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Abstract

Gastrointestinal motility is essential for digestion, yet its un-
derlying mechanisms remain poorly understood. The move-
ment of the digestive tract results from a complex interaction
between electrical signals, muscle contractions, and physi-
cal contact between tissues. Experimental and numerical ap-
proaches provide valuable insights, but they struggle to cap-
ture all these phenomena in an integrated way, especially un-
der pathological or post-surgical conditions.

To address this limitation, we developed a digital twin model
that combines the main physical processes responsible for in-
testinal movement: the electrical activity that triggers muscle
contractions, the mechanical response of the intestinal wall,
and contact phenomena that occur when the tissue folds, com-
presses, or interacts with surrounding organs. The model is
based on well-established biological and mechanical princi-
ples and was implemented using open-source software. It
also includes realistic boundary conditions to account for the
influence of neighboring organs.

The simulations successfully reproduced normal intestinal mo-
tion patterns and explained the disturbances observed after
surgery. Moreover, the model describes how the intestine
would behave in cases of post-surgical tissue adhesions or
pre-surgical pathologies such as hernias. The results show
that tissue mechanical properties and contact-induced stresses
strongly affect motility.

In summary, this thesis provides a new approach to explore
gastrointestinal disorders and represents a promising tool to
support clinical decision-making before and after surgical in-
terventions.
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Chapter 1

Introduction

1.1 Context and challenges

The gastrointestinal (GI) system plays a fundamental role in the diges-
tion and absorption of nutrients, and its functioning relies on a complex
coordination of biochemical, electrophysiological, and mechanical phe-
nomena (see Fig.[T). Among these, intestinal motility, generated by the
contraction of smooth muscle layers, ensures the propulsion of the food
bolus while promoting mixing and contact with the mucosa. A deep un-
derstanding of these mechanisms is essential, not only for a better grasp
of normal physiology but also for the identification and treatment of dys-
functions associated with various gastrointestinal pathologies (Azzouz
and Sandeep Sharma, 2018; Sulaiman and Marciani, |2019; Precup and
Vodnar, 2019).

The GI wall is a complex multilayered structure (see Fig. [T|c) compris-
ing: serosa (outermost layer), a simple epithelium secreting serous fluid;
muscularis externa, containing longitudinal and circular smooth mus-
cles fibers; myenteric plexus containing enteric neurons; submucosa, a
dense layer of connective tissues containing large blood and lymphatic
vessels; mucosa, formed by three sublayers (epithelium, lamina propria,
and muscularis mucosae) and containing villi and microvilli to maximise
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Despite significant advances in gastroenterology, experimentation, and
research, many uncertainties remain regarding the precise mechanisms
underlying different types of intestinal movements and functions, for in-
stance, peristalsis, segmentation, and nutrient absorption. Their mod-
eling and prediction remain particularly complex. For example, even
today, we still do not fully understand what initiates a retrograde move-
ment within an antegrade wave. More importantly, the specific types of
waves that differentiate between the various modes of motion remain
poorly understood. In reality, the intestinal wall is continuously tra-
versed by slow-wave activity, which represents the fundamental rhyth-
mic oscillation generated by the interstitial cells of Cajal (ICCs). How-
ever, the presence of these slow waves alone does not directly induce
mechanical contraction. For a contraction to occur, a second type of elec-
trical event known as a spike-burst must be triggered, typically under
the influence of an external or neural stimulus (Holland et al., 2021).
The activation of these spike-bursts is spontaneous and superimposed
on the slow-wave rhythm, yet the underlying mechanisms distinguish-
ing these two types of electrical activity remain poorly understood (Ku-
ruppu, Cheng, Avdi, et al.,, 2022). Experimental (see Figure. [2) investi-
gations have shown that spike-bursts are temporally and spatially cou-
pled with slow-waves: the slow-wave provides the rhythmic framework,
while the spike-burst initiates the effective depolarization of smooth mus-
cle cells, leading to contraction. During cyclic peristalsis, longitudinally
propagating patches of spike-burst activity have been observed to coin-
cide with slow-wave propagation, producing rhythmic circumferential
contractions that drive the peristaltic wave along the intestine. These
findings emphasize the intricate electrophysiological interplay govern-
ing intestinal motility and the challenges associated with replicating such
dynamics in computational models. This experiment was also showing
the spatiotemporal transverse strain important to identify the amount of
contractions.
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Figure 2: Slow-wave and spike-burst activity during cyclic peristalsis. (A)
spatiotemporal transverse strain maps showing propagating contractions
during cyclic peristalsis. (B, C) activation maps of spike-burst and slow
wave activity corresponding to the contraction marked in (A). (D) electri-
cal traces recorded from a row of electrodes in (B, C); red crosses indi-
cate slow-wave events. Spike-bursts propagate longitudinally in associa-
tion with slow-waves, producing rhythmic circumferential contractions at
the frequency of the slow-waves (Kuruppu, Cheng, Avci, et al.,

In essence, we still do not know precisely when the system decides
to perform segmentation or propulsion or even spike-burst. Some stud-
ies suggest that the enteric nervous system (ENS) is responsible for trig-
gering such activations and is capable of distinguishing between them
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(Athavale, Avci, et al., 2024a; Fung and Vanden Berghe, |[2020). However,
we still lack sufficient clinical, experimental, and numerical evidence to
support this hypothesis. Another major challenge lies in understanding
and modeling the fibrous and highly organized structure of the intesti-
nal wall, both from a histological and a functional standpoint. As see in
Figure. 3] intestinal peristalsis relies on a complex muscular organization
in which the longitudinal and circumferential fiber layers interact in a
finely coordinated manner. The interstitial cells of Cajal (ICCs), which
are widely distributed throughout the tissue, generate and propagate os-
cillation waves along the intestinal surface, thereby stimulating the ex-
citable smooth muscle cells (SMCs) responsible for mechanical contrac-
tion. However, this activation does not occur simultaneously across all
directions (Fung and Vanden Berghe, 2020). During the propagation of a
peristaltic wave, when the circumferential fibers contract to locally nar-
row the intestinal lumen, the longitudinal fibers ahead of the wave relax,
facilitating the opening of the intestinal passage. Conversely, when the
longitudinal fibers contract to propel the luminal contents forward, the
circumferential fibers dilate to reduce resistance to movement (Fung and
Vanden Berghe, 2020).

This alternating mechanism, fundamental to intestinal motility, high-
lights the intricate electromechanical coupling between the circular and
longitudinal muscle layers. Its modeling is particularly challenging due
to the spatiotemporal coordination imposed not only by the mechanical
interaction of these layers but also by the complex neural regulation pro-
vided by the enteric nervous system (ENS). ENS (see Figure. 3) forms an
extensive intrinsic network composed of sensory neurons, interneurons,
and motor neurons organized along the intestinal wall. When a luminal
stimulus is detected, sensory neurons activate ascending and descend-
ing interneurons that, in turn, connect to excitatory and inhibitory motor
neurons (Fung and Vanden Berghe, 2020; Holland et al., 2021). The acti-
vation of ascending excitatory pathways induces contraction on the oral
side, while descending inhibitory pathways trigger relaxation on the anal
side, thereby generating the coordinated propagation of the peristaltic
wave. Furthermore, enteric glial cells actively participate in modulating
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Figure 3: Simplified schematic representing the enteric circuitry under-
lying the peristaltic reflex (Fung and Vanden Berghe, 2020). Figure re-
produced under the terms of the Creative Commons Attribution 4.0 In-
ternational License (CC BY 4.0). To view a copy of this licence, visit
http:/ /creativecommons.org/licenses/by/4.0/.

this process, contributing to the fine regulation of intestinal motility.

