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Abstract

As a mechanical organ, the material properties of the oesophagus are integral to its function.

The quantification of these properties is necessary to investigate the organ’s pathophysiology

and is required for a range of applications including medical device design, surgical simula-

tions and tissue engineering. However, according to a systematic review of mechanical exper-

imentation conducted on the gastrointestinal organs, the discrete layer-dependent properties of

the oesophagus have not been investigated using human tissue, especially regarding its vis-

coelastic and stress-softening behaviour. Therefore, extensive experimentation was conducted

to determine the time, layer and direction-dependent material response of the oesophagus us-

ing cadaveric human tissue. The residual strains of the organ were also considered via opening

angle experiments. Overall, the results showed distinct properties in each layer, highlighting

the importance of treating the oesophagus as a multi-layered composite material. Furthermore,

a strong anisotropy was exhibited across both layers, where the longitudinal directions were

much stiffer than the circumferential directions. Due to the COVID-19 pandemic, fresh human

cadavers were not available from the anatomy laboratory for a considerable amount of time.

Therefore, mechanical testing was first completed on embalmed human tissue and then, once

available, on fresh human tissue. This unforeseen circumstance, through comparison of the

two preservation states, allowed for an interesting discussion on the role of the tissue’s con-

stituents on its complex material behaviour. In addition, histological analysis was carried out

to determine the density of the oesophagus’ most mechanically relevant fibres: collagen and

elastin. This knowledge was then used to inform constitutive modelling of the soft tissue’s

behaviour, the outcome of which was able to capture the anisotropy, visco-hyperelasticity and

stress-softening observed in the experimental data.
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tribution. The circumferential muscularis propria for the fresh tissue did not fol-
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1 MOTIVATION

The oesophagus is the organ of the upper digestive tract that transports food and drink, collectively

known as the fluid bolus, from the pharynx to the stomach via a relatively simple but highly effec-

tive mechanical process. This process, called peristalsis, is responsible for the transport of various

matters throughout the body [16–20] and consists of wave-like contractions of the hollow organs’

muscular wall. For the oesophagus, its primary role of bolus transport is a result of a combination

of the passive and active properties of the tissue wall [21,22], as well as the interaction of the forces

generated with the hydrodynamic fluid bolus [23]. Therefore, it is crucial to understand each of

these aspects to assess how they contribute to the function of the oesophagus in both health and

disease. Out of these aspects, the passive properties may be viewed as the most fundamental, pro-

viding the baseline properties that allow transport to take place [22]. There have been a number of

in vivo studies performed on the human oesophagus [24–38,38–44], including those that looked at

its passive properties by administrating muscle relaxants, such as atropine and butylscopolamine,

to the volunteers in the study [41, 44]. The results of these investigations showed that the stiffness

of the oesophageal wall in the circumferential direction increases as luminal pressure and cross-

sectional area increase [24]; that the stress-stretch relation of the human oesophagus is non-linear

in the circumferential direction [26, 41, 44]; and that stretch, rather than tension, is the main factor

involved with oesophageal pain [42]. The oesophagus is made of two main composite layers, the

muscularis propria (muscular layer) and the mucosa-submucosa (mucosal layer), which are thought

to individually contribute to the organ’s passive material response [45]. To the best of the author’s

knowledge, Frøkjær et al. [43, 44] were the only ones to study the direction-dependent and layer-

dependent behaviour of the human oesophagus. They found, through their in vivo tests on human

subjects, that distension resulted in tension in the circumferential direction, shortening in the lon-

gitudinal direction and compression in the radial direction [44]. Furthermore, they found that the

stiffness was lowest at the mucosal (inner) surface and increased throughout the oesophageal wall,

while circumferential stress and strain decreased throughout the wall and were lowest at the outer

(muscular) surface [44]. However, as the mucosal layer is folded in vivo, Frøkjær et al. [43, 44]

were not able to quantify the discrete behaviour of this layer, rather its properties in relation to the

outer, muscular layer. Additionally, none of the referenced in vivo studies considered the time or

history-dependent behaviour of the human oesophagus.

The layer-dependent properties of the oesophagus can be established ex vivo due to it being the

only visceral organ which can be relatively easily separated into its two main layers (the mucosa-
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submucosa and the muscularis propria) after explantation through careful cutting to the loose con-

nective tissue binding the layers together [46]. However, as of yet, the passive mechanical proper-

ties of the discrete layers of the oesophagus have not been investigated using human tissue [47–49],

apart from by Tottrup et al. [50] who tested the behaviour of only isolated longitudinal and circular

smooth muscle from the human oesophagus over three decades ago. There have been many stud-

ies investigating the mechanical properties of different animal oesophagi, including rat [51–55],

guinea pig [56–58], porcine [59–66], rabbit [67–69] and ovine [70, 71], with most conducting a

layer-dependent analysis [51, 52, 55, 57, 59, 60, 62–70]. Animal studies are highly valuable for as-

sessing the direct influence of diseases, e.g. diabetes [4, 72–77], oesophageal varices [78–80] and

IBS [81], through the use of animal models, and interventions, e.g. surgical approaches [82–84]

and medicinal compounds [76, 85, 86], as they allow for a very controlled environment and, often,

a larger sample size compared to human studies. However, in terms of mechanical behaviour, it

has been found that animal soft tissues, including the gastrointestinal tract, can differ significantly

from their human counterparts [87–89]. Therefore, as they may not accurately represent the ma-

terial response of human tissue, experimental findings from animal studies should not ideally be

used quantitatively for modelling the human oesophagus for applications within medicine [87].

For instance, layer-dependent computational models of the human oesophagus provide a means to

investigate how a medical device would interact with the different oesophageal layers. However,

currently, models developed for devices, such as oesophageal stents [90], utilise material parame-

ters determined from animal experimental data [91,92]. Furthermore, tissue engineered oesophagi

are a promising treatment for diseases such as atresia [93, 94]. For this, the establishment of the

passive mechanical properties of the native human oesophagus can be used to cross-reference the

properties of the grown tissue, ensuring the material behaviour is sufficiently close to that of the

native [71]. Moreover, quantification of the viscoelastic properties of human organs can be used

to increase the realism of surgical simulations, by providing a training technique that is both time-

dependent and stress-strain-dependent [95, 96].

As previously stated, the vast majority of mechanical experimentation on the oesophagus has been

carried out ex vivo on animal tissue, most likely due to its wider availability and reduced ethical

constraints compared to human tissue. For instance, Sommer et al. [70] investigated the layer-

dependent properties of ovine oesophageal tissue using a series of uniaxial tension, biaxial tension,

and extension-inflation tests. The tissue exhibited heterogeneous and anisotropic behaviour, with

different mechanical properties within the individual layers. The rupture strength of the muscu-

laris propria was found to be much lower than that of the mucosa-submucosa layer. Stavropoulou
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et al. [63] found similar results for porcine oesophagi, where the muscularis propria was less stiff

than the mucosa-submucosa layer, associating these findings with the lower collagen content of

the muscular layer. Furthermore, Yang et al. [53] investigated the properties of rat oesophagi and

tested the tissue with the layers intact. In terms of anisotropy, they found the longitudinal direction

to be significantly stiffer than the circumferential direction. This is in line with the anisotropic

properties established by Sommer et al. [70] and Stavropoulou et al. [63].

In terms of ex vivo human experimentation, Egorov et al. [47] conducted a series of experiments

on the human GI tract, including the oesophagus. They experimented on fresh human cadavers,

tested within 24 hours after death. The tissues were stored in a Euro-Collins solution at 4°C prior

to testing and their samples were preconditioned. They studied only the distal third of the oesoph-

agus with the layers intact, and tested only in the longitudinal direction. Their main conclusions

included that the longitudinal direction of the wall was found to have a high stressibility and exert

a maximal stress of 1200kPa. Note that Egorov and co-workers [47] did not consider the layer-

dependent properties of the human oesophagus and only explored its behaviour in one direction.

Furthermore, Vanags et al. [48] investigated the effect of pathology and ageing on the mechanical

properties of different regions of the human oesophagus, comparing the results to healthy tissue.

The fresh oesophagi, which were studied with their layers intact, were cut into rectangular speci-

mens in both the circumferential and longitudinal directions and subjected to uniaxial tension until

rupture. They found that all oesophagi displayed anisotropic behaviour, with higher resistance in

the longitudinal direction than the circumferential direction. With age, the Young’s modulus of the

tissue wall was found to increase. In addition, the cervical part of the oesophagus displayed the

highest ultimate stress and strain when compared with the other two regions (thoracic and abdom-

inal). Note that Vanags and co-workers [48] investigated both directions of loading, but did not

consider the layer-dependent properties of the organ. They also conducted distension tests of oe-

sophagi with their layers intact to explore the organ’s mechanism of rupture, however they did not

present any stress-strain plots of these results [48]. Very recently, Wang et al. [97] investigated the

viability of optical coherence tomography (OCT) and vibrational optical coherence elastography

(OCE) for determining the mechanical and structural properties of the human oesophagus using

samples extracted from cadavers embalmed in Thiel. They found the mucosa-submucosa layer of

the human oesophagus to have a Young’s modulus in the range of 60–205 kPa, however they did

not consider the properties of the muscular layer of the organ.

Investigations into the cyclic behaviour of a wide range of soft tissues, from skin to the aorta
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to the brain, have been conducted on both animal tissues [98–103], including the oesophagus

[59, 71, 104], and human tissues [7, 105–110]. Currently, studies exploring the softening of the

oesophagus have only been carried out using animal tissue [54, 55, 58, 77]. For instance, Liao et

al. [58] used guinea pig oesophagi to investigate the predominant mode of softening, whether ei-

ther through stress-softening, in which the previous maximum strain affects the loss of stiffness, or

softening due to the viscoelastic behaviour, wherein the time-dependent properties contribute to the

loss of stiffness seen. It was concluded that both modes had an influence, however stress-softening

was the predominant mode, attributing to 90% of the stiffness loss. This is supported by the earlier

findings of Gregersen et al. [99] who conducted similar studies on the guinea pig small intestine.

Liao et al. [58] also determined the softening behaviour to be anisotropic, with greater softening ef-

fects seen in the circumferential direction than the longitudinal direction for the intact oesophageal

wall. Further to this, Jiang et al. [54] performed experimentation on rat oesophagi, looking at the

effect of stress-softening on its passive stiffness, and investigating whether active muscle contrac-

tion had any effect on this. They found that the softening of the oesophageal wall could be reversed

through muscular contractions induced by potassium chloride (KCl). This finding is very interest-

ing in terms of the oesophagus’ physiological function wherein the organ passively distends due to

the entering of the bolus [111], for which the stiffness of the oesophageal wall would be reduced

if the tissue were to be distended by the same amount again. This distension triggers peristal-

sis through the mechano-sensory response and then, via the peristaltic muscular contractions, the

stress-softening is reversed and the stiffness of the wall returns to the degree at which it was before

the bolus passed. This was proposed by Jiang et al. [54] to be some form of ‘self-protection’ for

the oesophagus. The authors then went on to study this phenomenon in each of the two main layers

of the rat oesophagus [55], and found that the passive stiffness and energy loss were reversible in

both layers upon KCl activation.

Research into the oesophagus is becoming increasingly popular with advancements in tissue engi-

neering providing a promising solution to the undesired consquences associated with the current

treatments for long-gap oesophageal atresia [71, 94, 112–114]. Although the oesophagus is one

of the most frequently examined gastrointestinal (GI) organs (as revealed through the literature

review presented in Chapter 2), there exists no studies investigating the mechanical properties of

its discrete layers using human tissue. In addition, there are no studies which use human tissue

to evaluate the time-dependent material behaviour of the organ. Therefore, to more fully under-

stand the behaviour and function of the different oesophageal layers, to provide experimental data

for modelling the human oesophagus with respect to its individual layers, as well as to allow for
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comparison between the native and tissue engineered oesophagus, this thesis focuses on exploring

the direction, layer, time and history-dependent mechanical behaviour of the human oesophagus.

Further to this, a constitutive formulation is employed to model the more complex aspects of the

tissue layers’ material response.

For a considerable amount of time, instead of live patients in the operating theatre, corpses have

been used for the training of medical students on anatomy and surgical techniques [115]. Although

the benefit of using surgical simulations for this purpose is great, reducing the need for any hu-

man cadavers to be used and providing the opportunity to repeat a procedure an infinite number of

times, surgical simulation systems are currently not developed enough in terms of initial system

acquisition cost, force-feedback experience and overall realism to be widely used within the med-

ical population [116, 117]. Therefore, cadaveric surgical training is still prominent. An important

consideration when using cadavers for this purpose is how they are preserved. There are a number

of ways in which this is possible, including fresh-frozen, Thiel’s method [118–120] and through

formalin fixation; each with their own advantages and disadvantages. Formalin is the traditional

solution used for embalming, while Thiel’s method is a more recently developed technique that

provides organs with a softer appearance and more realistic colours [121]. It is of value to establish

how the cadaver preservation method affects the organ’s mechanical behaviour, providing insight

into the experience the medical student will have and the differences they might expect between

training and surgery on living organs [122]. In regard to current preservation process studies, some

have looked into the effect of just Thiel on the mechanical properties of soft tissues [123–125],

however formalin preserved cadavers are still used for medical students’ anatomical and surgical

training due to its wider availability, lower cost, simpler embalming technique, and the little effect

it has on the functional anatomical knowledge of students when compared to Thiel [115,122]. The

current findings on the effects of formalin on the material properties of human tissues are contradic-

tory [126,127]. The understanding of Hohmann et al. [126] is that the cross-links formed between

the collagen molecules caused by formalin solution increases the stiffness of tissues. However,

Girard et al. [127] believes there is a balance between partial denaturing of collagen and the for-

mation of collagen cross-links, with the partial denaturing of the fibres explaining why they found

a decrease in the stiffness caused by formalin preservation. Restrictions caused by the COVID-19

pandemic meant that initially only embalmed oesophageal tissue was allowed for testing. How-

ever, the overall lack of preservation studies on formalin embalming means that there was not a

surplus of experimental data to provide a concrete understanding of how embalmed oesophageal

tissue would differ from fresh oesophageal tissue in terms their mechanical properties. Therefore,
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once restrictions were lifted, experimentation was carried out on oesophagi retrieved from recently

deceased cadavers which had not been preserved. These results were then compared to the em-

balmed tissue findings to study the effects of formalin on the mechanical properties of the human

oesophagus, and soft tissues in general.

1.1 Aims, objectives and thesis structure

The mechanical properties of the human oesophagus were studied in this thesis, in which the

specific aims and objectives were as follows:

• To explore the layer, direction and time-dependent mechanical behaviour of the human oe-

sophagus through a series of increasing stretch level cyclic tests and stress-relaxation exper-

iments.

• To investigate the histological composition of the human oesophagus and how it relates to

the observed behaviour of the layers.

• To assess the residuals strains of the organ via zero-stress state analysis using the opening

angle method.

• To constitutively model the stress-strain response of the oesophageal layers using a matrix-

fibre visco-hyperelastic model.

• To compare the mechanical behaviour and constitutive modelling of oesophagi retrieved

from embalmed and fresh cadavers.

Following this chapter, a review is presented outlining the different experimental techniques cur-

rently found in literature to characterise the GI tissues. The review also highlights the experi-

mentation that has been performed on each of the five GI organs, and includes an overview of

what characterisation is still required to enhance biomechanical understanding of these tissues.

In Chapter 3, the experimental methods used to investigate the passive biomechanical behaviour

and histological composition of the human oesophagus are stated. After this, Chapter 4 presents

the main results from the mechanical tests and histological analysis. Subsequently, a constitutive

model to simulate the experimental data is detailed in Chapter 5, in which material parameters

for the human oesophageal layers are also identified and verified. A comparison is then carried

out regarding the similarities and differences in experimental behaviour and model parameters be-

tween the fresh and embalmed oesophageal layers in Chapter 6. Finally, Chapter 7 provides an
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extensive discussion on the overall findings of the thesis, and in Chapter 8, the main conclusions

are summarised and a selection of objectives for future work are proposed.
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2 LITERATURE REVIEW

Within the field of biomechanics, there has been seemingly less mechanical investigation into the

GI organs, despite them being predominantly mechanical in function, compared to other soft tis-

sues such as brain [128, 129] or those from the cardiovascular system [130, 131]. Therefore, the

second chapter of this thesis consists of a systematic review of the mechanical experimentation

carried out on the GI organs, to outline which areas are lacking and highlight which organs still

require investigation to more fully understand their mechanical behaviour. This was used to inform

the selection of the oesophagus as the organ studied in this thesis, and the design of experiments

that will be presented in subsequent chapters. This chapter also includes an overview of the most

common experimental techniques used to characterise the soft tissues of the GI tract, as well as a

critical discussion on popular experimental practises1.

2.1 Introduction

The GI tract is a muscular tube which extends from the mouth all the way to the anus [132], as

can be seen in Figure 1. The tube is hollow and allows for the passage of food and drink through

the body with the aim of extracting its nutrients and expelling the waste products. The oesoph-

agus, the first organ of the GI tract, is responsible for moving the food from the mouth to the

stomach. The stomach is responsible for temporarily storing the food, breaking it down both me-

chanically and chemically and passing it onto the small intestine. The small intestine is the site

where 90% of the absorption of nutrients from the food takes place, after which the remaining

material is passed onto the large intestine. The large intestine absorbs water and electrolytes from

the remaining materials. The rectum then stores the solid waste product before expelling it through

the anus [132]. Each tissue has a slightly different microstructural composition, evolved for the

specific function of each organ, for example villi in the small intestine greatly increases its internal

surface area for increased efficiency of nutrient absorption and digestive secretion [133]. However,

all the GI organs have an innermost mucosal layer, an adjacent submucosal layer, then a muscular

layer, named the muscularis propria, and, finally, an outermost adventitial (for the oesophagus) or

serosal (for the stomach, small intestine, large intestine and rectum) layer. The mucosal layer also

contains a thin, muscular layer called the muscularis mucosae [134]. Most collagen and elastin

of the GI organs are situated in the mucosal, submucosal and outer layers [135–137]. For a more

1This chapter is mainly based on “Mechanical experimentation of the gastrointestinal tract: a systematic review”,
a paper accepted by Biomechanics and Modeling in Mechanobiology and currently in print, as outlined in Chapter 8.
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comprehensive outline of the anatomy of the GI organs, readers are referred to Van de Graaff [135].

Figure 1. The various organs of the gastrointestinal tract situated in the human body. Figure
adapted from [1].

Mechanics are innate to the GI tract’s function. The transportation of food and drink through the

tract is brought about by peristalsis: a mechanical process which propels the ingested material,

named “bolus” when in the oesophagus and “chyme” when in the other GI organs, through se-

quential contractions of the muscular wall [135]. Peristalsis is also responsible for churning in

the stomach which is a form of physical digestion where the food is mechanically broken down

rather than chemically such as with enzymes or stomach acid. The passive mechanical, i.e. mate-

rial, properties of the wall are also important. They provide the stiffness (degree of force exerted

by a material when it is loaded) needed along with the active force of the muscle fibres to move

the bolus/chyme during peristalsis. Such passive properties are organ-specific, depending on their

function. For example, the material properties of the rectal wall must possess a certain compliance

(opposite of stiffness) to be able to accommodate the changing amount of faecal waste product

that is temporarily stored there, while the oesophagus requires a different level of compliance to be

able to adjust to various bolus sizes that enter it while not being too great as to hinder its primary

goal of transporting the bolus to the stomach. However, diseases can affect the passive and active

properties of the GI tract, disrupting the role of each organ and leading to complications within a

patient’s digestive system. For instance, type-2 diabetes has been found to significantly increase

the circumferential stiffness of the oesophageal wall in rats [4].

From the histological images in Figure 2, one can see that the onset of diabetes in this oesophageal
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animal model has greatly influenced the thickness of the muscularis propria layer, and, as reported

by Zhao et al. [4], has significantly increased the amount of collagen in the mucosa-submucosa

layer. These changes in morphology and fraction of microstructural components may allude to the

origin of mechanical disorders of the GI tract commonly found in diabetic patients [138]; due to

the disease, the tissue wall is remodelled and the careful balance of forces that exist in the GI tract

between the bolus/chyme and the passive and active properties of the wall, that keep the digestive

system of so many humans running smoothly, has been disrupted [43]. Similar biomechanical

changes caused by type-1 and type-2 diabetes have been found for other organs of the GI tract

including the stomach [11], small intestine [139, 140] and large intestine [141]. Experimentation

allows for the investigation into the origin of these disruptions to the tract’s mechanical function,

providing the information needed to devise creative ways to treat them. As is known within the

scientific method, controls, or study of the healthy tissue’s properties, are required to understand

the normal function of the GI tissues, thus allowing the effects of the diseases, and potential ways

to remedy them, to be properly established.

Figure 2. Haematoxylin and eosin histological staining of the oesophagus of diabetic Wistar rats
(realised through the Goto-Kakizaki rat model for type-2 diabetes [2]) compared to non-diabetic
(normal) Wistar rats, showing the difference between muscle layer thicknesses. The thickness
of the longitudinal and circular muscle layers were significantly greater in the diabetic rats com-
pared to the normal rats (p<0.01). The figure has been modified from the review by Zhao and
Gregersen [3] and was originally from a study by Zhao et al. [4].

Another way that allows for the investigation into the mechanisms of how a healthy GI tract func-

tions, and the effect of the changes that occur under pathophysiological conditions, is through

the use of in silico (computational) models. These models, within the field of biomechanics, are

based on the finite element (FE) method and provide a numerical approximation of how the tissue
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mechanically behaves with consideration of its unique geometry and boundary conditions. They

have the ability to deliver understanding of the organs’ stress-strain relations not always possible

through experimentation alone [142]. For instance, using a two-layered FE model, Yang et al. [143]

established why, in a mechanical context, mucosal folds arise within the oesophagus, presenting

what would happen to the active tension required of the muscle layer to maintain normal function

if these folds were not present. Physiological processes such as peristalsis [144] and the mechan-

ical breakdown of food in the stomach [145] can be studied using FE models to provide insight

into which circumstances (e.g., certain wall thickness, amount of collagen, etc.) lead to inoptimial

function [146]. In addition, computational models can be used to establish how the organ responds

when medical devices are introduced, either to assess the mechanical effects of traditional devices

such as endoscopes [92], or to aid with the design of novel medical devices such as stents [91,147],

capsule endoscopes [148,149], capsule biopsy devices [150] and surgical staples [151,152]. Used

in this way, FE models can help save time, biological test specimens and other resources needed

during the design process. Further to this, FE models can be used to investigate the effects of

surgical interventions, such as bariatric surgery used in the treatment of patients with obesity (e.g.

reduction in the size of the stomach through a partial gastrectomy), on the biomechanics of the GI

organs [153], with one aim being to have patient-specific pre- and post-operative computational

models of the organ prior to the procedure to provide a means to assess the best surgical inter-

vention and predict potential post-procedural complications. Moreover, surgical simulations are

a growing technology which utilise FE models to allow surgeons to practise and hone their skills

before conducting surgery on a patient [154]. They may also be used to examine the competency

of a surgeon before they are allowed to practise [117]. In essence, FE models allow us to predict

and numerically assess the complex mechanical behaviour of the GI organs under a wide variety

of conditions, and thus have valuable applications throughout engineering and medicine.

The equations underpinning the type of FE models mentioned above are conservation and constitu-

tive laws, which describe the mechanical behaviour of the tissue according to Newton’s principles

and the individual composition of the material, respectively [131]. Constitutive laws, originating in

this case from the domain of continuum solid mechanics, provide a mathematical representation of

the tissue’s behaviour and are based on the well-informed theory that each component (constituent)

of the material contributes to its overall behaviour, and thus its material response can be modelled

through a summation of the behaviour of each part. This type of modelling, specifically using

(micro)structural-based constitutive models, allows for the investigation of the effect of different

constituents on the material behaviour of the tissue [155]. Due to the different types of fibres in
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each of the GI organs, and the differing fractions of mechanically-influential fibres such as collagen

and elastin, the individual layers tend to present distinct material behaviour, bearing different loads

when forces are applied to the whole tissue structure [156]. Due to the soft nature of the GI tissues,

which allow easily for large deformations of the organs, the stress-strain response is typically linear

at very small strains but quickly becomes non-linear when deformed further [47, 62, 87, 157, 158].

Therefore, hyperelastic laws, rather than purely elastic (which are used for traditional engineering

materials such as metals and concrete), are often used to describe the behaviour of such tissues

(and more modern engineering materials such as polymers) [159, 160]. Additionally, the arrange-

ment of the microstructural components of the tissue, such as collagen, elastin and muscle fibres,

normally result in the GI organs exhibiting an anisotropic material response [161], i.e. they present

different stress-strain relations depending on the direction in which the tissue is loaded. For this

reason, anisotropic constitutive models are often employed when representing the behaviour of the

GI tissues. Other, more complex behaviour can also be considered in the constitutive model, such

as the time or history-dependent response of the tissue. In this regard, constitutive laws can be used

to simulate their passive and active behaviour. For a comprehensive review on the constitutive laws

used to model the GI tract, readers are referred to Patel et al. [131].

The parameters, i.e. constants, of the constitutive model are specific to the material in question.

This, along with the formulation of the model based on knowledge of the material’s microstructure

and the observed experimental behaviour, distinguishes one material from another for, for example,

use in multi-material FE simulations. The parameters can also allow for a quantitative compari-

son between different materials, particularly if the same constitutive law is used. To determine

these parameters, the model must be compared with experimental data of the tissue [162]. Then,

the parameters that provide a mathematical simulation closest to that of the experimental data are

determined through an optimisation method [131]. Different types of experiments are required to

establish the various aspects of the material’s behaviour, e.g. active or passive, anisotropic, hyper-

elastic, viscoelastic, stress-softening. Therefore, to be able to determine the effects of disease on

the function of the GI organs (experimentally and in silico), to model their constitutive behaviour

and further understand the contribution of each component, and to be able to model using the FE

method the behaviour of the organ as a function of its geometry and boundary conditions, experi-

mental data is required.

This chapter considers this topic, providing a comprehensive, systematic review of the experimen-

tal studies currently available in literature on the biomechanical behaviour of the GI organs. The
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articles found in the search are presented for each GI organ in terms of their test condition (ex vivo

or in vivo), the origin of tissue tested (human, rodent, porcine, etc.), type of experiment conducted

(uniaxial tension, distension (pressure-diameter), zero-stress state, etc.), and in terms of whether

the direction-dependent and layer-dependent behaviour of the organ was studied. Furthermore, the

articles investigating the time-dependent properties of the GI organs are shown, and those studying

the active or diseased state are mentioned. The proportion of experiments conducted on different

species for each GI organ are also illustrated, highlighting, in particular, which organs are lacking

experimental data on human tissue. Additionally, the most common experimental techniques to

characterise the GI organs are outlined, and the prominence within literature of certain experimen-

tal practices, such as preconditioning and the use of a solution bath, are displayed. This review

aims to bring awareness to the experimental data that exists in regard to the mechanical character-

isation of the GI organs and highlight what is currently absent as a call for further experimentation

in this area. The information presented in this chapter can also be used to direct readers to studies

in their particular area of interest, for instance, to provide further understanding or experimental

data for their own constitutive and FE modelling.

