastic damage. In addition, elastin also plays a pivotal role in 

communication between the ECM and cells. For instance, it has been shown that 

functional elastin fibres promote vascular smooth muscle cells to shift from a synthetic 
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phenotype towards a mature, contractile phenotype by regulating the organization of 

specific cytoskeletal proteins (317). The loss of functional elastin not only causes 

mechanical, microstructural, and compositional disruptions in the ECM, the degraded 

or fragmentated elastin peptides are also known to be associated with the development 

or progression of various pathological conditions (318). These fragmentated elastin 

peptides or elastin-derived peptides (EDP) are liberated upon degradation of elastin 

mainly from the hydrophobic domains in vivo. Moreover, all known bioactive peptides 

from existing studies are derived from the non-crosslinked hydrophobic domains (318). 

EDPs, which consist of a type of liberated peptides known as ‘matrikines’ (319), are 

capable of regulating various cellular activities such as inhibiting elastase activity 

(320), inducing T-lymphocyte apoptosis (321), inducing fibroblast and monocyte 

migration (322), being chemotactic for white blood cells (322), acting as 

chemoattractants for aortic endothelial cells (323), activating phagocytic cells (324) 

and stimulating fibroblast proliferation (325). Some of these activities, under the 

normal and healthy condition, regulate tissue remodelling and maintain the health of 

elastic tissue. However, EDPs are also believed to promote the progression of chronic 

inflammation by upregulating the expression of proteases (326,327), induce 

cardiovascular disease including aneurysms and atherosclerosis (326,328–330), and 
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accelerate the progression of chronic obstructive lung disease (331,332). Although 

Gigante et al. has discovered an improved healing of the rat Achilles tendon associated 

with EDPs from a tenotomy with increased cellularity and vascularity (333), no other 

work has explored the effect of EDPs on tendon health. 

 

4.5 Summary 

A mechanical stress relaxation was performed on young bovine DDFTs to model a 

single manipulation/casting of the Ponseti method ex vivo. SEM and fluorescence IHC 

were performed and successfully captured microstructural details of collagen fibres 

and elastin fibres, respectively. Under different durations of stress relaxation (0 h, 2 h, 

24 h & 48 h), the tendon tissues developed different levels of (I) tissue lengthening, 

(II) crimp angle reduction and (III) elastin fragmentation. The levels of these observed 

deviations correspond to each other under the same relaxation duration (0 h < 2 h < 24 

h = 48 h). The results discovered the tissue lengthening, which is a material-based  

adaptation, has reached the maximum within the first 24 h, supporting the proposal of 

an accelerated protocol with a shorter time interval between casts of the Ponseti 

method (39,334,335).  
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The cause of tissue lengthening was primarily due to the crimp angle reduction which 

is a consequence of elastin fragmentation as collagen crimps are known to be 

maintained by elastin. Elastin fragmentation or the loss of elastic retractability is thus 

believed to be the main mechanism of the Ponseti method. Generally, the cause of 

elastin fragmentation in elastic tissues includes aging, inflammation, diseases and 

other pathological conditions (271,336–339). In this experiment, elastin 

fragmentations in young and healthy tendons were likely due to the strain-mediated 

hydrolytic degradation of elastin (Figure 4.16) where hydrophobic domains of elastin 

were forced to unfold for a long period of time, making these domains exposed to 

hydrolytic attacks. Further studies on elastin hydrolysis focusing on reaction kinetics 

are required to prove this proposed explanation.   

 

In summary, based on this ex vivo experiment, elastin fragmentation is the key 

mechanism of tissue lengthening which is one of the objectives of the Ponseti method; 

however, it is also known to be an origin of the tendon’s structural, mechanical and 

pathological issues. Therefore, how the young biological system responds to elastin 

fragmentation and how tendons recover the physiological function, structure and 

mechanical properties are the critical question for the Ponseti method. 
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Chapter 5: The Role of Elastin in Tendon Microstructure and Stress Relaxation 

5.1 Introduction 

As described earlier, each cast of the Ponseti method produces a relaxation lasting for 

almost a week. Based on the result demonstrated in chapter 4, this long-term 

mechanical treatment causes elastin fragmentation in the tendon ECM, which may 

suggest a potential role for elastin in tendon stress relaxation. However, to our 

knowledge, no study has looked at the role of elastin in stress relaxation or 

viscoelasticity of a tendon.  

 

A tendon is primarily composed of collagen fibres, and they are known to provide the 

tissue with mechanical strength and durability to withstand significant loading. 

Nevertheless, as a composite material, every ECM component in a tendon shows great 

influence over the functional, structural, and mechanical properties of the tissue 

(67,76,79). The viscoelasticity of a tendon is an important mechanical property as it 

results in time or rate dependence in mechanical behaviour. Generally, a viscoelastic 

material is more deformable at lower strain rates but becomes less deformable at higher 

strain rates. Hence, as a tendon is strained at low rates, it would dissipate more 

mechanical energy but at the same time is less effective in carrying mechanical loads; 
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on the contrary, at high strain rates, it becomes stiffer and thus becomes more effective 

in transmitting large muscular loads to bone (340). The non-collagenous ECM 

components are believed to be responsible for the tissue’s viscous characteristics and 

thus control the stress relaxation behaviour (67,76,79). Disruption of these components 

would lead to changes in the viscoelastic properties. For instance, aged tendons, which 

have been shown to display lower levels of PGs and elastin (341), have demonstrated 

a slower stress relaxation as compared to the younger tendons (342). Another example 

on the ground substance, which has been found to show degenerative features in an 

aged tendon, was demonstrated by Legerlotz et al. (135) who examined the effect of 

the removal GAG from the tendon ECM on stress relaxation and discovered an 

increase of stress relaxation and stress relaxation rate after GAG-removal. While 

studies that applied elastase treatment or elastin-deficient tendons observed decreased 

ultimate tensile strength and failure strain (139), increased linear stiffness (107), and 

decreased IFM viscoelasticity and fatigue resistance (343), the contribution of elastin 

to stress relaxation in a tendon remains unclear. On the other hand, extensive work has 

investigated the functional and mechanical role of elastin in other elastic tissues (e.g., 

skin, blood vessels, and lungs) rather than tendons (101,102,344–346). These tissues 
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are primarily elastin-rich tissues and cannot be compared to a tendon which has a 

relatively low elastin content (1-2% of tendon dry weight) (78,85). 

 

Stress relaxation, which describes how a viscoelastic material relieve stress over time 

under constant strain, is the main mechanical event taking place in a tendon during a 

Ponseti casting. The most common and simple model to describe this mechanical event 

is the Maxwell model introduced by James Clerk Maxwell in 1867 (347). This model 

is composed of a spring (representing the relaxation modulus, E) connected to a 

dashpot (representing the viscosity, η) in series as shown in Figure 5.1. Briefly, when 

a tensile strain ε0 is applied to the viscoelastic material, the spring immediately extends, 

and the piston would then gradually move through the viscous fluid in the dashpot. 

Thus, a time dependent stress response can be displayed as follow:  

σ(t) = E ∙ ε0 ∙  e−t τ⁄                      (Eqn. 5.1) 

where τ, which is equal to η/E, is the relaxation time constant and t is the time of the 

experiment (347–349). Another equation used to describe the stress relaxation 

behaviour is the power law equation (350–353) which is shown in Eqn. 5.2 

σ(t) = σc ∙ t−n                         (Eqn. 5.2) 
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where σc is a constant of stress and n is the law's exponent describing the rate of 

relaxation (larger n indicates faster relaxation). 

 

Figure 5.1. An illustrative image for the Maxwell model describing a viscoelastic 

material. The model contains a spring as the elastic component (modulus, E) and a 

dashpot as the viscous component (viscosity, η) in series. When a fixed strain is 

applied, the dashpot dissipates the tensile load from the spring over time.  

 

In this chapter, the aim is to investigate the role of elastin in tendon stress relaxation 

by comparing the mechanical data derived from tendons (I) with and (II) without 

elastin in the ECM. An attempt to remove elastin from the tendon ECM was conducted 

by enzymatic digestion using elastase. However, a tendon tissue is known to be 

composed of dense collagen fibres and fibrils, thus displaying low permeability. Even 
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after the removal of the surface layer of fascia, molecular penetration into the bulk 

tissue can be challenging as shown by a work conducted by Henninger et al. (215) in 

which less than 40% of the elastin could be removed from the tendon ECM after 24 

hours of elastase incubation. The low permeability issue of a tendon was also seen in 

studies involving tendon decellularization (354–356). To solve this problem, tendon 

sections of 300 µm thick were derived by cryosectioning aiming to (I) neglect the 

surface barrier generated by the fascia and paratenon, and (II) improve the tissue 

permeability by increasing the surface/volume ratio. The surface morphology of the 

tendon sections before and after the treatment of elastase was captured by SEM. Stress 

relaxation tests were also performed on the sections with and without elastase 

treatment. The relaxation data were then analysed using the Maxwell model.  

 

5.2 Materials & Methods 

5.2.1 Cryosectioning of Young Bovine DDFTs 

Bovine DDFT sections of 300 µm thick were created following the procedures 

described in section 4.2.2. Briefly, fresh tendon tissues of 3-4 cm in length were 

cryoprotected, embedded in OCT and cryosectioned using a dry ice sliding microtome. 
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Before elastase treatment or mechanical testing, sections were washed in 3 changes of 

PBS to remove residual cryoprotectant and OCT compound.  

 

5.2.2 Enzymatic Digestion of Elastin by Elastase Incubation 

Elastin digestion was conducted by incubating the tendon sections in an enzyme 

solution containing 2U/ml elastase from porcine pancreas (Sigma, E1250), 0.1mg/ml 

soybean trypsin inhibitor (SBTI) (Fisher Scientific, 17075029), and 0.2 mg/ml sodium 

azide (Sigma, S2002) in PBS at 37oC for 24 h. The sections were then washed with 3 

changes of PBS. Control samples were incubated in PBS or in 0.1mg/ml SBTI solution 

(SBTI-ctrl) at 37oC for 24 h. 