1.2 State of the art and motivations

However, all is not lost. Over the past two decades, multiphysics and
multiscale models have been proposed to better describe intestinal elec-
trophysiology (Aliev, Richards, and Wikswo, 2000; Sharon and Nisky,
2018; Du, Calder, et al., 2018), passive mechanics (Nagaraja et al., 2021}
Patel et al., |2022; Sokolis and Sassani, 2013), and active electromechan-
ics (Brandstaeter et al., 2018} Du, Lim, and Cheng, 2013; Djoumessi,
Lenarda, Alessio Gizzi, Giusti, et al., 2024). Compared to cardiovas-
cular research, gastrointestinal modeling lags behind by approximately
twenty years, due to the anatomical and functional complexity of the in-
testine and the lack of reference experimental data. Recent efforts aim to
close this gap, particularly through novel experimental devices capable
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of simultaneously providing electrophysiological and mechanical data
(Patton et al., 2024; Athavale, Di Natale, et al., [2024; Kuruppu, Cheng,
Angeli-Gordon, et al.,2024). Although research on the GI system remains
generally less documented than that on the cardiac system, this disparity
is even more pronounced within the GI tract itself. Studies focusing on
the stomach are comparatively more developed, whereas investigations
into the intestinal tract—particularly its complex electromechanical be-
havior—remain scarce. It is precisely this gap that constitutes the central
focus of the present thesis.

In this context, numerical simulation and the development of digital
twins of the gastrointestinal system open new perspectives for the non-
invasive analysis of intestinal motility. These models not only allow the
reproduction of intestinal electromechanical dynamics but also provide
a virtual platform to test the impact of clinical interventions or patho-
logical conditions. They thus represent a promising tool to improve the
understanding of fundamental mechanisms and to support the design of
new therapeutic strategies.

Post-surgical complications illustrate the importance of such an ap-
proach. for example, after intestinal resection, either anastomosis or en-
doscopic resection, leakage remains a major complication, severely af-
fecting both prognosis and patient quality of life (Turrentine et al., 2015).
Current fixation methods (sutures, staples) may induce discontinuities
along the suture line, leading to leakage or pathological scarring (Gizzi,
Cherubini, Pomella, et al., 2012; Chadi et al., 2016} Simone et al., [2018).
In recent years, laser-based technologies, and in particular laser tissue
welding (LTS) and laser tissue welding (LTW), have emerged as innova-
tive alternatives (Gerasimenko et al., 2022} Birkelbach et al., 2020; Basov
et al., 2019). The objective of this method is to put the new material on
the resection part using laser tissue soldering. They even enable the in-
tegration of 3D-bioprinted patches, paving the way for personalized in-
terventions (Chirianni, Vairo, and Marino, 2024; Alduini, 2021). How-
ever, their effectiveness depends on the precise adjustment of multiple
parameters (compression force, laser power, and exposure time, solder-
ing material) (Nisky et al., 2015; Sharon and Nisky, 2018). Failures may

7



still occur, either due to insufficiently consolidated welding or to inflam-
matory reactions leading to fibrosis and local stiffening (Ashbell et al.,
2023; Urie et al.,|2015; Huang et al., 2013; Mushaben et al., 2018). Never-
theless, such procedures demand exceptional dexterity from healthcare
professionals. In addition, the effects of these interventions, whether by
suturing or laser soldering, on both the local and global motility of the
intestinal tract remain poorly understood, not only among clinicians but
also within the research community. This underscores the importance
of advancing in silico models as complementary tools to support clinical
decision-making and to provide deeper insights into the progression of
gastrointestinal.

Beyond these immediate complications, the intestine is particularly
prone to self-contact phenomena. Unlike organs protected by a rigid
structure, such as the heart or lungs, the intestine is relatively free within
the abdominal cavity, its position being regulated by the mesentery (see
Fig. @ and the abdominal wall (Byrnes et al., 2019; Sensoy, |2021). Fol-
lowing abdominal surgery, more than 90% of patients develop compli-
cations related to the formation of fibrous tissue or adhesions, which
compromise motility (Tabibian et al., 2017; Frager et al., [1996; Cardoz
et al., 2024; Furtado, Carvalho, and Garcia, 2024). In the most severe
cases, herniation may occur, potentially leading to intestinal strangula-
tion (Jadhav, Adhikari, and Purohit, 2022} Moazzez et al., 2021; Klifto
et al.,|2021). These phenomena are largely associated with the mechani-
cal interactions between different segments of the intestine, highlighting
the necessity of incorporating contact mechanics into numerical models
of intestinal motility—an issue that, to the best of our knowledge, has
received very little attention in the current literature.

The contact mechanics literature offers various approaches to enforc-
ing surface impenetrability. Nonconforming contact problems require
determining the contact area, which is not known a priori, and this chal-
lenge becomes even greater in the context of large deformations (Mlika,
Yves Renard, and Chouly,2017). To tackle such issues, various approaches
have been proposed, including the Mortar method (Popp, Gee, and Wall,
2009; Popp, Gitterle, et al., 2010; Temizer, Wriggers, and Hughes, 2012).
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Among them, master-slave based strategies are the most widely used
(Laursen and Simo,[1993; Paggi and Zavarise, 2011; Peter Wriggers,2006).
However, significant difficulties arise in situations involving self-contact
or multi-body contact under large displacements, where it is either im-
possible or impractical to assign master and slave surfaces beforehand
due to the evolving nature of the contact configuration. To overcome
these challenges, several unbiased contact formulations have been intro-
duced (Sauer and De Lorenzis, Neto and Peter Wriggers,[2020). The
penalty method is widely used due to its simplicity and efficiency (Pore,
Thorat, and Nema, Bozorgmehri et al., Xuan et al., 2024),
though its success strongly depends on the choice of penalty parameter.
Moreover, gap computation between contacting surfaces remains com-
putationally expensive (complexity O(N?)), motivating the adoption of
acceleration strategies, such as the k-d tree algorithm, which reduces
complexity to O(Nlog N) (Hou et al., Kamaludin and Thambu-
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raja, 2023)) ray-tracing and projection method (K. Poulios and Y. Renard,
2015).

In certain pathological situations, surgery is not always necessary. In-
stead, clinicians may use alternative techniques to explore or intervene
in the intestinal system, such as inserting a catheter or inflating a balloon
within the intestine. The goal may be to deploy a prosthesis or use the
balloon to restore the intestinal lumen of the GI tract. For example, in di-
agnostic procedures, controlled rectal distension allows the assessment
of visceral sensitivity (Kyloh et al., [2011; Xiao et al., 2024). Modeling
these procedures requires accounting for the mechanical contact between
the intestine itself and the external devices

Finally, modeling large deformations and intestinal self-contact rep-
resents a major challenge. Since soft tissues are nearly incompressible,
mixed displacement-pressure formulations are required to avoid volu-
metric locking (Swati Sharma and Martin Lindsay Buist, 2025). Further-
more, simplified constitutive laws (Neo-Hookean or Saint Venant-Kirchhoff)
fail to capture the anisotropy and nonlinearity associated with fibrous
microstructures (Nan et al., [2023). These limitations may induce nu-
merical instabilities, especially during folding or extreme fiber proximity,
complicating the reliable simulation of intestinal self-contact (Bozorgmehri
et al.,2021; Han et al., 2024).