2.2 Review strategy

The systematic search for this review was carried out using the PubMed database. The search was

conducted using key terms associated with biomechanical experimentation, such as “biomechani-

cal”, “mechanical”, “properties”, “behaviour”, “response”, “stress”, “strain”, that could be found

in the title or abstract of an article in combination with terms for each of the organs studied: oe-

sophagus, stomach, small intestine, large intestine and rectum. The terms used for each organ can

be found in Table 1. Even though the rectum is part of the large intestine, it has been treated as a

separate organ here due to its unique function in comparison to the remaining large intestine; the

rectum is responsible for the storage and excretion of faeces, whereas the other regions of the large

intestine absorb water and electrolytes from the consumed material. The results of the search for

each organ were then screened according to certain criteria; these included articles published in

peer-reviewed journals, i.e. no pre-prints or conference proceedings, that provided novel (original)

experimental data on the macrostructural mechanical properties of the organs in question, in par-

ticular experimental data that presented/allowed for the establishment of the stress-strain relations

of the tissue or provided the pressure-volume relationship of the organ structure. Experimental

studies on the sphincters of the GI tract were not included. There was no lower date limit for the

articles, however studies available online after 15th October 2022 were not included. Any articles
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Table 1: Search terms specific to each organ of the GI tract, including the Boolean operators used
in the systematic search.

Organ Search terms

Oesophagus oesophagus OR oesophageal OR esophagus OR esophageal
Stomach stomach OR (gastric AND tissue)
Small intestine small intestine OR duodenum OR jejunum OR ileum
Large intestine large intestine OR colon OR sigmoid OR cecum
Rectum rectum OR rectal

not retrieved from the search but known by the author were added to the pool of articles included

in this review. Additionally, the papers formed from the experimentation conducted for this thesis

work were not included, a summary of which will be given later in Chapter 8.

2.3 Experimental techniques

A variety of techniques are used to mechanically characterise the GI tissues. The type of test

chosen should be in line with the proposed research question, e.g. are physiological or supraphys-

iological loading conditions more suitable to quantify the material properties of the GI tissues in

the setting/application that we are interested in? In this section, we will outline some of the most

common experimental techniques used to quantify the biomechanical behaviour of the GI tract.

For the interpretation of data obtained from such experimental techniques, it is commonly assumed

that tissues of the GI tract are incompressible. That is to say that during experimental loading, the

volume of the tissue does not change [163]. While this, physically, is not completely true, the

high water content of soft tissues means that they often exhibit properties close to incompressibil-

ity [164], therefore the assumption is sufficient in producing meaningful results and is valuable in

that it provides a simplification that reduces computational cost.

Mechanical experimentation of human or animal soft tissues can be separated into three categories;

in vivo, in situ and ex vivo. In vivo experimentation is carried out in the natural environment of the

organ while the human/animal is still living. For organs such as the skin, these experiments can

be conducted on the surface of the body. However, for the GI organs, as they are inside the body,

a device must be inserted into the body to obtain biomechanical measurements. In situ tests are

those conducted whilst the tissue is still connected to the body but is not in its completely natural

state, such as experiments conducted on an organ accessed via a surgical opening to the chest. In
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situ experiments can be carried out both while the human/animal is alive or post-mortem. Ex vivo

experimentation (sometimes called “in vitro”, although “ex vivo” is technically more accurate in

regard to the macromechanical characterisations of soft tissues) is when the organ is removed via

dissection from its natural environment and, thus, is no longer alive during the mechanical tests.

Tissue can be taken from either alive or deceased subjects, however when the tissue is tested, it is

always deceased. Firstly, we will describe the ex vivo experimental techniques commonly used to

characterise the GI tissues, and secondly, we will summarise the in vivo techniques. In situ tests

are the same as those used for either ex vivo or in vivo experimentation, and therefore have not

been given their own section.

2.3.1 Ex vivo

Ex vivo experiments are those performed on naturally grown tissues taken outside of their phys-

iological environment i.e. excised via dissection from alive or deceased subjects. When the ex-

periments are conducted, the tissue is deceased, therefore measures should be taken to test the

tissue as soon as possible to reduce the time-dependent effects of death, such as ischemia, on the

mechanical properties of the tissue [84]. In addition, measures are also taken within the test setup

to simulate a more physiological environment in terms of moisture, temperature and, sometimes,

carbon dioxide and oxygen concentrations [12, 165]; reducing these factors as ones that can cause

a discrepancy between in vivo and ex vivo material behaviour (as in vivo is often the environment

of interest).

2.3.1.1 Uniaxial tension

Uniaxial tensile tests are the most basic tension test in which a specimen of a planar material is

loaded along its length, often until failure. For a uniaxial tensile test, the specimen must have a

length-to-width ratio of at least 4:1 [166] (which can be an issue when working with small organs

such as the rabbit oesophagus [78]), and the specimens can either be dogbone shaped [59, 70] or

rectangular, as seen in Figure 3. Dogbone samples are more ideal as they ensure that rupture takes

place in the middle of the specimen and not at the grip, however it can be difficult to punch con-

sistent dogbone specimens from soft tissues and so in the field of soft tissue biomechanics, it is

common to use rectangular shaped specimens [47, 87, 167–170].

Uniaxial tensile tests are commonly employed for isotropic materials, such as some metals and
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Figure 3. A uniaxial tensile test experimental setup used to investigate the small intestine of pigs.
The bottom clamp (grip) is fixed while the upper clamp is moved in a displacement-controlled
way (a). Sample preparation of strips of small intestinal tissue for uniaxial tensile testing; to in-
vestigate anisotropy (direction-dependent behaviour) of the tissue, specimens can be cut in the
longitudinal and circumferential directions, as well as at various angles (b) [5].

polymers [171, 172], however they can be used to study the anisotropy of a GI tissue by testing

strips from the longitudinal (axial) and circumferential directions, and also from various angles

in-between these two directions, as seen in Figure 3b. They cannot, however, be used to determine

the radial stress-strain relation of the tissue. Often the grips used to secure the tissue for uniaxial

tensile testing have serrated edges or sand-paper attached to their inner surfaces to prevent the sam-

ple from slipping during testing [5, 173]. Sometimes the grips are tightened to a pre-established

torque level to find the optimal balance between preventing slippage during testing and not caus-

ing the sample to rupture at the grip because they are too tightly secured. Furthermore, tightening

the grips to a specific torque provides consistency and reduces the influence of a factor that could

affect the repeatability of the results [173, 174].

The time-independent (elastic) behaviour of a tissue can be established under uniaxial tension by

loading a sample at a quasi-static strain rate; that is, a strain rate slow enough to allow, theoreti-

cally, the viscous relaxation to take place during loading, thus the material is close to its equilibrium

state (material properties once all viscous effects have disappeared). Some experimental studies

that perform tests like these precondition their sample first (which will be discussed later in Sec-

tion 2.4.6.2), removing some of the history- and time-dependent effects that occur during initial

loading of a soft biological tissue. Moreover, experiments such as stress-relaxation tests may be

carried out to determine the equilibrium stress-strain of the sample [175]. Sometimes also called
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ramp and hold tests, stress-relaxation tests consist of very quickly stretching a sample to a certain

strain and holding it there for a considerable amount of time. For soft tissues, it is expected that

the stress within the tissue will decrease when held. The length of time that the material is held

depends on its relaxation time: for some soft tissues it can take as little as 5 minutes for the stress to

plateau during relaxation [175–177], while for some polymers it can take around 30 minutes [178].

When carried out over various stretch levels, the stress after the relaxation period plotted against

the strain at which the sample was stretched provides the equilibrium stress-strain relation of the

material and, in the context of large strain, can be used to model its hyperelastic behaviour. Creep

tests are similar to stress-relaxation tests in that the equilibrium stress-strain relation of the material

can be established, however creep tests are load-controlled rather than strain-controlled. For creep

tests, a certain stress is applied to the material and the stress is held at that level while the strain of

the sample changes due to viscous effects [176, 177]. For soft tissues, it can normally be expected

that the strain will increase as the sample is held at a certain stress. The maximum deformation

after the creep period can then be plotted against the stress level the sample was held at, which,

when carried out for several stress levels, presents the equilibrium stress-strain relationship of the

material.

In order to provide a complete picture of the viscoelasticity of a tissue, the time-dependent prop-

erties of the material should be investigated alongside the time-independent properties. The time-

dependent behaviour can be studied by conducting uniaxial tensile tests at several different strain

rates, including those within and above the quasi-static range and ideally an order of magnitude

apart, e.g. 0.1 mms−1, 1.0 mms−1 and 10 mms−1 (due to the variable nature of soft tissues and thus

their mechanical response, an order of magnitude between the strain rates provides a big enough

range to be able to experimentally observe the strain rate effects). Tensile tests can also be carried

out at dynamic strain rates to establish the behaviour of the tissue under impact. Additionally,

cyclic tests can be performed to investigate the differences between the loading and unloading

curves. If the sample has been preconditioned, the difference between the loading-unloading curve

that remains is thought to be mainly due to the time-dependent relaxation of the specimen.

Uniaxial tensile tests are popular in determining the active properties of soft tissues. In this case,

the sample is held at a certain strain, zero or otherwise, and is either activated using a com-

pound which activates muscle contraction, such as potassium chloride, or via electrical stimu-

lation [55, 179]. The measured force and change in length of the sample are then used to establish

the stress-strain relation under active conditions.
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2.3.1.2 Biaxial tension

Biaxial tensile tests are similar to uniaxial tension tests in that they are performed on planar mate-

rials under tension, however biaxial tests consist of stretching a square sample of a material along

two orthogonal directions simultaneously, as seen in Figure 4: hence, with each individual tissue

sample, biaxial tests allow the direction-dependent properties of the tissue to be studied. On this

note, biaxial tensile tests are often preferred to uniaxial tensile tests in the domain of hollow soft

tissue mechanics as, by stretching the tissue in two directions at the same time rather than testing

isolated strips in only one direction, biaxial tension is closer to the in vivo loading environment

of the organ wall. The stretching in two directions can either be to the same degree, which is

called equibiaxial tension, or by different amounts per direction. The choice of this will depend

on the application, e.g. during physiological loading conditions, the tissue may undergo differing

amounts of stretch in the circumferential and longitudinal directions, thus it may be of value to

prescribe different amounts of loading to the circumferential and longitudinal directions to match

those typically experienced in vivo.

Figure 4. A biaxial tensile test experimental setup used to investigate the small intestine of pigs.
Deformation is applied to a square sample (10 mm × 10 mm) through hooks attached to each
side. Four graphite markers were placed on the surface of the sample to optically track its dis-
placement during testing [6].

For biaxial tension, the samples must be square but the size is not critical as long as it is well

supported by the testing machine [6, 70]. This freedom with size can be useful in particular for

soft tissue specimens where the number of samples available is either often severely limited, e.g.
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with human testing, or should be kept to a minimum due to ethical considerations, e.g. with animal

testing. The square sample size can be adjusted to allow for as many test samples as possible from

a single excised organ. As shown in Figure 4, the gripping mechanism for biaxial tensile tests is

different to that for a uniaxial tension system. Here, several hooks placed equidistantly along each

side of the square sample are used to secure and then stretch the specimen. When the specimen

is setup, the time-independent and time-dependent properties of the tissue can be studied using

similar methods for uniaxial tension, e.g. cyclic testing, varying strain rates, stress-relaxation etc.,

as outlined in Section 2.3.1.1.

2.3.1.3 Pure shear

Pure shear tests, sometimes called planar tensile tests, are similar to uniaxial tensile tests in that

rectangular samples are stretched in only one direction. With pure shear tests, however, the width

of the sample is much larger than its length, as can be seen in Figure 5, for which the length-to-

width ratio must be at least 1:2 [180]. This ensures that no significant contraction can take place

along the width of the sample during loading, making it that the tension in one direction is equal

to the orthogonal direction’s compression, producing no rigid body rotation and thus only shear

strains within the specimen. Furthermore, pure shear tests are similar to uniaxial tensile tests in

that the grips are often serrated or have sand-paper attached to them to reduce slippage of the sam-

ple during testing [173], and similar tests can be conducted to establish the time-independent and

time-dependent properties (Section 2.3.1.1).

2.3.1.4 Simple shear

A typical simple shear test setup is like that which can be seen in Figure 6, where the sample’s

bottom and top surfaces are translated relative to each other. In the domain of small deformation,

simple shear is similar to pure shear but differs in the sense that rotation can occur; this was

found to not be fully the case for large deformations however [181]. Simple shear tests provide

the opportunity to determine the behaviour of the tissue under non-normal forces (those applied

parallelly to the tissue surface), as well as the material’s shear modulus, which is useful when

considering the types of deformations that exist during normal function of the GI tract [182].
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Figure 5. Schematic diagram of pure shear (planar tension) sample preparation and experimental
setup. Figure modified from the work of Marsi et al. [7] on the human male urethra. Although the
urethra is not part of the GI tract, it has similar anatomical characteristics and physiological roles
as the GI organs in that it is tubular and enacts peristalsis to excrete a waste product (urine). The
hashed lines depict a fixed lower grip, while the arrow shows the direction the upper grip moves
to apply tension to the sample. Note that Masri et al. [7] studied the anisotropic properties of the
human urethra under planar tension by testing samples in both the longitudinal and circumferen-
tial directions.

Figure 6. Schematic diagram of a simple shear test being conducted on the rectum from pigs. The
arrows indicate the direction the plates move during testing [8].

2.3.1.5 Uniaxial compression

Uniaxial compression tests are carried out by pressing a sample of tissue between two plates, as

seen in Figure 7a. These tests involve subjecting a uniform sample, either a square or a short

cylinder, to compressive deformation in order to study the behaviour of the tissue and its ability

to bear load under compressive strains. The tests used to establish the time-independent and time-

dependent properties of a soft tissue outlined in Section 2.3.1.1, such as creep, stress-relaxation

and cyclic tests, can also be applied to compression tests, however instead of stretching the mate-
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rial, the applied load will be a compression.

Figure 7. a) Schematic diagram of a compression test being conducted on the rectum from pigs.
The arrow indicates the direction the top plate moves during testing [8]. b) Semi-spherical inden-
ter used to investigate the large intestine from rats. The indenter is rigid and has a 3 mm-diameter
which comes into contact with the tissue during testing. Figure (b) modified from [9].

2.3.1.6 Indentation

Similarly to compression tests, indentation tests also prescribe compressive strains to a material,

however the indenter causing the displacement is not a plate covering the entirety of the sample,

rather a probe with a compression area that is much smaller than the surface of the sample where

the compression is taking place. The shape of the indenter attached the probe can be a more

unusual shape compared to the flat plate used for traditional compression testing, for instance a

semi-sphere as seen in Figure 7b, allowing for more nuanced loading regimes [142]. As the only

constraints are that the surface where the test takes place is much larger than the size of the indenter

and is relatively flat, the tissue specimens for indentation testing can be almost any shape. This is

useful for tissues where it can be difficult to cut uniform specimens.
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2.3.1.7 Distension

Distension tests, also called inflation tests, for the GI organs, or other hollow organs, involve the

stretching of the organ from its inside. A schematic diagram of a distension test conducted both

ex vivo and in situ on the small and large intestines is shown in Figure 8a [10], and an example

of an experimental setup for a distension test on the stomach can be seen in Figure 8b [11]. Note

that in Figure 8a, the fluid being injected into one end of the oesophagus flows out the other end of

the organ [10]. In this study, Lu et al. [10] recorded the pressure exerted by the fluid on the wall

of the organ and measured the intestinal diameter. Contrarily, the fluid injected into the stomach

seen in Figure 8b is not able to pass out of the other side [11]; for this study, Liao et al. [11]

measured the circumferential and longitudinal deformations using three-dimensional ultrasound

imaging. These studies show just two examples of how a distension test can be carried out, in

which there are many variations. The essence of the test is the same, however, in that a fluid (liq-

uid or gas) is injected into the hollow organ creating a pressure on the organ wall. The pressure

is recorded along with a strain measure (diameter, cross-sectional area (CSA), wall thickness, arc

length, three-dimensional imaging) and/or the volume of fluid. Usually ex vivo distension tests are

performed on passive tissue, however it is possible to quantify the contractility of the specimen, and

thus calculate the contribution of the passive and active stress on the organ’s mechanical behaviour.

Figure 8. a) Schematic diagram of both in vitro, i.e. ex vivo, and in situ experimental setups for
distension testing. Distension and contractility were studied in regard to the small and large in-
testines of mice [10]. b) A distension test experimental setup used to investigate the stomach of
diabetic and non-diabetic rats. A range of luminal pressures were applied to the organ specimen
and the displacements were measured through three-dimensional ultrasound imaging. Figure (b)
modified from [11].
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2.3.1.8 Inflation-extension

While distension tests measure the stress-strain relation of an organ in one loading direction,

inflation-extension tests measure it in two directions. Inflation-extension tests, as the name sug-

gests, involve both distension of the tissue in the circumferential direction and stretch in the axial/-

longitudinal direction, allowing for characterisation of the tissue’s anisotropic properties in a state

closer to in vivo conditions compared to uniaxial or biaxial tensile testing, i.e., with the luminal

structure intact. An example of the experimental setup for an inflation-extension test can be seen

in Figure 9.

Figure 9. Schematic diagram of an inflation-extension experimental setup (a) and a close-up of a
segment of rodent (Wistar rat) large intestine held in the grips prior to testing (b) [12].

2.3.1.9 Zero-stress state

It can be the case that a tissue in its no-load state is not necessarily also in its zero-stress state. In

1983, both Vaishnav and Vossoughi [183] and Fung [184] demonstrated this to be the case with

arteries, and since then it has been determined that other soft biological tissues also possess resid-

ual stresses and strains in their no-load configuration [185], including the GI tract [186]. Figure 10

shows a schematic diagram of how a ring segment of a residually-stressed tubular tissue deforms

between its no-load state (Figure 10a), i.e. no external loads, such as luminal pressures, are exerted

on the wall, and its zero-stress state (Figure 10b), i.e. when all internal, residual stresses of the

material have been released. The ring specimen deforms into a sector when, in its no-load state, it
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is cut radially, producing a parameter by which the degree of residual strains within a tubular tis-

sue can be evaluated: the opening angle, θ. The greater the opening angle, the greater the residual

strains in the tissue specimen. Therefore, the opening angle can be used to compare the varying

degree of residual strains throughout an organ (e.g. along its axial length) or between organs. To

determine the residual stresses, however, the residual strains must be quantified, then the residual

stresses can be calculated via a constitutive law.

Figure 10. Schematic diagram showing the no-load state (a) and the zero-stress state (b) of a ring
segment, including the definition of the opening angle, θ.

To determine the circumferential residual strains of a tubular tissue, the usual protocol is that de-

scribed in Fung and Liu [187] where ring-like specimens of the tissue, 1-2 mm in length, are cut.

The cross-section of these specimens are photographed, as seen in the pictures on the left and in the

centre of Figure 11, then a radial cut is made to the wall of the ring. Usually this causes the spec-

imens to open into an sector, as seen in Figure 10b and on the right in Figure 11. The specimens

are given time to equilibrate, allowing any viscous effects to dissipate, and are then photographed

again. The difference in lengths of the inner and outer circumferences of the specimens from the

closed ring to the open sector are used to calculate the residual strains of the tissue. This method

is based on some assumptions such as that the ring specimen is a perfect circle, though in real-

ity this is not often the case. Recently, in 2019 and 2021, respectively, Sigaeva et al. [188] and

Lefloch et al. [189] developed novel ways of assessing residual strains without this perfect circle

assumption to make the measurement of tissue rings more accurate, particularly when the tissue

being investigated is diseased (as these specimens are often more irregular compared to healthy

tissue). However, within literature, currently most zero-stress state studies still use the method

outlined in Fung and Liu [187] which is reasonably accurate when the samples keep their mainly

circular geometric formation. As can be seen in Figure 11, this technique can be carried out on

intact wall specimens or on ring-like specimens separated into their different layers [13]. It is also

possible to study how the ring segments open over time, thus including the viscous effects (i.e.
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time-dependent effects) in the residual stress/strain analysis.

Longitudinal prestretch can be determined by measuring the difference between the length of the

tissue in situ and comparing this to its length ex vivo. In addition, longitudinal strips can be cut

free from the wall and allowed to equilibrate. Similarly to the circumferential samples, the defor-

mations of these longitudinal strips can be used to determine the residual strains in the longitudinal

direction [190].

Figure 11. Experimental results showing the no-load and zero-stress state of circumferential ring
specimens from the oesophagus of pigs, investigating the residual strains of the intact wall as
well as the separated layers (mucosa-submucosa, circular muscle and longitudinal muscle). Fig-
ure modified from [13].

2.3.2 In vivo

In vivo experimentation is that carried out in the organ’s natural environment on a subject which is

alive. While ex vivo experimentation is often very similar to standard engineering material charac-

terisation tests, in vivo tests on the GI organs pose an added complication of needing to measure

the deformations of a material which cannot be seen with the naked eye [191].
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2.3.2.1 Distension

Distension tests conducted in vivo are similar to those carried out ex vivo (Section 2.3.1.7), how-

ever, while a balloon is sometimes used when testing ex vivo, it is always used in vivo in order to

keep the fluid contained. Unlike ex vivo distension testing, the outer diameter cannot be simply

measured using a camera to determine the strain of the sample. Therefore, modalities such as

impedance planimetry and ultrasound must be employed to determine the strain of the wall in rela-

tion to the pressure exerted by the volume of fluid injected into the organ’s lumen [30,41,192,193].

2.3.2.2 Elastography

Elastography refers to a technique that uses imaging to non-destructively determine the stiffness of

soft tissues in vivo, and thus can be used to quantify their material behaviour in their physiological

environment [194]. Furthermore, elastography can be used clinically to identify the health state of

soft tissues [195–197]. There are many different types of elastography and their type depends on

how the strains are measured; however, in essence, firstly a stimulus is applied to the tissue, for

instance a vibration [195] or a compression [156], the deformation is then tracked via an imaging

modality such as ultrasound, magnetic resonance or optics, and, finally, the tissue’s mechanical

properties are determined computationally through inverse analysis [194]. For a comprehensive

understanding of ultrasound, optical and magnetic resonance elastography, readers are referred to

the reviews by Li and Cao [194], Kennedy et al. [198] and Low et al. [199], respectively.

2.4 Review findings

The number of search results, articles screened from the search and articles added by the author

for each organ can be found in Table 2. Out of all the articles, the proportion of studies collected

for the oesophagus was 33%, for the small intestine 29%, for the large intestine 18%, for the stom-

ach 11% and for the rectum 9%. Figure 12 shows the number of publications for each organ as

a function of year in which they were published. The results for each organ were organised into

whether the experimentation was conducted ex vivo or in vivo, for which the number of articles for

each state can be seen in Figure 13.

It should be noted that in this review, experiments conducted in situ on alive subjects have been

considered as in vivo, and in situ experiments conducted on deceased subjects have been regarded

as ex vivo. There were so few in situ experiments that they did not warrant a results table of their

own. This explains how an “indentation test” may be conducted in vivo (Table 4); in actuality it
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was conducted in situ while the subject was still alive.

In some studies, different types of experiments were conducted, either using various techniques,

e.g. ex vivo inflation-extension and ex vivo zero-stress state analysis, and/or different organs, e.g.

large intestine and rectum, and/or different species, e.g. pig and human. From this point forward,

each test situation (i.e. species, organ and experimental technique) will be treated as separate even

if they are presented within the same article, and will, therefore, be referred to as individual “ex-

periments”.

Table 2: The number of search results for each organ, screened articles from the search, articles
added by the author and the total number of articles considered per organ. Altogether, the total
number of articles collected was 245.

Oesophagus Stomach Small intestine Large intestine/colon Rectum

PubMed search results 732 464 556 653 311
Screened articles from search 59 22 61 36 13
Articles added by author 21 6 11 7 8
Total number of articles 80 28 72 44 21

Figure 12. Number of articles published per year per GI organ according to this review.
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Figure 13. The number of ex vivo and in vivo studies collected per organ.

2.4.1 Oesophagus

The oesophagus had the greatest number of experimental studies out of all the GI organs (Table 2).

The experiments conducted on the oesophagus ex vivo have been summarised in Table 3. Of these

studies, several looked into the effects of pathological conditions on the organ’s mechanical prop-

erties, including oesophageal varices in rabbits [78, 79], osteogenesis imperfecta in mice [200],

oesophagitis in humans [48], diabetes in rats [4, 72–77] and cancer in pigs [201]. Zeng et al. [74]

looked at how diabetes affects the material behaviour of rodent oesophagi over time. As a treatment

for diabetic GI disorder, Liu et al. [76] studied the effect of Tangweian Jianji (a Chinese medicinal

compound) on the mechanical properties of the oesophagus in diabetic rats. Others looked at the

effects of epidermal growth factor (EGF) to investigate how abnormal growth may affect the func-

tion of the oesophagus in rats [140], while some investigated the effect of ageing on the mechanical

properties of the oesophagus in humans [48] and Wistar rats [202, 203].

Most ex vivo studies of the oesophagus investigated its passive material properties, however some

studied its active properties: Tøttrup et al. [50] looked at the active properties of human oe-

sophageal muscle, and Wareham and Whitmore [204] investigated the active mechanical prop-

erties of the muscularis propria of guinea pig oesophagi. As can be seen in Figure 14a, ex vivo

experimentation on the oesophagus was conducted using a wide variety of animals. Experiments

conducted on oesophagi from rats were the most prevalent, while ex vivo experimentation con-

ducted on human tissue accounted for only 4%.

The oesophagus had the most in vivo studies of all the organs considered (Figure 13), a summary

of which can be found in Table 4. Several conditions were studied in regard to their effect on the
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mechanical properties of the oesophagus in vivo, including oesophageal varices in rabbits [79,80],

nutcracker oesophagus (i.e. abnormal peristalsis) in humans [27], chest pain of oesophageal ori-

gin (sometimes referred to as functional chest pain) in humans [28, 32, 35, 36], systemic sclerosis

in humans [25, 29, 37] and type-1 diabetes in humans [43]. Gregersen et al. [205] studied the

mechanical changes that occur in the oesophagi of opossums that have been obstructed. Juhl et

al. [206] investigated the effect of damage caused by endoscopic sclerotherapy on the mechanical

properties of minipig oesophagi, while Vinter et al. [85] studied the potential viability of EGF as

a treatment (therapeutic potential) for this damage, also using oesophagi from minipigs. Drewes

et al. [31, 33, 34] conducted several studies on pain perception in relation to distension of the oe-

sophagus in humans. Takeda et al. [41] studied the active and passive properties of the human

oesophagus in vivo through the use of a muscle relaxant, atropine. As can be seen in Figure 14b,

the majority of in vivo experimentation of the oesophagus was carried out on humans.