 

The initial length (l0) of the tendon section (long axis) before the elastase treatment 

and the length of the same section after treatment (le) were measured. The lengthening 

percentage was calculated using the following equation:  

Lengthening (%) =  
(le−l0)

l0
× 100%                (Eqn. 5.3) 
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5.2.3 Fluorescence IHC 

Immunostaining of elastin in the tendon ECM was conducted to examine the effect of 

elastase treatment on elastin removal. Following the protocol in section 4.2.2, tendon 

sections were fixed with 10% formalin, permeabilized with 0.1% triton x-100 (Sigma, 

T8787) for 10 min, and blocked with a blocking buffer that contained 1% BSA (Sigma, 

A9647) and 0.05% triton x-100 for 1 hour before primary staining. Tendon elastin was 

immunostained with rabbit anti-elastin antibody (Abcam ab21607) as the primary 

antibody and with Alexa FluorTM 488 goat anti-rabbit IgG (Invitrogen, A-11034) as 

the secondary antibody. Cell nuclei in the tendon were stained by incubating the 

samples in a DAPI solution (1:1000 dilution in PBS) for 10 min at room temperature. 

Once staining was complete, samples were mounted on microscope slides with 

FluoroSave mounting media (Sigma, 345789). 

 

Fluorescence imaging was performed on the immunostained samples using a FV1000 

confocal laser scanning microscope (Olympus). 
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5.2.4 SEM Imaging 

As described in section 4.2.2 and section 4.2.3, tendon sections were fixed in 2.5% 

glutaraldehyde, and dehydrated by a series of ethanol solutions and HMDS. Before 

imaging, samples were coated with ~6 nm of platinum. Imaging was performed using 

an Evo MA10 SEM (Zeiss). Crimp analysis conducted in section 4.2.3 was repeated 

to quantify the deviation in crimp side length (d) and crimp angle (θ) after elastin 

digestion. 

 

5.2.5 Stress Relaxation Test on Tendon Sections with and without Elastin 

Digestion 

Stress relaxation tests conducted on elastin-digested tendon sections were performed 

using an EZ-LZ universal testing instrument (Shimadzu) with a 200N load cell. 

Gripping was achieved using the default steel grips with a flat surface. No slippage 

was observed due to low tensile forces generated from the thin sections. Each sample 

was stretched at a strain rate of 0.5%/s until 8% of grip strain was reached. The sample 

was allowed to stress-relaxed for 1 hour with hydration maintenance using plastic film 

and repeated pipetting of PBS. Curve fitting of the stress relaxation data of each sample 

was attempted using both the Maxwell equation (Eqn. 5.1) and power law (Eqn. 5.2).  
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5.3 Results 

5.3.1 Physical and ECM Alterations after Elastase Treatment 

Tendon sections treated with elastase displayed irreversible lengthening similar to 

those seen in Figure 4.3 in chapter 4. The lengthening results (n = 6) are displayed in 

Figure 5.2. No lengthening was seen in the samples incubated in SBTI solution; and a 

3.07% of lengthening was observed in the samples incubated in elastase.  

 

Fluorescence imaging of elastase-treated sections discovered diminished elastin 

fluorescence level as shown in Figure 5.3. The natural elastin fibre morphology which 

conforms the collagen crimp morphology was lost. In addition, disruption of DAPI-

stained cell nuclei where they appeared indistinct and obscure could be seen.    

 

SEM images of tendon sections treated with PBS (PBS-ctrl), SBTI solution (SBTI-

ctrl), and elastase solution for 24 h are shown in Figure 5.4. Under lower magnification 

(top row), loss of crimp morphology or the reduction of crimp angle could be observed 

after treatment of elastase; under higher magnification (bottom row), disorganized 

fibre orientation (deviation off the tendon long axis) was found in the elastase group. 
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As shown in Figure 5.5, under 5000X of magnification, which captured a surface plane 

within a fascicle, the directionality histograms of the collagen fibres derived by ImageJ 

showed a wide distribution of fibre direction in the elastase-treated tendon and an 

approximately ±20o of off-peak deviation of directionality in the SBTI-control group. 

No morphological change in collagen fibres can be found between the PBS-ctrl and 

the SBTI-ctrl. Quantifications of the crimp side length and crimp angle of the SBTI-

ctrl and Elastase group are shown in Figure 5.6. Statistically, no difference was found 

in the crimp side length while an angle reduction of approximately 7.6 degree was seen 

after elastin digestion.   
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Figure 5.2. The percentage of tendon lengthening after the treatment of elastase. A 

control derived from tendon sections incubated with a PBS solution containing SBTI 

is included. All data are displayed as the mean ± SD (n=6). *P < 0.05. 
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Figure 5.3. Fluorescence images of tendon sections with (bottom row) and without 

(top row) the treatment of elastase revealing the immunostained elastin (left column), 

DAPI-stained cell nuclei (mid column), and tendon matrix (right column). Scale bars 

are 50 µm. 

 

Figure 5.4. SEM images of tendon sections with (right column) and without (left row: 

incubated in PBS & mid row: incubated in SBTI solution) the treatment of elastase 

revealing the collagen fibre morphology of the tendon. Scale bars are 50 µm and 5 µm 

for the 100X images (top row) and the 2kX images (bottom row), respectively.  

 

Figure 5.5. SEM images (left column) along with the histograms of directionality (right 

column) of tendon sections with (bottom row) and without (top row) the treatment of 

elastase captured under 5000X of magnification. Scale bars are 5 µm. 
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Figure 5.6. Measurement results of (a) the crimp side length and (b) crimp angle of the 

tendon sections treated with the SBTI solution (control) and the elastase solution. All 

data are displayed as the mean ± SD (n=30). *P < 0.05. 

 

5.3.2 Alterations in Stress Relaxation Profile of a Tendon Treated with Elastase 

A demonstration of the stress relaxation curves (stress-time curve) along with the curve 

fitting using power law and Maxwell equation is shown in Figure 5.7. From Figure 5.7, 

throughout the whole test, lower stress values and slower relaxation rate could be seen 

in the elastase-treated sample compared to the control. The percentages of the relaxed 

stress calculated from (I) the peak stress to the stress at t = 60 min and from (II) the 

stress at t = 20 min to that at t = 60 min for both the control and the elastase-treated 

tendons are displayed in Figure 5.8. In both cases, decreased percentages of relaxed 

stress were found compared to the untreated controls. Results derived from curve 

fitting using the power law (Eqn. 5.2) and the Maxwell model (Eqn. 5.1) are 
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summarised in Table 5.1. The Maxwell model was able to fit the stress-time data from 

time = 20 minutes after the start of the relaxation rather the whole test (R2 > 0.98). A 

decreased relaxation rate (lower n value) was found by power fitting in elastase-treated 

samples. While no statistical difference was seen in either the relaxation modulus (E) 

or relaxation time (τ) constants, a larger τ in elastase-treated tendon, which indicates a 

lower relaxation rate, was derived by Maxwell equation.      
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Figure 5.7. Illustrative stress relaxation profiles of tendon sections with (blue) and 

without (red) the treatment of elastase along with the fitted curves derived from (a) 

power fitting of the whole curves and (b) the Maxwell fitting of stress relaxation after 

20 min. Details of the curvefit constants are displayed in Table 5.1. The relaxation 

tests were conducted for 1 hour.  

 

Figure 5.8. The percentages of the relaxed stress calculated from the peak stress to the 

stress at t = 60 min (left 2 bars) and from the stress at t = 20 min to that at t = 60 min 

(right 2 bars) for both the controls (red) and elastase-treated tendons (blue). All data 

are displayed as the mean ± SD (n=3). *P < 0.05. 

 

Table 5.1. Tendon stress relaxation constants and exponents of elastase-treated tendon 

sections derived from curve fitting using the power law equation and the Maxwell 

equation. All data are displayed as the mean ± SD (n=3). *P < 0.05. 

 

Sample 

Power Law Maxwell Model (t ≥ 20 min) 

Exponent, n Modulus, E (MPa) Time Constant, τ (min) 
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Ctrl 0.164 ± 0.010 11.4 ± 1.0 226.7 ± 174.1 

Elastase 0.107 ± 0.014* 10.4 ± 3.42 421.8 ± 43.85 

 

5.4 Discussion 

This chapter aims to examine the effect of elastase treatment on a tendon’s stress 

relaxation behaviour and potentially the role of elastin in tendon stress relaxation. A 

3.07% of the tendon lengthening (Figure 5.2) was generated after the incubation of 

elastase. This lengthening is believed to be caused by the reduction of crimp angle 

which was 7.6 degree as shown in Figure 5.6. As demonstrated in chapter 4, using Eqn. 

4.1, the estimated lengthening produced by crimp angle reduction due to elastase 

treatment was calculated as 3.29% which is similar to the value acquired from the 

physical measurement. The result supports the proposed mechanism for the Ponseti 

method. The elastin digestion accomplished by elastase treatment, which simulates the 

functional/structural loss of elastin due to fragmentation seen in chapter 4, leads to 

flattening of the tendon crimp resulting in lengthening of the tissue. It is worth pointing 

out that although matching values of lengthening were derived from crimp angle 

estimation and physical measurement in this chapter, in section 4.3.1 and 4.3.2, the 

estimated lengthening value due to crimp angle reduction was smaller than that derived 
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from the physical measurement. This difference is likely due to the tissue elastic recoil 

contributed by the elastin exist not only in the collagen crimp but also in the 

interfascicular matrix (IFM) which is responsible for the reversible interfascicular 

sliding (108,343). A simple elastase incubation without any tension is unlikely to cause 

sliding between the fascicles. This result also suggest that the healthy collagen crimps 

are naturally pre-stressed by the elastin in the opposite direction of the normal tensile 

loading of a tendon since the removal of elastin causes flattening of the crimps without 

any loading.    

 

Another structural disruption on the collagen matrix captured by the SEM (Figure 5.5) 

is the increased randomness of collagen fibre orientation (directionality) after the 

elastase treatment. Since several studies have shown that elastin is an important 

contributor to the shear and transverse mechanical properties of a tendon 

(214,215,233). Elastin is also thought to participate in inter-fibre load transfer (357), 

suggesting potential bonding between collagen fibres connected by elastin. Hence, the 

increase in randomness of fibre orientation may result from the loss of cohesion 

between collagen fibres due to elastin digestion. In addition, the treatment of elastase 

caused an obscureness in the DAPI-stained cell nuclei from the fluorescence images 
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shown in Figure 5.3. This disruption in the DAPI-stained nuclei was also seen in 

florescence images from a work done by Godinho et al. (343). As elastin in a tendon 

fascicle matrix is known to reside closely around the tenocytes (109) and regulate the 

interactions between the cells and the tendon ECM (358,359), digestion of the elastin 

may disturb/damage the cells localized around it.  