1.3 Objective and plan

In this context, the objective of this thesis is to propose an integrated and
robust numerical framework for the electromechanical digital twin mod-
eling of the intestine. First, following the flowchart in Fig.[f|we develop
a multiscale and anisotropic model coupling electrophysiology and non-
linear mechanics in order to analyze the impact of LTS on colonic motil-
ity. Second, we enrich this model by incorporating contact to explore
pathological scenarios. This work thus proposes an original approach
combining electromechanics and contact mechanics, with the ambition
of providing a digital twin of the intestine capable of shedding light
on physiopathological mechanisms and supporting the development of
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new therapeutic strategies. However, it is important to note that al-
though we develop an electromechanical model of the gastrointestinal
system, the electrophysiological component does not explicitly model
any specific type of electrical activity whether slow waves or spike-bursts.
Likewise, it does not explicitly represent the ENS, which is believed to
be responsible for both the differentiation of wave types and the gener-
ation of distinct motility patterns (peristalsis, segmentation, retrograde
and antegrade movements).

This thesis is structured as follows: in chapter 2} we first explore the
functioning of the intestinal system, from the cellular scale to the organ
scale, in order to better understand the key ingredients required for its
modeling of the electrophysiology. In chapter 3] we will first present
the intestinal electromechanical model together with the calibration tech-
niques employed and the second part focuses on extending the model by
incorporating contact mechanics. In chapter 4| we will talk about patient
specific data and data assimilation, finally, the last part of this thesis ad-
dresses the problems that our model can solve, including certain patho-
logical cases. In chapter |5| we begin by analyzing the outcomes of the
electromechanical model without contact mechanics and discuss about
the 3D bioprinted material optimization, then in chapter[flwe focus more
on the contact model and its application to some pathological conditions.
In chapter [/]we summarize the developments achieved throughout this
thesis and discuss both its current limitations and future perspectives.

11



e

Electrophysmlogy

System

Gl

Electromechanics

Ton

Mechanics Dynamics

Fiber Active

Structure Mechanics

Figure 5: Summary flowchart of the electromechanical coupling, illustrat-
ing the interactions between electrophysiology, tissue mechanics, as well as
the information exchanged among these components within the modeling
framework.

12



Chapter 2

Electrophysiology of the
gastrointestinal system

2.1 Introduction

The electrophysiology of the gastrointestinal (GI) system plays a crucial
role in coordinating the various types of intestinal movements. In this
chapter, we aim to develop a computational model that captures this
complex behavior. We begin by presenting the underlying physiology
of the system, followed by a detailed description of how the cells are
interconnected, from the smallest cellular scale to the level of the entire
organ. We then introduce the modeling framework for GI electrophys-
iology and discuss its calibration, taking into account existing literature
and the state of the art. This chapter provides a comprehensive founda-
tion for understanding and simulating the spatiotemporal coordination
of intestinal motility. In this chapter, we adopt the following notational
conventions. Scalars are denoted by lowercase letters (e.g., a), vectors by
lowercase bold letters (e.g., a), and second-order tensors by uppercase
bold letters (e.g., A). The transpose of a tensor is indicated by A”.

In accordance with standard tensor notation, the scalar (inner) prod-
uct is represented by (-), the double contraction by (:), and the dyadic
(tensor) product by (®). Additionally, the operators V, V-, and V2 de-

13



note the gradient, the divergence, and the laplacian, respectively. This
convention will be used in the rest of the thesis. Some parts of this chap-
ter are taken from author’s previous publication (Djoumessi, Lenarda,
Alessio Gizzi, Giusti, et al.,[2024).

2.1.1 Gastrointestinal cells and physiology

In the gastrointestinal (GI) system, muscular contractions are coordinated
by slow waves originating from interstitial cells of Cajal (ICCs) discov-
ered by the Nobel prize Santiago Ramén Y. Cajal in 1893, a periodic elec-
trical activity essential to motility. These waves are transmitted between
smooth muscle cells (SMCs), which contract according to the orientation
of their fibers. This coordination arises from the fact that, at the cellu-
lar level, interstitial cells of Cajal (ICCs) and smooth muscle cells (SMCs)
are interconnected through gap junctions. These junctions enable ICCs
and SMCs to activate in a synchronized manner, ensuring efficient prop-
agation of signals. An illustration of this mechanism is provided in Fig|6]
The cell membrane of SMCs contains ion channels that regulate the mem-
brane potential (Vm). Depolarization, triggered by an influx of Ca** and
Na', initiates contraction. This is followed by repolarization due to the
activation of potassium channels. Slow waves are generally insufficient
to induce significant contractions on their own but serve as a baseline for
coordinated motility, with a frequency that varies by region (e.g., 3 cy-
cles/min in the stomach, 10-12 in the duodenum) (Du, O’Grady, et al,,
2010; Sanders, Ward, and Koh, [2014)).

Interstitial Cells of Cajal (ICCs) as slow wave generators

The ICCs, first described by Ramén Y. Cajal (Du, O’Grady, et al., 2010),
are now recognized as the pacemakers of the GI tract. Located within
and between muscle layers, they generate and propagate slow waves via
gap junctions connecting them to SMCs (Du, Lim, and Cheng, 2013; Du,
Calder, et al., 2018). As shown in Figure. |/| Different ICC subtypes ex-
ist depending on location (ICC-MY, ICC-IM, ICC-DMP), and they fulfill
four major functions: generation of slow waves, neuromuscular trans-
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Figure 6: A schematic model of human jejunal smooth muscle cells was cou-
pled to an interstitial cell of Cajal model through a coupling conductance.
The symbols used for ion conductances (CaL, CaT, CaV, SOC, PMCA for
calcium; BK, Ky, K for potassium; Na for sodium; Anol for chloride; NS
for non-selective currents; NCX and NaKX for exchangers; Icouple for cou-
pling conductance) and intracellular components (CaM, CRT, ER, SERCA)
are consistent with those employed in the original formulations.

mission (notably cholinergic and nitrergic), mechanotransduction, and
regulation of the muscle resting potential through gaseous signals (Du,
O’Grady, et al., Du, Calder, et al., 2018). Individually, ICCs ex-
hibit distinct intrinsic frequencies. To achieve effective coordination and
smooth wave propagation, some cells entrain others. This mechanism,
referred to as entrainment, will be discussed in the following paragraph.
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Figure 7: Interstitial cells of Cajal (ICC) distribution across layers of the
small intestine. (A) structure of the intestine showing ICC at the level of
the myenteric across the intestine layers. (B) confocal images showing on
the left show ICC-DMP, while the ones on the right show ICC-MY. Figure
reproduced from (Baker et al., 2025) under the terms of the Creative Com-
mons Attribution License (CC BY). 2025 Baker, Blair, Kamran and Sanders
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Entrainment and ionic mechanisms in ICCs

Within a functional network, ICCs are entrained to a common frequency,
ensuring the efficient propagation of slow waves over long distances (Koh
etal.,2003). This implies that when excitation occurs in a given direction,
the cells that are activated first transmit their intrinsic frequency to neigh-
boring cells, continuing this process until a stable common frequency is
established across the network. This mechanism is essential for ensur-
ing proper synchronization and will be a critical aspect in the calibration
of our electrophysiological model, which will be discussed later. The
initiation of these waves remains debated between two major theories.
The first, IP3-dependent, suggests that depolarization triggers the pro-
duction of intracellular messengers (IP3), leading to the release of Ca**
from the sarcoendoplasmic reticulum. The second, the unitary potential
theory, posits that random depolarizations promote this release via T-
type Ca* channels (Faville et al., 2008). Recent studies also emphasize
the key role of the Ca?T -activated Cl~ channel Anoctamin 1 (encoded
by the Tmem16a gene) in pacemaker activity. These mechanisms are crit-
ical for modeling GI electromechanical processes and for understanding
pathologies such as gastroparesis.