Figure 14. Pie charts indicating the species used in the ex vivo experimentation (n=107) (a) and
in vivo experimentation (n=30) (b) on the oesophagus, highlighting, in particular, the proportion
of experiments conducted on human tissue.

2.4.2 Stomach

Only 11% of all the articles collected in this review investigated the mechanical properties of the

stomach (Table 2). A summary of the experiments conducted ex vivo on the stomach can be found

in Table 5. Of these studies, Liao et al. [11] looked into the effects of disease on the stomach’s

material behaviour, in particular the impact of type-2 diabetes on the mechanical properties of

stomach tissue from rats. Notably, Carniel et al. [175] and Toniolo et al. [142] studied stomach

tissue removed from patients (humans) suffering with morbid obesity who had undergone a laparo-

scopic sleeve gastrectomy, while Marie et al. [84] investigated how sleeve gastrectomies affect the

biomechanical behaviour of the stomach using specimens from pigs for which the surgical pro-
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Table 3: Summary of ex vivo studies on the oesophagus.

Species family Tissue characterisation Type of test References

Isotropic

Human
Intact wall Uniaxial tension [47]

Layer-dependent Uniaxial tension [50]

Porcine

Intact wall

Uniaxial tension [64]
Pure shear [64]
Indentation (dynamic) [207]
Distension (pressure-CSA-wall thickness) [61]
Inflation-extension [66]
Tribological test [208]
Shear wave vibrometry [201]
Zero-stress state [13, 66]

Layer-dependent

Uniaxial tension [64]
Pure shear [64]
Inflation-extension [66]
Tribological test [208]
Shear wave vibrometry [201]
Zero-stress state [13, 66, 209]

Ovine Intact wall Axial tension of tubular specimens [71]
Caprine Layer-dependent Tension test of ring specimens [210]
Canine Intact wall Distension (pressure-diameter) [211]

Lagomorph
Intact wall

Uniaxial tension [78]
Axial tension of tubular specimens [212]
Distension (pressure-CSA) [79, 213]
Zero-stress state [68, 212]

Layer-dependent Zero-stress state [67, 68, 212]

Rodent

Intact wall

Distension (pressure-diameter) [4, 52, 54, 58, 77, 140, 214]
Distension (pressure-CSA) [56]
Inflation-extension [56, 57]
Axial tension of tubular specimens [58]
Acoustic microsopy [215]
Zero-stress state [4, 52–54, 57, 58, 72, 73, 75–77, 140, 200, 202, 203, 214, 216, 217]

Layer-dependent

Uniaxial tension [204]
Distension (pressure-diameter) [52, 55, 77, 214]
Acoustic microsopy [215]
Zero-stress state [52, 55, 77, 214, 216, 217]

Anisotropic

Human Intact wall
Uniaxial tension [48]
Distension (pressure-diameter-length) [48]

Porcine

Intact wall
Uniaxial tension [218]
Indentation [207]
Sonometry [65]

Layer-dependent

Uniaxial tension [59, 60, 63, 104, 208]
Inflation-extension [209]
Tribological test [218]
Sonometry [65]

Ovine

Intact wall
Biaxial tension [219]
Inflation-extension [70]
Zero-stress state [70]

Layer-dependent
Uniaxial tension [70]
Biaxial tension [70]
Zero-stress state [70]

Lagomorph
Intact wall Inflation-extension [68, 69]

Layer-dependent Inflation-extension [67]

Rodent
Intact wall

Torsion [74]
Distension (pressure-diameter-length) [76, 202, 203]
Distension (pressure-CSA) [56]
Inflation-extension [56]
Inflation-extension-torsion [53, 72, 73, 75]

Layer-dependent Inflation-extension-torsion [73, 75]
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Table 4: Summary of in vivo studies on the oesophagus.

Species family Tissue characterisation Type of test References

Isotropic

Human Intact wall

Distension (pressure-CSA) [24–39]
Distension (pressure-volume) [38, 40]
Distension (pressure-CSA-wall thickness) [41]
Distension (pressure-CSA-volume) [42]

Porcine Intact wall
Indentation (dynamic) [207]
Distension (pressure-CSA) [85, 206, 220]

Lagomorph Intact wall Distension (pressure-CSA) [79, 80]
Marsupial Intact wall Distension (pressure-CSA) [205]

Rodent Intact wall Distension (pressure-diameter) [51]

Anisotropic Human Layer-dependent
Distension (pressure-CSA) [43]
Distension (pressure-CSA-volume) [44]

Porcine Intact wall Indentation [207]

cedure had been performed ex vivo. In terms of the active behaviour of the stomach, Merlo and

Cohen [221] evaluated the active mechanical properties of its muscle layers with tissue excised

from cats, and Tomalka et al. [179] electrically stimulated the smooth muscle of pig stomachs to

assess their behaviour. Furthermore, Klemm et al. [222] studied both the intact wall of the stomach

from pigs (mucosal and muscular layers) and just its muscle layer to determine the contribution

of each layer in the tissue’s active behaviour, while Borsdorf et al. [158] investigated the active

response of the combined muscle layer (oblique, longitudinal and circular muscle) and just the

circular gastric smooth muscle layer to compare their influence on the mechanical behaviour of the

stomach from domestic pigs.

In vivo experimentation on the stomach was the least common compared to the other GI organs

(Figure 13), for which only the healthy, passive properties were investigated. A summary of the

experiments carried out in vivo on the stomach can be found in Table 6. Stomach tissue originating

from porcine was the overwhelming choice for studying the organ both in vivo and ex vivo, as can

be seen in Figure 15, with one author stating that this decision originated from “the similarities

between the porcine and the human digestive systems” [223]. Only 22% of the ex vivo experimen-

tation was performed on human tissue (Figure 15a), while no human tissue was studied in vivo

(Figure 15b).

2.4.3 Small intestine

Of all the GI organs, the majority of ex vivo experimentation was conducted on the small intestine

(Figure 13). The summary of ex vivo experiments on the small intestine can be found in Table
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Table 5: Summary of ex vivo studies on the stomach.

Species family Tissue characterisation Type of test References

Isotropic

Human Intact wall

Simple shear (dynamic) [224]
Indentation [142, 225]
Confined compression (dynamic) [224]
Distension (pressure-volume) [142, 175]

Porcine

Intact wall
Indentation [157]
Distension (pressure-volume) [84, 223, 226]

Layer-dependent

Uniaxial tension [158, 170, 179]
Indentation [227]
Compressive elastography [191]
T-peel [170]

Feline Layer-dependent Uniaxial tension [221]
Rodent Intact wall Distension (pressure-CSA) [228]

Anisotropic

Human Intact wall Uniaxial tension [47, 142, 175]

Porcine

Intact wall
Uniaxial tension [84, 168, 177, 222, 229]
Uniaxial tension (dynamic) [230]
Biaxial tension [231, 232]

Layer-dependent
Uniaxial tension [177, 222, 229]
Biaxial tension [232]
Pure shear [173]

Lagomorph Intact wall
Uniaxial tension [167]
Zero-stress state [167]

Rodent Intact wall
Uniaxial tension [167]
Distension (pressure-volume) [11, 167]
Zero-stress state [167]

Table 6: Summary of in vivo studies on the stomach.

Species family Tissue characterisation Type of test References

Isotropic Porcine Intact wall Indentation [157]
Canine Intact wall Distension (pressure-volume) [233]

Anisotropic Porcine Layer-dependent Compressive elastography [156]
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Figure 15. Pie charts indicating the species used in the ex vivo experimentation (n=40) (a) and
in vivo experimentation (n=3) (b) on the stomach, highlighting, in particular, the proportion of
experiments conducted on human tissue.

7. Conditions affecting the small intestine were studied, including diabetes in rats [139, 140, 176,

234–236], intestinal oedema in rats [237, 238], and Chinese medicines, namely Kaiyu Qingwei

Jianji [86] and Tangweian Jianji [76], were investigated in rats regarding to their ability to treat

the GI symptoms associated with diabetes. In addition, Zhao et al. [81,239] investigated the active

mechanical properties of the small intestine from rats with diabetes [239] and rats with a condition

that mimics human irritable bowl syndrome (IBS) [81]. The effects of clinical interventions on the

properties of the small intestine were also studied, including irradiation as a treatment for jejunal

fibrosis in mice [240], chronic coeliac ganglionectomy in rats [82], small intestinal resection in

rats [83] and distraction enterogenesis in pigs [241].

The influence of growth on the material behaviour of the small intestine was evaluated naturally,

i.e. during physiological growth, in rats [242] and using EGF [243–246]. In addition, the effects of

partial obstruction of the organ on its mechanical properties were studied in rodents [247,248], and

how these properties changed as a function of obstruction time was also investigated [249, 250].

The effect of partial obstruction on the active behaviour of the small intestine was studied in guinea

pigs [251,252], while Zhao et al. [253] studied the effect of ageing on the passive material response

of the organ in rats.

Several studies investigated the effects of diet on the small intestine: how starvation [254] and

re-feeding affects the mechanical properties of the small intestine was evaluated in rats by Dou et

al. [255], how varying amounts of dietary protein affects minks by Chen et al. [256], the effects of

a low-residue [257] and low-fibre [165] diet in rabbits, and the influence of a low-fibre diet on the

active mechanical properties of the small intestine was studied in rabbits [258]. The active prop-
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erties of the small intestine were considered ex vivo in rabbits [258, 259], rats [81, 82, 239, 260],

guinea pigs [251, 252], mice [10] and pigs [261], while no active studies were conducted using

human tissue ex vivo.

There were a number of studies that looked at the properties of the small intestine in vivo, a sum-

mary of which can be found in Table 8. Of these, Pedersen et al. [262], Gregersen et al. [263] and

Gao et al. [264] evaluated the effect (disease compared to healthy controls) of systemic sclerosis

on both the passive and active mechanical properties of the small intestine in humans, and Frøkjær

et al. [43] investigated the active response of the small intestine in patients with type-1 diabetes and

compared the observed behaviour to that of healthy controls. Moreover, the active properties of

healthy humans and mice were studied in vivo by Gao et al. [265] and Lu et al. [10], respectively.

Figure 16 shows the proportion of each type of tissue used for both the ex vivo experimentation

(Figure 16a) and the in vivo experimentation (Figure 16b). The majority of ex vivo experiments

were conducted using rats, with only 4% on human tissue, while the main proportion of in vivo

experiments were carried out on humans (42%) closely followed by pigs (34%).

Figure 16. Pie charts indicating the species used in the ex vivo experimentation (n=103) (a) and
in vivo experimentation (n=12) (b) on the small intestine, highlighting, in particular, the propor-
tion of experiments conducted on human tissue.

2.4.4 Large intestine

Approximately 20% of all ex vivo articles collected in the review conducted experimentation on

the large intestine (Figure 13); a summary of these experiments can be found in Table 9. Notably,

the effects of a number of diseases on the mechanical behaviour of the large intestine were inves-

tigated, including chronic obstruction of the colon in mice which mimics human Hirschsprung’s

disease [285], colitis in rodents [286–289] and human growth hormone as a potential treatment
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Table 7: Summary of ex vivo studies on the small intestine.

Species family Tissue characterisation Type of test References

Isotropic

Human Intact wall
Uniaxial tension [241, 266]
Uniaxial tension (dynamic) [267]

Porcine
Intact wall

Uniaxial tension [241, 266, 268]
Simple shear (dynamic) [269, 270]
Indentation [157]
Distension (pressure-CSA) [271]
Tribological test [269]
Extrusion test [272]
Zero-stress state [273]

Layer-dependent
Uniaxial tension [241]
Tribological test [261]

Lagomorph Intact wall
Distension (pressure-diameter) [165, 257, 258]
Zero-stress state [165, 257, 258]

Weasel Intact wall Zero-stress state [256]

Rodent

Intact wall

Distension (pressure-diameter) [76, 81, 235, 236, 239, 274, 275]
Distension (pressure-length) [190]
Distension (pressure-CSA) [139, 243, 276]
Distension (pressure-volume) [99, 277]
Inflation-extension [249, 251, 252, 260]
Tension of ring specimens [240]
Axial tension of tubular specimens [176, 237, 238]

Zero-stress state
[83, 140, 190, 234, 237, 238, 242, 244–246, 254, 255, 278–281]
[76, 81, 86, 235, 239, 247–249, 251–253, 260, 274, 282, 283]

Layer-dependent
Uniaxial tension [82]
Distension (pressure-diameter) [274]
Zero-stress state [274]

Anistoropic

Human Intact wall Uniaxial tension [47]

Porcine
Intact wall

Uniaxial tension [5, 18]
Biaxial tension [6, 261, 268]
Pure shear [173]
Distension (pressure-diameter-length) [273]

Layer-dependent Uniaxial tension [259]
Weasel Intact wall Distension (pressure-diameter-length) [256]

Rodent Intact wall

Distension (pressure-diameter-length) [76, 83, 140, 242, 244, 253–255, 280]
Inflation-extension [245–247, 283]
Inflation-extension-torsion [248]
Zero-stress state [250]

Table 8: Summary of in vivo studies on the small intestine.

Species family Tissue characterisation Type of test References

Isotropic

Human Intact wall
Distension (pressure-CSA) [262–265]
Distension (pressure-volume) [265]

Porcine
Intact wall

Indentation [157]
Distension (pressure-CSA) [284]
Contact force test [261]

Layer-dependent Tribological test [261]
Canine Intact wall Distension (pressure-volume) [233]

Anisotropic Human Layer-dependent Distension (pressure-CSA) [43]
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for this in rats [290], ulcerative colitis in mice [291], diabetes in rats [141], Crohn’s disease in

humans [286], IBS in rats [81], and cancer in humans [292]. Conditions such as hypertension

were also studied in rats [9], and the active response of large intestinal muscle to inflammatory

mediators was investigated in both humans and rabbits [293]. Additionally, the effect of coeliac

ganglionectomy on the mechanical properties of the large intestine was evaluated in rats [82]. Yang

et al. [294] looked at the result of EGF treatment over varying periods of time on the mechanical

properties of the rat large intestine. Watters et al. [295] and Massalou et al. [296] considered the

effects of age and sex on the material behaviour of the large intestine in rats and humans, respec-

tively, and in another study, Watters et al. [297] looked at the influence of ethnic origin in humans.

In terms of the effect of food-intake on the mechanical properties of the intestines, Liu et al. [165]

investigated the consequence of a long-term low-fibre diet in rabbits.

As can be seen in Figure 17a, experiments on rodents, specifically mice and rats, accounted for

51% of the ex vivo experimentation on the large intestine, with only 18% conducted using human

tissue. Contrarily, half of all in vivo experimentation regarding the large intestine was carried out

on humans, as shown in Figure 17b. A summary of the in vivo experiments conducted on the colon

can be found in Table 10. Of these experiments, Petersen et al. [298] assessed the relationship be-

tween pain during distension of the large intestine and its stress-strain response in healthy human

subjects, while Drewes et al. [192] studied the difference in pain during large intestinal distension,

and its associated biomechanical parameters, between patients with IBS and healthy human con-

trols.

In terms of the active properties of the large intestine, ex vivo experimentation was carried out on

rabbit [293, 299], human [293, 300], cat [301] and rat [81, 82] tissue, and in vivo experimentation

was conducted on humans [302]. For further understanding of the active behaviour of the large

intestine from a mechanical perspective, readers are referred to the literature review of Bhattarai et

al. [303].

2.4.5 Rectum

The rectum had the least amount of ex vivo mechanical experimentation compared to the other GI

organs (Figure 13), a summary of which can be found in Table 11. Notable studies included those

by Watters et al. [295] who looked at the influence of sex and age on the material behaviour of the

rectum in rats; Glavind et al. [318] who conducted experimentation in regard to the active prop-

39



Table 9: Summary of ex vivo studies on the large intestine.

Species family Tissue characterisation Type of test References

Isotropic

Human
Intact wall

Uniaxial tension (dynamic) [296]
Shear rheometry [292]
Tension of ring specimens [297]
Elastography [286]

Layer-dependent Uniaxial tension [300]
Porcine Intact wall Zero-stress state [304]
Caprine Intact wall Uniaxial compression [305]
Feline Layer-dependent Uniaxial tension [301]

Lagomorph Intact wall
Distension (pressure-diameter) [165]
Zero-stress state [165]

Rodent
Intact wall

Uniaxial tension [287]
Indentation [9]
Distension (pressure-diameter) [10, 81, 306]
Tension of ring specimens [285, 295]
Elastography [286, 288, 289]
Zero-stress state [12, 81, 141, 291, 294, 307, 308]

Layer-dependent
Uniaxial tension [82]
Distension (pressure-diameter) [306]

Anisotropic

Human
Intact wall

Uniaxial tension [47, 87]
Uniaxial tension (dynamic) [309, 310]

Layer-dependent Uniaxial tension [293]

Porcine
Intact wall

Uniaxial tension [87, 169, 311, 312]
Biaxial tension [303, 313, 314]
Pure shear [173]
Simple shear [311]
Inflation-extension [304]

Layer-dependent Uniaxial tension [312]

Lagomorph
Intact wall Uniaxial tension [299]

Layer-dependent Uniaxial tension [293]

Rodent
Intact wall

Biaxial tension [308]
Distension (pressure-diameter-length) [141, 291, 307]
Inflation-extension [12, 315]

Layer-dependent
Biaxial tension [316]
Zero-stress state [316]

Table 10: Summary of in vivo studies on the large intestine. It should be noted that all the studies
referenced here studied the behaviour of the large intestine in just one direction (isotropic).

Species family Tissue characterisation Type of test References

Human Intact wall
Distension (pressure-CSA) [192, 298]
Distension (pressure-volume) [302]

Porcine Intact wall Indentation [157]

Caprine Intact wall Uniaxial compression [317]

Rodent Intact wall Distension (pressure-diameter) [10]
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Figure 17. Pie charts indicating the species used in the ex vivo experimentation (n=55) (a) and in
vivo experimentation (n=6) (b) on the large intestine, highlighting, in particular, the proportion of
experiments conducted on human tissue.

erties of the human rectum’s muscle layer; Gregersen et al. [319] who studied how the rectum of

mice was affected by irradiation; Yang et al. [294] who evaluated the change in mechanical prop-

erties experienced when growth of the rat rectum was induced by EGF; and Brunenieks et al. [320]

who investigated the effect of obstructed defecation syndrome on the biomechanical properties of

the human rectal wall, comparing the abnormal tissue extracted from surgical resection to tissue

excised from healthy humans post-mortem. Figure 18a shows that most ex vivo experimentation

on the rectum was carried out using rodent tissue (mice and rats), comprising 61% of the total

number of experiments conducted.

It can be seen in Figure 18b that the vast majority of in vivo experimentation of the rectum was

conducted on humans. Of these in vivo experiments, of which a summary can be found in Table

12, a few investigated the effects of different conditions. For instance, Arhan et al. [321] studied

the difference in viscoelastic behaviour of the rectal wall between patients with Hirschsprung’s

disease and healthy, age-matched controls; Lundby et al. [322] looked at the effect of age on the

mechanical properties of the rectum in mice; and Petersen et al. [298] conducted experimentation

to assess the biomechanical behaviour of the human rectum, studying how the pain felt by the vol-

unteer during distension was associated with the tissue’s stress-strain response. The same group

then went on to look at how the mechanical response and pain differed during distension before

and after smooth muscle relaxation [193]. Furthermore, Drewes et al. [192] investigated the dif-

ference in rectal mechanical parameters and levels of pain between patients with IBS and healthy

human controls, and in another study evaluated again the relation between pain and biomechani-

cal properties of the rectum but this time in patients with ulcerative colitis [323], comparing their

results against healthy controls.
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Table 11: Summary of ex vivo studies on the rectum.

Species family Tissue characterisation Type of test References

Isotropic

Human
Intact wall Uniaxial tension [320]

Layer-dependent Uniaxial tension [318]

Porcine Intact wall
Uniaxial tension [324]
Simple shear [8]
Uniaxial compression [8]

Rodent Intact wall
Tension test of ring specimens [295]
Zero-stress state [12, 294, 307, 308, 319]

Anisotropic

Human Intact wall Uniaxial tension [87, 106]
Porcine Intact wall Uniaxial tension [8, 87]

Rodent
Intact wall

Biaxial tension [308]
Distension (pressure-diameter-length) [307]
Inflation-extension [12]

Layer-dependent
Biaxial tension [316]
Zero-stress state [316]

Figure 18. Pie charts indicating the species used in the ex vivo experimentation (n=18) (a) and in
vivo experimentation (n=9) (b) on the rectum, highlighting, in particular, the proportion of exper-
iments conducted on human tissue.

2.4.6 Experimental particulars

In this section of the review findings, we will focus on the particulars of the experiments, includ-

ing which experiments involved investigation of the tissue’s time-dependent properties (Section

2.4.6.1), whether preconditioning of the sample was performed prior to data collection (Section

2.4.6.2), if, for the ex vivo experimentation, the tests were carried out in a saline solution bath

(Section 2.4.6.3), and whether the studies conducted histological analysis alongside their mechan-

ical experimentation to provide information on the microstructural components of the tissue and

how they might influence its stress-strain behaviour (Section 2.4.6.4).
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Table 12: Summary of in vivo studies on the rectum.

Species family Tissue characterisation Type of test References

Isotropic
Human Intact wall

Distension (pressure-diameter) [321]
Distension (pressure-CSA) [192, 193, 298, 323, 325]

Porcine Intact wall Distension (pressure-CSA) [326]
Rodent Intact wall Distension (pressure-CSA) [322]

Anisotropic Human Intact wall Distension (pressure-CSA-arc length) [327]

2.4.6.1 Time-dependent behaviour

Soft tissues often present as viscoelastic materials [328]; this means that relaxation and creep can

be seen in their material response, and, thus, that their mechanical behaviour is time-dependent.

Some of the studies included in this review investigated the time-dependent behaviour of the GI or-

gans, a summary of which can be found in Table 13. The proportion of experiments for each organ

in which their material properties were considered as a function of time are illustrated in Figure 19.

Figure 19. Proportion of studies for each organ, specified according to ex vivo and in vivo experi-
mentation, that investigated the time-dependent properties of the tissue.

2.4.6.2 Preconditioning

Preconditioning is the process of “conditioning” a sample before collecting data in regard to its ma-

terial response, and involves loading and unloading the sample successively for a pre-determined

number of cycles. The process came about through the study of polymers, which behave in a

similar way to soft tissues in that they are highly elastic, usually possess viscous qualities and can

exhibit history-dependent behaviour. Preconditioning of polymers is to remove the Mullins effect:
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Table 13: Summary of studies that considered the time-dependent behaviour of the GI tissues.

Tissue Species family References
Ex vivo In vivo

Oesophagus

Porcine [59, 65, 104, 201, 207, 208] [207]
Caprine [210]
Lagomorph [80]
Rodent [53–55, 58, 77, 204, 216] [51]

Stomach
Human [142, 175, 225]
Porcine [158, 177, 179, 223, 230] [157]

Small intestine

Human [47, 266] [263, 265]
Porcine [157, 266, 269–272] [157]
Lagomorph [165]
Rodent [99, 176, 236, 260, 275–277, 281] [329]

Large intestine

Human [292, 297, 310] [302]
Porcine [311] [157]
Caprine [305] [317]
Lagomorph [165]
Rodent [9, 295, 308, 316]

Rectum
Human [321]
Rodent [295, 308, 316]
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a purely history-dependent softening of the material that depends on the previous maximum strain

that it has been subjected to [330]. With soft tissues, the equivalent term is stress-softening. It

was once thought that preconditioning reduced the influence of soft tissues’ time-dependent, i.e.

viscous, properties, however, through research of the myocardium by Emery et al. [98], it was

established that it has mainly an effect on their history-dependent properties. This was confirmed

as well for the guinea pig small intestine by Gregersen et al. [99]. Therefore, the preconditioning

process for soft tissues results in reducing history-dependent effects on their behaviour, as well

as some time-dependent effects, which tend to plateau after a minimum of three repeated cycles.

Figure 20 shows the proportion of studies evaluated in this review that preconditioned the tissue

before collecting their results, for both in vivo and ex vivo experiments.

Figure 20. Proportion of studies for each organ, specified according to ex vivo and in vivo experi-
mentation, that preconditioned the tissue.

2.4.6.3 Saline solution bath

As previously mentioned in Section 2.3.1, for ex vivo mechanical experimentation, measures are

often taken to simulate a physiological environment. The main method for achieving this is by

conducting experiments on samples immersed in a chamber (or bath) filled with a salt solution.

This is done to prevent dehydration of the soft tissue, which has been found to cause alteration

to their mechanical properties [331]. Sometimes these chambers are thermo-regulated so that the

temperature of the tissue can be maintained at internal body temperature (37°C) throughout testing.

As can be seen in Figure 21, the majority of ex vivo experiments considered in this review were

performed using a saline solution bath, the organ with the highest proportion being the oesophagus
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with 78%. Almost all ex vivo studies stored their tissue specimens in some variety of salt solu-

tion between tests, however Figure 21 only shows the percentage of those which performed their

tests in a bath of it. The other studies, e.g. the remaining 28% of the oesophageal experiments,

often kept the samples moist by alternative means such as spraying the samples with saline during

testing [331]. The types of salt solutions that were used in the experimental studies on the GI

tissues included physiological saline (0.9% NaCl) [65, 169, 287, 304], phosphate-buffered saline

(PBS) [70, 71, 173, 209] and Krebs solution [61, 82, 140, 165, 294, 316], which were sometimes

aerated with oxygen and carbon dioxide [61, 82, 165, 294].

Figure 21. Proportion of ex vivo studies for each organ that conducted the experiments within a
salt solution bath.

2.4.6.4 Histology

As previously briefly discussed in Section 2.1, the microstructural components of soft tissues in-

fluence their macrostructural behaviour. Histological analysis provides a well-established means

to investigate the various microstrutural features of tissues, the images from which can be used to

establish the prevalence (fraction) and orientation of their collagen, elastin and muscle fibres [217].

The analysis is carried out by removing a very thin slice of a tissue sample, putting the slices on

a slide and then using different stains to highlight different microstructural features [127, 137].

Finally, images are taken which can then be post-processed and analysed to establish the fraction

and orientation of the aforementioned fibres. This information can help to discuss reasons for the

experimentally observed behaviour and potentially deduce their more specific affect (for example,

by artificially increasing or decreasing the fraction of fibres and using the histological images to

quantify the change), and inform (micro)structural constitutive modelling [7]. Figure 22 shows
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the proportion of experiments that conducted histological inspection alongside their biomechani-

cal investigation. Histological analysis was considered here because it is the most prevalent and

traditional means of assessing the microstructure of soft tissues, however for an outline of more

modern techniques such as second-harmonic generation (SHG) microscopy and optical-based anal-

ysis, readers are referred to Siri et al. [161] and Goth et al. [332], respectively.