 

Besides the physical and microstructural changes, elastase treatment also generated 

reduced stress responses (Figure 5.7 & Figure 5.8) and relaxation rate (Table 5.1) in a 

tendon stress relaxation test. Curve-fitting of the relaxation profile using the Maxwell 

model was only viable for data recorded from 20 minutes after the test. This 

constriction or challenge in fitting may originate the complexity of a tendon tissue. As 

a composite material, each ECM component can contribute to stress relaxation. For 

instance, Screen et al. (134) has shown that the collagen fibres in a tendon 

predominately relax stresses through inter-fibre sliding and fibre reorganization. Other 

studies (135,360) also explained the time-dependent microstructural changes by a 

diffusion thinning mechanism in which diffusion of water molecules from the 

PG/GAG matrix into the nano-scale collagen fibrils during stress relaxation. In short, 

macroscopic stress relaxation of a tendon is controlled by multiple events associated 
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with different ECM components; hence, a single pair of spring and dashpot may not 

be sufficient to describe these events. Existing studies have exploited the combination 

of multiple maxwell units in parallel known as the generalized Maxwell model or the 

Wiechert model (361,362), illustrated in Figure 5.9, to curve-fit tendon stress 

relaxation. However, explaining the physical meaning of each Maxwell unit and 

comparing the viscoelastic constants between experimental groups using this 

assembled model are complicated and challenging. In this experiment, for each sample, 

the stress relaxation behaviours before and after t = 20 min are dissimilar (higher 

relaxation rate before t = 20 min) as seen in Figure 5.7. It is likely that a combinational 

model with multiple Maxwell units would better fit the relaxation data, and that after 

t = 20 min, the majority of these Maxwell units became insignificant and one unit 

began to dominate; hence, curve-fitting with a single Maxwell unit is applicable.  

 

Figure 5.9. An illustrative image of a generalized Maxwell model (or Wiechert model) 

including multiple Maxwell units (a spring and a dashpot in series) in parallel. 

 



118 
 

Based on the results from the Maxwell curve-fitting (Table 5.1), after t = 20 min (long-

term stress relaxation), an increased relaxation time constant (τ), i.e., a decreased 

relaxation rate, was discovered after the elastase treatment. By removing the 

hydrophobic elastin from the tendon, an increase in tissue water content after elastase 

treatment has been reported by Henninger et al. (215). However, this increase in tissue 

hydration level did not result in an increase in stress relaxation; instead, the removal 

of elastin, a hydrophobic elastic material, produced a slower stress relaxation. 

Unexpectedly, the elastin has a positive contribution to a long-term stress relaxation 

of a tendon. The origin of this relaxation capability may also be associated with the 

elastin fragmentation observed in chapter 4. An ‘irreversible plastic dashpot’, i.e., the 

dissipated part of the dashpot will not be reversible, is proposed as the role of elastin 

in a long-term tendon stress relaxation. A simple model will be a dashpot with a one-

way valve on the piston which only allows the liquid or flowable material to pass 

through in the tension-damping direction. Once a tension is applied and damping has 

been taking effect via the piston movement controlled by liquid flowing slowly 

through the valve, the piston will not be able to return to its original position when 

unloaded, thus functioning as an irreversible plastic dashpot. As demonstrated in 

chapter 4, the outcome of the long-term stress relaxation is elastin fragmentation which 
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is speculated to be caused by exposing the hydrophobic regions of elastin to hydrolytic 

attacks. This strain-mediated/induced hydrolytic degradation explains why the 

extremely extensible elastin would experience a time-dependent fracture at a relatively 

small strain of 8%. Since the microstructural relaxation events discussed earlier (e.g., 

fibre sliding, fibre reorganization, diffusion thinning) should have reached an 

equilibrium state or plateaued within the first few minutes of the stress relaxation, 

relaxation of stresses through elastin fragmentation would then dominate over time (t 

> 20 min). This speculation also explains why the derived τ values are much higher 

(slower rates) than those from existing work (361,362) and why the relaxation after t 

= 20 min was much slower and subtler than that in the beginning (Figure 5.7) since 

these microstructural relaxation events are physical activities which plateaued within 

3-4 minutes after the start of stress relaxation (134) (faster than the hydrolytic 

degradation) and are mostly controlled by the collagen units which are much higher in 

tensile strength compared to elastin. In short, the elastin contributes to stress relaxation 

in a tendon by relaxing the tensile loading via hydrolytic degradation of itself. 
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5.5 Summary 

In this chapter, the effect of elastin digestion via elastase treatment on tendon stress 

relaxation has been experimented to examine the role of elastin. Microtome sectioning 

was applied on bulk tendon tissue to increase the surface/volume ratio and remove the 

surface barrier from the fascia layer to improve the efficiency of elastin digestion. 

Elastase-treated tendon samples displayed (I) the tissue lengthening and (II) the crimp-

flattening feature which was also seen in the long-term stress-relaxed tendons 

discovered in chapter 4. Moreover, matching tissue lengthening results derived from 

physical measurement (3.07%) and crimp angle estimation (3.29%) of elastase-treated 

tendons were discovered. Increased randomness of collagen fibres in the fascicle was 

also observed, suggesting a contribution to inter-fibre load transfer and cohesion from 

the elastin. Stress relaxation results discovered (I) decreased overall stress profile and 

(II) decreased stress relaxation, and (III) decreased relaxation rate derived from curve-

fitting using Maxwell and power law equations after the treatment of elastase. Based 

on these findings, elastin in the tendon ECM contributes positively to stress relaxation 

potentially via hydrolytic degradation, and this activity becomes more dominant 

compared to other relaxation events over time (t > 20 min).  
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Chapter 6: The in Vitro and in Vivo Responses of Young Tendons to a Ponseti-

modelled Stress Relaxation 

6.1 Introduction 

With the aim to model a single Ponseti manipulation/casting, an ex vivo time-

dependent stress relaxation experiment was discussed in chapter 4. The result showed 

promising tissue lengthening with no loss of mechanical strength in the linear region. 

Unfortunately, stress relaxation also caused the reduction of crimp angle and the 

fragmentation of elastin. These microstructural changes or damages resulted in the loss 

of extensibility in the toe region and the tissue retractability, which could predispose 

the fibres to overstretching and further damage (258,259). In addition, the EDPs, the 

bioactive fragments of elastin, have the potential to induce various biological pathways 

that could influence the function and health of the tendon tissue in vivo (319–333).  

 

However, whether these mechanically induced observations and their levels 

summarised in chapter 4 will be generated in a tendon in vivo needs to be verified, as 

the biological system is way more complex than the setup in chapter 4. Additional 

ECM alternations other than elastin fragmentation may also be produced.  
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In this chapter, the aim is to study the biological response to a stress relaxation 

modelling the Ponseti manipulation/casting. In the first part of the chapter, a custom-

made cell culture system capable of applying tensile stresses to the cells during culture 

was developed. To mimic the cellular response of an actual tendon in a living body, 

human tenocytes, which are the primary cell responsible for the formation and turnover 

of the ECM, and capable of reacting to mechanical stimuli and facilitate tissue 

adaptation (363), were seeded on decellularized bovine DDFT sections (300 µm thick). 

304 stainless steel grips were used to hold both ends of the section and tension was 

applied using a miniature motorized linear stage (Zaber X-LSM025A-E03, Canada) 

connected to the steel grips. Tenocytes cultured with or without tension were compared 

according to their cell morphology and gene expressions.  

 

In the second part, a rabbit model was developed for the in vivo experiment modelling 

the Ponseti method. The rabbit common calcaneal tendon (CCT) was stretched to 

approximately 8% of strain by manipulation and the strain was maintained by taping. 

This technique was applied to simulate a Ponseti manipulation/casting. After different 

durations of the treatment, the rabbits were sacrificed and the CCTs were collected. 

Histology and imaging methods done in chapter 4 were conducted on the tendons to 
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observe and quantify the ECM alterations. The results of the stretched tendons were 

compared to those of their untreated controls and the stretched tendons with different 

durations as well.  

 

6.2 Materials & Method 

6.2.1 in Vitro Tenocyte Culture under Stress Relaxation 

6.2.1.1 Preparation of Tendon Scaffold for Cell Culture 

Tendon sections of 300 µm thick were created following the procedures described in 

section 4.2.2. Briefly, fresh tendon tissues of 3 cm in length were cryoprotected, 

embedded in OCT and cryosectioned using a dry ice sliding microtome. After washing 

off the cryoprotectant and OCT using PBS, tendon sections were decellularized (native 

cells) by incubating the sections in a 0.1% sodium dodecyl sulphate solution (SDS) 

(Sigma, 74255) for 48 h to disrupt the cellular membranes. The SDS solution was 

prepared by dissolving SDS powder in a Tris buffer solution (Sigma 252859, UK) of 

pH = 8. After washing with PBS, tendon sections were treated with a solution 

containing DNA enzyme, deoxyribonuclease (DNase), to further remove the native 

DNA fragments. A concentration of 200 U/ml of the DNase (Sigma, D4527) solution 

was prepared in 1M sodium chloride solution. Tendon sections were incubated in the 
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DNase solution at 37oC for 12 h before washing with 3 changes of nuclease-free H2O 

(Fisher Scientific, AM9932) with mild shaking for 24 hours.  

 

The effect of this decellularization procedure was evaluated directly by histology and 

fluorescence imaging by an EvoS FL Auto 2 fluorescence microscope (Invitrogen) of 

the cell nuclei stained with DAPI. For histology, hematoxylin and eosin (H&E) 

staining was performed on the tendon scaffolds. Briefly, formalin-fixed tendon 

scaffolds were dehydrated through a series of ethanol solutions (50%, 70%, 80%, 95% 

& 100% x 3 times), cleared with xylene (Merck, 108298), and embedded in paraffin. 

Tissue blocks were then sectioned into 5 µm thick sections using a RM2125 RTS 

microtome (Leica Biosystems) and collected on microscope slides using a warm water 

bath. Before H&E staining, sections were first baked at 45oC overnight. The sections 

were de-paraffinized in 2 changes of xylene and rehydrated in a reverse series of 

ethanol solutions (100% x 2 times, 95% & 70%) and H2O. Sections were then stained 

in Mayer’s hematoxylin solution (Sigma, MHS32) for 10 min and washed in running 

tap H2O for 5 min and in 95% ethanol solution for approximately 5 seconds. Once 

washing was complete, sections were stained in eosin solution (Sigma, HT110232) for 
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2 min before dehydrated with ethanol (95% and 100%) and cleared with xylene. The 

samples were mounted with DPX (Solmedia, REA219). 

 

For fluorescence staining, as described in section 4.2.2, sections were first 

permeabilized with 0.1% triton x-100 solution (Sigma, T8787) and stained with DAPI 

for 10 min at room temperature. Additionally, DNA quantification, which will be 

discussed in the next section, was also performed on the decellularized sections to 

quantify the amount of residual DNA on the tendon tissue after decellularization.  