Coupling between ICCs and SMCs

In the GI tract, slow waves generated by ICCs do not remain confined
to these cells but are transmitted to SMCs through electrical coupling via
gap junctions (Hanani, Farrugia, and Komuro, 2005) (see Fig|6). This in-
teraction is bidirectional in most modeling frameworks, with ICCs acting
as the source of electrical stimulation for the SMCs. The depolarization
of ICC membranes leads to a local change in potential that spreads to
adjacent SMCs. Once the membrane potential of SMCs reaches a certain
threshold, voltage-gated calcium channels open, initiating muscle con-
traction.

From a computational perspective, this coupling is often represented
by a signal transfer from the ICC network to the SMCs, where the electri-
cal activity of ICCs modulates the SMCs” membrane dynamics (Sanders,
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Kito, et al.,2016). This coupling ensures that SMCs depolarize in a syn-
chronized manner, following the rhythm established by ICCs, thus gen-
erating coordinated and propagative mechanical contractions along the
tract.

2.1.2 Cellular models of the electrical activity

In the literature, two main classes of mathematical models have been
proposed to describe the electrical activity of gastrointestinal (GI) cells:
biophysically based models and phenomenological models. Biophysi-
cal models aim to capture the detailed intracellular mechanisms and ion
channel dynamics that underlie slow wave generation. These models are
often built upon the Hodgkin-Huxley framework and simulate individ-
ual ion conductances, allowing a direct connection between model pa-
rameters and experimentally measurable physiological quantities (Hodgkin
and Huxley, |1952). Representative examples include the SMC and ICC
models by Corrias and Buist Corrias and Martin L Buist, 2007; Corrias
and Martin L Buist, 2008| and the ICC model by Faville et al. Faville et al.,
2008l These models have contributed significantly to our understanding
of cellular electrophysiology in the GI tract. However, it is now recog-
nized that many of them lack important components such as the Ca*
-activated Cl™ current, which plays a key role in slow wave initiation
and propagation (Corrias, Du, and Martin L Buist, 2013; Yeoh, Corrias,
and Martin L Buist, 2017). Ongoing efforts aim to revise and extend these
models to better reflect recent experimental findings.

In contrast, phenomenological models do not explicitly model each
ionic mechanism but rather aim to reproduce the overall behavior of elec-
trical activity through simplified equations. One such model, and the one
adopted in this thesis, is the Aliev model (Aliev, Richards, and Wikswo,
2000). Originally derived from the FitzHugh-Nagumo model, it was de-
signed to simulate intestinal slow waves in idealized geometries such as
layered cylindrical structures. The Aliev model introduces a system of
two first-order ordinary differential equations (ODEs), with one variable
representing the membrane potential « and another a recovery variable
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This model has the flexibility to differentiate the electrical behavior
of ICCs and SMCs by adjusting the parameters v and §3, thus allow-
ing for the simulation of both pacemaker and follower activity. Despite
its abstract formulation and lack of direct biophysical grounding, the
Aliev model captures key features of slow wave propagation and has
been successfully applied in anatomically realistic simulations of gastric
and intestinal motility M. Buist et al., [2006| Its computational efficiency,
conceptual clarity and less time consuming make it an attractive choice
for large-scale electromechanical simulations, such as those developed in
this thesis.

2.1.3 Whole-organ models of the electrical activity

The modeling at the the tissue and organ level leads to including the
diffusion part in the Eq. The electrophysiological model adopted in
(Aliev, Richards, and Wikswo, 2000; Gizzi, Cherubini, Migliori, et al.,
2010) is herein used and generalized. Although simple, this model pre-
serves the essential features of intestinal electrical dynamics: it maintains
the fundamental excitability of the cells (N-shaped nullcline, threshold
behavior, fast upstroke, slow recovery), faithfully reproduces experimen-
tally observed macroscopic phenomena (frequency gradients, synchro-
nization plateaus, distal desynchronization, phase breaks, and the re-
duction of propagation length and duration), and correctly captures the
functional interaction between oscillatory ICCs and the excitable SMCs
muscle layer, as well as the effects of spatial coupling responsible for
wave propagation and phase interruptions. Its simplicity also enables
simulations involving hundreds of cells, allowing the exploration of col-
lective behaviors that would be difficult to study using full ionic-current
models. In return, the model necessarily sacrifices detailed biophysics: it
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does not represent individual ionic currents, channel kinetics, or the ex-
act shape of action potentials, and therefore cannot account for fine-scale
molecular mechanisms. Nonetheless, it retains all the dynamical invari-
ants required to investigate slow-wave propagation and coordination.
The SMCs and ICCs layers are labeled with indices s and i, respec-
tively. The resulting system of nonlinear partial differential reaction-
diffusion equations describes the coupled dynamics between the trans-
membrane potential variables, us, u;, and the slow current ones, v, v;:

Oug

T fus) + DsV?u, — vg + Fi(us, ug), (2.3a)
Ovs

gp = cslhs(us = Bs) — s, (2.3b)
O () + DV = v+ Pl ) + Lo 239
Jv;

81; = €i(2)[Ni(wi — Bi) — vil, (2.3d)

where:

flus) = ksus(us — as)(1 — us), Fs(us,u;) = asDgi(us —u;), (2.4a)

g(ui) = kiui(ui — a;)(1 — ;) Fi(us,ui) = o; Dis(us — u;) . (2.4b)
Here, I’,,,, is the stimulation currents applied to the ICCs; Dy, D; are the
diffusivities (assumed isotropic); A, A; are the coupling factors between
the membrane potential and recovery variable; Dy;, D;; are the diffusiv-
ities of the gap junctions between the two cell species; k;, ks, as, a;, as, 0
are phenomenological model parameters and their values are provided
in Table. [Il The parameter ¢;(z), which is proportional to the oscilla-
tion frequency of the ICCs cells, represents a space-dependent excitabil-
ity function, decreasing with distance from the pylorus (Aliev, Richards,
and Wikswo, 2000).
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Figure 8: Plot of the excitability parameter €;(z) for the ICC layer. The spa-
tial coordinate z represents the axial distance from pylorus or the centerline
length.

The excitability parameter ¢;(z) (z is the distance) of the ICC layer
is defined as a function of the distance from the pylorus, in accordance
with the experimental interpolation reported in (Aliev, Richards, and
Wikswo,2000), and can be expressed analytically as, 0.032+0.05 exp (52 )
(see (Gizzi, Cherubini, Migliori, et al., 2010)).

As explained in the preceding in first subsection, the interstitial cells
of Cajal (ICC), which are distributed throughout the intestinal wall, act
as the pacemaker cells that drive the activity of the smooth muscle cells
(SMC). In Eq. (2.3), the parameters were chosen such that the SMC re-
main in an excitable state, while the ICC operate in an intrinsically os-
cillatory regime. Only the ICC excitability parameter depends on the
axial coordinate z. The excitability ¢;(z) is proportional to the intrinsic
oscillation frequency of the ICC along the intestinal tract. Figure [§|illus-
trates how this excitability varies as a function of the axial distance from
the pylorus, emphasizing the physiological gradient of pacemaker activ-
ity along the intestine. The parameter /3 shifts the system’s equilibrium
point from the stable branch of the nullcline (LM layer) to the unstable
branch (ICC layer). The nonlinear functions f(us) and g(u;) represent
the cubic bistable Zel’dovich term (Zel’dovich and Frank-Kamenetsky,
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1938), characteristic of excitable tissues, while the terms Fi(ug,u;) and
F;(us, u;) ensure a symmetric but opposite coupling of the four equations
through parameters o; and «;. This interlayer coupling is proportional to
the oscillation frequency of the ICCs and has been adjusted to reproduce
experimental observations, assuming as a first approximation that these
values are plausibly valid for humans in the absence of specific human
data. The coefficients D, and D; reflect strong internal coupling within
the SMCs layer, contrasting with weaker coupling between the two lay-
ers and within the ICC layer. The importance of conductance in the SMC
layer should be emphasized: unlike cardiac myocytes, only a few gap
junctions have been observed, necessitating large values of D;; and D,
but a relatively small value of D;, to achieve a good fit with experimental
data.