Figure 22. Proportion of studies for each organ, specified according to ex vivo and in vivo experi-
mentation, that investigated the histological composition of the tissue alongside their mechanical
tests.

2.5 Discussion

The review findings showed that the GI tissues of a number of different species were tested using

an array of experimental approaches. Here, some of the experimental aspects will be discussed in

more detail.

2.5.1 In vivo vs. ex vivo

The main drive of mechanically testing human soft tissues is to establish their material behaviour

in the context of their natural environment, i.e. as digestive organs inside the body for the GI tract,

for which in vivo studies provide the most accurate behaviour being that the tissue is still alive

and perfused with blood [225]. Other aspects such as the internal temperature, moisture levels

and structural integrity of the organ are also maintained during in vivo testing [191]. The use of a

thermo-regulated saline bath can be used for ex vivo experimentation in an attempt to control the
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temperature and moisture variables, however the tissue is still deceased and will not have exactly

the same mechanical properties as it would in vivo due to phenomena such as rigor mortis and

the relaxation of residual stresses [191]. The structural integrity can be maintained during ex vivo

experiments such as distension and inflation-extension tests, however, the organ being tested has

still been detached from its natural position and the connective tissue holding the organ in place

has been cut, therefore aspects such as its interaction with surrounding organs or structures are not

included in its characterisation [84]. Despite this, the in vivo experimentation carried out on the GI

organs were mostly distension tests where the behaviour was characterised in only one direction

and a homogeneous tissue wall was assumed, while testing ex vivo allows for a wider variety of

experimental tests and the more complex behaviour of the organ to be investigated.

In addition, the deformation of the tissue in supraphysiological loading domains, such as is the

case in surgery [225] or road traffic accidents [309], cannot be carried out in vivo as this may cause

irreversible damage to a subject that is still living, whereas ex vivo experimentations allows for

the rupture points and dynamic properties of the tissues to be established because the organ is no

longer required [174, 310]. The ethical constraints associated with in vivo testing for both animals

and humans are much greater than for ex vivo experimentation due to the pain, discomfort and

damage the tests might cause to a living subject. Furthermore, data that is collected from a living

subject often has more noise associated with it compared to ex vivo testing due to the movement

caused by the beating heart and respiration [157]. In terms of layer-dependent properties of a GI

tissue, these are usually more easily established ex vivo by separating the layers and testing them

individually. In addition, this allows for the discrete properties of the layers to be established,

which is not the case with in vivo or in situ layer-dependent analysis [44, 156]. Moreover, residual

strains within the GI organs are traditionally established ex vivo. However, methods to quantify

them in vivo are being developed for arterial tissue [333], which can be applied to the GI organs

due to their similar anatomical structure.

There are benefits and limitations to both in vivo and ex vivo experimentation, however in vivo

testing provides a more realistic understanding of the behaviour of soft tissues in the conditions we

are interested in. Therefore, effort should be made to further develop in vivo mechanical character-

isation techniques that establish the organ’s direction-dependent behaviour, as well as the internal

residual stresses and strains. Ex vivo experimental characterisation should still be carried out for

the higher end of large strain deformations, i.e. supraphysiological loading, and to establish the

properties of the discrete layers of the tract.
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2.5.2 Organs tested

Out of all the experimental articles, the oesophagus was the organ investigated the most, with a

total of 80 articles collected in this review (Table 2). The tissue studied the least was the rectum for

which 21 articles were found in regard to its biomechanical characterisation, closely followed by

the stomach with 28 articles. While the small intestine had a greater number of ex vivo articles than

the oesophagus, the oesophagus had, overwhelmingly, the highest number of in vivo articles which

contributed towards the organ having the most experimental articles overall. The high number of

in vivo tests compared with the other organs could be due to the anatomical position of the oesoph-

agus in that it is easily accessible for biomechanical measurements using a probe inserted through

the mouth. Something similar can be said for the rectum, where the number of in vivo articles is

almost the same as the ex vivo articles, a relationship not seen for any of the other organs, for which

the number of ex vivo articles is much higher than the in vivo studies, particularly for the stomach,

small intestine and large intestine. This is also thought be due to the more accessible position of

the rectum where in which a probe can be simply positioned through the anus.

2.5.3 Species tested

The findings show that animal tissue was used far more prevalently than human tissue for mechan-

ical testing of the GI tissues: out of the articles considered, human tissue was investigated in 19%

of the studies on the oesophagus, 21% of the studies on the stomach, 8% of the studies on the small

intestine, 21% of the studies on the large intestine and in 41% of the studies on the rectum. This

could be due to the fact that animals/animal tissues are a lot more accessible and are associated

with fewer ethical constraints compared to testing with humans/human tissues. As mentioned in

Section 2.5.2, the greater proportion of human studies on the rectum is thought to be due to it being

a more easily accessible GI organ (along with the oesophagus) when conducting studies on live

humans (in vivo).

For applications within medicine where the material properties of the tissue will be used quan-

titatively, such as in thoracic surgical simulations, biomechanical data from human tissue should

be used. However, there are benefits to using animal tissue, particularly for the investigation of

diseased states, and discussing this data qualitatively in regard to the human organ. The greatest

benefit may be demonstrated through the use of mice or rat models. These animals are able to
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be grown in a very controlled environment, where their age, diet, living conditions, etc., can be

decided and closely monitored. This allows for the environmental factors that influence the me-

chanical behaviour of the tissue, and which contribute to variability in the data, to be controlled

and recorded, producing more reproducible data than between different humans/human specimens.

Additionally, there are many rat and mice models that exist to simulate different human diseases,

such as type-1 and type-2 diabetes, IBS, and Hirschsprung’s disease. Therefore, testing of these

animals allows for a highly controlled investigation of the effects of disease on the mechanical

properties of the organs. However, quantitatively, the mechanical results of experiments conducted

on animals tissues will not be the same as for human tissues as aspects such as size, tissue struc-

ture and digestive demands differ, and so these results should not be used to determine the material

parameters for models that will be used in medicine unless no human experimental data is avail-

able. Porcine tissue is often chosen due to porcine having a digestive system close to that of hu-

mans [223], however when comparing between human and porcine data, there are still significant

differences between their mechanical properties and so, ideally, data from porcine tissue should

not be used directly for applications within medicine [87].

2.5.4 Sample size

In addition to providing a better control of experimental design than with human specimens, ani-

mal specimens often offer the possibility to test a larger sample size, making the final results more

robust. Either it is difficult to obtain human volunteers for in vivo tests, especially for the GI tract

which can bring, compared to testing organs such as the skin, more discomfort, or there is a limited

availability of human cadavers or specimens for ex vivo testing. For both in vivo and ex vivo test-

ing with humans, there are ethical constraints which must be considered. For in vivo mechanical

testing, informed consent must be given and the study protocol must ensure that no unnecessary

harm is caused to the patient or volunteer. For ex vivo experimentation, the tissue obtained from

the human cadavers must not be wasted and should only be completed when a clear experimental

methodology is established; knowing the purpose of each test and its aims. With animals, these

ethical constraints are still present but are more relaxed than with humans. High quality in silico

models could reduce the need for animal and human experimentation, which is always preferable

from an ethical perspective.
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2.5.5 Anisotropy

Approximately half of the ex vivo experiments and almost all of the in vivo experiments referenced

in this review studied the mechanical properties of their respective tissues in only one direction,

usually the circumferential direction. However, from the work of Brasseur et al. [334], it can be

seen how the behaviour in the longitudinal direction affects the efficiency of peristalsis within the

GI tract, and thus the function of the organs. In addition, many studies have found a discrepancy

between the longitudinal and circumferential directions in terms of material response, commonly

attributed to the arrangement of fibres such as collagen and elastin in the tissue walls [161]. There-

fore, direction-dependent behaviour should be considered in future experimental investigations,

particularly for in vivo studies for which anisotropic studies are lacking (Tables 4, 6, 8, 10, 12).

2.5.6 Layer-dependency

Those who studied the intact wall of the GI organs assumed the mechanical properties in the radial

direction to be homogeneous. However, layer-dependent studies show this not to be the case, with

the varying amount of microstructural components, namely collagen and elastin, being the main

hypothesis as to why the material behaviour of the layers differ [161]. It can be seen that the oe-

sophagus has a higher proportion of layer-dependent studies compared to the other tissues. This is

due to the fact that the oesophagus, as mentioned in Chapter 1, can be relatively easily separated

into its two main layers after explantation [335]. For the small intestine, it was found in the study

by Sokolis [283] that “preliminary attempts to dissect the layers were not successful”. Some have

been successful using micro-dissection, however, since the layers of the GI organs apart from the

oesophagus are tightly bound, it may be hard to ensure that no damage has been incurred to any of

the layers during separation.

Whether the layer-dependent properties of the organ are considered depends on the application of

the experimental work. For instance, for FE modelling of the interaction of a GI organ and a stent,

a layer-dependent model will help to understand how the pressure exerted by the stent is supported

by each of the layers. However, if the aim is to study the properties of the organ wall under dy-

namic loading for use in FE models that investigate the impact of blunt trauma, for instance during

road traffic collisions, the layer-dependent properties may provide too much detail for the applica-

tion [296, 309, 310, 336]. Nevertheless, many studies show large differences between mechanical

behaviour of the different layers, and their influence on the overall function of the organ should be

considered to provide a more complete biomechanical understanding of the GI tract [143].
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2.5.7 Preconditioning

Preconditioning is a technique employed to reduce the influence of history-dependent, and some

time-dependent, effects on the recorded behaviour of a material, making the results more stable and

repeatable [99, 157]. Within biomechanics, preconditioning is used both in vivo and ex vivo. Its

use, though, is controversial. On one hand, it makes the behaviour of soft tissues more consistent

so the observed material response between different samples and subjects is less variable, how-

ever, on the other hand, in many of the applications in which the biomechanics of soft tissues are

of interest, their behaviour during the first cycle is the one of most importance, for instance, during

normal physiological loading [232], surgery [157], blunt trauma [266] and endoscopy [312]. In

these situations, for example, the tissue is not preconditioned before the stomach wall is passively

stretched by its contents, or surgical tools manipulate and cut the large intestine. It has even been

found that with the rat oesophagus, the material properties of the wall return to what they were

before stretching once muscle activation has occurred, i.e. the stress-softening of the wall is re-

versed during peristalsis [54, 55, 77], therefore suggesting that the first-cycle behaviour is the one

most often of main interest. In future experimentation, it may be best to quantify both the initial

material response and the behaviour after preconditioning as this provides experimental data to be

used in the aforementioned applications, as well as information on the history and time-dependent

properties of the GI organs [162].

2.5.8 Limitations of the review

In this review, sphincters of the GI tract have not be included. For comprehensive characterisa-

tion of the GI tract, these sphincters would have to be considered and also modelled in silico if

the application requires. Additionally, an experimental aspect that has not been extensively dis-

cussed here are the different methods for strain measurement used in the characterisation of the GI

tissues. These can include digital image correlation (DIC) [337], image analysis [338], and exten-

someters within the testing machine [174]. Moreover, only one database was used, and although

particular care was taken to add any articles known by the authors not found in the PubMed search,

some experimental studies may have been missed and therefore may not be included in this review.
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2.6 Conclusion

This literature review was carried out with the aim to consolidate the mechanical experimentation

that has been conducted on the GI tract, and to highlight what is missing in literature regarding the

characterisation of the GI organs. In terms of ex vivo experimentation, there is little data regarding

the human oesophagus and small intestine, with no ex vivo active studies being conducted on the

small intestine from humans, and no anisotropic, layer-dependent studies or viscoelastic investi-

gation being carried out on the human oesophagus. For in vivo mechanical characterisation, no

studies included in this review involved experimentation on the human stomach, with only three

studies being carried out in total on the stomach in vivo. Furthermore, very few in vivo characteri-

sations involved determination of the layer-dependent properties of the GI tract. Overall, there is a

lack of time-dependent studies on the GI organs, particularly for human tissue with only 4% of all

the ex vivo articles considering the tissues’ viscoelastic properties and 2% investigating the time-

dependent behaviour of human tissue in vivo. Moreover, very few studies investigated the shear

properties of the tissues and there were no studies that considered the GI tract’s residual stresses

and strains in vivo. Therefore, a focus should be applied to characterising the more complex as-

pects of the GI organs’ mechanical behaviour using human tissue, including their layer-dependent,

anisotropic, viscoelastic, shear and active properties, as well as their residual stresses and strains.
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3 EXPERIMENTAL METHODS

This chapter focuses on the experimental methods used to characterise the biomechanical be-

haviour of the human oesophagus, following the aims and objectives of this thesis as outlined

in Section 1.1. Firstly, a more detailed anatomy of the oesophagus will be given. Then, the

process of histological analysis will be conveyed. Next, the methology used to investigate the

layer-dependent mechanical properties of the oeosphagus will be stated, along with the statistical

tests used to analyse the results.

3.1 Anatomy of the human oesophagus

The oesophagus is part of the human digestive system and is an organ of the GI tract. Located

in the thoracic cavity, as shown in Figure 23a, it is the only visceral organ that can be relatively

straightforwardly separated into distinct layers, the muscularis propria and the mucosa-submucosa

layer, post explantation without causing damage to either layer [335]. The mucosa-submucosa

layer includes both the innermost mucosa layer and the layer adjacent to that, the submucosa, as

seen in Figure 23b. The mucosa is best described divided into a further separate three layers: the

epithelium, the lamina propria, and a thin layer of longitudinal muscle fibres called the lamina

muscularis mucosae [339]. The submucosa is a collagen and elastin-rich layer made up of irregu-

lar connective tissue, lymphatics, veins and the submucosal pluxus. The muscularis propria layer

contains the majority of muscle fibres in the oesophageal wall, with a layer of circularly oriented

muscle fibres closest to the lumen, and a layer of longitudinally oriented muscle fibres towards

the periphery (Figure 23b) [339]. The muscle of the oesophagus is striated at the top of the organ

(proximal 6 cm) and is smooth at the bottom (distal 11 cm): the muscle between these two sections

is a mix of both striated and smooth muscle [340]. Finally, the adventitia is the outermost layer of

the oesophageal wall and is made up of connective tissue whose role is to support the position of

the oesophagus within the thoracic cavity.

As well as its individual layers, the oesophagus has regions in which it is characterised, as seen

in Figure 23a. These include the cervical region located at the proximal end of the organ which

is approximately 5 - 6 cm long, the thoracic region located in the middle of the organ which

is approximately 17 cm in length, and the abdominal region at the distal end of the oesophagus

which is approximately 1 - 2.5 cm long [339]. The abdominal region contains the oesophageal

sphincter which controls the direction of flow through the distal end of the oesophagus into the

stomach. The total length of an adult oesophagus depends on the person and is usually 18 - 26 cm
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in length [341].

Figure 23. Diagram showing the regions of the oesophagus in relation to the rest of the body
(modified from [14]) (a) and a segment of the organ showing its histological layers (b).

3.2 Specimen extraction

Whole human oesophagi were extracted by means of dissection at the Laboratoire d’Anatomie

Des Alpes Françaises, Grenoble, France. Restrictions due to the COVID-19 pandemic meant that

during this time all cadavers were required to present a negative COVID-19 test before being al-

lowed for dissection. This could up to take several weeks, and thus, in the meantime, the cadavers

had to be preserved. Therefore, initially, four oesophagi were retrieved from embalmed cadavers

(Cadavers 1-4). The cadavers were embalmed with a formalin solution (ARTHYL) injected into

the carotid artery and drained from the jugular vein, and then preserved in a 4°C refrigerated room.

Once the restrictions were lifted, three oesophagi were excised from fresh cadavers all within 24

hrs after death (Cadavers 5-7). The following dissection procedure was used for the explantation

of each oesophagus.

A median phreno-laparotomy was performed up to the umbilicus, as well as a left cervical ap-

proach following the edge of the sterno-cleido-mastoid muscle, as shown in Figure 24a. Starting

from the stomach, the abdominal part of oesophagus was individualised from the hiatus in the di-

aphragm. The left triangular ligament, which connects the diaphragm and the posterior surface of
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the left lobe, was freed, allowing the liver to be reclined. The small omentum was then sectioned

off so that the stomach could be freed and hooked up to locate the abdominal oesophagus. The

visceral peritoneum in front of the oesophagus was dissected, then a phrenotomy was performed.

Dissection of the oesophagus continued in a cranial direction until the pulmonary hilum with its tri-

angular ligament was severed. A right thoracic approach was chosen for the rest of the dissection,

allowing the oesophagus to be individualised without being obstructed by the aorta and the heart in

the left part of the mediastinum. The right lung was then redirected to the front, and the pulmonary

hilum was above the oesophagus. The great azygos vein was also dissected on the right edge of the

oesophagus. The abdominal oesophagus was sectioned by making an incision in the fundus of the

stomach. The trachea was then sectioned in front of the oesophagus due to it preventing access to

the cervical part of the organ. Finally, the cervical oesophagus was sectioned below the pharynx,

as seen in Figure 24b, and the whole oesophagus extracted.

Figure 24. During dissection of the human oesophagus, showing the chest cavity opened up (a)
and the oesophagus in situ in the body before being sectioned below the pharynx (b).

For Cadaver 7, an extra step was carried out in order to consider the longitudinal prestretch of the

human oesophagus. For this, three sections 5 cm apart were marked in situ on the organ’s thoracic

region using a dissolvable ink pen. After excision, the length of these sections were measured. The

difference in length of the sections between the oesophagus’ in situ and ex vivo state was then used

to calculate the average (mean) longitudinal prestretch of the thoracic region of the organ.

Once removed from the cadavers, the oesophagi were taken immediately for sample preparation

for the mechanical tests. The experiments were performed in compliance with French regulations

on postmortem testing, and the protocol approved by a local scientific committee from Université
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Grenoble Alpes.

3.3 Histology

Prior to mechanical testing, samples for histological analysis were obtained from the oesophagi of

Cadavers 1 and 2 in the transversal and longitudinal planes along different sections of the organ.

Samples were conserved in formaldehyde, fixed first in formalin 10% during 24 hrs at 4°C and then

embedded in paraffin according to the usual protocol [342]. Sections of 3 µm were then realised

with a microtome Leica RM 2245 (Wetzlar, Germany). The slides were stained with Haematoxylin

Eosin Saffron (HES) to see the nucleic acids and connective tissue (amongst other collagen), with

Orcein to highlight elastin fibres, or with Sirius Red to highlight all types of collagen and muscular

fibres. Histological images were taken and assessed qualitatively. Then, the images were pro-

cessed to approximate the percentage fibre content of each plane and layer. For this, collagen and

elastin content were calculated due to their involvement in the mechanical behaviour of soft tissues.

Firstly, the images were manually segmented to allow the fibre content of the different layers to

be determined. Next, ImageJ [343] was used to process the images and estimate the percentage

collagen content from the Sirius Red and HES images, and the percentage elastin content from the

Orecin images. For this, the non-tissue background was removed from the images, the contrast

was increased, and the area of the whole tissue region was evaluated. Then, the area of colour spe-

cific to the fibre of interest was determined. Finally, the percentage fibre content was calculated by

dividing the area of the fibre by the area of the whole tissue region and multiplying the answer by

100. This was repeated for each layer of the longitudinal and transversal histological images. The

final fibre contents were calculated as a mean percentage taken from images from three sections

along the thoracic region (top, middle and bottom) across the two oesophagi.

3.4 Uniaxial tensile testing

3.4.1 Sample preparation

Upon excision from the human cadavers, the oesophagi were first gently rinsed through the lumen

using physiological saline solution (0.9% NaCl). They were then carefully cleaned of any excess

connective tissue and separated into their three main regions (cervical, thoracic and abdominal),

as seen in Figure 25a. At this point, samples were cut for zero-stress state analysis from the oe-
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sophagus of Cadaver 7, the protocol of which is described in Section 3.5. As the region-dependent

tensile properties were not being considered, only the thoracic region was used for uniaxial testing.

This region was chosen for consistency as it comprises the vast majority of the organ and contains

a mix of both striated and smooth muscle [340].

Next, the thoracic region of each oesophagus was fully separated into its two layers. For this,

firstly a longitudinal incision was made along the length of the region, cutting through only the

muscularis propria layer. This incision allowed access to the connective tissue between the layers,

which was then very carefully cut to dissect the two main layers. An image taken during the layer

separation process can be seen in Figure 25b, while the fully separated layers can be seen in Figure

25c. Once separated, the mucosa-submucosa layer was cut along its longitudinal length and un-

ravelled. The layers were then examined visually to determine if any damage, i.e. cuts penetrating

partially or fully into the tissue of the layers, had been incurred during separation, of which there

had not. Prior to testing, samples approximately 22.00 mm × 4.10 mm (length × width) were

cut in both the longitudinal and circumferential directions. In between tests, the tissue layers were

stored in saline at 4°C, and were then brought to room temperature before testing. All testing was

completed within 5 days of explantation.

Figure 25. a) Separation of a fresh oesophagus into its three main regions (cervical, thoracic and
abdominal). b) Dissection of the two main oesophageal layers. c) Fully separated layers of the
human oesophagus showing the unravelled muscularis propria on the left and the tubular mucosa-
submucosa on the right.
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3.4.2 Experimental setup

Once cut, the rectangular samples were secured within the grips using the following procedure:

first, the samples were laid on the base grips and back support of a special device designed to setup

soft tissue samples within the grips, as seen in Figure 26. Next, the samples were flattened and

aligned as centrally as possible upon the grips. This step often took some time due to the very soft

and sticky nature of the tissue. Then, the upper grips were placed on the base grips and the screws

tightened using a torque limiter set at 0.5 Nm, to prevent the samples slipping during testing and

for consistency across the different samples. After this, the long screws situated either side of the

grips, as shown in Figure 26, were tightened to create an assembly in which the soft sample could

be moved and setup in the machine, an MTS Criterion model C41 (MTS Systems, Minnesota). The

assembly was used to position the sample within the machine, as seen in Figure 27a, by attaching

the lower portion of the assembly directly to it and then the upper portion to a highly sensitive 25 N

load cell. Once secured within the machine, the long screws situated either side of the grips were

loosened to release the assembly. The back support holding the tissue sample in place was then

removed. The final setup of the sample within the machine prior to commencement of the tests

can be seen in Figure 27b. At this point, the width and thickness of the sample was measured at

three separate points along its length, and the average (mean) was used for the calculation of stress

(Section 3.4.5). Tensile deformation was employed via upward traction of the upper grip attached

to the crosshead and load cell while the lower grip remained fixed.

3.4.3 Cyclic tests

Cyclic tests were performed in the form of increasing stretch level tests with two cycles per level

to explore the softening behaviour of the human oesophagus, the protocol of which can be seen

in Figure 28a. This form of test was chosen over a single cycle test or a single deformation level

cyclic test to be able to observe the most phenomena whilst testing the fewest samples. Defor-

mation levels of 10-70% in increments of 10% (stretch levels of 1.1-1.7 with increments of 0.1)

were chosen for all samples. The cyclic tests were conducted at two different strain rates, 1%s−1

and 10%s−1, to explore any rate-dependent behaviour of the tissue. An average of 9 tests for the

embalmed tissue and 7 tests for the fresh tissue were conducted per oesophagus, layer, direction

and strain rate. All tests were carried out at ambient temperature and conducted under a uniaxial

tensile test condition. The samples were kept moist during the tests via routine spraying with phys-

iological saline solution.
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Figure 26. Sample positioned on the support ready to be secured within the grips.

Figure 27. Machine setup (a) and a sample loaded within the machine (b).

3.4.4 Stress-relaxation tests

To investigate the equilibrium stress of each layer of the oesophagus, stress-relaxation tests were

conducted, where in which the samples were stretched at a rate of 100%s−1 and held initially for

62



20 minutes for the first trial of all layers and directions. The remaining trials were then held for 15

minutes as the drop in stress between the 20 and 15 minute mark was only 2%. Due to the lim-

ited number of samples available from a single human oesophagus, the stress-relaxation tests were

conducted in the form of multi-step tests to extract the most amount of information from a single

sample. The longitudinal samples for both layers were stretched in increments of 5% deformation

and the circumferential samples were stretched in 10% deformation increments to ensure at least

four relaxation steps were completed in each direction before the sample ruptured, at which point

the tests were stopped. A schematic of the test protocol for the longitudinal samples can be seen

in Figure 28b. Again, all tests were carried out at ambient temperature and conducted under a

uniaxial tensile test condition, and the samples were kept moist during testing via routine spraying

with saline solution.

Figure 28. Stretch-time schematic of the mechanical test protocol for the cyclic tests for both the
longitudinal and circumferential samples (a) and for the stress-relaxation tests for the longitudi-
nal samples (b).

3.4.5 Mechanical characterisations

The experimental strain is expressed in terms of stretch, λ, which relates to nominal strain by

ε = λ − 1. Stretch is defined as λ = l
l0

, where l and l0 are the current and initial lengths of the

sample, respectively. The strain rates are described in units of percentage deformation per second

(%s−1). Similarly, the stress is expressed as the nominal stress (i.e., first Piola-Kirchhoff stress),

which is defined as:

P =
F

A0

(1)

where F is the applied force and A0 is the original, undeformed cross-sectional area.
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3.5 Zero-stress state

3.5.1 Sample preparation

The longitudinal prestretch of the oesophagus from Cadaver 7 was measured as described in Sec-

tion 3.2. To determine the oesophageal specimen’s residual circumferential strains, ring-like seg-

ments were cut from four different locations along the length of the specimen, as seen in Figure

29. At each location, two samples approximately 2 mm in length were retrieved. The proximal

segment at each location was used to investigate the opening angle and residual strains of the intact

wall, while the more distal segment was used for layer-dependent analysis (Figure 29). To separate

the layers of the rings, careful cutting was administered to the connective tissue binding the layers

together, while keeping both the layers in their ring-like forms.

Figure 29. Drawing illustrating the location of the zero-stress state analysis samples.
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3.5.2 Experimental setup and protocol

A zero-stress state analysis was conducted as per the protocol outlined in Liu and Fung [344].

The ring-like segments were all submerged in physiological saline solution at room temperature in

individual containers. Photographs were taken at this point to be able to determine the dimensions

of the samples in the no-load state, as illustrated in Figure 10a in Section 2.3.1.9. All images were

taken using a Pentax K-5 camera with a 50 mm lens. The segments were then cut radially using

surgical scissors while still submerged in the solution. Photographs were taken immediately after

the samples were cut, then again at 0.5, 1, 2, 3, 4, 5 and 24 hrs to assess the time evolution of the

opening of the sector. The testing was complete within 36 hrs of dissection. The opening angle, θ,

as defined in Figure 10b (Section 2.3.1.9), was then measured for all the open segment images.