 

6.2.1.2 Native DNA Extraction & Quantification of Tendon Scaffolds 

A PureLink™ Genomic DNA Mini Kit (Life Technologies, K182000) was used to 

extract DNA from the cells residing the tendon tissue. Air-dried decellularized sections 

were cut into pieces of 20-22 mg. Each sample piece was added into a sterile 

microcentrifuge tube with 180 µl of PureLink™ Genomic Digestion Buffer and 20 µl 

of Proteinase K. Each tube was incubated in 55oC with occasional vortexing for 4 h to 

allow lysis to complete. To collect the lysate, each tube was centrifuged at maximum 

speed for 3 min and the supernatant was collected and transferred to a new 

microcentrifuge tube. Before proceeding to the purification protocol, 20 µl of RNase 
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A, 200 µl of PureLink™ Genomic Lysis/Binding Buffer and 100% ethanol were added 

(mixed well with brief vortexing) successively to the lysate.  

 

The purification protocol began with preparing the wash buffers by adding 100% 

ethanol to the provided PureLink™ Genomic Wash Buffer I & II according to the 

provided instructions. The lysate mix was transferred to the provided PureLink™ Spin 

Column in a collection tube and centrifuged at 10,000 x g for 1 min at room 

temperature. The collection tube was discarded, and the remaining spin column was 

placed into a new collection tube before adding 500 µl of wash buffer I prepared with 

ethanol. The column was centrifuged again at 10,000 x g for 1 min at room temperature. 

The collection tube was discarded, and the remaining spin column was placed into a 

new collection tube before adding 500 µl of wash buffer II prepared with ethanol. The 

column was then centrifuged at maximum speed for 3 min at room temperature. After 

discarding the collection tube, the spin column was placed into a sterile 1.5-ml 

microcentrifuge tube. 40 µl of PureLink™ Genomic Elution Buffer provided by the 

kit was added to the column to allow incubation at room temperature for 1 min. Once 

centrifugation at maximum speed for 1 min at room temperature was completed, the 

solution collected in the microcentrifuge tube was saved in -20oC before DNA 
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quantification. DNA quantification is assessed using a Nanodrop UV-VIS 

spectrophotometer (Thermo Scientific™, NanoDrop™ 2000). 

 

6.2.1.3 Cell Culture with Stress Relaxation Treatment 

Figure 6.1 shows the illustrative image (top) and a photograph (bottom) of the 

customized setup for the tenocyte cell culture. This setup consists of a miniature linear 

motor, custom-made 304 stainless-steel grips, a cylindrical stainless-steel chamber, a 

cell culture dish, and a tendon scaffold (from section 6.2.1.1) seeded with tenocytes. 

From figure 6.1 and figure 6.2, the steel arm on the right side could extend out from 

the hole of the steel chamber wall with one end fixed to stage. The other end of the 

arm stayed in the chamber to grip the tendon scaffold. Similarly, the steel arm on the 

left side, which was also used to grip the scaffold, could extend out of the chamber and 

attach to the motor. Under this setup, a tension can be applied to the scaffold during a 

cell culturing experiment. Culturing media can be exchanged from the top of the 

chamber by pipetting. All components except the motor were washed with soap water, 

sterilized using 70% ethanol or autoclave and then brought to the culture hood before 

cell seeding. Adult human tenocytes (OMB 0924) were extracted from an anterior 

cruciate ligament repair procedure in Nuffield Orthopaedic Centre with a Research 



128 
 

Ethics Committee approval code: 09/H0606/11. The hamstring tenocyte cells were 

cultured from tissue explants and expanded using a culture medium containing the 

Dulbecco's Modified Eagle Medium F12 (Lonza/SLS, LZBE12-719F), 10% foetal 

bovine serum (Labtech International, FCS-SA/500-41213.) and 1% penicillin–

streptomycin (Life Technologies, 15070063). Before gripping the tendon scaffolds, 

the scaffolds (n=3) were sterilized in the culture hood using a series of ethanol solution 

(25%, 50% & 70%). Once the scaffolds were fixed on the stainless-steel grips in a 

warm sterile PBS bath in the chamber, the scaffolds were sterilized again in 70% 

ethanol. The same setup was adopted in the control group with no tension being 

applied during the whole experiment as shown in Figure 6.2 (left petri dish in the right 

image marked with a red arrow). After washing the scaffolds with 3 changes of sterile 

PBS, the scaffolds were immersed in the culture medium. Before cell seeding, the 

scaffolds were allowed to partially air-dry in the hood for 20 min to increase seeding 

efficiency. 100,000 cells (passage 2) were seeded dropwise onto each scaffold with a 

seeding volume of 63.5 µl. Once the cells have attached to the surface of the tendon 

scaffolds, additional culture medium (25 ml) was added to each group to allow full 

immersion. Cells were allowed to stabilize in the incubator for 20 h before a strain of 

8% was applied to each sample by the command codes inputted using Zaber Console 
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software. Culture medium was exchanged for each group for every 48-h interval. The 

whole culturing experiment lasted 21 days. 

 

Once cell culture was complete, each scaffold sample was cut into half with one piece 

fixed in 2.5% glutaraldehyde (Fluorochem, 358208) for SEM imaging and the other 

one used for RNA extraction. To prepare samples for RNA extraction, cultured 

scaffolds were immersed in 700 µl of an acid-guanidinium-phenol based reagent - 

TRIzol (Invitrogen, 15596). The mixture was gently mixed with repeated pipetting 

before storing in -80oC. 
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Figure 6.1. Tenocyte culture setup.  

The illustrative images of the setup of the culturing system capable of performing 

stress relaxation during tenocyte culture. Decellularized tendon scaffolds (n=3) were 

gripped by 304 stainless steel arms at both ends with one side fixed and the other side 

connected to the motor. After cell seeding, stress relaxation was applied at a strain rate 

of 0.5%/s. The 304 stainless steel chamber and the cell culture cover prevented 

contamination during transfer and media exchange. 
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Figure 6.2. Illustrative images displaying the in-vitro experiment.  

Illustration of the in vitro setup shown in Figure 6.1 with the insertion of tendon 

scaffolds. The scaffolds of the experimental groups (blue) were gripped by stainless 

steel arms attached to the motor; the controls (red) were also gripped by stainless steel 

plates and were cultured in petri dishes without any mechanical treatment.   

 

6.2.1.4 RNA Extraction, Reverse Transcription & qPCR 

RNA was extracted and isolated using a Direct-zol RNA MicroPrep Kit (Zymo 

Research, R2061). Briefly, the liquid phase of the tissue-TRIzol was collected and 

transferred into an RNase-free tube. For each tube, 700 µl of 100% ethanol was added. 

After mixing thoroughly, the sample mixture was transferred into a Zymo-Spin™ IC 

Column in a collection tube and centrifuged at 10,000 x g for 1 min at room 

temperature. The collection tube was discarded, and the column was transferred into a 

new collection tube. 400 µl RNA Wash Buffer (RNA Wash Buffer Concentrate:100% 

Ethanol = 1:4) was added to the column and centrifuged at 10,000 x g for 1 min. A 
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mixture of 5 µl DNase I (6 U/µl) and 35 µl DNA Digestion Buffer was added to the 

column to allow incubation at room temperature for 15 minutes to allow DNA 

digestion. 400 µl of Direct-zol™ RNA PreWash (Direct-zol™ RNA PreWash 

Concentrate:100% Ethanol = 4:1) was added to the column and centrifuged at 10,000 

x g for 1 min. After discarding the flow-through, 400 µl of Direct-zol™ RNA PreWash 

was added and centrifuged again. 700 µl of RNA Wash Buffer was added to the 

column and centrifuged at 10,000 x g for 2 min. The column was then transferred to a 

RNase-free tube. To elute RNA, 15 µl of DNase/RNase-Free Water was directly added 

to the column matrix and centrifuged at 10,000 x g for 1 min. The eluted liquid 

containing purified RNA was collected and stored at -80°C prior to reverse 

transcription. 

 

The concentrations of the purified RNA samples were measured using a Nanodrop 

UV-VIS spectrophotometer and all samples had 260/280 value greater than 1.6. 

Through dilution using nuclease-free H2O, 215.8 ng of RNA with a solution volume 

of 13 µl was used to perform a reverse transcription to prepare cDNA for each RNA 

sample. A High Capacity cDNA Reverse Transcription kit (Applied Biosystems,  
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4368814) was used. Following the provided protocol, a final volume of 20 µl of sample 

solution was used to create cDNAs. 

 

The quantitative polymerase chain reaction (qPCR) reaction was performed using a 

ViiA7 real-time PCR machine (Applied Biosystems). Final cDNA was diluted to 1.25 

ng / µL and 4 µL was used in a 10 µL reaction with Fast SYBR Master Mix (Applied 

Biosystems, 43856) according to manufacturer’s protocol. Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) (Primerdesign) was used as an endogenous 

reference gene and gene expression was calculated using the comparative cycle 

threshold (CT) method according to Schmittgen and Livak (364). QuantiTect primers 

for COL1A1 (Primerdesign) and ELN (Qiagen) were used in the qPCR reaction. 

 

6.2.1.5 SEM Imaging  

As described in section 4.2.2, scaffolds were fixed in 2.5% glutaraldehyde, dehydrated 

by a series of ethanol solutions and HMDS (Sigma, 440191), and coated with ~6 nm 

of platinum before imaging. The surface morphology of the cells on the scaffold was 

visualised by an Evo MA10 SEM (Zeiss). 
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6.2.2 in Vivo Rabbit Model for the Ponseti Method 

6.2.2.1 Rabbit Model 

The animal work was conducted at Master Laboratory Co., Ltd. - Animal laboratory, 

Taiwan. Experimental procedures using animals were performed in accordance with 

the Institutional Animal Care and Use Committee (IACUC) guidelines (IACUC 

number: 20T10-10). 

 

To model the effect of a Ponseti cast on a tendon using a rabbit foot, the correcting 

manipulation for hindfoot equinus, which is last correction for clubfoot, was chosen 

for the model. Three adult New Zealand White (NZW) rabbits were used for the 

preliminary experiments and measurements. Like the situation in a human equinus 

correction where the Achilles’ tendon or the CCT is stretched, the CCT of a rabbit foot 

was also stretched by manipulation, and the resulting engineering strain of the CCT 

was measured. To perform the measurement, after the rabbit was anesthetized by the 

injection of Telazol (50 mg/ml) into the muscles of the rabbit (0.12 ml/kg), the fur of 

the foot was shaved with electric animal shaver, and the skin covering the calf muscle 

and the CCT was removed using surgical blades. Two markings were made using a 

marker pen to create two reference points. The initial length (L0) between the two 
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reference points was measure before stretching. Through manipulation, the knee was 

straightened while the foot was slowly dorsiflexed to an angle of approximately 100o 

to create an elongation and tension on the CCT as shown in Figure 6.3. The final length 

(L) of the two reference points on the CCT due to this manipulation was measured. 