Additionally, no flux boundary conditions are considered for the elec-
trophysiology:

D,Vus-n=0, D)Vu;,-n=0 on 0Oy, (2.5)

where 0Qy stands for the Neumann boundary (the whole boundary for
the electrophysiology).

As described in subsection the entrainment of slow waves gen-
erated by interstitial cells of Cajal (ICC) is a crucial step, not only to en-
force a common oscillation frequency among the cells, but also to ensure
proper coordination of the resulting contraction waves. In this thesis,
a dedicated procedure was developed for this purpose (see Section. [2.2).
This approach enabled us to determine the time at which the ICC reached
a common frequency and stabilized their dynamics on a limit cycle in
phase space. This synchronization step is essential to enable a consis-
tent coupling between electrophysiology and mechanics, which will be
discussed in detail in the Chapter

2.1.4 Electrophysiological problem

In this thesis, the finite element has been used to solve all the governing
equations, but before going in deep in the next section, a step here is im-
portant to show how we discretized this equations (this will be recalled

22



Table 1: Electrophysiological parameters adapted from (Aliev, Richards,
and Wikswo, 2000; Gizzi, Cherubini, Migliori, et al.,[2010).

SMC layer ICC layer
k=10 as=0.06 k=7 a;=0.5
Ba=0  A=8 B.=05  \=8
+=0.15 o=1 ei=¢;(z) a=—1

D,=03 D,=04 D;=03 D;=0.04

again in the next chapter). From the strong form of the Eq. The weak
form of the electrophysiology can be written as follows: at each time step
t"t1 = ¢" + At of an equispaced partition of the time interval [0, T, given
the solution of the electrophysiology problem at the previous timestep
(u, v, ul, o) € V4 find the vector (u?*!, v 1 42+ v H) € V4 at the

s Y5 % Yg » Us

current timestep t" ! such that it is satisfied

urH—l —unt
/ = fus + D ,Vultt . Viu, = / I (uy, vl ul)dus
Qo At Qo Qo
(2.6a)

/ et v /R( vM)ovs, (2.6b)
e Vs = s g Vs, .
0, At -

u74l+1 —un
/ 4 ju; + DZ-VU?H-Vdui :/ I (u™ vl ul)du;
Qo

At S)O (20 won s 77 7

(2.6¢)

Pt gy
1716%‘ = R; U; U, ov; s (26(1)

/szo At Qo (' or)
for all test functions (dus, dvs, du;, dv;) € (Vo)?*, where:

IZon(uSvIUZvul) = g(ui) — vi + Fi(us,u;) + Iztim ) (2.7a)
(ul7 1) = ( )[ (u - 51) - Ui]7 (27b)
Iwn(usv Vs, U 1) = f( ) — Us =+ F (usau7) =+ Ijtim ’ (27C)
(US, vs) = [ (us - Bs) - 'Us] . (27d)

The implicit Euler scheme for the discretization of the time derivative
has been adopted in Eqs. (2.6), while an explicit treatment of the reaction
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terms has been used Eq.[2.7|are considered. In a more compact notation,
the electrophysiology problem can be written as: find us, u;, vs and v;
such that

E(ug, s, Vs, V;; OUg, OUs, OV, 00;) :=E1 +E+E3+E4, =0, (2.8)

for all test functions duy, du;, dvs, dv;, where:

&1 = & (us, ug, vs; dug, duy, 0vg) | (2.9a)
&y = E(us, vs; dug, 0Us) , (2.9b)
Es = Es(us, ug, v3; dug, duy, 0v;) (2.9¢)
&y = Ex(ui, vi; 0uy, 0v;) (2.9d)

are respectively the residuals of Egs. (2.6).

2.2 Entrainment analysis of the ICC cells and
mesh convergence analysis

2.2.1 Entrainment analysis of the ICC cells

As we said previously, entrainment is one of the most significant mech-
anisms in gastrointestinal electrophysiology. This phenomenon is inher-
ent. The excitability parameter ¢;(z) and, consequently, the intrinsic fre-
quency of electrical oscillations at the cellular level are larger in the up-
per than in the lower portion of the gastrointestinal tract. Excitability
and frequency in the stomach are obviously higher in the proximal re-
gion than in the distal region near the pylorus. Similarly, the pylorus has
a greater frequency than the duodenum, which has a higher frequency
than the jejunum and we have the same behavior in the colon. This im-
plies that the oscillation frequencies of the ICCs in these areas would dif-
fer greatly if they were isolated. However, the ICCs in the lower region
are trained due to the cellular interaction at the tissue and organ level and
for good movement coordination. In other words, despite their intrinsic
frequency differences, the ICC become entrained by their neighbors and
are ultimately forced to oscillate at a shared, coordinated frequency.
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Based on this theory, we simulated for 1000 s the Eq. [2.6|on a com-
putational domain which was a hollow 3D cylinder of length 50 cm, the
external diameter of 5cm and the tickness of 0.55cm. To determine the
frequency, we then extracted the data along a line that extended from
[0,50] cm (the length of the cylinder). Figure .[9] depicts the frequency
gradient’s temporal progression. Initially, every point or cell exhibits its
own frequency of oscillation. As a result, at t = 0s, there is a noticeable
frequency gradient throughout the domain. Gradient reduces with time.
The electrical oscillations of the ICCs demonstrate nearly constant fre-
quency from ¢ = 550s, which is the same as the ICC’s initial frequency in
the top region of the domain (i.e. at z = 0).

o o o o o
LA < L . * L R « )
4
J

o
2

Frequency (cpm)
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49

4.8

47 ' ' ' 1 1 ' 1 ' '
0 5 10 15 20 25 30 35 40 45
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Figure 9: Temporal evolution of the frequency of the ICC at each point
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This suggests that these pacemaker ICCs in the upper portion of the
domain have driven the ICCs at the other end. Horizontal straight lines
show that training from ¢ = 550s is consistent throughout the domain.
This outcome ensures that the model can replicate a physiological en-
trainment procedure. In order to validate this behavior, we present in
Fig[l0] the progression of the phase portrait for the two electrophysio-
logical state variables for SMC and ICC from their intrinsic to entrained
states. The last 450 seconds, which we have highlighted in red, demon-
strate how both cell types form a stable limit cycle. This indicates that,
after 550 seconds, the system has stabilized. Brandstaeter et al.
were the first to perform this kind of analysis. The ability of this analy-
sis to solve the electrophysiological problem alone for up to 550 seconds
before linking it to the mechanics problem is a crucial feature.
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Figure 10: Development of the phase portraits from the intrinsic to the en-
trained state of ICCs (right) and SMCs (left) located in the middle of the
domain at z = 25c¢m. The resulting stable limit cycle is shown in red.
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2.2.2 Mesh convergence analysis

To assess the accuracy of the numerical scheme described in the previ-
ous section, we carried out the convergence of the electrophysiological
solver towards the physical solution as a function of the number of de-
gree of freedom (DoF). For this purpose, we consider the same cylindrical
domain as in the previous subsection. For simplicity and to facilitate the
implementation of this test, the domain is constructed directly in FEniC$S
(Alnees et al., 2015) and triangular lagrangian finite elements and a ho-
mogeneous mesh of size are used. Different refinements are considered
based on the number of subdivisions N from 50 to 450 with the step of
50. Each simulation runs for a total duration t = 800 s with a constant
time step At = 0.1s.