3.5.3 Measurement of circumferential residual strains

The residual circumferential strains were initially measured in terms of Green’s strain using the

change in wall dimensions between the no-load and the zero-stress state. The following equations

were used to calculate the residual Green’s strain at the inner and outer surfaces, respectively:

ei =
(ci,n/ci,z)

2 − 1

2
(2)

eo =
(co,n/co,z)

2 − 1

2
(3)

where, ci,n and ci,z are the circumference of the inner surface at the no-load and zero-stress state,

respectively, and co,n and co,z are the circumference of the outer surface at the no-load and zero-

stress state, respectively. The definitions of these quantities can be seen schematically in Figure 10

(Section 2.3.1.9). The stretch relates to Green’s strain by e = (λ2 − 1)/2.

3.6 Statistical analysis

Usually, a mean is used to describe the average result of a certain quantity. However, this should

only be used if the dispersion of the quantity follows a normal distribution. Therefore, initially,

tests were carried out to determine if the quantities of interest were normally distributed. For this,

a Shapiro-Wilk test was conducted using IBM SPSS Statistics (Version 27.0) [345] with a signif-

icance level, α, of α = 0.05. The distribution was considered normal if p > 0.05. If this was
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the case, a mean value would be used to represent the quantity. If, however, the quantity was not

normally distributed, tests would be carried out to see if its dispersion followed other distributions,

later outlined in Section 4.3.2, using R statistical software [346]. For the comparison of differences

between groups, an independent non-parametric test was used in the form of the Mann-Whitney U

test. To determine if there was a correlation between variables, a Spearman rank-order correlation

test was conducted. These tests, carried out in SPSS, were used due to the often non-normal dis-

tribution of the data.

3.7 Conclusion

In this chapter, the experimental methodology of the thesis was outlined. Oesophagi were retrieved

from embalmed and fresh human cadavers, and samples from embalmed oesophagi were taken

for histological analysis. The muscularis propria and mucosa-submucosa layers were dissected

through careful cutting to the loose connective tissue binding them together. The mechanical tests

used to explore the viscoelastic behaviour of the human oesophageal layers were increasing stretch

level cyclic tests and multi-step stress-relaxation tests, both carried out under a uniaxial tensile test

condition. The longitudinal prestretch and circumferential residual strains of the fresh oesophagus

were also considered, the latter of which was carried out via opening angle experiments.
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4 EXPERIMENTAL RESULTS

In this chapter, the experimental findings in regard to the mechanical behaviour of the human

oeosphagus will be presented. Firstly, the results of the histological analysis of the two main

oesophageal layers are presented. Then, the demographics of the cadavers used for the study are

outlined. Further to this, the statistical and experimental results of the cyclic and stress-relaxation

tests of the layers are provided. Finally, the residual circumferential strains are displayed and

compared for the layers of the oesophagus and its intact wall.

4.1 Histology of the human oesophagus

4.1.1 Qualitative analysis

In the transversal plane, the five layers of the oesophagus (outlined in Section 3.1) are clearly visi-

ble and can be seen in Figure 30a. These layers are also evident in the longitudinal plane, as shown

in Figure 30b. For the qualitative analysis, the histological images were assessed by a practising

clinician who marked on the images the orientation of the fibre bundles, and used this to build a

picture of the fibre orientations and concentrations in the different planes.

The mucosa and the submucosa layers are richer in collagen and elastin fibres than the muscularis

propria. Overall, there are more collagen fibres than elastin fibres in the fibrous composition of the

muscularis propria (both circular and longitudinal layers). In the inner circular layer, the collagen

fibres form a mesh orthogonal to the axis of the oesophagus. Fibres have a transversal orienta-

tion with some oriented along the muscle cells and others towards the lumen. Elastin fibres have

a similar orientation in this layer. The fibres are mostly concentrated at the circular/longitudinal

junction of the muscularis propria, organised mainly along the axis of the oesophagus. The outer

longitudinal layer has its collagen fibres mainly oriented in the longitudinal direction, with few fi-

bres oriented towards the lumen. The elastin fibres have a longitudinal orientation also, but with a

very wavy appearance. The elastin fibres seem to be more abundant in the outer longitudinal layer

than in the inner circular layer. The distribution of collagen and elastin fibres within the muscularis

propria are summarised in Table 14.

The distribution of the collagen and elastin fibres within the mucosa-submucosa have been sum-

marised in Table 15. The mucosa contains more collagen fibres than elastin, with the collagen

fibres being mainly oriented longitudinally, which is also the case for the elastin fibres of the layer.
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Figure 30. Sirius Red staining in the longitudinal plane (a) and Haematoxylin Eosin Saffron
staining in the transversal plane (b) showing the mucosa (1), submucosa (2), the circular mus-
cle fibres of the muscularis propria (3), the longitudinal muscle fibres of the muscularis propria
(4) and the adventitia (5).

The muscle fibres of muscularis mucosae are longitudinally oriented as well. In the submucosa,

there is more collagen than elastin. The collagen and elastin fibres do not have the same orientation

throughout the thickness of this layer. In the inner part, the collagen and elastin fibres are oriented

longitudinally in the direction of the oesophagus. In the outer part, close to the muscularis propria,

the fibres are oriented transversely, following the muscle fibres of the adjacent inner circular mus-

cular layer.
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Table 14: Distribution of collagen and elastin in the muscularis propria; +, low density; +++++,
high density.

Layer Collagen Elastin

Circular muscle ++ +

Circular/longitudinal junction ++++ +++

Longitudinal muscle ++ ++

Table 15: Distribution of collagen and elastin in the mucosa-submucosa; +, low density; +++++,
high density.

Layer Collagen Elastin

Mucosa +++++ +

Submucosa +++++ ++

4.1.2 Quantitive analysis

The histological images were processed to approximate the amount of collagen and elastin in each

layer and direction of the human oesophagus. As both the Sirius Red and HES stains display the

collagen of the tissue, the Sirius Red images were analysed first to determine the percentage of col-

lagen in each layer and direction. Then, the transverse sections of the HES images were analysed

to validate the percentage of collagen estimated using the Sirius Red images. The validation was

successful with only a 5% difference between the two percentages for the mucosa-submucosa, and

a 12% difference between the two collagen content values for the muscularis propria. The results

of the percentage collagen in each layer and plane can be found in Figure 31a. The results of the

Orecin image analysis can be seen in Figure 31b. As there was only one stain that highlighted the

elastin fibres of the tissue, there could be no validation of the elastin content calculation.

4.2 Demographics and specimen details

Oesophagi were retrieved from both embalmed and fresh cadavers, the demographics of which can

been seen in Table 16. Table 16 also shows the length of the oesophagi extracted and details about

which tests were performed on which layers. The time of embalming for Cadavers 1-4 was 29, 24,

71 and 40 days, respectively.
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Figure 31. Comparison of the collagen (a) and elastin (b) in the different layers and planes of the
human oesophagus determined by histological image analysis.

Table 16: Patient demographics, length of oesophagus extracted, which layers were tested and the
type of tests conducted for each cadaver.

Cadaver Sex Height Weight Age Length Layers tested Type of tests performed[cm] [kg] [years] [cm]

E
m

ba
lm

ed 1 Male 180 73 90 27 Muscular only Cyclic
2 Female 165 75 88 25 Mucosal only Cyclic
3 Female 153 40 97 26 Both Cyclic
4 Female 140 40 101 22 Both Cyclic

Fr
es

h 5 Female 144 42 96 24 Both Cyclic
6 Male 185 78 89 28 Both Cyclic, stress-relaxation
7 Male 170 100 97 26 Both Cyclic, stress-relaxation, zero-stress state

4.3 Cyclic results

4.3.1 Variations in experimental samples

The total number of cyclic experiments carried out per layer, direction, strain rate and cadaver can

be found for the embalmed tissue in Table 17 and the fresh tissue in Table 18. Dimensions such

as thickness can vary from sample to sample due to the variable nature of biological tissues. The

mean and standard deviations of the sample dimensions for each preservation state, layer and di-

rection can be seen in Table 19.

When comparing the stress-strain behaviour of the tests within a single test condition (preservation

state, layer, direction and strain rate), there was a high amount of dispersion. This is demonstrated

in Figure 32 which shows the point of complete rupture, in terms of stress and stretch, for each
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test conducted at 10%s−1 on emablmed tissue, highlighting the differences between cadavers and

directions. Rupture of the sample was defined as irreversible macrostructural damage, visible on

the stress-strain graph as a sudden reduction in stress. The samples, both fresh and embalmed, al-

ways ruptured during the first out of the two cycles for each stretch level, and in various locations,

including in the middle of the sample, at the grip location, or a combination of both.

Table 17: Number of cyclic tests performed on embalmed tissue per layer, per direction, per
strain rate, per cadaver.

Layer Direction Strain rate Cadaver Tests Total

M
us

cu
la

ri
s

pr
op

ri
a Longitudinal

1%/s
1 5

n=253 10
4 10

10%/s
1 5

n=253 10
4 10

Circumferential

1%/s
1 5

n=263 10
4 11

10%/s
1 5

n=263 10
4 11

M
uc

os
a-

su
bm

uc
os

a Longitudinal

1%/s
2 5

n=243 10
4 9

10%/s
2 5

n=243 10
4 9

Circumferential

1%/s
2 5

n=233 10
4 8

10%/s
2 5

n=213 10
4 6
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Table 18: Number of cyclic tests performed on fresh tissue per layer, per direction, per strain rate,
per cadaver.

Layer Direction Strain rate Cadaver Tests Total

M
us

cu
la

ri
s

pr
op

ri
a Longitudinal

1%/s
5 7

n=206 10
7 3

10%/s
5 5

n=206 10
7 5

Circumferential

1%/s
5 5

n=206 10
7 5

10%/s
5 5

n=206 10
7 5

M
uc

os
a-

su
bm

uc
os

a Longitudinal

1%/s
5 5

n=206 10
7 5

10%/s
5 6

n=206 10
7 4

Circumferential

1%/s
5 5

n=206 10
7 5

10%/s
5 3

n=206 10
7 7

Table 19: Mean ± population standard deviation of sample dimensions for the cyclic experiments
across both strain rates.

Muscularis propria Mucosa-submucosa

Direction Width [mm] Thickness [mm] Width [mm] Thickness [mm]

Embalmed Longitudinal 4.09 ± 0.28 1.15 ± 0.36 4.05 ± 0.36 0.74 ± 0.14
Circumferential 4.08 ± 0.25 1.37 ± 0.44 4.19 ± 0.32 0.80 ± 0.15

Fresh Longitudinal 4.11 ± 0.35 1.96 ± 0.40 4.15 ± 0.22 0.87 ± 0.17
Circumferential 4.09 ± 0.36 2.44 ± 0.42 4.12 ± 0.29 0.69 ± 0.13
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Figure 32. Rupture points of each test conducted at 10%s−1 on embalmed tissue, highlighting the
dispersion between cadavers and the longitudinal and circumferential directions for the muscular
(a) and mucosa-submucosa layers (b). The circled points show the rupture stress-stretch of the
curves selected for analysis via statistical means.

4.3.2 Statistical analysis

4.3.2.1 Embalmed tissue

Due to the dispersion of the data, a statistical approach was undertaken to retrieve the most repre-

sentative behaviour of the embalmed layers of the human oesophagus (per direction and strain rate)

to use for analysis and constitutive modelling. Firstly, the Young’s modulus of each test was cal-

culated by taking the gradient of the first loading curve of the first cycle from 1.00 to 1.01 stretch.

The Young’s modulus, E, is defined as:

E =
P

ε
(4)

where, P is the nominal stress and ε is the nominal strain as described in Section 3.4.5. A his-

togram with 20 bins was then plotted for each layer and test condition with density on the y-axis

and Young’s modulus on the x-axis, as seen in Figure 33. The histogram for each layer and test con-

dition presented a right skewed distribution of Young’s moduli, therefore a number of non-normal

distributions were chosen to test against a null hypothesis, including chi-squared distribution [347],

gamma distribution [348] and Fréchet distribution [349]. The null hypotheses were,“The Young’s

modulus of the [specific] direction of the [muscular/mucosa-submucosa] layer of the embalmed

human oesophagus tested at a strain rate of [specific]%s−1 is distributed according to the [specific]

distribution.”. These statistical tests were carried out using R statistical software with α = 0.05,
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meaning that the null hypothesis was rejected if p < 0.05.

The null hypotheses for all test conditions were retained for the gamma and Fréchet distributions.

The Fréchet distribution, however, was chosen as it is the most suitable for the application of ma-

terial properties [349], the p-values for which can be seen in Table 20. The mode of the Fréchet

distribution gives the most likely value of Young’s modulus for the population, and the range, in

this circumstance, provides the range in which 70% of all Young’s moduli of the population reside.

An example of these measures can be seen in Figure 33, while their values for each test condition

will be presented later in Section 6.1. To provide the most representative behaviour of embalmed

tissue for the following analysis and constitutive modelling, the test with the Young’s modulus

closest to the mode of the Fréchet distribution for each condition was selected. The circled rupture

points in Figure 32 correspond to the selected 10%s−1 tests in each direction, the cyclic stress-

strain data of which will be subsequently presented in Section 4.3.4.

Figure 33. The combined histogram and probability distribution graph showing the dispersion of
Young’s modulus for the 10%s−1 circumferential experimental results across three cadavers for
the embalmed muscular layer (a) and the embalmed mucosa-submucosa layer (b), displaying a
significant Fréchet distribution at α = 0.05 with a mode (range) of 18.5 (5.2–62.9) for the muscu-
laris propria (a) and 34.4 (14.4–67.4) for the mucosa-submucosa (b). The vertical red and green
lines show the mode of the probability distribution for the muscular and mucosal layers, respec-
tively, while the horizontal bars depict the range.
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Table 20: p-values for the Young’s moduli of the embalmed tissue cyclic results following a
Fréchet distribution, where p > 0.05 indicates a significant distribution.

Layer Direction Strain rate p-value

Muscularis propria
Longitudinal

1%/s 0.367
10%/s 0.748

Circumferential
1%/s 0.808
10%/s 0.972

Mucosa-submucosa
Longitudinal

1%/s 0.247
10%/s 0.899

Circumferential
1%/s 0.783
10%/s 0.975

4.3.2.2 Fresh tissue

For the embalmed tissue, the Young’s modulus was used to quantify the variability of the data and

to extract the most representative curve. This was sufficient for this preservation state as there was

a distinct initial stiffness of the stress-strain response. However, for the fresh tissue results, the

Young’s modulus on its own did not provide a good representation of the variation of the results

due to the low initial stiffnesses seen for all trials. Therefore, a different approach was employed to

extract the most representative curve for the fresh tissue. For this, 11 features (characteristics) were

extracted from λ = 1.1 of all the cyclic experimental data. This cycle was chosen as it allowed

for comparison across all layers, directions and strain rates, as well as between the embalmed

and fresh tissue. The characteristics include the Young’s modulus of the first loading curve, the

Young’s modulus of the second loading curve, the hysteresis of the first cycle, the hysteresis of the

second cycle, the difference between the two hystereses, the rupture stretch, the maximum stress,

and the areas under the loading and unloading curves for both the first and second cycle of λ = 1.1;

the definitions of which can be seen in Figure 34. The distributions of all these features were es-

tablished by first testing if they were normally distributed using a Shapiro-Wilk test in SPSS. If

the characteristic was normally distributed for a certain layer, direction and strain rate, the mean

of the value would be taken as the most representative. Next, if the distribution was not normally

distributed, the characteristic would be tested to see if it followed a Fréchet distribution [349]. It

was found that all non-normally distributed characteristics followed this distribution. Therefore,

the mode of the Fréchet distribution for these characteristics was taken as the most representative

value, of which the values and range of E1 will be presented later in Section 6.1. Then, the mean

or mode of each characteristic was compared with the values of each individual test. The test with
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the highest number of characteristics close to the mean or mode was chosen to represent the be-

haviour of the specific layer, direction and strain rate. These experimental curves were used for

analysis of the cyclic behaviour of the fresh human oesophageal layers and will be presented in the

subsequent graphs. Additionally, the differences between groups were measured regarding all the

aforementioned characteristics of the λ = 1.1 cycles using a Mann-Whitney U test. The results

of the statistically significant layer differences, strain rate differences and direction differences for

both the fresh and embalmed tissue can be seen in Tables 21, 22 and 23, respectively. These tables

indicate the variable for which the characteristic was higher than for the other variable, e.g. mu-

cosa or muscle for the layer differences, by a statistically significant degree. They also include the

p-value for the statistical difference.

Table 21 shows that, overall, the muscularis propria ruptures later than the mucosa-submucosa in

the longitudinal direction; that, in general, the mucosa-submucosa dissipates more energy than the

muscular layer across both directions; and that the mucosal layer tends to store more energy than

the muscle layer, particularly at the higher strain rate. It can be seen from Table 22 that an increase

in strain rate statistically increased energy storage and dissipation in the circumferential direction

for both the mucosa-submucosa and the muscularis propria. Finally, Table 23 shows that at 10%

deformation, stiffness, energy storage and energy dissipation were greater in the longitudinal di-

rection compared to the circumferential direction for all layers, strain rates and preservation states.

To assess if the time between dissection and testing of the sample had an influence on the mechan-

ical properties, a Spearman’s correlation test was carried out for each layer, direction and strain

rate for the fresh tissue results. Table 24 shows that apart from the longitudinal mucosal layer

at 10%s−1, there was no significant correlation between days since dissection and the maximum

stress of the samples.
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Figure 34. Schematic diagram showing the different characteristics extracted from the two 1.1
cycles, where E1 = Young’s modulus of the loading curve of the first cycle, E2 = Young’s modu-
lus of the loading curve of the second cycle, AH1 = hysteresis area of the first cycle, AH2 = hys-
teresis area of the second cycle, ∆AH = difference in hysteresis area between the two cycles, AL1

= area under loading curve of the first cycle, AU1 = area under unloading curve of the first cycle,
AL2 = area under loading curve of the second cycle, and AU2 = area under unloading curve of the
second cycle.

Table 21: Statistical differences in characteristics between the layers (muscularis propria and
mucosa-submucosa) for both the fresh and embalmed tisssue. Blank cells indicate no statistical
significance between the two groups, “−” mean that a statistical test is not relevant, and filled
cells indicate the layer for which the characteristic is statistically higher than for the other layer,
including the respective p-value.

Pres. state Test cond. Characteristic
E1 E2 AH1 AH2 ∆AH λrup Pmax AL1 AU1 AL2 AU2

Fresh

1%/s Long
Muscle Mucosa
p = 0.020 p = 0.001

10%/s Long
Mucosa Mucosa Mucosa Mucosa Muscle Mucosa Mucosa Mucosa
p = 0.037 p = 0.001 p < 0.000 p = 0.001 p < 0.000 p = 0.003 p = 0.030 p = 0.004

1%/s Circ
Mucosa Mucosa Mucosa − Mucosa
p < 0.000 p < 0.000 p < 0.000 p = 0.045

10%/s Circ
Mucosa Mucosa Mucosa Mucosa Mucosa − Mucosa Mucosa Mucosa Mucosa
p < 0.000 p < 0.000 p < 0.000 p < 0.000 p = 0.001 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Embalmed

1%/s Long
Mucosa Muscle Mucosa Mucosa Mucosa Mucosa
p = 0.001 p = 0.041 p = 0.034 p = 0.014 p = 0.031 p = 0.015

10%/s Long

1%/s Circ
Muscle Muscle Muscle
p = 0.039 p = 0.029 p = 0.041

10%/s Circ
Muscle Muscle Mucosa
p = 0.016 p = 0.006 p = 0.039
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Table 22: Statistical differences in characteristics between the strain rates (1%s−1 and 10%s−1)
for both the fresh and embalmed tisssue. Blank cells indicate no statistical significance between
the two groups, “−” mean that a statistical test is not relevant, and filled cells indicate the strain
rate for which the characteristic is statistically higher than for the other strain rate, including the
respective p-value.

Pres. state Test cond. Characteristic
E1 E2 AH1 AH2 ∆AH λrup Pmax AL1 AU1 AL2 AU2

Fresh

Long Muscle
10%/s 10%/s 10%/s
p = 0.018 p = 0.011 p = 0.037

Circ Muscle
1%/s 1%/s 10%/s 10%/s 10%/s − 10%/s 1%/s 10%/s

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p = 0.029 p < 0.000

Long Mucosa

Circ Mucosa
1%/s 10%/s 10%/s 10%/s − 10%/s 10%/s 10%/s 10%/s

p = 0.041 p < 0.000 p < 0.000 p = 0.001 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Embalmed

Long Muscle
10%/s
p = 0.025

Circ Muscle

Long Mucosa

Circ Mucosa
1%/s 10%/s 10%/s

p = 0.021 p = 0.009 p = 0.001

Table 23: Statistical differences in characteristics between the directions (longitudinal and cir-
cumferential) for both the fresh and embalmed tisssue. Blank cells indicate no statistical signif-
icance between the two groups , “−” mean that a statistical test is not relevant, and filled cells
indicate the direction for which the characteristic is statistically higher than for the other direc-
tion, including the respective p-value.

Pres. state Test cond. Characteristic
E1 E2 AH1 AH2 ∆AH λrup Pmax AL1 AU1 AL2 AU2

Fresh

Muscle 1%/s
Long Long Long Long Long − − Long Long Long Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Muscle 10%/s
Long Long Long Long Long − − Long Long Long Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Mucosa 1%/s
Long Long Long Long Long − − Long Long Long Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Mucosa 10%/s
Long Long Long Long Long − − Long Long Long

p < 0.000 p = 0.001 p < 0.000 p = 0.001 p < 0.000 p < 0.000 p = 0.012 p < 0.000

Embalmed

Muscle 1%/s
Long Long Long Long Long Circ Long Long Long Long Long

p = 0.001 p = 0.009 p < 0.000 p < 0.000 p < 0.000 p = 0.003 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Muscle 10%/s
Long Long Long Long Long Circ Long Long Long Long Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p = 0.001 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Mucosa 1%/s
Long Long Long Long Long Circ Long Long Long Long Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Mucosa 10%/s
Long Long Long Long Long Circ Long Long Long Long Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000
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Table 24: Spearman’s correlation coefficient, rs, and p-values between days since dissection that
the sample was tested and the maximum stress of the sample, where p < 0.05 indicates a statisti-
cally significant correlation and |rs| close to 1 shows a strong correlation, for which a positive rs
is a positive correlation.

Layer Direction Strain rate rs p-value

Muscularis propria
Longitudinal

1%/s 0.146 0.539
10%/s -0.365 0.181

Circumferential
1%/s -0.383 0.095

10%/s 0.168 0.479

Mucosa-submucosa
Longitudinal

1%/s 0.286 0.235
10%/s 0.585 0.014

Circumferential
1%/s -0.245 0.299

10%/s 0.058 0.810

4.3.3 Presentation of cyclic results

The cyclic tests were performed with two cycles per stretch level, and both cycles have been

presented here. As can be seen in Figure 32, rupture of the samples occurred at different stretches.

With that in mind, only the full cycles of each result have been presented. For instance, the 10%s−1

embalmed longitudinal muscular layer sample ruptured during the 1.4 stretch level cycle between

1.3 and 1.4 stretch (Figure 32a), therefore only the results up until the 1.3 stretch level are presented

for this test. Furthermore, for analysis, the raw cyclic stress-stretch curves were smoothed using a

moving average filter through the smooth function in MATLAB.

4.3.4 Cyclic stress-strain behaviour

4.3.4.1 Embalmed tissue

For the embalmed muscular layer, the results comparing the loading directions for the two strain

rates are presented in Figures 35a and 35b. These figures show that the muscularis propria layer

of the embalmed human oesophagus displayed anisotropic properties, for which the stiffness was

higher in the longitudinal direction than the circumferential direction for the 1%s−1 and 10%s−1

tests, and the samples in the longitudinal direction ruptured earlier than those in the circumferential

direction. Figures 35c and 35d compare the strain rates for the longitudinal and circumferential

directions. The strain rate was found to affect the stiffness in the longitudinal and circumferential

directions, with an increase in the strain rate resulting in an increase in the stiffness. At comparable

stretches, the change in stiffness was greater in the longitudinal direction than in the circumferen-
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tial direction. Hysteresis was also found to be greater for the 10%s−1 results compared to the

1%s−1 results in both directions.

Figure 35. Effects of loading direction on the results at 1%s−1 (a) and 10%s−1 (b) and effects of
loading rate on the results in the longitudinal direction (c) and the circumferential direction (d) of
the embalmed muscularis propria layer.

The embalmed mucosa-submucosa of the human oesophagus also displayed anisotropic behaviour

at both strain rates. The results of the 1%s−1 tests for the mucosal layer can be seen in Figure

36a and the results of the 10%s−1 tests are depicted in Figure 36b. The longitudinal direction was

stiffer than the circumferential direction at both strain rates. Additionally, it can been seen that the

longitudinal samples ruptured at a lower stretch level than the circumferential samples. Figures 36c

and 36d compare the results of the two different strain rates in the longitudinal and circumferential
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directions, respectively. A strain rate dependency was evident in both directions, with an increase

in strain rate resulting in an increase in stiffness. A more pronounced dependency was observed

for the longitudinal direction compared to the circumferential direction. While in the longitudinal

direction the hysteresis does not seem to be significantly affected by the loading rate, the difference

between the two loading curves for λ = 1.1 is greater at the higher strain rate. This implies that

the stress-softening in this direction is greater with an increase in strain rate. Contrary to the longi-

tudinal direction, hysteresis in the circumferential direction of the embalmed mucosa-submucosa

layer was found to be greater at 10%s−1 than 1%s−1.

Figure 36. Effects of loading direction on the results at 1%s−1 (a) and 10%s−1 (b) and effects of
loading rate on the results in the longitudinal direction (c) and the circumferential direction (d) of
the embalmed mucosa-submucosa layer.
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Figure 37. Markers showing the permanent set of the 1%s−1 circumferential results for the em-
balmed mucosa-submucosa layer for each stretch level and cycle.

Figure 38. Permanent set in each loading direction with respect to the maximum stretch of the
previous cycle for the embalmed muscular layer (a) and mucosa-submucosa layer (b) for both the
first and second cycles at both strain rates (1%s−1 and 10%s−1).

Permanent deformations, also known as permanent set, refer to the residual strains present in the

tissue test sample when the experimental unloading path reaches zero force. Figure 37 shows

the permanent stretch values for the 1%s−1 circumferential mucosa-submucosa results, i.e. the

stretch of the unloading curves when P = 0. Figure 38 presents this with respect to the previous

maximum stretch of the sample for each layer, direction and strain rate, including a comparison

between the permanent set of the first and second cycles for a single stretch level. Permanent set

was found to increase with an increase in maximum stretch for all layers, directions, strain rates

and cycles. For the muscular layer, the gradient of increase was similar for both the longitudinal
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and circumferential directions. For the mucosal layer, the results suggest anisotropic behaviour,

with slightly greater permanent set in the circumferential direction compared to the longitudinal

direction. The inelastic strains were found to be greater for the second cycle compared to the first

cycle for all layers, directions and strain rates. They were also found to be greater for the 10%s−1

tests than the 1%s−1 tests for both layers and directions, thus implying strain rate effects within the

permanent set.