The mean strain (ε̅) (n = 6) created by the manipulation to produce a strain value of 

approximately 8% on the CCT was calculated using the following equation:  

ε̅ =
∑

(Li−L0,i)

L0,i

n
i

n
⁄

                            (Eqn. 6.1) 

 

 

 

Figure 6.3. Illustrative image of the manipulative procedure.  

The manipulation was done by straightening the knee followed by dorsiflexing the foot 

to approximately achieve a 100-degree angle between the foot and the tibia.  This 

manipulation aims to produce an 8% strain on the rabbit CCT. 
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Eight 45-day-old NZW rabbits, shown in Figure 6.4, were used in the animal study. 

For every foot to be manipulated, the fur was shaved with electric animal shaver. 

Similar to the procedures mentioned in the previous paragraph, the knee was 

straightened and fixed with taping, and the foot was then slowly dorsiflexed to an angle 

of approximately 100o and fixed with taping (right image of Figure 6.4). The whole 

manipulative procedures were done without anesthetization. The progression of the 

dorsiflexion of the rabbit foot would be stopped and fixed before reaching an angle of 

100o if the animal displayed any sign of pain during the process. For every rabbit, only 

one foot received manipulation and taping while the other foot was left untreated and 

free to use as a control. Because 1 day of stress relaxation produced the maximum 

level of ECM alterations in chapter 4, and a 7-day casting is normally practiced in the 

Ponseti method, taping in this study was maintained for 2 different durations (2 

experimental groups): 1 day and 7 days before euthanasia with CO2. Four rabbits (n = 

4) were studied in each experimental group. The design layout of the animal work was 

illustrated in Figure 6.5. As the CCT of a rabbit is composed of 2 tendons: a superficial 

digital flexor tendon (SDFT) and a gastrocnemius tendon (GT), both tendons were 

dissected and analysed, separately.  
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Figure 6.4. Demonstrative images of the 45-day-old NZW rabbit (left) and the tapping 

to produce an 8% strain on the CCT (right).   

 

Figure 6.5. Illustrative images of the experimental design of the rabbit study.  

Experimental layout of the rabbit study displaying the experimental groups (1 d & 7 

d), the tested tendons (GT & SDFT), and the control samples. 

 

6.2.2.2 SEM 

As described in section 4.2.2 and section 4.2.3, fresh rabbit SDFTs and GTs were 

cryoprotected, sectioned into 50 µm thick sections using a CM1800 cryostat (Leica 

Biosystems). The microstructure and collagen crimp morphology of the tendon 
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samples were observed by SEM. Prior to imaging, the sample sections were fixed in 

2.5% glutaraldehyde, dehydrated in ethanol solutions in ascending concentrations and 

HMDS (Alfa Aesar, A15139), and coated with ~6 nm of gold. Imaging was performed 

using a JSM-6360 SEM (JOEL). 

 

The crimp angle (θ) and fibre side length (d) in each crimp were measured (30 sets of 

data points) using ImageJ to compare the crimp morphology changes between the 

treated group and the control group from the same rabbit.  

 

6.2.2.3 Fluorescence IHC 

Following the protocol in section 4.2.2, tendon sections (50 µm) were fixed with 10% 

formalin, permeabilized with 0.1% triton x-100 (Sigma, T8787) for 10 min, and 

blocked with a blocking buffer that contained 1% BSA (Merck, P02769) and 1% goat 

serum (Sigma, G9023) for 1 hour before primary staining. Tendon elastin was 

immunostained with rabbit anti-elastin antibody (Abcam, ab21607) as the primary 

antibody and with goat anti-rabbit IgG (H+L)-FAM (LEADGENE® , 21001) as the 

secondary antibody. Cell nuclei in the tendon were stained during mounting using a 
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DAPI mountant (Sigma, F6057). Fluorescence imaging was performed using a LSM 

700 confocal laser microscope (Zeiss). 

 

Elastin fragmentation ratio were measured and analysed using ImageJ. The level of 

elastin protein for each sample was also quantified by measuring the mean 

fluorescence intensity of the images (n=16) of each experimental group using ImageJ. 

Following the equation displayed below:  

∆I7d

∆I1d
=

(I7d−I7d, ctrl) I7d,ctrl⁄

(I1d−I1d, ctrl) I1d,ctrl⁄
                         (Eqn. 6.2) 

for each type of tendon, the intensity difference between the treatment group and the 

control normalized by the control intensity was first calculated. The calculated 

intensity differential ratio of 7 d to 1 d was derived. 

 

6.2.2.4 Histology 

Tendon tissues fixed in 10% formalin were transported to BioLASCO Taiwan Co., 

Ltd. for sample preparation for histological staining. Briefly, tendon samples were 

dehydrated using the Histo-Tek®  VP1 Vacuum Tissue Processor (Sakura), cleared 

with xylene (BURNETT, 00015B1) and embedded in paraffin. Tissue blocks were 

sectioned into 4 µm thick sections using an AEM460 microtome (Amos Scientific). 
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H&E staining (Leica Biosystems, 3801522 & 3801602) was then performed on the 

tendon sections using a DRS-2000 automated slide stainer (Sakura). Imaging was done 

by an optical microscope (Olympus).  

 

Quantification of vascularity of the ECM was performed using ImageJ. Briefly, the 

ratio (Rv) of the area sum of vascular regions within the ECM over the total ECM area 

was derived for every single section. The change of vascularity (ΔV) due to the stress 

relaxation treatment was then calculated using the following equation: 

∆V =
(Rv,stress −relaxed − Rv,ctrl )

Rv,ctrl
⁄                 (Eqn. 6.3) 

 

Quantification of cell number in the rabbit tendon ECM was performed on images 

acquired from DAPI-stained sections. The mean number of cells (n = 10) captured 

over the total area of an image (N) was derived using particle analysis in ImageJ for 

each rabbit. The change of cell number (ΔNcell) due to the stress relaxation treatment 

was then calculated using the following equation: 

∆Ncell =
(Nstress−relaxed − Nctrl )

Nctrl
⁄ × 100%              (Eqn. 6.4) 
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6.3 Results 

6.3.1 in Vitro Tenocyte Culture under Stress Relaxation 

6.3.1.1 Decellularization of Tendon Scaffold – Fluorescence Microscopy & DNA 

Quantification 

The results of decellularization using SDS solution was shown by fluorescence 

imaging in Figure 6.6. Compared to the control, in which the long, thin, and spindle-

shaped nuclei of the tenocytes could be seen to be scattered in the matrix of collagen 

fibres, the fluorescence signals in the SDS-treated tendon showed only the background 

noise (wavy patterns) from the collagen fibres under higher excitation intensity. H&E 

staining, shown in Figure 6.7, further confirmed the removal of cells from the collagen 

matrix of a tendon post-treatment. After the incubation of DNase, the concentrations 

of residual DNA in the tendon scaffold are displayed in Figure 6.8. The result showed 

that the combination of SDS and DNase treatment was able to remove approximately 

46% of the DNA materials in the tissue.  
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Figure 6.6. Decellularization results revealed by fluorescence DAPI staining. 

The fluorescence images of DAPI-stained cell nuclei (left column) in the tendon ECM 

along with the transmission channel (right column) from DDFT samples treated with 

and without decellularization (control). Scale bars are 275 µm. 

 

Figure 6.7. Decellularization results revealed by H&E staining. Tendon ECM stained 

by H&E from DDFT samples treated with and without decellularization (control).  

Scale bars are 100 µm. 
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Figure 6.8. Quantification of residual DNA in the tendon after decellularization. 

DNA concentrations in tendon ECM from samples treated with and without 

decellularization (control). All data are displayed as the mean ± SD (n=3). *P < 0.05. 

 

6.3.1.2 Cellular Response to a Long-Term Stress Relaxation 

SEM imaging revealed a drastic morphological change of stress-relaxed tenocytes 

compared to those in the control group. As shown in Figure 6.9, stress-relaxed  

tenocytes displayed a more elongated shape than the unstretched tenocytes (marked by 

red arrows). Since chemical fixation was conducted after the tension was removed, 

this morphological elongation of tenocytes was likely an active adaptation to the 

tension during culture rather than a passive elongation due to stretching. The result 
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from qPCR, which is displayed in Figure 6.10, showed upregulation on both gene 

expressions of COL1A1 and ELN from tenocytes stress-relaxed for 21 days compared 

to the control.  

 

 

Figure 6.9. SEM images of the decellularized tendon sections or scaffolds.  

The decellularized tendon scaffold: blank scaffold with no cell seeding (left), the 

scaffold seeded with human tenocytes without stress relaxation (mid), and the scaffold 

seeded with human tenocytes treated with stress relaxation for 21 d (right). Seeded 

tenocytes are marked with red lines and red arrows. Scale bars are 10 µm. 
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Figure 6.10. Elastin and collagen type I gene expression levels due to the treatment of 

stress relaxation. Fold changes of gene expressions of COL1A1 and ELN of human 

tenocytes cultured on decellularized tendon treated with 21-d stress relaxation 

compared to tenocytes without stress relaxation. Data are displayed as the mean ± SD 

(n=3 for COL1A1 and n=2 for ELN). One data point of ELN level was excluded as an 

outlier. Significant differences were analysed by 2-sample t-test. No statistical 

difference was found in all groups in both experiments. 

 

6.3.2 in Vivo Rabbit Model for the Ponseti Method 

6.3.2.1 Rabbit Model 

For both experimental groups (1 d & 7 d), no rabbit died nor was forced to terminate 

the experiment due to the manipulation and taping. Redness and swelling can be seen 

on the muscles at the back of the leg as displayed in Figure 6.11 (left). Once sacrificed, 
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the CCT was collected for each rabbit. As illustrated in Figure 6.12, both stress-relaxed  

tendon-muscle units from the 1 d and 7 d groups showed appearance of redness and 

swelling compared to their controls, while apparent lengthening of the tendon-muscle 

unit was only seen on samples from the 7 d group. For tendon samples collected from 

2 rabbits in the 7 d group, blood vessels in parallel with the long axis were observed 

in the centre of the tissue (Figure 6.13). Further investigation through histology will 

be elaborated in section 6.3.2.4. 