It is well known that the conduction velocity (CV) of reaction-diffusion
systems generally depends on the numerical scheme. This analysis aims
to obtain a physiologically acceptable CV (Quarteroni et al.,|[2017).

We calculated the conduction velocity at points located in the middle
of the domain to avoid contamination of the boundary conditions. To
compute the conduction velocity, we assumed that the slow wave prop-
agated in an approximately planar manner (no propagation in the thick-
ness) along a dominant direction from proximal to distal. Two interior
points, sufficiently far from the boundaries to avoid edge effects, were
selected; since their coordinates were known, the distance between them
could be directly calculated. The arrival time of the activation front at
each point was then identified using a threshold potential V},, defining
the front passage as the first instant at which the local potential exceeded
this threshold. The corresponding arrival times, denoted ¢; and t3, en-
abled the conduction velocity to be computed using CV = d/(t2 — t1),
where d is the distance between the two points. This straightforward
procedure thus provides a robust estimate of the slow-wave propagation
speed. Figure[IT|shows us the evolution of the conduction velocity as a
function of the degrees of freedom. we see that a coarse mesh tends to
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Figure 11: conduction velocity analysis

overestimate the conduction velocity. The more the number of degrees
of freedom increases, the more the conduction velocity tends towards a
stable value. This simulation also shows us that the conduction velocity
is within the range of physiologically acceptable values (Sanders, Ward,
and Koh, [2014).

2.3 Conclusion

In this chapter, the objective was to develop an electrophysiological model
of the intestine. To achieve this, we began by explaining the functioning
of ICCs and SMCs, from the microscopic to the macroscopic scale. We
then presented a brief state of the art, highlighting several existing mod-
els. Once this groundwork was established, we proceeded to formulate
and generalize the electrophysiological model of the intestinal system.
The resulting model was validated and calibrated through convergence
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tests and an entrainment analysis — a key process ensuring proper coor-
dination between ICC activity and muscle contractions.

In the following chapter, we will address how this problem can be
coupled with the mechanical behavior of the tissue. To facilitate the
reader’s understanding, some of the governing equations will be revis-
ited in the next chapter, which will focus on tissue mechanics, electrome-
chanical coupling, contact interactions, and finite element discretization.
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Chapter 3

Electromechanics and
contact mechanics

3.1 Introduction

In this chapter, we develop the mechanical formulation of the intestinal
tissue as well as the electromechanical coupling. Since, during its func-
tion, the intestine can come into contact with itself, a contact mechanics
formulation was implemented to account for self-contact effects using
the penalty method. To further generalize the treatment of contact me-
chanics, we also introduce an alternative approach to model interactions
between the intestine and external bodies. Specifically, we focus on the
contact between the intestine and a balloon, allowing us to reproduce
certain experimental tests that will be presented in the following chap-
ter.

The structure of this chapter is as follows: we first present the fun-
damental aspects of intestinal tissue mechanics, then develop the corre-
sponding mechanical model. Next, we couple this model with the elec-
trophysiological model developed in the previous chapter. We then dis-
cuss the formulation of contact mechanics and conclude with the numer-
ical implementation of the problem. Some parts of this chapter are taken
from author’s previous publication (Djoumessi, Lenarda, Alessio Gizzi,
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Giusti, et al., 2024; Djoumessi, Lenarda, Alessio Gizzi, and Paggi, 2025).

3.2 Mechanics of the gastrointestinal tract

Kinematics of deformable GI tissue is embedded in the classical descrip-
tion of continuum mechanics under the assumption of finite elasticity
(Holzapfel, 2002).

Let X, x be the material position vector in the undeformed and de-
formed configuration Qy, Q; C R%, d = 2,3 respectively of the GI. The
deformation gradient tensor and its associated Jacobian are denoted as
F = 0x/0X and J = detF > 0, the right Cauchy-Green deforma-
tion tensor with C = FTF, the first isotropic invariant of deformation
with I1(C) = tr(C), where tr(-) is the trace operator, and the fourth
anisotropic pseudo-invariant is I4(C) = C : G, where G denotes the
tensor structure tensor.

3.2.1 Biomechanical constitutive modeling of the gastroin-
testinal tissues

The mechanical behavior of gastrointestinal tissues plays a fundamental
role in the function of the digestive system, both in healthy and patholog-
ical conditions. This behavior is typically described using biomechanical
constitutive models, which are mathematical formulations that represent
the relationship between stress and strain in biological tissues (Holzapfel,
2002). The availability of validated constitutive models is therefore es-
sential for characterizing, simulating, and understanding the mechanics
of the gastrointestinal tract.

In the literature, a systematic review of these constitutive models was
conducted by (Patel et al., 2022), focusing specifically on strain energy
functions used to describe the stress-strain relationship in gastrointestinal
tissues. This review categorizes different modeling approaches based on
how the tissue structure is incorporated:

* Phenomenological models: These models reproduce the overall
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mechanical behavior without explicitly accounting for the under-
lying microstructural features of the tissue.

* Structure-based models: These models incorporate the average
orientation of fibers and their global mechanical contribution within
the strain energy function, but do not model individual fibers.

* Microstructure-based models: These approaches explicitly model
the mechanical behavior of individual fibers and their orientation
distribution, allowing for a more mechanistic representation.

Regarding structure-based models, a comparative study by (Puértolas
et al., 2020) demonstrated that a hyperelastic model incorporating four
fiber families more accurately captures the anisotropic behavior of gas-
trointestinal tissues compared to simpler formulations.

As the Gl is a fiber-reinforced tissue embedded in a matrix (see Fig-
ure. [12), a combination of a phenomenological (isotropic) model and a
structure-based constitutive formulation (anisotropic) is considered in
this thesis. We proceed with an additive decomposition of the elastic
strain energy density into isotropic and anisotropic contributions:

U = \I/iso + \Ijaniso’ (31)

where the isotropic term is associated with the passive mechanical re-
sponse of the non-collagenous components of the tissue, primarily the
elastin matrix (Puértolas et al., 2020; Sokolis, 2021). For the sake of clar-
ity and without loss of generality (alternative models yield similar re-
sults (Nagaraja et al.,[2021)), we adopt the Neo-Hookean material model:

Uise — (I, — 3), (3.2)

where 1 denotes the passive isotropic stiffness.

The anisotropic strain energy component generally includes both pas-
sive and active contributions (see the next section). The passive contribu-
tion models the mechanical response of directional collagen fibers. These
fibers, denoted by d; and ds, represent the reinforcement provided by

32



the submucosa and are assumed to be symmetrically oriented at an an-
gle 0 with respect to the circumferential axis (see Fig.[I2). The active
anisotropic contribution originates from the smooth muscle cell (SMC)
fibers aligned along the longitudinal (I) and circumferential (¢) direc-
tions. The complete anisotropic energy is expressed as:

aniso __ \jyaniso aniso
gonise — ganise 4

act
i

= > fk lexp (K3(15 — 1)%) — 1]

ie{dlde} 2 (33)
+ Z % [exp (K5(I5 — 1)) — 1] .
ie{l, c} 2

Here in Eq.[3.3] the notation (y)+ := max(0, y) reproduces the tension-
compression switch approximation (Patel et al., 2022). The anisotropic
fourth invariant is defined as I = C : G; where G; = n; ® n; for each
fiber family j € {l, ¢, dy,d2}.

The material parameters &7 (stiffness-like) and k3 (dimensionless) gov-
ern the directional mechanical behavior. Following previous studies (Puértolas
et al., 2020; Sokolis, |2021; Nagaraja et al., [2021), the diagonal fiber fami-
lies are assumed to share identical parameters.