Figure 39. Effects of loading direction on the results at 1%s−1 (a) and 10%s−1 (b) and effects of
loading rate on the results in the longitudinal direction (c) and the circumferential direction (d) of
the fresh muscularis propria.
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4.3.4.2 Fresh tissue

Figures 39 and 40 show the cyclic results of the fresh muscularis propria and mucosa-submucosa

layer, respectively. Both layers present highly anisotropic behaviour, which greater stiffness and

earlier rupture in the longitudinal directions compared to the circumferential directions. Strain

rate-dependent behaviour is also apparent with an increase in strain rate resulting in an increase

in the stiffness for both layers and directions. Furthermore, hysteresis seems to increase with an

increase in strain rate for all layers and directions apart from the longitudinal muscular layer.

Figure 40. Effects of loading direction on the results at 1%s−1 (a) and 10%s−1 (b) and effects of
loading rate on the results in the longitudinal direction (c) and the circumferential direction (d) of
the fresh mucosa-submucosa layer.

Figures 41a and 41b show a layer comparison for the 1%s−1 and 10%s−1 results, respectively. In
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the longitudinal direction, past 1.07 stretch, the stress of the mucosa-submucosa is much higher

than that of the muscular layer. The mucosal layer also ruptures earlier than the muscularis propria

in this direction across both strain rates. While the difference in the stiffness between the two

layers is not as great for the circumferential direction compared to the longitudinal direction, it

can be seen that after 1.4 stretch the stiffness of the mucosa-submucosa layer is greater than the

muscularis propria. Permanent deformations of the cyclic results were also found to be layer-

dependent in that there was greater permanent set in the mucosa-submucosa than the muscularis

propria when comparing across each direction; the graphs of which will be presented later in

Section 6.1.

Figure 41. Fresh cyclic results showing the difference between the the two fresh layers at 1%s−1

(a) and 10%s−1 (b).

4.4 Stress-relaxation results

4.4.1 Variations in experimental samples and statistical analysis

The total number of stress-relaxation tests conducted per layer, per direction and per fresh cadaver

can be found in Table 25. A number of factors can contribute to the dispersion seen amongst ex-

perimental data of soft biological tissues, including heterogeneity of the tissue, different levels of

moisture, fluctuations in ambient temperature and variations in sample dimensions. These varia-

tions in dimensions of the stress-relaxation samples are displayed in Table 26.

To establish the time-independent behaviour of the oesophageal layers, the equilibrium stress-

stretch points for each test were recorded. This was done by extracting the stress at the most
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relaxed point, i.e. after 15 minutes hold time, for each stretch step, e.g. λ = 1.05, 1.10, 1.15... for

the longitudinal samples (Figure 28b). There was variability in these points between the different

tests for each direction and layer. To obtain the average equilibrium stress-stretch points, outlying

tests were removed (maximum 2 per layer, per direction) and the mean was calculated using the

remaining values. These values were then used to plot the equilibrium stress-stretch curve to de-

termine the time-independent response of each layer and direction of the human oesophagus under

large deformation, i.e. its hyperelastic behaviour.

Table 25: Number of stress-relaxation tests performed on fresh tissue per layer, per direction, per
cadaver.

Layer Direction Step in strain [%] Cadaver Tests Total

Muscularis propria
Longitudinal 5

6 5
n=10

7 5

Circumferential 10
6 5

n=9
7 4

Mucosa-submucosa
Longitudinal 5

6 5
n=10

7 5

Circumferential 10
6 5

n=10
7 5

Table 26: Mean ± population standard deviation of sample dimensions for the stress-relaxation
experiments performed on fresh tissue.

Muscularis propria Mucosa-submucosa

Width [mm] Thickness [mm] Width [mm] Thickness [mm]

Longitudinal 4.22 ± 0.26 1.75 ± 0.45 4.01 ± 0.21 0.75 ± 0.16

Circumferential 4.14 ± 0.29 1.92 ± 0.35 3.90 ± 0.20 0.64 ± 0.29

4.4.2 Stress-relaxation behaviour

The multi-step stress-relaxation behaviour of fresh human oeosphageal tissue was found to be dif-

ferent depending on the layer and direction. An example of a typical stress-time response can

be seen for the longitudinal mucosa-submucosa layer in Figure 42. The mean equilibrium stress-

stretch curve for each layer and direction can be found in Figure 43, including the standard devia-

tion. The mucosa-submucosa reveals a greater equilibrium stress for a certain stretch compared to
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the muscularis propria in the longitudinal direction. In the circumferential direction, the behaviour

of the two layers is similar until 1.4 stretch, at which point the muscularis propria becomes slightly

stiffer than the mucosa-submucosa. Then, after 1.6 stretch, the stress of the mucosa-submucosa

increases exponentially compared to the muscularis propria. For both layers, the equilibrium stress

is greater in the longitudinal direction than in the circumferential direction. The equilibrium stress-

stretch results reveal that the time-independent behaviour of the human oesophagus is both layer

and direction-dependent.

Figure 42. Stress-time example of the fresh mucosa-submucosa layer in the longitudinal direction
from the multi-step stress-relaxation experiments.

4.5 Opening angle and residual strains

The average longitudinal prestretch of the oesophagus from Cadaver 7 from its ex vivo state to

its in situ position was found to be 1.06, meaning that the human oesophagus in vivo is under a

slight longitudinal tension compared to its zero-stress state. For the circumferential zero-stress

state analysis, the time-dependent investigation showed that most of the creep of the samples oc-

curred between 0 and 0.5 hrs, however that some slow creep occurred until 24 hrs. Therefore, the

opening angle and residual strain measurements presented here are from the photographs taken at

24 hrs. The opening angle varies along the length of the oesophagus, and between the different

layers, as can be seen in Figure 44a. The results reveal that there are greater residual strains in the

mucosa-submucosa layer than the muscularis propria along the majority of the oesophagus apart

from in the abdominal region. The circumferential residual strains, as displayed in Figure 44b,

show that while the layers are intact, the mucosa-submucosa layer of the thoracic region is mainly
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Figure 43. Mean equilibrium stress-stretch obtained from multi-step stress-relaxation tests for the
fresh muscular layer (a) and the mucosa-submucosa layer (b) including shaded areas showing the
sample standard deviations.

under compression (dashed green line), while the muscularis propria is fully in tension (dashed

red line). The values in Figure 44b are the average of both thoracic locations investigated. The

residual strains of the separated layers (solid coloured lines) show the typical inner surface under

compression, outer surface in tension relationship seen for tubular soft tissues. The magnitude

of these residual strains do not differ much between the separated layers, which is similar to the

finding of Zhao et al. [13] for the pig oesophagus.

4.6 Conclusion

This chapter presented the experimental findings regarding the layered behaviour of the human oe-

sophagus retrieved from both embalmed and fresh cadavers. Both the cyclic and stress-relaxation

results showed the oesophageal layers to be highly anisotropic, with greater stiffness in the lon-

gitudinal direction compared to the circumferential direction, and greater resistance to rupture in

the circumferential direction compared to the longitudinal direction. The behaviour of the fresh

and embalmed human oesophagi were layer-dependent, with greater stiffness in the mucosal layer

compared to the muscular layer when considering each direction individually. The tissue layers

were found to be strain rate-dependent, with an increase in strain rate resulting in an increase in

stiffness for each layer and direction. Notably, the hysteresis also increased for most layers and

directions with an increase in strain rate. Permanent deformations were shown within the cyclic

experimental results, and were layer, direction, strain rate and cycle-dependent. Finally, longitu-
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Figure 44. a) Opening angle as a function of axial length along the oesophagus, where x/L =
0 is the proximal end and x/L = 1 is the distal end. b) Circumferential residual stretch of the
thoracic region of the human oesophagus throughout the tissue wall, where the dashed (− − −)
green and red lines represent the residual strains of the mucosa-submucosa layer and muscularis
propria, respectively, calculated by considering their inner and outer surfaces within the inact
wall samples.

dinal prestretch and circumferential residual strains were found to be present within the human

oesophagus in its in situ and no-load state, respectively.
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5 CONSTITUTIVE MODELLING

In this chapter, the constitutive modelling of the oesophagus and other GI organs currently found

in literature will firstly be discussed. Then, the model chosen for this thesis will be subsequently

outlined, and the fitting procedure described. Finally, the model parameter identification and val-

idation will be presented, along with a local sensitivity analysis of the parameter identification

results.

5.1 Introduction

The experimental findings presented in Chapter 4 of this thesis show that both layers of the hu-

man oesophagus, across both preservation states, behave as non-linear, anisotropic materials with

strain rate-dependent behaviour, hysteresis, stress-softening and permanent set. Due to the soft-

ness of the oesophageal layers, they are able to undergo large deformations. Therefore, models

based on non-linear continuum theory can be used to capture their material behaviour [129, 350].

In this context, there have been a number of different constitutive models used to simulate the

passive mechanical behaviour of oesophageal tissue. Currently, however, these have only captured

its hyperelastic response and modelled its behaviour based on animal experimental data. The Fung

model, originally developed for arterial tissue [351], was used to phenomenologically model the

behaviour of the intact wall [53,66,68,74,214,219] and individual layers [63,66–68,214] of the oe-

sophagus using experimental data from rat [53,74,214], rabbit [67,68] and porcine tissue [63,66].

The Fung model was able to capture well the non-linearity of oesophageal tissue, as well as its

anisotropy [66–68, 219]. Structure-based models that include information on the microstructural

components of the tissue have also been used to model the response of the intact wall [64,69,219]

and individual layers [60, 62, 64, 69, 70, 209] of the oesophagus. Notably, models based on those

developed by Holzapfel, Gasser, Ogden and their collaborators [352–354] have been used to model

the oesophagus in this way [60,70,209,219]. These models, originally developed for arterial tissue,

consist of an additive split of the strain energy function (SEF) into contributions from the isotropic

matrix material and the anisotropic collagen fibres. Yang et al. [60] used a neo-Hookean model

for the isotropic matrix and a classic Holzapfel model [352] to capture the anisotropic behaviour

of the tissue layers. They implemented two families of collagen fibres oriented symmetrically at

an angle to the circumferential direction, the fibre angle of which was determined by fitting it as

an additional material parameter rather than from structural imaging. Yang et al. [60] found that

by modifying the SEF of the fibres to be less non-linear, they were able to obtain a better fit with

their experimental data on porcine oesophagi. They then went on to use their bilinear SEF, which
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incorporates the actual strain of the fibres, in a following study on the inflation-extension behaviour

of the oesophagus [209]. To model the response of ovine oesophageal tissue layers, Sommer et

al. [70] used a neo-Hookean and a classic Holzapfel model [352] with one family of collagen fi-

bres. They determined the fibre angle phenomenologically as an additional material parameter

and concluded that, due to the angle being greater than 45°, the collagen fibres were preferentially

aligned in the longitudinal direction for both the muscular and mucosal layers. Moreover, a new

structure-based model developed by Natali and coworkers [62] was used to model the hyperelastic

behaviour of layers of the oesophagus from porcine. This model involved an additive split of the

SEF into isotropic and anisotropic parts, where, unlike other approaches in which the families of

fibres represent collagen in both oesophageal layers, the fibres in the muscular layer of the model

are the muscle fibres, and the fibres in the mucosa-submucosa layer are collagen fibres. For the

muscular and mucosal layers, Natali et al. [62] included the stretch along the fibre directions and

the influence of the fibres to the overall tissue response, while for the mucosal layer they also incor-

porated the contribution of the interaction between the two families of fibres. This resulted in an

eight and ten parameter model being used to capture just the hyperelastic response of the muscular

and mucosal layers of the oesophagus, respectively.

While phenomenological models can often provide a very good fit with experimental data, there

is a risk that the model can become over-fitted to the loading mode used for identification and

validation of the material parameters, which may not be transferable to other loading modes [131].

Furthermore, as they do not account for the tissue’s structure, we cannot use the model to gain

insight into the role of the material’s components on its mechanical behaviour [160]. For this rea-

son, a structure-based approach will be employed here to model the hyperelastic behaviour of the

human oesophagus, with the microstructural information being obtained from histological image

analysis. Additionally, Ngwangwa et al. [219], who studied the ability of phenomenological and

structure-based models to simulate the behaviour of ovine oesophageal tissue, found that structure-

based models were able to more accurately capture its mechanical behaviour.

As previously stated, there have been no studies attempting to model the viscoelastic behaviour of

the oesophagus, despite there being a number of time-dependent investigations of the tissue (Table

13). However, there have been a small number who have modelled the viscoelastic response of

the other GI tissues, including the stomach [226], small intestine [355], large intestine [355, 356]

and rectum [355]. For instance, Higa et al. [356] modelled the compressive behaviour of the goat

large intestine using a Mooney-Rivlin model [357] for its hyperelastic behaviour and a convolution
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integral to model its time-dependent response. Their model provided a good fit with the experi-

mental data, however they did not validate their parameters using another loading mode or strain

rate. Panda and Buist [355] proposed a viscoelastic framework for modelling the time-dependent

behaviour of the GI tissues specifically in regard to their distension response, and tested the effi-

cacy of the model against experimental data from three different GI organs. This model involved

an internal variable method based on the work of Huber and Tsakmakis [358] and used either

neo-Hookean or Humphrey [359] SEFs for the elastic and overstress parts of the Cauchy stress.

For the small intestine, they found that a neo-Hookean model with linear or non-linear viscosity

was able to capture very well the distension experimental data of Carniel et al. [277], however

that non-linear viscosity performed slightly better. Furthermore, they successfully simulated the

creep distension behaviour of the large intestine using experimental findings also from Carniel and

coworkers [360]. They found that, in this case, a Humphrey model with linear viscosity was best

able to capture the experimental data. Carniel et al. [277,360] constitutively modelled their own ex-

perimental data using a physio-mechanical viscoelastic formulation, however their model was not

thermodynamically consistent [355]. Moreover, for rectal tissue, Panda and Buist [355] modelled

the radial stress-relaxation using a neo-Hookean viscoelastic model with linear viscosity, which

captured well the tissue’s time-dependent response. However, neither Higa et al. [356] or Panda

and Buist [355] considered the direction-dependent response of the organ studied. Fontanella et

al. [226] utilised viscous variables to capture the viscoelasticity of piglet stomachs and modelled

the behaviour in both the circumferential and longitudinal directions. For the hyperelastic com-

ponent of the tissue behaviour, they used a Natali structure-based model, and found good overall

agreement between the model and experimental data. However, Fontanella et al. [226] only con-

sidered the time-dependent softening of the stomach and did not incorporate its history-dependent

response.

Petiteau et al. [361] compared two viscoelastic frameworks in the context of the strain rate-dependent

behaviour of materials in the large deformation domain. These frameworks included, what Petiteau

et al. [361] named, the Convolution Integral Model (CIM) and the Internal Variable Model (IVM).

They found that the IVM, based on the work of Huber and Tsakmakis [358], exhibited more dissi-

pation at higher strain rates compared to the CIM. Thus, as we found that hysteresis of the human

oesophageal was the one of the characteristics to significantly increase with strain rate (Table 22),

an internal variable approach will be employed here. Using the IVM, Masri et al. [7] successfully

modelled the layer, direction and time-dependent behaviour of the male human urethra, incorpo-

rating its history-dependent response through a stress-softening function developed by Rebouah et
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al. [362,363]. For the tissue’s hyperelastic behaviour, Masri et al. [7] used a Holzapfel model [352]

with three fibre families in which the fibre angles were derived from histological analysis of the

tissues layers. However, they did not consider the behaviour of the tissue over different strain rates

or with more than one cycle per stretch level.

As of yet, there has been no modelling carried out on oesophageal mechanical data from human

tissue, and the modelling that exists for the oesophagus using animal experimental data only looks

at its time-independent response. There have been a number of different ways to model other

GI tissues in terms of their time-dependent behaviour, however they either did not consider the

anisotropic behaviour or the history-dependent softening of the tissues. Therefore, an invariant-

based formulation from modelling the human male urethra [7] has been adapted here according to

the microstructural composition and experimentally-observed behaviour of the human oesophageal

layers. For this, an anisotropic matrix-fibre IVM with a history-dependent damage function was

employed, in which the fibre angle was determined from histologically obtained images.

5.2 Anisotropic matrix-fibre model with damage

In this section, a constitutive formluation for describing the passive material properties of the hu-

man oesophageal layers will be outlined.

Consider a continuum in which the reference (undeformed) configuration κ0 ∈ R3 undergoes a

deformation according to the map φ as a function of time t. Every particle X in this continuum is

mapped onto a corresponding point in the deformed configuration κ by x = φ(X, t) [364]. The

deformation gradient tensor F describes the mapping of the undeformed line elements onto the

deformed line elements and is defined as:

F (X, t) =
∂φ(X, t)

∂X
(5)

where X and x are the position vectors in the reference and deformed configurations, respectively.

The non-linear behaviour of soft materials undergoing large deformations is best described by a

Helmholtz free SEF, Ψ. This function can be used to relate the stress and the strain of the material

either from the point of view of the undeformed configuration or the deformed configuration: both

will be expressed here and either will be used depending on convenience. The second Piola-

Kirchhoff (PK) stress tensor describes the stress in the reference configuration and is defined as:
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S = 2
∂Ψ

∂C
(6)

where C = F T F is the right Cauchy-Green tensor. The stress expressed in the deformed configu-

ration is described by the Cauchy stress tensor:

σ = 2J−1∂Ψ

∂b
b (7)

where b = F F T is the left Cauchy-Green tensor and J = det(F ) is the Jacobian of the deformation

map, in which “det” refers to the determinant operator. The principal stretches, λi where i = 1, 2, 3,

are the squareroots of the principal components of the right or left Cauchy-Green tensors, i.e.

λ2
i = eigen(C). Now, the Helmholtz free SEF can be decoupled into:

Ψ = U(J) +W (8)

where U is a function of J and represents the strain energy due to the volumetric deformation,

while W is the volume preserving (isochoric) contribution to the strain energy, i.e. the shape

change. The oesophagus is considered as incompressible here as the high water content of soft

tissues means they are often regarded as such [164,365]. For incompressible materials, J ≡ 1 and

the U term of Equation 10 disappears. For thermodynamic consistency, a new term appears for the

stress of incompressible materials and is shown for the second PK stress tensor as follows:

S = −pJC−1 + 2
∂W

∂C
(9)

where p is the used as a Lagrange multiplier to impose the material incompressibility constraint. It

is referred to as the unknown hydrostatic pressure and can be determined through the equilibrium

equations and boundary conditions.

Now, for anisotropic materials, the isochoric SEF can undergo an additive split into the contribu-

tions from the isotropic part and the anisotropic part. For structure-based models of soft tissues,

usually the isotropic part is assumed to consist of the non-collagenous part of the material such as

the matrix, elastin and muscle fibres, while the anisotropic part is associated with the response of

the collagen fibres [131] as follows:

W = W0 +Wfibres (10)

This approach has been employed here where the matrix of the tissue has been considered as purely
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elastic and isotropic, with the anisotropy coming from the collagen fibres and their predominant

orientations. The viscoelasticity and damage have also been assumed to originate from the colla-

gen fibres due to the strain rate effects of the oesophageal layers not being seen at initial stretches

(Table 22), rather once the fibres have been activated (Figures 39c,d and 40c,d) [366], and the per-

manent set being commonly applied to the fibrous component of models for soft tissues [367–369].

For the mucosal layer, the fibres are the collagen within the mucosa and submucosa layers. For the

muscular layer, the fibres are composed of the collagen networks surrounding and connecting the

muscle fibres, as well as those concentrated at the circular/longitudinal junction. From the histo-

logical analysis, as outlined in Section 4.1, the collagen fibres of both layers were observed to sit

predominantly in the longitudinal and circumferential directions. Therefore, an orthotropic model

has been used to capture the anisotropy of the oesophageal layers, the collagen fibre orientations

for which have been demonstrated in Figure 45. This is contrary to the animal studies who used

a similar matrix-fibre approach, mentioned in Section 5.1, but modelled the collagen fibres orien-

tated at an angle to the circumferential direction [69, 70], i.e. not parallel and perpendicular to the

longtiduinal and circumferential directions as is adopted here.

Figure 45. Drawing to illustrate the fibre orientations in the layers of the human oesophagus
based on the histological observations outlined in Section 4.1.

The isotropic SEF can be described in terms of the first three invariants of the right and left Cauchy-
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Green tensors, I1, I2 and I3, where for incompressible materials I3 = 1 [350]. Here, however, for

simplicity, only I1 will be used. For anisotropic materials, a fourth invariant, I4, of the right or

left Cauchy-Green tensors is introduced and describes the stretch of a single family of fibres along

their specific direction. Two families of fibres will be used here and so the second PK stress tensor

defined in terms of these invariants for incompressible, anisotropic materials is:

S = −pC−1 + 2
∂W0

∂I1
I + 2

∑
i=1,2

I
(i)
4

∂W
(i)
fibres

∂I
(i)
4

[
N (i) ⊗N (i)

]
(11)

where, I is the identity tensor, N (i) is the direction of each set of fibres in the undeformed config-

uration, and W0 and W
(i)
fibres are the SEFs of the matrix and fibres, respectively, in which I1 and I

(i)
4

are defined in terms of the right Cauchy-Green tensor as:

I1 = tr(C); I
(i)
4 = C :

[
N (i) ⊗N (i)

]
. (12)

The Cauchy stress tensor is defined for incompressible, anisotropic materials in terms of I1 and

I
(i)
4 by:

σ = −pI + 2
∂W0

∂I1
b+ 2

∑
i=1,2

I
(i)
4

∂W
(i)
fibres

∂I
(i)
4

[
n(i) ⊗ n(i)

]
(13)

where, n(i) is the local direction of each set of fibres in the deformed configuration.

Next, the damage is modelled using a stress-softening evolution function developed by Rebouah

et al. [362]. This function, χ, is also able to capture the permanent set of a material and is applied

here to the fibre portion of the equation. Thus, the Cauchy stress tensor becomes:

σ = −pI + 2
∂W0

∂I1
b+ 2

∑
i=1,2

χ(i)
(
I
(i)
4 , I

(i)max
4

)
I
(i)
4

∂W
(i)
fibres

∂I
(i)
4

[
n(i) ⊗ n(i)

]
. (14)

The stress-softening function considers the difference between the current stretch and the previ-

ous maximum stretch, therefore capturing the history-dependent behaviour of the material. The

function was applied to soft tissues by Rebouah and Chagnon [363] and is described as:

χ(i)
(
I
(i)
4 , I

(i)max
4

)
= 1− η(i)m

[
I
(i)max
4 − I

(i)
4

I
(i)max
4 − 1

]β(i)

(15)
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where, ηm and β are non-dimensional parameters, and I
(i)max
4 is the maximum value of I(i)4 for

each direction throughout the whole history of the material.

Figure 46. Rheological representation of the viscoelastic model.

Now the time-dependent behaviour is considered using a large strain version of the Standard Linear

Solid model [358] and is also captured solely by the fibres. An internal variable-based model

advocated by Petiteau et al. [361] is employed, and can be represented using a spring-dashpot

analogy. A schematic of the generalised Maxwell model can be seen in Figure 46. The deformation

gradient tensor of the lower, inelastic branch can be described by a multiplicative decomposition

into an elastic part, F e, and an inelastic part, F i, in which F = F eF i. Figure 47 shows a visual

representation of this decomposition.

Figure 47. A decomposition of the deformation gradient tensor F , where κ0 is the undeformed
configuration, κi is the intermediate configuration and κ is the final configuration.
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We assume that the viscoelasticity has no volumetric contributions, so the SEF of the fibres can be

written as:

Wfibres(F ,F e) = W1(F ) +W2(F e) (16)

where, W1 is associated with the deformation between κ0 and κ, and W2 is the SEF involved in the

deformation between κi and κ [361]. Now, the Clausius–Duhem inequality, as detailed in Petiteau

et al. [361], arises through the application of the Second Law of Thermodynamics on the fibres

such that:

Dint = σfibres : D − Ẇfibres ≥ 0 (17)

where, Dint is the internal dissipation and D is the rate of deformation tensor. Taking into account

Equation 16, the dissipation inequality can be written as:

σfibres : D − ∂W1

∂b
: ḃ− ∂W2

∂be
: ḃe ≥ 0 (18)

where, be = F e F
T
e is the left Cauchy-Green tensor of the elastic deformation, and ḃ and ḃe, through

some algebraic manipulations, are:

ḃ = Lb+ bLT ; ḃe = Lbe + beL
T − 2F eDiF

T
e (19)

where, Di is the inelastic strain rate tensor defined as:

Di =
1

2

(
Li +LT

i

)
(20)

and L = Ḟ F−1 and Li = Ḟ iF
−1
i are the global and inelastic velocity gradient tensors, respec-

tively. Equation 18 can then be written as:(
σfibres − 2

∂W1

∂b
b− 2

∂W2

∂be
be

)
: D + 2F T ∂W2

∂be
F e : Di ≥ 0. (21)

To satisfy Equation 21 according to the incompressibility constraints, the Cauchy stress of the

fibres and the dissipation inequality are now defined, respectively, as:

σfibres = −pI + 2
∂W1

∂b
b+ 2

∂W2

∂be
be (22)

and
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2F T
e

∂W2

∂be
F e : Di ≥ 0. (23)

The simplest condition which satisfies Equation 23 is:

Di =
1

η0

(
F T

e

∂W2

∂be
F e

)D

(24)

where, the dashpot of Figure 46 is expressed linearly with the viscosity parameter η0, and (·)D is

the deviatoric operator. This gives rise to the evolution equation for the elastic strain as follows:

ḃe = Lbe + beL
T − 4

η0
be

(
∂W2

∂be
be

)D

. (25)

Therefore, in this case, the evolution equation to describe the elastic deformation of the fibres can

be written as:

ḃe = Lbe + beL
T − 4

η0

∂W2

∂I4,e
I4,ebe

[
[ne ⊗ ne]−

1

3
I4,eI

]
(26)

where, n(i)
e is the orientation of the fibres in the elastically deformed state and I4,e is the fourth

invariant of the elastic strain. The final Cauchy stress then becomes:

σ = −pI + 2
∂W0

∂I1
b+ 2

∑
i=1,2

χ(i)

[
I
(i)
4

∂W
(i)
1

∂I
(i)
4

[
n(i) ⊗ n(i)

]
+ I

(i)
4,e

∂W
(i)
2

∂I
(i)
4,e

[
n(i)

e ⊗ n(i)
e

]]
(27)

where,

I
(i)
4,e = Ce :

[
N (i) ⊗N (i)

]
(28)

in which, Ce = F T
e F e is the right Cauchy-Green tensor associated with the elastic deformation.
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5.3 One-dimensional formulation of the model

In this section, the one-dimensional constitutive law will be formulated following the uniaxial

tensile test condition of this study. For the muscularis propria and mucosa-submucosa layers, it is

assumed that the collagen fibres, residing mainly in the longitudinal and circumferential directions,

can be captured by two families of fibres whose mean orientations in the undeformed configuration

are denoted by N (1) and N (2), as seen in Figure 45. For the longitudinal samples, the direction

vectors are simply:

N (1) =
[
1 0 0

]
; N (2) =

[
0 1 0

]
. (29)

For uniaxial tension, the samples are loaded in only one direction, while the other two directions

are unhindered, hence λ1 = λ for the longitudinal samples. In this model, as is with Holzapfel et

al. [352], it is assumed that the fibres are only active in tension, i.e., I(i)4 ≥ 1 and I
(i)
4,e ≥ 1. It is

also considered that the material is incompressible. Therefore, with the assumption of symmetry,

the uniaxial tension deformation gradient tensor can be written as follows:

[
F
]
=


λ 0 0

0 λ− 1
2 0

0 0 λ− 1
2

 (30)

where, λ is the stretch as defined in Section 3.4.5. A neo-Hookean SEF is used to model the matrix

of the oesophageal layers and is described as:

W0 = c1[I1 − 3] (31)

where, c1 is a stress-like material parameter. For the time-independent response of the fibres, a

classic Holzapfel [352] SEF is used:

W
(i)
1 =

k
(i)
1

2k
(i)
2

[ek
(i)
2 [I

(i)
4 −1]2 − 1] (32)

where, k1 > 0 is a stress-like material parameter and k2 > 0 is a dimensionless parameter. For the

elastic deformation of the fibres, a Kaliske [15] SEF, as used by Rebouah and Chagnon [370], is

employed (with n = 3) and is described as:

W
(i)
2 = C

(i)
2 [I

(i)
4,e − 1]2 + C

(i)
3 [I

(i)
4,e − 1]3 + C

(i)
4 [I

(i)
4,e − 1]4 (33)
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where, C2, C3 and C4 are stress-like material parameters. Using the definitions of Eqns. (12) and

(28) with (30), the strain invariants can be written in terms of global stretch, λ, and the elastic

stretch component, λe, for uniaxial tension as:

I1 = λ2 + 2λ−1; I
(1)
4 = λ2; I

(2)
4 = λ−1; I

(1)
4,e = λ2

e; I
(2)
4,e = λ−1

e . (34)

The first PK stress tensor is then calculated from the Cauchy stress using P = JσF−T . The

unknown hydrostatic pressure is solved using the knowledge that P3 = 0 for this test condition.