 

 

Figure 6.11. Demonstrative image of a 45-day-old NZW rabbit after the stress 

relaxation treatment via manipulation and tapping. Redness and swelling can be seen 

on the muscles at the back of the left leg. 
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Figure 6.12. Demonstrative images of the CCT-muscle complex collected from NZW 

rabbits treated with stress relaxation for 1 day (left image) and 7 days (right image). 

 

Figure 6.13. Demonstrative images of blood vessels presenting in rabbit CCTs which 

were stress-relaxed for 7 days. CCT samples were incubated in 30% sucrose 

cryoprotectant to increase transparency.  
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6.3.2.2 Tendon Crimp Analysis 

Collagen crimp morphologies of the stress-relaxed GTs and SDFTs (1 d and 7 d) are 

illustrated in Figure 6.14. Similar to the results demonstrated in section 4.3.2, besides 

the relaxation/reduction of collagen crimps, no structural damage was observed in the 

stress-relaxed tendons compared to the controls. As displayed in Figure 6.14, both the 

GT and SDFT of young rabbits stress-relaxed for 7 days appeared to show lower levels 

of crimp angle reduction compared to those of rabbits stress-relaxed for 1 day. The 

mean crimp angle reduction (Δθ) calculated based on the control foot of each 

individual rabbit of the 1 d and 7 d experimental groups are shown in Figure 6.15. For 

both the GT and SDFT, lower values of angle reduction were spotted in the 7 d group 

compared to the 1 d group. Unlike the ex vivo stress relaxation experiment in chapter 

4, the Δθ value for the 1 d experimental group was slightly lower for the rabbit tendons. 

In addition, instead of plateauing after 1 day, the Δθ value has decreased over time 

(day 7), suggesting the possibility of the restoration of collagen crimp. 
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Figure 6.14. SEM images of the tendon sections.  

Tendon surface morphology of the young rabbit GT (top row) and SDFT (bottom row) 

sections of the control (left column), the foot stress-relaxed for 1 d (mid column), and 

the foot stress-relaxed for 7 d (right column). Scale bars are 100 µm. 

 

Figure 6.15. Summary of the values of crimp angle reduction due to stress relaxation.  

The amount of the crimp angle reduced after the treatment of stress relaxation plotted 



150 
 

over different relaxation durations (1 d & 7 d) for both GT and SDFT of the young 

rabbits. Data are displayed as the mean ± SD (n=4). Each Δθ value is calculated by 

subtracting the stress-relaxed angle from the mean angle of the control (𝜃𝑐𝑡𝑟𝑙
̅̅ ̅̅ ̅̅ − 𝜃𝑒𝑥𝑝.). 

Significant differences were analysed by 2-sample t-test. *P < 0.05, ***P < 0.001. 

  

6.3.2.3 Elastin Fragmentation, Elastin Fluorescence Level, and Cell Number  

Fluorescence images of the stress-relaxed GT and SDFT derived from IHC are 

illustrated in Figure 6.16(a) and Figure 6.16(b), respectively. For tendons treated for 1 

day, like the results demonstrated in chapter 4, elastin fragmentation could be spotted 

in the ECM. For the 7 d group, on the other hand, (I) fewer elastin fragments, (II) larger 

regions of intact elastin fibres and (III) higher overall elastin fluorescence intensity 

compared to the 1 d group were observed.   
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Figure 6.16. Representative immunostained tendon images captured by confocal 

microscopy revealing the morphology of elastin (green), cell nuclei (blue) and tendon 

a 

b 
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matrix (grey) in (a) a rabbit GT and (b) a rabbit SDFT after the treatment of stress 

relaxation for 1 d & 7 d. Examples of elastin fragmentation caused by stress relaxation 

appear as aggregated clusters with higher fluorescence intensity compared to the intact 

elastin fibres. No elastin fragment can be found in the controls. Scale bars are 50 µm. 

 

The results of the quantifications of the elastin fragmentation and the elastin 

fluorescence level are displayed in Figure 6.17 and Figure 6.18, respectively. 

Quantification of elastin fragmentation (Fig. 6b) also found decreased values of 

fragmentation ratio in the 7 d group for both GT and SDFT, which again coincides 

with the findings in crimp angle reduction, i.e., lower Δθ corresponds to lower elastin 

fragmentation ratio. The decrease in elastin fragmentation ratio implies potential 

healing/remodelling taking place after day 1. Nevertheless, compared to the results of 

crimp angle reduction, smaller gaps were seen between the fragmentation ratios of the 

1 d group and the 7 d group for both GT and SDFT. The change of elastin level (Figure 

6.18) in the ECM of rabbit CCTs was quantified based on the fluorescence intensity 

from IHC. For both tendon types, the increase of elastin fluorescence level of the 7 d 

group was 2-4 times higher than the 1 d group. Regarding the change in cell number 

(ΔNcell) shown in Figure 6.19, GT displayed an increase in ΔNcell (+61.4%) in day 7 

compared to day 1; while SDFT displayed a decrease in ΔNcell (-71.7%) in day 7 

compared to day 1. 
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Figure 6.17. The elastin fragmentation ratio in the tendon matrix after the treatment of 

stress relaxation. 

Values of fragmentation ratio of young rabbit GTs and SDFTs treated with stress 

relaxation for 1 d and 7 d. Fragmentation ratio is defined as the total area of elastin 

fragments over the image area (tendon matrix area) for each fluorescence image. Data 

are displayed as the mean ± SD (n=4). Significant differences were analysed by 2-

sample t-test. *P < 0.05. 
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Figure 6.18. Changes in Elastin fluorescence levels due to the treatment of stress 

relaxation.  

Elastin protein level ratios of 7-d stress relaxation over 1-d stress relaxation of young 

rabbit GTs and SDFTs calculated based on Eqn. 6.2 using fluorescence level changes 

normalized by the controls. Data are displayed as the mean ± SD (n=4). Significant 

differences were analysed by 2-sample t-test. No statistical difference was found 

between the two tendon groups. 
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Figure 6.19. Quantification of cell number alterations due to stress relaxation. 

Changes in cell numbers in the rabbit GTs and SDFTs after 1 d and after 7 d compared 

to their corresponding controls. Data are derived based on Eqn. 6.4 and are displayed 

as the mean ± SD (n=4). Significant differences were analysed by 2-sample t-test. 

*P < 0.05. 

 

6.3.2.4 Histological Analysis 

Results of the control GTs and SDFTs stained with H&E are illustrated in the left 

column of Figure 6.20. The collagen matrix displaying the usual wavy crimp pattern 

was stained pink, and the cell nuclei were stained purplish blue. On the other hand, 

stress-relaxed GTs and SDFTs (mid and right column of Figure 6.20) showed apparent 

ECM alterations including (I) increased vascularity (marked with white arrows) and 
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(II) migration/infiltration of inflammatory cells (e.g., macrophages, heterophils, and 

lymphocytes which are marked with yellow arrows, blue arrows, and green arrows, 

respectively). The existence of inflammation was seen both in day 1 and day 7 for both 

tendon types. Quantification of vascularity changes (ΔV) is shown in Figure 6.21. Both 

tendon types display similar increase in vascularity level (ΔV≈80%) after 1 day of 

treatment. While ΔV on day 7 was higher than the day 1 in the GTs (+56.7%), no 

statistical difference was found between them. For the SDFTs, the ΔV was statistically 

lower on day 7 (-92.9%) compared to day 1. 
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Figure 6.20. H&E-stained GT and SDFT.  

Optical images of rabbit GTs and SDFTs treated with 1-d and 7-d stress relaxation 

from H&E staining. A control image of each group is displayed in the 1st column. The 

collagen matrix displaying the usual wavy crimp pattern was stained pink, and the cell 

nuclei were stained purplish blue. Representative regions of neovascularization (2nd 

column) and inflammation (3rd column) of the tendon FM are displayed for each 

experimental group. Neovascularization (marked with white arrows) and 

inflammatory cells including macrophages (marked with yellow arrows), heterophils 

(marked with blue arrows), and lymphocytes (marked with green arrows) could be 

observed. Scale bars are 50 µm. 
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Figure 6.21. Quantification of vascularity alterations due to stress relaxation. 

Changes in vascularity level of the rabbit GTs and SDFTs after 1 d and after 7 d 

compared to their corresponding controls were quantified based on Eqn. 6.3. Data are 

displayed as the mean ± SD (n=4). Significant differences were analysed by 2-sample 

t-test. *P < 0.05. 

 

6.4 Discussion 

In the first part of this chapter, a tendon scaffold created by removing the native 

cellular components was used to study the cellular response to a long-term stress 

relaxation. Various methods to remove native cellular components from the tissue have 

been studied in the field of biomaterials and tissue engineering (365–367). In tendon 

repair, the use of decellularized tendons as scaffolds to aid tissue regeneration has 

shown promising results due to their similarity to the native ECM (356,368,369). 
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Adopting this advantage to better mimic the in vivo condition under an in vitro setting, 

a decellularized tendon was used in this experiment to investigate the effect of stress 

relaxation on tenocytes. Although the DNA quantification showed that more than half 

of the DNA materials remained in the scaffold after the decellularizat ion treatment, no 

intact tenocyte nucleus was observed in the ECM by fluorescence imaging and 

histology. The decellularization treatment should thus limit the interference of native 

cellular components with seeded tenocytes during culture and the analyses after culture.  

 

After 3 weeks of culturing along with stress relaxation applied to the cells, tenocyte 

morphology has shifted to an elongated shape (Figure 6.9) and the expressions of 

elastin and collagen type I have increased. Zhu et al. (370) demonstrated in an in vitro 

experiment that an enforced elongated tenocyte morphology (using microgroove 

silicone membrane) could encourage passaged tenocytes to retain their phenotype and 

function by maintaining the expression of tenomodulin and collagen type I. As shown 

by several studies (371,372), tenocyte morphology is associated with tendon health 

and pathologies. Tenocytes with a more rounded, as opposed to the normal spindle-

shaped morphology, were seen in a higher density in a tendon with tendinosis. In 

addition to cell shape, mechanical stimuli during culture have also shown to influence 
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tenocyte phenotype and health (373–376). However, existing research has not focused 

on the expression of elastin in tendons. One work conducted by Fleischhacker et al. in 

2020 (377) examined multiple gene expressions of tenocytes in response to intervals 

of cyclic loading but could not evaluate ELN expression from the experiment. While 

other studies have looked at ELN expression (378,379), none of them was involved in 

mechanical straining. To compensate the tendon lengthening resulted from crimp 

angle reduction and elastin fragmentation (plastic deformation), the formation and 

deposition of new collagen and elastin proteins would be the key factor in the tendon 

healing and recovery period in the Ponseti method. Therefore, the upregulation of 

elastin and collagen type I in this experiment based on an in vitro mechanical model 

has provided promising results to support the treatment of Ponseti method.  