In large deformation settings, the incompressibility of biological tis-
sues is generally handled by a fully incompressible formulation (J = 1)
or a nearly incompressible formulation (J =~ 1). A recent study (Swati
Sharma and Martin Lindsay Buist,2025) on intestinal biomechanics showed
that the fully incompressible case offers the best trade-off between pre-
cision and efficiency. Based on these findings, in this thesis, the fully
incompressible approach to accurately model soft tissue mechanics is
adopted. Then, the strain energy function can simply be written as:

k’i (T
=uh=3)+ Y, R —p(J -1, (34)
ie{l,c,dy,da} 2

In Eq. p stands for the solid hydrostatic pressure in the fully in-
compressibility approach. A preliminary calibration procedure was per-
formed to estimate the material stiffnesses based on experimental data,
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Homogenized in a
single layer

Homogenized

Figure 12: Schematic segment of the intestine. The zoomed cross-section
represents the homogenized fiber microstructure, which is composed of
four families of fibers embedded in an isotropic elastin matrix. The direc-
tions of the fibers are uniquely defined with respect to the circumferential
direction by the angle w; [ represents the external longitudinal muscular
layer, c the internal circumferential muscular fiber, d; and d» are the sub-
mucosa diagonal collagen fibers.

as discussed in Appendix.[A] The final set of material parameters is pro-
vided in the table provided in the Appendix.[A]

It is worth mentioning that from a numerical viewpoint, the precise
creation of the fibrous structure of the GI tract is crucial. Due to their
complex structure and strong layer adhesion, in this thesis a homoge-
nized layer was chosen for fiber generation throughout the thickness of
the wall. Similarly to the method presented in Piersanti et al. (2021), we
developed and customized a rule-based algorithm (Rossi et al., 2014),
originally proposed for cardiac fibers, to reproduce the microstructure of
the gastrointestinal tract and generate muscle fibers throughout all simu-
lations (a detailed explanation is provided in Appendix.[B). We used this
technique to generate longitudinal, circumferential, and helical fibers, al-
lowing us to mimic the GI histology by assuming fibers spread through-
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out the wall, as shown in Fig. To be more precise in our modeling,
we introduce a distinction between active families of fibers, namely cir-
cumferential and longitudinal, responsible for the activation of the con-
traction, and two additional passive diagonal ones necessary for the me-
chanics of the tissue.

3.3 Electromechanical coupling and strong form

3.3.1 Active model

Active models of gastrointestinal tissue are largely inspired by those de-
veloped for cardiac mechanics (Patel et al.,[2022). Two main approaches
are commonly employed to model active contraction: the active stress
and active strain formulations. While the active stress approach has been
widely used in gastrointestinal and intestinal modeling (Du, O’Grady, et
al., 2010), it lacks a rigorous thermodynamic foundation. This limitation
motivates the adoption of the active strain approach in this thesis.

The active strain formulation can be derived from thermodynamic
principles (Alessio Gizzi et al., 2015), aligning with the framework of
continuum mechanics and the notion of inelastic distortions. Moreover,
the multiscale nature of smooth muscle cells (SMCs) where calcium and
voltage-driven filament sliding (actin and myosin) occurs at microscopic
scales justifies modeling their macroscopic contractile effect through a lo-
cal distortion. Accordingly, we represent active smooth muscle contrac-
tion as a change in the local stress-free configuration of tissue elements,
capturing the cumulative mechanical effect at the continuum level.

Then according to the active strain approach (Brandstaeter et al.,2018;
Cherubini et al., [2008; Ambrosi et al., 2011, Ruiz-Baier et al., |2020), a
multiplicative decomposition of the deformation gradient tensor into an
elastic, F, and an inelastic, F, (see Fig.[I3), part is put forward:

F=F.F,. (3.5)

Such an approach allows to apply multiscale and multiphysics couplings
in a homogenised continuum framework over the local active deforma-
tion map.
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F

Figure 13: Multiplicative decomposition of deformation gradient F into ac-
tive tensor F', and elastic tensor F.

Stemming from the gastric microstructural approach detailed in (Brand-
staeter et al., , and according to the active strain kinematics, we
consider longitudinal and circumferential SMC directions as contractile
units ruled by the active part of the deformation gradient:

F,=1- 7(“3)(040”0 QM.+ on & nl) + VM @ Ny (36)

where n., and n; are the orthonormal unit vectors in the circumferential
and longitudinal direction, respectively, while n,, = n. x n; represents
the unit vector orthogonal to their plane. In Eq. (3.6), a. and «; stand
for material parameters ruling the amount of contraction in a certain di-
rection, while v,, enforces the incompressibility constraint in such a way
that det(F,) =1, i.e.

1— (1 —ya)(d —ya)
(1 —vyae)(1 —yau)

Tn = (3.7)

The excitation function v(V) couples the mechanical problem with
the electrophysiological one via a smooth activation function, defined
in (Patel et al., [2022), dependent on the active membrane potential V
crossing the smooth muscle layer:

F(V)=(1- el—ﬁl(V—Vth))(l _ el—ﬁz(V—Vth))H(V —Vin), (3.8)
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where, f1, B2, and V;;, are the material parameters linked to the intra-
cellular Ca?* dynamics, while H(V — V;;,) is a Heaviside step function
switching on active contraction whenever the threshold V}, is reached.
Parameters of 7(V') and F, can be found in Table[2]

Table 2: Material parameters of the active strain model (Brandstaeter et al.,
2018).

a. o B B2 Vi
0.2 0.2 10 10 5H0%V

According to our electrophysiology model and since the SMCs are
responsible for the activation of the mechanical contraction, Eq. (3.8) be-
comes:

Y(ug) = (1= et AtV (1 — =RV H(u, — Vi), (3.9)

3.3.2 Strong form of mechanical counterpart

According to the given prescriptions in subsection the first Piola-
Kirchhoff stress tensor is derived under variational principles as:
a\:[/iso B\Ijaniso

oF.  OF.

oV T
P = 87F—pJF = det(Fa) (

)F;T—pJF—T, (3.10)

where p stands for the solid hydrostatic pressure.

The strong form of the problem is given by the following set of non-
linear coupled partial differential equations prescribing mechanical equi-
librium in terms of displacement field u and pressure p variables, defined
in the undeformed GI domain Qg:

V-P=0, on x][0,T] (3.11a)
J—1=0, on Qx][0,T] (3.11b)

complemented with electrophysiological balance laws Eq. (2.3), solved
for the electrophysiological variables u, vy, u;, v;.
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Mixed boundary conditions of normal displacement and traction close
the system:

u-n=0, on TI'px][0,T] (3.12a)
Pn—pyJF'n=0, on T'yx|[0,7] (3.12b)

I'p and I'y are disjoint partition of the boundary. Condition Eq.

constraints normal motion along the surface I' p. The term py in Eq.
denotes a prescribed (possibly time-dependent) boundary load (normal
stress—pressure) associated with the presence of digesta within the lu-
men. In the present case, such a load is assumed uniform over the de-
formed counterpart of I'y, and applied in the normal direction to the
internal surface of the GI in the deformed configuration.

In the previous sections, we presented the electromechanical model
of the gastrointestinal (GI) system. When validating this model against
experimental data, we observed pressure patterns in the experimental
measurements that did not appear in the simulations. This raised several
hypotheses: could these pressure zones be explained by the position of
the intestine within the abdominal cavity, by self-contact of the intestine,
or by interactions with neighboring organs?

To address these questions, we extended the model by incorporat-
ing contact mechanics and developing a dedicated boundary condition
to account for the presence of surrounding organs. The details of this
approach will be further discussed in the following sections.