Therefore, by inserting this and the definitions from (34), the one-dimensional first PK stress for

the longitudinal samples becomes:

P1 = 2
∂W0

∂I1
[λ− λ−2] + 2χ(1)λ−1

[
∂W

(1)
1

∂I
(1)
4

λ4 +
∂W

(1)
2

∂I
(1)
4,e

λ4
e

]
, (35)

where, the partial derivatives of the SEFs for the fibres and the matrix with respect to their invari-

ants are as follows:

∂W0

∂I1
= c1;

∂W
(1)
1

∂I
(1)
4

=
[
λ2 − 1

]
k
(1)
1 ek2[λ

2−1]2 ; (36)

∂W
(1)
2

∂I
(1)
4,e

= 2C
(1)
2 [λ2

e − 1] + 3C
(1)
3 [λ2

e − 1]2 + 4C
(1)
4 [λ2

e − 1]3. (37)

The first PK stress is now expressed in terms of λ and can be compared to the experimentally

obtained data. The same procedure is used to derive the one-dimensional equation for the circum-

ferential direction, i.e. when N (2) is parallel to the axis of loading. The evolution equation of Eqn.

(26) is used to attain the elastic deformation during loading and is written in its one-dimensional

form in terms of λe for uniaxial tension as:

λ̇e = λe
λ̇

λ
− 4

3η0

∂W2

∂I4,e
λ5
e (38)
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5.4 Parameter identification and model validation

5.4.1 Embalmed tissue

The first step in parameter identification for the embalmed tissue was to isolate the approximate

hyperelastic portion of the experimental results. For this, the loading path closest to that of a

preconditioned sample from the 1%s−1 tests was selected. Therefore, the loading path of the sec-

ond cycle of the highest stretch level reached by each sample was extracted and used to identify

only the hyperelastic parameters. For each layer, the hyperelastic portion of the first PK stress

equations, i.e. sans stress-softening and viscoelasticity, for the longitudinal and circumferential

directions were compared to the linear region of the experimental data to simultaneously fit the c1

parameter using a manual slider. The k(i)
1 and k

(i)
2 parameters were then obtained independently for

each direction also by using a manual slider. The results of these fittings can be seen in Figure 48,

revealing a good fitting of the experimental data for both layers and directions. The hyperelastic

parameters were then kept frozen during the identification of the damage and viscous parameters.

Figure 48. Identification of the hyperelastic parameters in the longitudinal and circumferential
directions for the embalmed muscularis propria (a) and mucosa-submucosa (b) layers from the
1%s−1 cyclic experimental results using the loading path of the second cycle of the final full
stretch level.

The cyclic data for the 1%s−1 results in each direction and layer were used to identify the viscous

and damage parameters. For this, a non-linear least squares approach was employed, where the

lsqcurvefit function from the Optimization Toolbox in MATLAB was utilised to obtain the

parameters separately for the longitudinal and circumferential directions of each layer.
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The lsqcurvefit function employs the non-linear least squares optimisation technique. This

technique is sensitive to the initial starting point given, therefore the initial estimates of the param-

eters were varied over a range (1e−1 − 1e5) to attain the correct fit: the set of parameters retained

most frequently over the range of initial estimates were regarded as the global minimum.

The evolution equation was solved implicitly for each time step using the backward Euler method.

For this, the evolution equation was discretised as follows:

λm+1
e − λm

e

∆t
= λm+1

e

λm+1 − λm

λm+1∆t
− 4

3η0

(
∂W2

∂I4,e

)m+1

(λ5
e)

m+1 (39)

where, m identifies the current time step and ∆t is the time step. Then, the equation was rearranged

so that it equalled zero and the solution for the unknown λe could be found using the fzero func-

tion in MATLAB, which finds the root of a non-linear function.

The results for the 1%s−1 cyclic data fittings can be found in Figure 49. The model provides a good

fit for both layers and directions, capturing well the non-linearity and hysteresis of the experimen-

tal results. All the parameter values for the embalmed tissue can be found in Table 27. The next

step was to validate the model using experimental data that had not been used in the identification

process. For this, the 10%s−1 results for each layer and direction were predicted. The results of

this validation can be seen in Figure 50.

Table 27: A complete set of material parameter values for the visco-anisotropic damage model
identified in a modularised way for the layers of the embalmed human oesophagus.

c1[kPa] k1[kPa] k2[−] ηm[−] β[−] η0 C2[kPa] C3[kPa] C4[kPa]

Muscular N (1)

1.32
13.4 6.85 2.16 1.20 2280 0.02 0.01 82.3

N (2) 3.36 0.82 1.29 0.42 3309 0.02 1.14 3.00

Mucosal N (1)

0.86
23.5 24.4 0.09 0.66 824 5.50 0.01 1846

N (2) 3.98 3.85 0.89 0.31 371 12.8 0.01 65.4

For the muscular layer, the model validation in the longitudinal direction, the results of which are

depicted in Figure 50a, simulates the general increase in the stiffness seen, but does not ideally

predict the non-linearity, steep gradient and hysteresis seen at the higher strain rate. The prediction

of the 10%s−1 circumferential results simulates very well the behaviour up until the 1.4 stretch

level (Figure 50b), however past this point underestimates the maximum stress for this direction.
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Figure 49. Parameter identification and modelling of the 1%s−1 cyclic behaviour of the em-
balmed muscularis propria layer in the longitudinal (a) and circumferential (b) directions, and
the embalmed mucosa-submucosa layer in the longitudinal (c) and circumferential (d) directions.

All the model results do not adequately simulate the second cycle of each stretch level. The results

overall, however, do well in modelling a good number of features of the stress-stretch response

of the embalmed muscularis propria, including permanent deformations, hysteresis, non-linearity,

and predict well the effect of the increase in strain rate on the tissue’s behaviour, particularly in the

circumferential direction.

For the mucosa-submucosa layer, the longitudinal direction results, shown in Figure 50c, predict

very well the behaviour of this direction up until approximately 1.045 stretch. However, past this

point it can be seen that the model underestimates the change in stiffness experienced at the higher
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strain rate, while the hysteresis and difference between the two loading-unloading paths are over-

estimated compared to the experimental data. Overall, the model performs fairly well in capturing

the behaviour of the longitudinal direction, particularly the increased stress-softening between the

two cycles seen at the higher strain rate. The circumferential direction validation results, as seen in

Figure 50d, are found to overestimate the stiffness and hysteresis seen in the first two stretch levels

of the stress-stretch response, but provide a very good prediction of the strain rate dependency

at higher stretches, resembling well the non-linearity and hysteresis of the experimental results at

these points. The simulations for the circumferential direction, however, underrepresent the hys-

teresis of the second cycle for each stretch level. That is to say, the model does not ideally capture

the estimated preconditioned behaviour of the layer in the circumferential direction.

5.4.2 Fresh tissue

The same identification process was employed for the fresh tissue as for the embalmed tissue, how-

ever for the fresh oesophageal layers, the equilibrium stress-stretch results were used to identify

the hyperelastic parameters. As outlined in Section 4.4.1, the equilibrium stress-stretch curve was

obtained from the stress-relaxation experiments by recording the stress after 15 minutes relaxation

and plotting this against the stretch the sample was held at. Figure 51 shows the parameter iden-

tification results for the hyperelastic response of the muscularis propria (Figure 51a) and mucosa-

submucosa (Figure 51b) layers, which provide a very good fit with the stress-stretch relations in

both directions. These hyperelastic parameters were then kept frozen during the identification of

the viscous and damage parameters using the cyclic experimental results.

Figure 52 shows the identification of the viscous and damage parameters using the 1%s−1 cyclic

results, the values of which will be presented later in Section 5.5. The identification of these

parameters for the fresh longitudinal muscular layer (Figure 52a) provides a good fit with the ex-

perimentally observed response in terms of hysteresis of the first cycle for each stretch level and

overall non-linearity, however at around λ = 1.25 − 1.3, the stress of the model becomes higher

than the experimental data. This is thought to be mainly caused by the frozen strain-hardening

parameter obtained from the hyperelastic behaviour. The fitting for the circumferential muscularis

propria (Figure 52b) presents very well the overall form of the experimental data, particularly at

lower strains, however, the identification does not capture the hysteresis of the second cycle, where

at higher strains the unloading path of both cycles is in between the loading and unloading path

of the second cycle. For the fresh mucosa-submucosa in the longitudinal direction (Figure 52c),
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Figure 50. Parameter validation and modelling of the 10%s−1 cyclic behaviour of the embalmed
muscularis propria layer in the longitudinal (a) and circumferential (b) directions, and the em-
balmed mucosa-submucosa layer in the longitudinal (c) and circumferential (d) directions.

the fitting models well the sharp strain hardening seen in the experimental data and imitates the

observed hysteresis of this direction and layer, but slightly overrepresents the stress seen at lower

stretches. Similarly to the circumferential muscular layer, the parameter identification for the fresh

circumferential mucosal layer (Figure 52d) resembles well the shape of the experimentally ob-

served response, particularly at lower strains, but does not capture the second cycle hysteresis.

Figure 53 shows the model validation for the fresh tissue using the 10%s−1 cyclic results. It can be

seen that for the predication of the 10%s−1 cyclic behaviour of the longitudinal muscularis propria

(Figure 53a), the model captures well the response for the 1.3 stretch level cycles, but overesti-
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Figure 51. Parameter identification for the hyperelastic behaviour of the fresh muscularis propria
layer (a) and mucosa-submucosa layer (b) in the longitudinal and circumferential directions us-
ing the equilibrium stress-stretch response as determined by stress-relaxation experiments.

mates the stress for the 1.1 and 1.2 cycles. The hysteresis of the first 1.2 and 1.3 cycles are also

overestimated for this layer and direction. For the circumferential muscular layer (Figure 53b), the

model is shown to provide an almost perfect resemblance of the loading and unloading paths of

the first cycle of each stretch level, but still fails to capture the hysteresis of the second cycle. The

same can be said for the circumferential mucosa-submucosa (Figure 53d). The model predicts well

the behaviour of the mucosa-submucosa at 10%s−1 in the longitudinal direction up until λ = 1.1,

after this point, however, the stress is slightly underestimated, along with the hysteresis of the first

cycle. Overall, the behaviour of the second cycle for each stretch level was not ideally captured by

the model.

5.5 Local sensitivity analysis

In this section, a local sensitivity analysis is carried out on the parameters using the fresh tissue

model identification results, i.e. the fresh 1%s−1 cyclic results for each layer and direction [355].

For this, each parameter was changed one at a time to firstly 90% of its baseline value and then

110% of its baseline value. The coefficient of determination, R2, provides a measure of the quality

of fit of a model compared to the experimental data. The R2 value was calculated for the change

of each parameter ± 10% from its baseline, and compared with the original R2 for the identified

parameters. It can be seen in Figure 54 that for all directions and layers, the k1 and k2 parame-
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Figure 52. Parameter identification and modelling of the 1%s−1 cyclic behaviour of the fresh
muscularis propria layer in the longitudinal (a) and circumferential (b) directions, and the
mucosa-submucosa in the longitudinal (c) and circumferential (d) directions.

ters are the most sensitive as a ±10% change in their value caused the greatest difference in R2

value. The effect of the changes of these parameters in the most sensitive directions, i.e -10% or

+10%, have been shown in Figure 58 in the Appendix. For some parameters, e.g. k1 and k2 for

the circumferential directions (Figures 54b and 54d), the decrease of its value by 10% increased

its R2. This is due to these parameters being fixed from the hyperelastic identification process and

not being the most ideal for modelling the 1%s−1 cyclic results.

Figure 54 highlights how the C2, C3 and C4 parameters were not so influential to the overall quality

of fit. It is possible for the Kaliske model just to be based on the C2 parameter, i.e. n = 1 (Section
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Figure 53. Parameter validation and modelling of the 10%s−1 cyclic behaviour of the fresh mus-
cularis propria layer in the longitudinal (a) and circumferential (b) directions, and the mucosa-
submucosa in the longitudinal (c) and circumferential (d) directions.

5.3). Therefore, the R2 values were considered for each direction and layer when both C3 = 0

and C4 = 0. The results of the change in R2 value between the originally identified parameters

(baseline) and when only a one parameter Kaliske model is used is shown in Table 28. It can be

seen that for the circumferential direction, the C3 and C4 parameters make almost no difference to

the overall fit of the model, while in the longitudinal direction they do. Therefore, for the fresh tis-

sue, a 9 parameter model will be appointed for the longitudinal direction and a 7 parameter model

for circumferential direction. The final set of parameters for the layers of the human oesophagus

based on fresh, ex vivo experimental results can be found in Table 29.
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Figure 54. Local sensitivity analysis results for each parameter for the fresh muscularis propria
layer in the longitudinal (a) and circumferential (b) directions, and the mucosa-submucosa in the
longitudinal (c) and circumferential (d) directions.

Table 28: Effect of a one parameter Kaliske [15] SEF on the coefficient of determination, R2,
when modelling the fresh 1%s−1 cyclic results for each layer and direction.

R2
base R2

C3=0,C4=0 Difference

Muscularis propria Longitudinal 0.964204 0.961140 0.003064
Circumferential 0.919693 0.919693 1.07E-07

Mucosa-submucosa Longitudinal 0.983976 0.978410 0.005566
Circumferential 0.899059 0.899058 4.50E-07
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Table 29: A complete set of material parameter values for the visco-anisotropic damage model
identified in a modularised way for the layers of the fresh human oesophagus.

c1[kPa] k1[kPa] k2[−] ηm[−] β[−] η0 C2[kPa] C3[kPa] C4[kPa]

Muscular N (1)

0.25
2.74 4.17 0.73 0.19 212 1.54 0.01 76.2

N (2) 0.59 0.10 1.15 0.27 0.87 3.23 − −

Mucosal N (1)

0.45
2.78 20.8 1.93 0.79 3239 4.69 0.65 48.5

N (2) 0.43 0.40 1.33 0.22 0.43 9.97 − −

5.6 Conclusion

This chapter outlined the matrix-fibre IVM adapted from Masri et al. [7] used to model the visco-

hyperelastic behaviour of the human oesophageal muscular and mucosal layers. The results of the

parameter identification and validation show the model to be capable of capturing the non-linearity,

stress-softening, permanent set and strain-rate dependency seen in the experimental results. How-

ever, across all directions, layers and preservation states, the model struggled to simulate the hys-

teresis behaviour of the second cycle for each stretch level. Through a local sensitivity analysis,

it was found that the hyperelastic parameters k1 and k2 had the greatest influence on the overall

quality of fit of the model to the experimental data.

Formalin embalming was found to affect the mechanical behaviour of the oesophagus in a number

of ways. Experimentally, a greater magnitude of Young’s modulus, hysteresis and stress-softening

was found for the embalmed tissue compared to the fresh tissue, for which the increase in Young’s

modulus was greater for the mucosa-submucosa than the muscularis propria. The rupture stretch,

however, was higher for the fresh tissue. By considering the hyperelastic parameters of the con-

stitutive model, it can be seen that these agree with the experimental results in that the stiffness

parameters increased for the embalmed modelling compared to the fresh, with a greater increase

for the mucosal layer than the muscular layer. Interestingly, the strain hardening parameter was

also found to increase for the embalmed modelling compared to the fresh modelling, the effect of

which was much greater in the circumferential direction than in the longitudinal direction across

both layers.
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6 COMPARISON OF FRESH AND EMBALMED TISSUE

Performing the same cyclic tests on both the fresh and embalmed tissue has allowed for a direct

comparison to be made between the two preservation states. In this chapter, the differences and

similarities in experimental results and constitutive modelling between the fresh and embalmed

oesophageal tissue will be presented.

6.1 Experimental findings

The characteristics as outlined in Section 4.3.2.2 were compared between the embalmed and fresh

results for each layer, direction and strain rate using the Mann-Whitney U test. It was found that for

almost all of the characteristics considered, their value was statistically higher for the embalmed

tissue compared to the fresh tissue, the results of which can be seen in Table 30. The rupture

stretch, however, was found to be higher for the fresh tissue compared to embalmed tissue, partic-

ularly in regard to the muscularis propria. Table 31 presents the average Young’s modulus for the

1%s−1 cyclic results for both fresh and embalmed tissue, revealing a greater increase in stiffness

caused by embalming for the mucosa-submucosa compared to the muscularis propria.

Table 30: Statistical differences in characteristics between the preservation states (fresh and em-
balmed) for both the muscularis propria and the mucosa-submucosa. Blank cells indicate no sta-
tistical significance between the two groups, and filled cells indicate the preservation state for
which the characteristic is statistically higher than for the other preservation state, including the
respective p-value.

CharacteristicLayer Test cond.
E1 E2 AH1 AH2 ∆AH λrup Pmax AL1 AU1 AL2 AU2

Embalm Embalm Embalm Embalm Embalm Embalm Embalm Embalm Embalm Embalm
1%/s Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Embalm Embalm Embalm Embalm Embalm Fresh Embalm Embalm Embalm Embalm Embalm
10%/s Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p = 0.021 p = 0.006 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Embalm Embalm Embalm Embalm Embalm Fresh Embalm Embalm Embalm Embalm Embalm
1%/s Circ

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Embalm Embalm Embalm Embalm Embalm Fresh Embalm Embalm Embalm Embalm Embalm

Muscle

10%/s Circ
p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Embalm Embalm Embalm Embalm Embalm Embalm Embalm Embalm Embalm
1%/s Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p = 0.001 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Embalm Embalm Embalm Embalm Embalm Embalm Embalm Embalm Embalm
10%/s Long

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p = 0.001 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Embalm Embalm Embalm Embalm Embalm Fresh Embalm Embalm Embalm Embalm
1%/s Circ

p < 0.000 p < 0.000 p < 0.000 p < 0.000 p < 0.000 p = 0.007 p < 0.000 p < 0.000 p < 0.000 p < 0.000

Embalm Embalm Embalm Embalm Embalm Embalm

Mucosa

10%/s Circ
p < 0.000 p < 0.000 p = 0.001 p < 0.000 p = 0.008 p < 0.000
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Table 31: Fresh and embalmed tissue’s mode and range of Young’s modulus, E1, for each layer
and direction from the first loading path of the 1%s−1 cyclic results, and p-values for testing if
the distribution of Young’s moduli followed a Fréchet distribution. The circumferential mus-
cularis propria for the fresh tissue did not follow a Fréchet distribution and was normally dis-
tributed, therefore, for this layer, direction and preservation state, the mean, standard deviation
and p-value for the Shapiro-Wilk test are presented.

Layer Direction Pres. state Mode [kPa] Range [kPa] p-value

Muscularis propria

Longitudinal
Fresh 7.94 2.67 - 20.7 0.722

Embalmed 32.2 6.0 - 266 0.367

Circumferential
Fresh

Mean: Standard deviation: Normally distributed:

3.45 ± 0.99 0.141
Embalmed 16.1 3.7 - 81.5 0.808

Mucosa-submucosa
Longitudinal

Fresh 8.36 2.57 - 24.8 0.926
Embalmed 93.5 25.8 - 331 0.247

Circumferential
Fresh 1.89 0.83 - 3.52 0.858

Embalmed 38.4 21.2 - 47.5 0.783

Figure 55 shows that when the axis are scaled accordingly, the anisotropic properties within the

two preservation states are similar. The anisotropy of stiffness and non-linearity of each direc-

tion, as well as the degree of hysteresis and stress-softening, remain relatively consistent despite

the change in magnitude of these phenomena between the embalmed and fresh tissue, suggesting

that, apart from rupture stretch, embalming proportionally increases the mechanical properties of

oesophageal tissue. It should be noted that due to the limit of the sensor and the softness of the

preservation state, there was more noise at lower stretches of the fresh tissue compared to the em-

balmed tissue, particularly for the mucosa-submucosa layer in the circumferential direction (Figure

55c).

The differences in permanent set were also analysed between the fresh and the embalmed tissue

results. Figure 56 shows a comparison of the permanent deformation at 1%s−1 between the two

preservation states. It can be seen that the degree of damage of the fresh circumferential muscular

layer was almost identical to that of the embalmed, while the fresh longitudinal muscle, longi-

tudinal mucosa and circumferential mucosa all had greater permanent set than their embalmed

equivalents.
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Figure 55. Comparing the fresh (a) and embalmed (b) 1%s−1 cyclic results of the muscular layer,
and the fresh (c) and embalmed (d) 1%s−1 cyclic results of the mucosa-submucosa layer.

6.2 Constitutive modelling

Figure 57 shows the magnitude change of the fibre stiffness parameter, k1, and the fibre strain

hardening parameter, k2, from the fresh to embalmed state. This reveals that the fibre stiffness pa-

rameter increased for both the muscular and mucosal layers, however that the increase was greater

for the mucosa-submucosa than the muscularis propria across both directions. In terms of the strain

hardening parameter, this increased from the fresh to embalmed tissue, however the increase was

much greater for the circumferential direction of both layers compared to the longitudinal direction.
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Figure 56. Permanent set of the fresh and embalmed muscularis propria (a) and mucosa-
submucosa (b) at 1%s−1, including the differences between the first and second cycles.

Figure 57. Change in k1 and k2 material parameters from the fresh to embalmed tissue for each
direction and layer.

6.3 Conclusion

Formalin embalming was found to affect the mechanical behaviour of the oesophagus in a number

of ways. Experimentally, a greater magnitude of Young’s modulus, hysteresis and stress-softening

was found for the embalmed tissue compared to the fresh tissue, for which the increase in Young’s

modulus was greater for the mucosa-submucosa than the muscularis propria. The rupture stretch,

however, was higher for the fresh tissue. By considering the hyperelastic parameters of the con-

stitutive model, it can be seen that these agree with the experimental results in that the stiffness

parameters increased for the embalmed modelling compared to the fresh, with a greater increase
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for the mucosal layer than the muscular layer. Interestingly, the strain hardening parameter was

also found to increase for the embalmed modelling compared to the fresh modelling, the effect of

which was much greater in the circumferential direction than in the longitudinal direction across

both layers.
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7 DISCUSSION

In this chapter, the experimental methods and findings of this thesis will be discussed, as well as

the constitutive modelling of the human oesophageal layers. Furthermore, the differences between

the mechanical behaviour of the fresh and embalmed oesophagi will be considered.

7.1 Experimentation

7.1.1 Oesophageal mechanical behaviour and physiological perspectives

The equilibrium stress-stretch behaviour and the cyclic results revealed the longitudinal direction

to be stiffer than the circumferential direction for both layers of the oesophagus. The circum-

ferential direction also ruptured at a much higher strain than the longitudinal direction for both

layers. These may be related to the oesophagus’ physiological function where more compliance is

required in the circumferential direction due to distension caused by varying sizes of fluid bolus,

while the stiffness in the longitudinal direction supports the function of the longitudinal muscle

fibres in carrying out longitudinal shortening during peristalsis, which reduces the work needed by

the circular muscle fibres to move the bolus [334]. Microstructurally, there was greater collagen

in the longitudinal direction compared to the circumferential direction and greater elastin in the

circumferential direction than in the longitudinal direction for both the mucosal and muscular lay-

ers. This histological distribution may explain the anisotropic behaviour of the tissue, as collagen

is associated with withstanding tensile loads [371] and elastin allows soft tissues to undergo repet-

itive loading [372]. The layer-dependent differences also correlate with the histological findings

and the role that collagen plays in the mechanical behaviour of soft tissues [373]. Furthermore,

the non-linear response of the tissue layers is associated with the function of the oesophagus in

that compliance is required at low stretches to allow for the passage of the bolus, while stiffening

occurs at higher stretches to impede over-dilatation. It is thought that the muscularis propria sup-

ports the majority of the load at low intraluminal pressures, while the mucosa-submucosa stiffens

quickly when the diameter of the oesophagus is approximately double its undeformed size [45,51].

This is inline with the fresh cyclic results here in that in the circumferential direction, the mucosa-

submucosa strain hardens at a higher stretch than the muscular layer, as well as, at high stretches,

is stiffer than the muscular layer. In vivo, the mucosa-submucosa layer is folded and so would only

undergo the circumferential loads experienced in the tension experiments carried out here once

the layer was distended so far that it unfolded. At this point, the higher stiffness of the mucosa-

submucosa would take the load and prevent over-dilatation of the organ. Future testing of the intact
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layers of the human oesophagus would help to understand the contribution of the individual layers

on the overall behaviour of the tissue wall.