 

To further investigate the biological response of a tendon to stress relaxation in an in 

vivo setting, a manipulation/tapping method was applied on 45-day-old NZW rabbits 

under two different time durations (1 d & 7 d). Cross-supporting results of crimp angle 

reduction (Δθ) and elastin fragmentation ratio, which were also seen in chapter 4, were 

discovered from this experiment (Figure 6.15 & 6.17). In both GTs and SDFTs, a 

higher degree of Δθ corresponded to a higher degree of elastin fragmentation. The 
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reappearance of these two findings also recognized the viability of the ex vivo 

experimental method demonstrated in chapter 4. As mentioned earlier in chapter 4, 

crimp angle reduction and elastin fragmentation would disrupt the mechanical profile 

of a normal tendon and put the load-bearing tissue at a higher risk of injury, thus 

affecting the tendon health and function (258,259). Furthermore, the fragmented 

elastin peptides (or EDPs) are bioactive and could induce various biological pathways 

(326,327,333). Nevertheless, with the passage of time, the crimp angle has partially 

restored (Figure 6.15), and the level of elastin fragmentation has levelled down on day 

7 (Figure 6.17), providing evidence of the healing and recovery of a young tendon 

from the damage inflicted by the Ponseti method. Since these microstructural damages 

are linked to the success of the Ponseti method, the tendon’s capability of healing and 

recovering from the treatment is crucial. The upregulation of both elastin and collagen 

expressions discussed earlier also indicates the occurrence of healing as newly formed 

elastin and collagen would be required to restore crimp morphology while the tendon 

was being stretched. Additionally, for both tendon types, the increase of elastin 

fluorescence level of the 7 d group was 2-4 times higher than the 1 d group (Figure 

6.18). These results suggest the formation of new elastin in the ECM and may further 

support the occurrence of healing and recovery. Although not all fragmentated elastin 
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proteins could be repaired to restore crimp morphology on day 7, new elastin was 

formed in the tendon ECM. 

 

However, elastin exists not only in the matrix of a tendon fascicle (FM) but also in 

blood vessels as it provides the blood vessels important rheological properties, such as 

the post-systolic elastic recoil (380). Since elastin comprises up to 50% of the dry 

weight of blood vessels (87), the increase in elastin fluorescence level on day 7 might 

partially come from the newly formed blood vessels. This speculation is verified by 

the histological staining displayed in Figure 6.20. Image analysis for vascularity level 

(Figure 6.21) discovered an increase of vascularity within the tendon FM soon after 

24 hours of stress relaxation. However, blood vessels are rarely seen within the FM in 

a healthy tendon as shown in the left column of Figure 6.20, as tendons are known to 

be relatively avascular. A main source of blood supply comes from the paratenon as 

illustrated in Figure 6.22. Blood vessels travel within the paratenon and penetrate the 

IFM, creating an anastomotic vascular network (381,382). In this study, the increased 

FM vascularity indicates an outcome of tendon adaptation to a long-term stress 

relaxation. The formation of new blood vessels was likely a result of increased need 

for nutrient supply. Within several hours after tapping, an impediment of blood supply 
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could be caused by the mechanical treatment. As the tensile strain was applied along 

the long axis of the tendon, a compressive strain perpendicular to the axis would be 

produced by the Poisson’s effect. This compressive strain would decrease the inter-

fascicle and the inter-fibre distance, generate internal pressure, cause fluid exudation, 

and hinder blood flow (383–386), thus inducing neovascularization. Another cause of 

increased vascularity was due to the increased cellular activities to remodel/repair the 

tendon ECM. Several studies (387–389) have observed increased vascularity at the 

injury site (e.g., tenotomy, division, suture) of tendons to aid healing and recovery 

from the damage. In this work, the recovery processes from the ECM micro-damages 

including crimp angle reduction (Figure 6.15) and elastin fragmentation (Figure 6.17) 

would require remodelling of fractured or dysfunctional elastin and collagen. These 

processes involve migration and proliferation of various cell types (increased cell 

numbers displayed in Figure 6.19), enzymatic degradation or digestion of 

dysfunctional ECM components, and synthesis of new units of these components. All 

of them consumes energy and nutrients (390), resulting in the formation of new blood 

vessels as a response/adaptation to the reparative processes. Lastly, the EDPs 

generated due to elastin fragmentation were also reported to promote angiogenesis 

(formation of new blood vessels) (323,328,333,391,392). On the other hand, some 
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studies argued that while forming new blood vessels to provide blood and nutrients 

appears to be aiding tendon healing and recovery, the incidence of neovascularization 

has been interpreted as a sign of both persisting hypoxia and failed tissue repair attempt 

(393), since hypervascularity and neovascularization along with the existence of 

inflammation in the tendon FM, which can be found in Figure 6.20, have been shown 

to be the features of chronic inflammation or tendinopathy (393–401). Unlike the 

vasculature developed during development and tissue growth, these newly formed 

blood vessels are believed to be hyperpermeable, i.e., they leak and do not have proper 

perfusion. As a result, these vessels fail to deliver oxygen and nutrients to tissue 

regions under hypoxia, creating a vicious cycle in which hypoxia continues to exist in 

the regions of neovascularization (393,402). Nevertheless, the development of chronic 

tendinopathy in this experiment was unlikely. First, a time length of 7 days is not 

sufficient to develop chronic tendinopathy (403). Second, tissue repair was present 

during the mechanical treatment as demonstrated from the restoration of crimp angle 

(Figure 6.15) and ameliorated elastin fragmentation level (Figure 6.17). Third, chronic 

tendinopathy has a low incidence rate in young tendons (404,405). 
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Figure 6.22. Illustrative image showing the cross-section microstructure/components 

including the collagen fibre, FM, IFM, and paratenon.  

 

Unfortunately, the increase of vascularity may still produce several issues for a tendon 

tissue. The immediate problem created is the loss of mechanical strength and function 

due to the alteration of the tendon matrix. Based on current studies, compared to the 

elastic moduli of fascicles of several tendons ranging from 216-800 MPa (266,406–

408), the moduli of various blood vessels ranging from 2.25-23.7 MPa (409–412) are 

much lower. As the majority of the tendon’s dry weight is composed of collagen fibres 

(66), the partial replacement of these fibres with a relatively softer material in a FM 

would certainly weaken the tendon’s mechanical strength. Furthermore, the 

substitution of blood vessels for collagen fibres in the FM could result in matrix 
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inhomogeneity which could cause abnormal stress/strain d istribution during loading. 

Wiesinger et al. (413) has discovered a reduced elastic modulus in human chronic 

tendinopathic patellar tendons which exhibited neovascularization in the matrix. A 

work done by Wunderli et al. (414) in 2020, focusing on mechanical loading response 

in hypervascular tendon, reported a rapid cell-mediated tissue breakdown upon 

mechanical unloading, in contrast to the unloaded physiologically normal 

hypovascular tendon. Under high temperature and oxygen level (modelling 

hypervascularity), a higher level of reactive oxygen species (ROS) was produced, 

which altered the regulation of several ECM proteases, causing proteolytic ECM 

degradation and thus the loss of mechanical strength. Furthermore, the presence of 

blood vessels in the FM has been reported to be the source of pain in patellar tendons 

of jumping athletes (415). Therefore, whether the increased vascularity in this study 

persist or not over time after the treatment requires further investigation. Moreover, 

despite the features of healing and recovery mentioned above, inflammation in the 

tendon ECM (Figure 6.20) also persisted even after 7 days, suggesting the duration of 

1 week may not be enough to fully recover a tendon from a Ponseti-modelled stress 

relaxation. If complications are caused due to this increased vascularity, additional 

treatment for anti-inflammation or anti-angiogenesis may be required.  
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Overall, the stress relaxation generated by the Ponseti method was demonstrated to be 

effective. Although this mechanical treatment resulted in structural, compositional, 

and cellular alterations including crimp angle reduction, elastin fragmentation, 

increased vascularity, and inflammation, signs of healing and recovery (i.e., the 

restoration of crimp, alleviated elastin fragmentation, and increased elastin level) after 

7 days of treatment were observed. Still, the persisted inflammation and increased 

vascularity have brought new concerns to this treatment. While concerning, these 

complications point out a possible reason explaining why the Ponseti method was 

aimed to correct clubfoot of young children below 9 years of age (416–418): the 

healing and remodelling capabilities of the ECM are better in younger individuals, 

which is the reason why young rabbits of 45 days of age were chosen in this study to 

model the Ponseti method. Whether the ECM alterations observed can be recovered 

over time will require further investigation.   

 

6.5 Summary 

In this chapter, the cellular response to a stress relaxation was investigated using an in 

vitro model. Human tenocytes derived from hamstring tendons were seeded and 
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cultured on decellularized bovine DDFT sections. Stress relaxation was applied to 

these sections through a miniature motorized linear stage in a custom-made culture 

system. Results from cellular adaptation and gene expression showed elongated 

tenocyte morphology after loading and upregulation of COL1A1 and ELN, supporting 

the need for new collagen and elastin formation in the ECM after the material-based 

microstructural alterations (tissue lengthening, crimp angle reduction & elastin 

fragmentation) observed in chapter 4 inflicted by the stress relaxation.  

 

An animal model using 45-day-old NZW rabbits to study the effect of stress relaxation 

on tendon ECM was performed. Through manipulation and taping, a rabbit CCT (GT 

& SDFT) was strained to an engineering strain of approximated 8% for 1 day or 7 days. 

ECM alterations including crimp angle reduction, elastin fragmentation, increased 

vascularity, and inflammation were discovered. For both GT and SDFT, lower levels 

of crimp angle reduction and elastin fragmentation along with higher elastin 

fluorescence level were found in day 7 compared to day 1, indicating restoration of 

crimp morphology, remodelling of elastin fragments and new elastin formation over 

time in the tendon matrix. However, the increased vascularity and persisted 

inflammation in the FM also created concerns such as matrix inhomogeneity, loss of 
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mechanical integrity, risk of proteolytic ECM degradation, source of pain, and 

potential risk of chronic tendinopathy. Hence, further investigations and experiments 

are needed to examine whether these ECM complications persist over time. 

Furthermore, additional therapies for stabilising vascularity and reducing 

inflammation should be considered during and after the treatment of Ponseti method 

to ensure the health, integrity, and function of the treated tendon tissue.  
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Chapter 7 Conclusion and Future Work 

7.1 Conclusion 

The aim of this work is to (I) reveal the mechanical effect of a long-term stress 

relaxation on a tendon, (II) discover the changes of tendon microstructures due to this 

mechanical treatment, (III) probe the mechanism behind the Ponseti method, (IV) 

investigate the role of elastin in tendon stress relaxation, and (V) study the biological 

response to the Ponseti treatment.  

 

A simple but effective tensile setup was first developed to solve the common issues 

including slippage, failure at clamp region, and high strain concentration due to grip 

compression in tendon tensile testing. The setup uses selective air-drying and 

polymeric teeth for gripping, and its efficacy was verified by matching engineering 

strains derived by grip displacement and surface marker displacement. Reduced strain 

rate-dependency of modulus was found in tendons strained at rates below 1%/s as the 

rate decreases; on the other hand, no rate-dependency was observed on strain at UTS. 

This result suggests the probability of minimizing resistance from the clubfoot by 

lowering the rate of the Ponseti manipulation procedure.  
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Tendons treated with long-term stress relaxations (modelling a Ponseti cast) displayed 

treatment time-dependent (0 h, 2 h, 24 h & 48 h) and cross-matching alterations 

including (I) irreversible tendon lengthening, (II) crimp angle reduction and (III) 

elastin fragmentation. The maximum lengthening value was achieved within 2-24 

hours of the stress relaxation which supports the efficacy of the accelerated protocols 

with a shorter time interval between casts proposed by existing studies (38–40). The 

association between the alterations mentioned above indicates a mechanism of the 

Ponseti method based on elastin. As the elastin is known to be responsible for 

maintaining the crimp morphology, elastin fragmentation would result in irreversible 

reduction of crimp angle under tension. A reduced crimp angle would also produce a 

mechanical profile with shorter toe region which was seen in this study. Hence, the 

tendon lengthening spotted was simply a result of reduced elastic recoil generated by 

elastin fragmentation. This angle reduction in crimp caused by elastin fragmentation 

was further proved by elastin digestion via elastase treatment of tendon where the 

elastase-treated tendons also displayed irreversible tissue lengthening and crimp angle 

reduction. A strain-mediated hydrolytic degradation of elastin, which exposes the 

hydrophobic regions of elastin to water molecules, was proposed as the cause of elastin 

fragmentation from the stress relaxation treatment since the fragmentation was time-
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dependent, and the elastin is capable of withstanding strains much larger than 8%. 

Particularly, the degradative reaction is likely to occur at the disulphide bond of the 

elastin molecule as various studies have found a load-mediated SN2 reaction on the 

disulphide bond where a tensile load of 2nN was enough to diminish approximately 

60% of the activation free energy of the reaction without the addition of neither 

alkaline nor heat. The results of stress relaxation on elastase-treated tendons 

discovered (I) decreased overall stress profile and (II) decreased stress relaxation, and 

(III) decreased relaxation rate derived from curve-fitting using Maxwell and power 

law equations. Based on these findings, elastin in the tendon ECM contributes 

positively to stress relaxation potentially via hydrolytic degradation, and this activity 

may become more dominant compared to other relaxation events (e.g., inter-fibre 

sliding, fibre reorganization and water diffusion from the PG/GAG matrix) over time.  

 

Regarding the biological response to a long-term stress relaxation, (I) restoration of 

the reduced crimp angle, (II) alleviated elastin fragmentation, (III) increased elastin 

level in the ECM, (4) increased vascularity, and (5) persisted inflammation were found 

in 45-day-old rabbit CCTs stress-relaxed for 7 days compared to those for 1 day. The 

changes in crimp and elastin suggested healing and recovery occurring in the tendon 
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ECM. Additionally, cellular response derived from the in vitro experiment discovered 

increased gene expressions of COL1A1 and ELN, supporting the incidence of recovery. 

The increased vascularity and persisted inflammation were both important biological 

adaptation in response to the mechanical treatment. While the increased vascularity 

along with inflammation were features of chronic tendinopathy in tendons, the 

incidence of tendinopathy was unlikely to develop on young tendons within 7 days. 

These biological adaptations were more likely to be the results from the increased need 

for nutrients and blood supply, and increased cellular activities for ECM synthesis, 

deposition, and remodelling.  

 

However, although the signs of recovery were observed, whether these ECM 

alterations (crimp angle reduction, elastin fragmentation, increased vascularity, and 

persisted inflammation) will be fully-recovered in time remains unclear. The reduced 

crimp angle would change the mechanical profile and may predispose the tendon to 

overstretching (258,259). Moreover, the bioactive EDPs from the fragmented elastin 

may cause undesired biological events such as promoting the progression of chronic 

inflammation (326,327). Lastly, the increased vascularity and inflammation could 



174 
 

result in complications including matrix inhomogeneity, loss of mechanical integrity, 

and source of pain (415). 

 

In summary, this study shows that a long-term stress relaxation modelling the Ponseti 

method ‘time-dependently’ lengthens the tendon by elastin fragmentation possibly due 

to a strain-mediated hydrolytic degradation. Elastin was found to maintain the collagen 

crimp morphology, contribute to the ‘toe’ region in the mechanical profile, and 

positively contribute to tendon stress relaxation and relaxation rate. Although signs of 

healing and recovery were present after 7 days of stress relaxation, the influence of 

several remaining ECM alterations requires further observation and evaluation.  

 

7.2 Future Work 

This thesis is the first work to (I) examine the ECM alterations in response to the 

Ponseti method from the microstructural and histological perspectives, (II) investigate 

the effect of casting time and discover a time-dependency from the treatment, and (III) 

probe the role of elastin in a stress relaxation of a tendon; yet additional experiments 

may be added in the future.  
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First, the stress relaxation setup, which utilizes selective air-drying, successfully 

removed slippage and enabled long-term testing, but the transitional interface between 

the hydrated and air-dried regions requires further investigations. Instead of a sharp 

interface, a transitional ‘gap’ with a width is more likely to exist between the two 

regions. Moreover, this gap would display a gradient of hydration level, and if a 

significant width of gap exists, the mechanical properties derived by testing would be 

inaccurate. Hence, an experiment may be conducted to discover this gap width. For 

instance, indentation experiment can be performed along the long axis of the selective 

air-dried tendon, and the stiffness profile along the long axis can be plotted to see if a 

transitional gap exists.  

 

Second, additional tests under relaxation durations between 0 h and 24 h can be 

conducted (e.g., 10 min, 20 min, 30 min, and 1 h) with the focus on tendon lengthening, 

crimp angle reduction, and elastin fragmentation. With enough duration time points, 

plots of the above-mentioned alterations against relaxation duration can be plotted, and 

potentially the relationships between relaxation duration and the three alterations can 

be derived. The results of elastin fragmentation versus time may not only help 

determine the optimal casting duration for the accelerated protocols of Ponseti method, 
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but also help prove the proposed strain-mediated hydrolysis theory for elastin 

fragmentation.   

 

Third, experiments need to be conducted to prove the validity of the strain-mediated 

hydrolysis theory. If the cause of fragmentation is not mechanical fracture but 

hydrolytic degradation, adjusting several conditions such as temperature, pH, and 

alcohol addition of the long-term stress relaxation treatment should change the rate of 

the elastin fragmentation. Furthermore, examination of the speculation of disulphide 

bond reduction (from -S-S- to 2 -SH) in elastin could be conducted using infrared (IR) 

spectroscopy (stretching vibrations of S-S bonds: 500–550 cm−1) (419).  

 

Fourth, extended work should be conducted following the in vivo experiments. As 

discussed earlier in chapter 6, whether the ECM alterations including crimp angle 

reduction, elastin fragmentation, increased vascularity, and inflammation persist over 

time is an important research question as they would affect the function, health, and 

mechanical properties of a tendon. An additional ‘recovery’ period without any 

tapping or tension on the rabbit foot could be added as an experimental group, and the 

levels of these ECM alterations could then be compared. IHC staining or western blot 
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experiments using antibodies that target endothelial cells (vascular cells) or 

inflammatory cells such as CD31 and CD11b can be applied to quantify the levels of 

vascularization and inflammation. Furthermore, the effect of anti-inflammatory 

treatment or anti-angiogenic treatment in addition to the mechanical stretch can be 

explored as well.   

 

Lastly, future work needs to provide further scientific evidence for supporting the 

accelerated protocol of the Ponseti method. In this thesis, the maximum level of 

material deformation/lengthening of a tendon was achieved within 24 hours which is 

even shorter than the casting intervals of the accelerated protocols proposed by existing 

studies (38–40). However, the in vivo results in chapter 6 only discovered signs of 

recovery when comparing rabbits treated with 7-day duration of stress relaxation with 

those treated with 1-day duration. Additional studies need to look at time durations 

between 7 days and 1 day (e.g., 3 days of stress relaxation) to compare the levels of 

recovery within the tendon ECM. The same studies and experiments are also worth 

conducting on rabbits of younger and older ages to examine the difference of younger 

and older tendons responding to stress relaxation. Because there is a consensus that 

treatment for club foot should start not later than within the first month of life (12,13), 
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how an older tendon adapt to the treatment is an important research question. 

Furthermore, in addition to tendons and ligaments, other tissues such as nerves and 

blood vessels are being strained in the treatment; hence, future studies focused on these 

tissues responding to stretching are also important to improve or accelerate the Ponseti 

method. A possible protocol to hyper-accelerate the Ponseti casting intervals may be 

achieved if the tendons and ligaments of a clubfoot can avoid consecutive stretching 

throughout the treatment. For instance, the first manipulation aims to correct cavus 

which strains the tendons and ligaments at the bottom of the foot. The second 

manipulation will concentrate on correcting adductus which in theory should only 

strain the medial side of the foot, giving the already strained tendons and ligaments at 

the bottom of the foot time to recover without additional straining. Hence, it is likely 

that the interval between the first and second manipulations can be as short as 24 hours. 

Clinical studies may attempt to discover the strain-heavy tissues in each manipulation 

and casting, and reset the sequence of manipulation and casting to avoid consecutive 

tissue stretching to accelerate the treatment. A non-invasive method to detect elastin 

fragmentation due to the Ponseti casting can also be done by measuring the desmosine 

level in urine, as desmosine is a stable breakdown product of elastin that can be reliably 

measured in urine samples (420,421). 
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