It was once assumed that the no-load state of human tissues was also its stress-free state. However,

it was determined that since unloaded, ring-like cross-sectional segments of the arterial wall sprung

open upon a radial cut, there must exist residual stresses and strains within arteries [183,374–376].

Since then, residual strains and stresses have been found in different tissues of the human body,

including aortic valve leaflets [185] and the ureter [377]. Outside of this work, however, only

the residual strains present in rabbit [67, 68, 212], rat [52, 53, 214], porcine [13, 66] and guinea

pig [57, 58, 216] oesophagi have been determined. Gregersen et al. [216] found that the inclusion

of residual strains within the guinea pig oesophagus provided more accurate strain measures at its

luminal surface, while Holzapfel et al. [352] found that residual stresses in arteries gave way to

a more homogenised stress distribution throughout the arterial wall. The zero-stress state analy-

sis in this work showed there to be circumferential residual strains and longitudinal prestretch in

the oesophagus’ no-load state [212], therefore, these should be considered when conducting FE

modelling of the human oesophagus [143]. In this study, however, only the residual strains of the

oesophagus from Cadaver 7 were considered. Therefore, for a more robust quantification of the

human oesophageal residual strains, more specimens should be taken into account.

7.1.2 Comparison with other experimental studies

The main ex vivo tensile studies of the human oesophagus were conducted on the intact tissue

wall [47, 48], for which Egorov et al. [47] only considered the behaviour in the longitudinal di-

rection. Vanags et al. [48], who studied the direction-dependent behaviour of the organ, found the

mechanical properties of the human oesophagus to be anisotropic, following the same relation-

ship as the findings of this study: the stress and Young’s modulus were greater in the longitudinal

direction, while the strain the tissue could be subjected to before rupture was higher in the circum-

ferential direction. As mentioned in Section 1, Vanags and coworkers [48] also studied the effect

of age on the mechanical properties of the human oesophagus [48]. From their findings, it could

be expected that the Young’s moduli for the oesophagus determined in this thesis might be greater

than for younger oesophageal tissue due to the high ages of the cadaveric tissue tested (Table 16).

Through the use of vibrational OCE together with OCT, Wang et al. [97] found the lamina muscu-

laris mucosae, a thin muscle layer in the mucosa (60.28 kPa), to be less stiff than the submucosa
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(205.25 kPa) or lamina propria (115.64 kPa), which agrees with the findings of this work where

the more muscular and less collagenous layer, the lower the stiffness. They attributed the greater

stiffness of the submucosa and lamina propria to be due to the greater collagen content of these

sublayers. However, despite the human oesophagi being retrieved from Thiel-embalmed cadav-

ers [124], the Young’s moduli established by Wang et al. [97] are substantially higher than those

derived from both the formalin-embalmed and fresh mucosa-submucosa layer in this work. This

could be due to differences in the scales in which the mechanical behaviour of the oesophagus

was investigated [378]: the approach of Wang and coworkers [97] that measures elasticity at a

micrometre scale (strains of less than 0.067%) has the potential to be very useful for clinical diag-

nosis and staging of oesophageal cancer, but does not seem to represent the material response of

the oesophagus at larger length scales which is necessary for applications such as FE models for

medical device design [44].

Sommer et al. [70] studied the mechanical behaviour of ovine oesophagi and carried out tests with

a variety of loading modes. They found the inflation-extension behaviour of ovine oesophagi with

their layers intact to be direction-dependent, with the longitudinal direction being stiffer than the

circumferential direction. This finding agrees with the other inflation-extension tests conducted on

intact oesophagi from rats [75] and rabbits [68], as well as the anisotropic results of this study.

Comparing the layer-dependent uniaxial results of ovine oesophagi from Sommer et al. [70] to

those presented here, there was similar maximum stress in the longitudinal direction across both

layers, and a similar strain hardening for the muscular layer. However, for the mucosal layer in the

longitudinal direction, strain hardening occurred at 1.4 stretch compared to around 1.1 stretch in

this work. The circumferential direction of both layers proved to be stiffer for ovine tissue com-

pared to human tissue despite conducting their tests at a slower strain rate: the maximum stress

found for ovine oesophagus in this direction was in the range of 200 – 350 kPa, while for the fresh

tissue in this study it was around 10 – 40 kPa. Similar layer-dependent, uniaxial tensile tests were

carried out by Yang et al. [60] on porcine oesophagi, for which the stress in both directions was

substantially higher than in the current study. While they found the longitudinal direction to be

stiffer than the circumferential direction, strain hardening across both layers occurred later in the

longitudinal direction and earlier in circumferential direction compared to the results here, suggest-

ing porcine oesophageal tissue to be less direction-dependent than human tissue. These differences

could be due to differences in the species’ digestive systems [87], as well as slight variations in the

experimental technique and setup [379].
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Layer-dependent distension tests of animal oesophagi performed ex vivo were found to agree with

the results of this thesis in that, particularly at higher strains, the mucosa-submucosa was stiffer

than the muscularis propria [52,55,66,67,75,214]. This, however, differs to the findings of Frøkjær

et al. [44] who performed in vivo distension tests on healthy humans. They found the stiffness of

the oesophagus to be lowest at the inner, mucosal surface across all strains. This discrepancy is

thought to be due to the fact that mucosal layer is folded in vivo and so most of the stiffness during

the tests would be provided by the muscular layer [44]. Therefore, the results of the current study

can be used to develop material models of the oesophagus which include the discrete behaviour

of the layers, while the findings of Frøkjær and coworkers [44] would be ideal for contributing

towards the validation of FE models of the human organ [131]. While it may be expected that,

due to the high ages of cadavers tested in this study [48] and the ex vivo test condition [305],

the stiffness of the fresh oesophageal tissue tested here would be a lot greater than that found by

Frøkjær et al. [44], this was not the case, with the Young’s moduli being well within the same

order of magnitude (1.9 – 3.5 vs. 2.5 – 5 kPa, respectively). Despite the similarities in Young’s

moduli between in vivo oesophageal findings and the uniaxial tensile results presented here, the

distension behaviour of the human oesophagus is of great interest due to it being a tubular organ

undergoing distensions in vivo. Therefore, future experiments of inflation-extension tests of the

separated layers of the human oesophagus, as well as the intact wall, should be performed in order

to study, quantify and model its material behaviour in more a physiological-like way. Furthermore,

an increase in individual oesophagi tested and the testing of younger tissue would provide a more

thorough understanding of the mechanical response of the human oesophagus across the wider

population.

A variety of viscoelastic and history-dependent behaviours were observed within the cyclic experi-

mental results. Stress-softening was seen for all trials, wherein the stiffness of the second cycle for

a single stretch level was much lower than that of the first cycle. Hysteresis was also found to de-

crease for the second cycle compared to the first, with the second cycle representing approximately

the behaviour of the tissue if the sample had been preconditioned. As outlined in the Section 1,

Liao et al. [58] established that the majority of softening of guinea pig oesophagi was due to ir-

reversible structural changes dependent on the previous maximum stretch, and only partly due to

the time-dependent softening wherein the viscoelasticity of the tissue causes reversible softening

dependent on the strain rate. This may not be the case with the human oesophagus, for which

the dissipated energy of the first and second cycles were found to statistically increase with an

increase in strain rate for several test conditions (Table 22), suggesting that time-dependent soften-
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ing may have a greater impact on oesophagi from humans compared to guinea pig. This is further

supported by the permanent set also increasing as strain rate increased. However, the influence

of strain rate on the permanent set may imply: 1) that the strain rate affects the degree to which

the tissue is permanently damaged, or 2) that the “permanent deformations” are not so permanent

and are mainly dependent on the rate at which the sample is loaded. Future work looking into the

recovery response of the human oesophagus after loading at various strain rates should be carried

out to clarify this mechanism.

The quantitative histological results for collagen content presented in Figure 31a agree mostly

with those established by Stavropoulou et al. [67] for the rabbit oesophagus, in which collagen

was greater in the longitudinal direction than the circumferential direction across both layers, and

there was more collagen overall in the mucosa-submucosa compared to the muscularis propria.

Similar percentage contents were also determined in each direction and layer apart from in the

longitudinal direction of the mucosa-submucosa layer for which there was found to be more col-

lagen for the human oesophagus (35%) compared to rabbit (20%). However, in terms of elastin

content, Stavropoulou and co-workers [67] determined there to be more in the longitudinal direc-

tions than in the circumferential directions across both layers, contrary to the quantitative results

established here (Figure 31b). The findings here agree more with the mechanical behaviour of the

oesophagus in that stressibility was greater in the circumferential direction than the longitudinal

direction. Overall, Stavropoulou et al. [67] found the elastin content to be greater in the mucosal

layer compared to the muscular layer, which agrees with the findings of this thesis.

7.1.3 Variation in experimental results and statistical analysis

Variation when testing human soft tissues is prevalent, with many variables potentially affecting

their mechanical properties and therefore the mechanical data collected. These include, but are not

exclusive to, age, sex, and health of the patient, as well as experimental variables such as time since

explantation, sample thickness due to variation in biological composition throughout the tissue,

temperature and moisture of the samples, and storage technique. In the current study, variability

in terms of rupture stretch, rupture stress and stiffness were observed between different tests of the

same direction and strain rate. Some of these differences may be attributed to the variations seen in

sample dimensions. Natural variations in thickness and composition were present throughout both

tissue layers, leading to the range of sample thicknesses seen in Tables 19 and 26. The differences

amongst the width of the samples are attributed to the human error associated with cutting samples
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by hand. Human error was also potentially present in the measuring of the width and thickness of

the samples. To reduce the risk of this, measurements were taken by a single person, and to reduce

any effect, three separate measurements were taken per dimension along the sample and an average

was used. As a significant correlation was found for only one test condition (10%s−1 longitudi-

nal mucosa-submucosa), for which there was a medium strength correlation, time since dissection

has not been considered as a major factor affecting the dispersion of the results (Table 24). The

variability is thought to be most influenced by the intra and inter-cadaver heterogeneity. However,

due to the low number of samples per test condition from a statistical point of view, the sample

size might not be large enough to properly establish a correlation between mechanical properties

and time since dissection. This may also be the case for the comparison of characteristics between

the different strain rates, layers, directions and preservation states. Therefore, a greater sample

size in terms of oesophageal specimens as well as individual samples would increase the overall

robustness of the statistical analysis.

7.2 Modelling

Inspired by Masri et al. [7], the constitutive formulation here was adapted to the oesophagus with

two families of fibres and the viscoelasticity in terms of I4 to model its experimentally-observed

strain rate-dependent behaviour. This was represented fairly well by the model, where in which an

increase in strain rate resulted in an increase in hysteresis and stiffness. However, these components

were not perfectly captured with the stress for the 10%s−1 prediction being either overestimated

at lower stretches (Figures 50d and 53a) or underestimated at higher stretches (Figures 50b, 50c

and 53c) or both of these (Figure 50a). Additionally. in general, the hysteresis of the second cycle

was less for the model compared to the experimental data, and in some cases the hysteresis of

the second cycle was non-existent (Figures 53b and 53d). Panda and Buist [380] proposed a new

model to capture the visco-hyperelastic behaviour of soft tissues also based on the work of Hu-

ber and Tsakmakis [358]. They compared three different forms of the IVM model, including with

constant (linear) viscosity, Haupt viscosity [381] and their own non-linear viscosity. For modelling

cyclic experimental data of porcine stomach tissue [229], Panda and Buist’s [380] own non-linear

viscosity function was best able to capture the behaviour of the second loading cycle; something

that was not ideally captured in the model of this thesis. Therefore, to improve the accuracy of

the model to be able to simulate the second cycle response of the human oesophagus, as well as

to potentially improve the modelling of its strain rate-dependent behaviour, non-linear viscosity

should be considered in the future. As non-linear viscosity will require additional parameters, to
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keep the parameters to a minimum, the use of a one parameter Kaliske model could be investigated

to see if, along with the non-linear viscosity, it provided a sufficient simulation, especially as the

C3 and C4 parameters were shown to be almost redundant in the circumferential direction (Table

28).

The function used here to capture the history-dependent behaviour of the oesophagus was that de-

veloped by Rebouah et al [362, 363]. Originally proposed for polymers [362] but later adapted

to soft tissues [363], the evolution function in terms of I4 considers a macromolecular network of

fibres and tracks the previous maximum strain of them, capturing both stress-softening and per-

manent set. Other notable models able to capture the stress-softening of soft biological tissues are

those by Pena and Doblaré [382] who employed a pseudoelastic approach and Elı́as-Zúñiga and

Rodrı́guez [383] who proposed a non-monotonous phenomenological continuum damage model.

However, these either did not consider permanent set [382] or were not suitable for anisotropic

materials [383]. Mayer et al. [384] developed a constitutive model able to capture both stress-

softening and permanent set for anisotropic arterial tissue by applying a continuum damage me-

chanics approach to the former and internal variables to account for the latter. They considered

inelastic phenomena in both the isotropic matrix and anisotropic fibres, which could be attempted

here to establish if softening of the matrix as well as the fibres would provide a better fit with the

experimental data. However, as the model of Rebouah and Chagnon [363] captured well the soft-

ening between the loading and unloading curves and the permanent set of the tissue without the

inclusion of matrix inelastic behaviour, it is posited that the implementation of non-linear viscosity

would have more of an impact on the improving the fit of the model to the cyclic data.

The non-linearity of the oesophageal layers was captured very well by the hyperelastic model,

for which a physically-driven classic Holzapfel model was used [352]. Yang et al. [60], however,

required a modified version of this Holzapfel SEF to model the results of uniaxial tensile tests

on porcine oesophageal layers, as previously mentioned in Section 5.1. This could be due to the

layers of porcine oesophagi being less non-linear than human tissue, especially in the longitudinal

direction. An extension to the classic Holzapfel model developed by Gasser et al. [353] takes into

account the dispersion of the fibres within a material. This method, however, was not adopted

here due to 1) the histological findings showing that the collagen fibres predominantly reside in

the longitudinal and circumferential directions and 2) the lack of means to establish the fibre dis-

persion experimentally. Although some degree of fibre dispersion is inherent to biological tissues,

the classic Holzapfel model is more suited to the type of histological data collected in this study.
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In addition, if a dispersion model were to be implemented without any experimentally determined

fibre dispersion data, a phenomenological fitting of the dispersion parameter would be required,

which would result only in increasing the number of parameters of the model without providing

any insight into the physical composition of the layer [160]. Overall, the parameters of the classic

Holzapfel model correlated well with the histological findings of the study in that the fibre stiff-

ness parameter was higher for the longitudinal direction than the circumferential direction across

both preservation states and layers. However, as the ratio between fibre stiffness parameter in the

two directions is greater than the ratio of collagen fibre contents, this could suggest that the colla-

gen fibres in the circumferential direction are wavier than the longitudinal direction so that, while

still present in the histological findings, they require a greater stretch compared to the longitudinal

direction to activate [366]. This is further supported by the later strain-hardening in the circumfer-

ential direction.

The 10%s−1 cyclic results were used to validate the model which produced a reasonable predic-

tion of the behaviour of the oesophagus at the higher strain rate. However, uniaxial experiments

conducted at an angle and not just along the principal directions would allow for further valida-

tion of the model. Additionally, to determine the ability of the layer-dependent model to predict

the overall response of the oesophageal wall, a FE model of the layers of the intact oesophageal

wall, including the mucosal folds, could be validated against uniaxial tensile tests of the intact

wall [385]. Moreover, to evaluate the strain rate-dependent aspect of the model, it could be val-

idated against experiments carried out at another strain rate, for instance 0.1%s−1. Furthermore,

only the uniaxial tension loading mode was used for parameter identification here. To increase the

ability of the model to predict in vivo stress-strain relations, parameter identification and validation

using data from experiments carried out in loading modes closer to that which the oesophagus un-

dergoes in vivo, such as biaxial tension and inflation-extension, could be conducted. These aspects

should be consider for future work on modelling the passive mechanical behaviour of the layers of

the human oesophagus.

The model assumed homogeneity within each of the oesophageal layers, while in reality these

layers are made of their own sublayers (Section 3.1). However, due to how difficult it would be to

separate these without significant damage, it is unlikely that one would be able to model the discrete

behaviour of these sublayers based on ex vivo experimental data. Furthermore, discretisation of

the oesophageal wall into its two main layers may be adequate for the majority of macroscale

applications. Moreover, a statistical approach prior to modelling was employed to extract the most
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representative curve for each test condition. This is sufficient to provide an average response of the

main oesophageal layers, however soft biological tissues possess a certain variability, and therefore

it would be of value to incorporate this into the model by considering a stochastic approach in the

future [386].

7.3 Comparison of fresh and embalmed tissue

7.3.1 Experimentation

The results presented here regarding the effects of embalming on the human oesophagus may be

used by medical students to adjust their expectations when performing practise surgery on ca-

davers fixed in formalin. It can be seen from the results that the type of non-linear behaviour is

comparable, particularly in regard to the oesophageal layers’ anisotropic relationship and point of

strain-hardening, however that the degree of stiffness is different. When cutting into embalmed

tissue, for instance, the initial stiffness would be approximately 3–5 times higher for the muscular

layer compared to fresh tissue and 9–11 times higher for the mucosa-submucosa layer. Further-

more, the embalmed tissue may rupture at a lower strain as well, particularly the muscular layer.

This increase in stiffness caused by embalming agrees with the finding of Hohmann et al. [126],

implying that the cross-links formed by formalin may be more predominant in affecting the me-

chanical properties of human soft tissues than the partial denaturing of collagen [127]. The fact that

the stiffness increase between the fresh and embalmed tissue is greater for the more collagen-rich

layer, the mucosa-submucosa, further supports the theory that the formation of collagen cross-links

causes the difference in stiffness observed between the two preservation states. It should be noted

that the histological results of this work were obtained from embalmed oesophagi rather than fresh

tissue. However, as it is believed that formalin embalming mainly affects the cross-links of the

tissue, we do not expect there to be much of a difference in collagen or elastin content estimates

caused by the preservation state, but this could be investigated in the future.

When comparing the same stretch levels for each layer and preservation state at 1%s−1 (Figure

55), it can be seen that the behaviour of the oesophageal layers in terms of stiffness, hystere-

sis and stress-softening of the longitudinal and circumferential directions is very similar between

the two states, with the main difference being the vast change in magnitude of these mechanical

properties (Table 30). Now, the investigation of the influence of collagen cross-links is becom-

ing increasingly popular within biomechanical literature [387–391], with models being developed

recently that include collagen cross-link density and orientation [155, 392]. It is known that an
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increase in cross-links leads to an increase in tensile strength [393–395], however, does the rela-

tionship between embalmed and fresh tissue seen in this study suggest that the density of collagen

cross-links has a much greater influence on the mechanical behaviour of soft tissues than was once

thought, including its viscoelastic and stress-softening properties? If the behaviour between the

two directions is the same, with just the magnitude of properties increasing with increasing cross-

links caused by embalming, could the properties that are seen, even in the fresh tissue, be mainly

influenced by the orientation and density of the cross-links? Furthermore, the degree by which

the permanent set decreased from the fresh tissue to the embalmed tissue was correlated with the

amount of collagen in each layer and direction. The more collagen in a specific layer and direction,

the greater the decrease in permanent deformations of the embalmed tissue compared to the fresh

tissue. Could this mean that an increase in collagen cross-links causes a resistance to permanent

set? Mass spectrometry should be conducted to contrast the collagen cross-link density between

fresh and embalmed tissue to determine more concretely if this is the main reason for the difference

in properties seen [389].

7.3.2 Modelling

The constitutive model, defined in Section 5.2, was able to capture the behaviour of both the

embalmed and fresh oesophageal tissue results. This, along with the fact that the ratio between

the fibre stiffness parameter (k1) of the fresh and embalmed preservation states remains relatively

consistent across each direction for a single layer, 1:5–6 for the muscular layer and 1:9 for the mu-

cosal layer, shows that, while the magnitude of the mechanical properties are different, formalin-

embalmed oesophageal tissue presents the “signature” stress-strain response of fresh tissue. There-

fore, as embalmed human tissue is often more readily available than fresh tissue, experimental data

from embalmed tissue can be used to develop constitutive models for a specific human organ. The

formulation of which can then be applied to fresh human experimental findings once data becomes

available to provide more physiologically-relevant material parameters.

The ratio of parameters between embalmed and fresh tissue presented in Figure 57 shows that the

mucosa-submucosa was more influenced in regard to increase in stiffness than the muscularis pro-

pria across both directions. This could be due to the mucosal layer having a greater increase in col-

lagen cross-links caused by embalming compared to the muscular layer as the former has a greater

collagen content overall. To further investigate this theory, a cross-link model could be used to

model the difference between the two preservation states [155]. Furthermore, the strain-hardening
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in the circumferential direction was much more influenced by embalming than the longitudinal

direction across both layers. This could be due to the cross-links forming between the more wavy

collagen fibres in the circumferential direction, as hypothesised in Section 7.2, and thus causing an

earlier strain-hardening in embalmed tissue than is usually the case with fresh tissue.
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8 SUMMARY AND OUTLOOK

In this thesis, the passive mechanical behaviour of the human oesophagus was investigated in

regard to its layer, direction and time-dependent response. The findings show the oesophagus

possesses discrete properties in each of its layers, and displays highly anisotropic, non-linear be-

haviour. The tissue layers are also viscoelastic with an increase in strain rate resulting in an increase

in stiffness and hysteresis. The complex behaviour of the human oeosphageal layers was modelled

using a transversely isotropic, visco-hyperelastic matrix-fibre model that was also able to capture

the history-dependent behaviour of the materials.

The unforseen restrictions on the anatomy laboratory caused by the COVID-19 pandemic meant

that embalmed human oesophageal tissue was studied as well as fresh tissue. Due to the simi-

larities seen between the fresh and embalmed results, the consistent increase in stiffness of the

muscular and mucosal layers across both directions, and the fact that embalmed human tissue is

often more readily available and has fewer constraints than fresh tissue, embalmed tissue is pro-

posed as a preservation state in which the “signature” stress-strain curve of a human soft tissue can

be established and, as such, an organ-specific model be developed. Fresh tissue results are then

recommended to be used to determine physiologically-relevant parameters, with in vivo experi-

mental findings used for model validation.

There are many diseases which affect the mechanical properties of the GI organs and, thus, their

functions. There are also numerous medical devices that interact with the GI tract and surgical

techniques whose efficacy are dependent on the tissues’ biomechanical characteristics. To be able

to study these characteristics, without wastage of animal or human biological test specimens, ac-

curate computational models are needed. Firstly, however, to create these models, experimental

data, ideally from human tissue, is essential. The results of this thesis present a novel under-

standing of the layer-dependent mechanical behaviour of the human oesophagus. The findings

presented here are key in comprehending the relationship between the organ’s material properties

and physiological function, while also providing experimental data that can be used for a multi-

tude of biomedical engineering applications, such as validating the mechanical properties of tissue

engineered oesophagi, and FE modelling the behaviour of the tissue layers to help improve the

design of oesophageal stents.
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In light of the findings of the research presented in this thesis, the suggestions for future work

include:

• Consider non-linear viscosity in the model to better capture the hysteresis of the experimental

data.

• More strain rates to fully characterise and model oesophageal tissue’s strain-rate dependency,

including investigation of the recovery response of the tissue as a function of strain rate.

• Finite element modelling of the intact wall using layered model and compare to experimental

behaviour of the intact wall to validate.

• Biaxial tensile and inflation-extension testing of human oesophagus to determine parame-

ters under more physiologically-relevant loading regimes and use to increase robustness of

parameter identification.

• Quantify and compare the collagen cross-links of embalmed and fresh tissue to determine if

they are repsonsible for the changes in the mechanical behaviour seen.

• Model both embalmed and fresh tissue results simultaneously using a cross-link model

where only the cross-link parameters change.

• Zero-stress state analysis of more human oesophageal specimens to increase robustness of

residual strain quantification.
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8.1 Contributions to the field

A number of scientific journal publications regarding the research of this thesis have been formed

and are either published or in progress; a summary of which can be found in Table 32.

Table 32: Publications from the research outlined in this thesis.

Authors Title Publication Date online

Ciara Durcan,

Experimental investigations of the human oesophagus:
anisotropic properties of the embalmed
muscular layer under large deformation

Biomechanics and Modeling
in Mechanobiology,
21:1169–1186 [137]

27/04/2022

Mokarram Hossain,
Grégory Chagnon,

Djordje Perić,
Lara Bsiesy,

Georges Karam,
Edouard Girard

Ciara Durcan,

Experimental investigations of the human oesophagus:
anisotropic properties of the embalmed

mucosa–submucosa layer under large deformation

Biomechanics and Modeling
in Mechanobiology,
21:1685–1702 [174]

28/08/2022

Mokarram Hossain,
Grégory Chagnon,

Djordje Perić,
Georges Karam,

Lara Bsiesy,
Edouard Girard

Ciara Durcan,

Mechanical experimentation of the gastrointestinal tract:
a systematic review

Biomechanics and Modeling
in Mechanobiology [396]

Accepted [in print]
Mokarram Hossain,
Grégory Chagnon,

Djordje Perić,
Edouard Girard

Ciara Durcan,
Characterisation of the layer, direction and

time-dependent mechanical behaviour of the
human oesophagus and the effects of

formalin preservation

Journal of the Royal Society Interface Under review
Mokarram Hossain,
Grégory Chagnon,

Djordje Perić,
Edouard Girard

Ciara Durcan,
Constitutive modelling of the layer-dependent,
anisotropic, visco-hyperelastic behaviour of the

human oeosphagus with stress-softening

Journal of the Mechanical Behavior
of Biomedical Materials

In progress
Mokarram Hossain,
Grégory Chagnon,

Djordje Perić,
Edouard Girard
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of stomach smooth muscle properties,” Pflügers Archiv-European Journal of Physiology,

vol. 473, no. 6, pp. 911–920, 2021.

[159] G. A. Holzapfel and R. W. Ogden, eds., Mechanics of Biological Tissue. Springer Science

& Business Media, 2006.

[160] G. Chagnon, M. Rebouah, and D. Favier, “Hyperelastic energy densities for soft biological

tissues: a review,” Journal of Elasticity, vol. 120, no. 2, pp. 129–160, 2015.

[161] S. Siri, Y. Zhao, F. Maier, D. M. Pierce, and B. Feng, “The macro-and micro-mechanics of

the colon and rectum I: Experimental evidence,” Bioengineering, vol. 7, no. 4, p. 130, 2020.

[162] A. Weizel, T. Distler, R. Detsch, A. Boccaccini, L. Bräuer, F. Paulsen, H. Seitz, and S. Bud-
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Appendix

Figure 58. Effects of the two most sensitive parameters on the model for the 1%s−1 cyclic be-
haviour of the fresh muscularis propria layer in the longitudinal (a) and circumferential (b) direc-
tions, and the mucosa-submucosa in the longitudinal (c) and circumferential (d) directions.
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