3.4 Contact to the model and special boundary
conditions

In this thesis, the general approach for imposing contact is shown in Fig-
ure. Our objective is to prevent any interpenetration between the
contact surfaces I'; that may occur during intestinal motility. To achieve
this, we initially implemented a method based on the computation of the
Euclidean distance between contact surfaces, using a contact search algo-
rithm based on k-d-nearest neighbors (Hou et al., 2018; Kamaludin and
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Thamburaja,|[2023). While this approach proved to be effective, its imple-
mentation became increasingly challenging in cases involving multiple
bodies or contact surfaces.

To overcome this limitation, we developed an alternative strategy
based on the augmented Lagrange multiplier method. This enabled us
to tackle more complex problems, thanks in particular to a contact-pair
detection algorithm that relies on a ray-tracing technics (K. Poulios and
Y. Renard, 2015).

In this context, we opted for unbiased contact formulations (i.e., with-
out a master-slave distinction), which are particularly well-suited for
handling complex scenarios such as self-contact and multi-body inter-
actions, commonly encountered in gastrointestinal system modeling.

Figure 14: Concept of contact. X and Y are material points in the reference
configuration, while @ and y represent their positions in the current con-
figuration. I';; and FEL are the contact surfaces in the reference and current
configurations, respectively. ¢ is the deformation map, g. and g, are the
normal gaps.

Mathematically, the unilateral contact conditions on the surfaces are
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given by the following Kuhn-Tucker conditions (Peter Wriggers, 2006):

9u(Ny) = Uy my >0; pp, = (PNy) n, <0 pp,gs(ng) =0,
(3.13a)
9y(ny) =uy -1y 20; pn, =(PNy) -1y, <0; pn,gy(ny) =0,
(3.13b)
where, g(n,), and g, (n,) are the normal gaps between two generic
points belonging respectively to I'.; and to I'cy potentially entering in
contact, p,, and pp, are the normal contact traction aligned with the
normals n, and n,, respectively, and P is the first Piola-Kirchhoff stress
tensor. Note that this approach can be esealy extend to multiples sur-
faces and bodies, Finally u, and u, are the relative displacements of the
surfaces I'c, and I'., respectively.

3.4.1 Contact search and contact pairs

In this subsection, we focus exclusively on the contact search algorithm
based on the k-d-nearest neighbors method. For a detailed discussion on
the ray-tracing approach, the reader is referred to (K. Poulios and Y. Re-
nard, 2015).

Let I';, and I'., denote the two contact surfaces, both belonging to the
deformable domain €. In the reference configuration, the nodal co-
ordinates of these surfaces are extracted from the initial mesh. As the
structure undergoes loading, the surfaces deform according to the nodal
displacements obtained from solving the mechanical problem. To accu-
rately track the evolution of the gap, the positions of the surface nodes
must be continuously updated in the deformed configuration.

An illustrative schematic of the method is given in Figure. and
described as follows.

To evaluate the contact gap between points on the surfaces I'., and
I'., in the current configuration, the nodes of I, are first embedded in a
hierarchical spatial partitioning structure, where each subdomain is re-
cursively split along coordinate axes to form a binary tree. Each leaf node
stores a small number of points from I';,. For any given node « € I',,,
the algorithm descends the tree to locate the leaf that contains the spatial
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Figure 15: Concept of contact search based on the nearest neighbor algo-
rithm: « and y represent points on the contact surfaces I'., and I'.,, respec-
tively, in the current configuration. Comparison of the method without (a)
and with (b) the optimized search method incorporating the nearest neigh-
bor algorithm: y*(x) represents the closest point to & within the zone of
influence.

region most likely to contain the closest neighbor to . At each branch-
ing point, we choose the child node whose bounding box is closest to x,
and we recursively evaluate the distance from « to each candidate point
in the leaf. As the algorithm ascends back through the tree, it compares
the minimum distance found so far with the distance from x to the other
subtree’s bounding region. If the latter may contain a closer point, it is
also explored; otherwise, it is safely discarded. To ensure physical rele-
vance, the search is restricted to a local zone of influence around each point
. This zone is defined by the condition ||z — y|| < qiec * dioe, Where djoc
is a local spacing metric and i, is a scaling factor controlling the extent
of the influence region. This ensures that the closest point y*(x) € T,
lies within a geometrically meaningful neighborhood of z, allowing us
to define the unsigned contact gap as:

— mi — . 3.14
g(x) yrgglzllw Y|l (3.14)

This result is guaranteed by the algorithm’s exhaustive comparison against
all subregions that could contain a closer point, ensuring that y*(x) sat-
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isfies the validity criterion

|z —y* ()| <[z —yl, YyeTl.,. (3.15)

To include directional information, the gap is projected along a normal-
ized direction n(x), which is computed as the normalized gradient of
the scalar distance field, i.e., n, = Vg(x)/||Vg(x)||, rather than using
geometric normals, which may not be well defined or reliable under
large deformations. This ensures that the final gap used in the Kuhn-
Tucker conditions is a normal gap, as required, even though the interme-
diate search step relies on a Euclidean metric. The use of the distance-
based normals rather than geometric surface normals is deliberate: un-
der large deformations, geometric normals may become unreliable, es-
pecially when surfaces undergo folding or nearly parallel. The gradient-
based normal provides a more stable and consistent direction for defin-
ing the projected gap.

The normal gap is then defined as:

gz(n2) = (y" (@) — @) - n(z). (3.16)

Eq.s are used to compute the gap in Eq. the same approach

is used to compute the gap gy (n,).

The contact search algorithm base on k-d tree nearest neighbour is
described in Algorithm
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Algorithm 1 Nearest Neighbor Search Using KD-Tree

Require: A set of points I'c, = {y;,¥ys,...,Y}, a set of query points
e, ={x1,22,..., 2N}
Ensure: The minimum distance g(x) for each x € T',.
1: Step 1: Build the k-d tree
2: Construct a k-d tree for the points in I'.,. > This organizes the points
of I';, into a space-partitioning tree.
Step 2: Initialize Results
Create an empty array G to store the gap g(x) foreach x € I',,.
Step 3: Perform Nearest Neighbor Search
for each pointx € I';, do
Query the k-d tree to find the nearest neighbor y € I',, to x.
Compute the Euclidean distance: g(x)
Store g(x) in G.
10: end for
11: Step 4: Return Results
12: return G, the array of minimum distances.

3.4.2 Penalty and Augmented Lagrangian approaches to
contact

Penalty approach

One of the simplest ways to automatically ensure the satisfaction of con-
tact inequalities (Egs.[3.13) to a given tolerance consists of imposing the
following penalized condition:

Pn, = _K0<t01 - gm(nz»; pny = _KO <t01 - gy(ny)> ) (317)

where (J7) = (| J | +J)/2 is the Mackauley operator computing the
positive part of the gaps with K a large stiffness penalty value and tol
is a small tolerance used to control the activation contact to avoid small
penetration which is the weakness of the penalty method. The contact
forces are then computed as

PN, = Pn,Nz; PN, = Pn,Ty. (3.18)
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Augmented Lagrangian approach

The non-penetration condition ¢g(X) > 0 is imposed through a Lagrange
multiplier Ay (X) < 0 where Ay : ' — R, representing the normal
contact traction (in the reference configuration).

To avoid handling inequality constraints explicitly, the problem is re-
formulated using an augmented lagrangian functional:

Ly(u,AN) = P(u) + L / An +rgl2 = A% dT, (3.19)
2r rs

in Eq. P(u) is the total potential energy (including internal elas-
tic energy and external loading), » > 0 is the augmentation parameter,
and [a]_ = min(x,0) denotes the negative part of a. The set 'S c I'®
identifies the slave surface region where contact is detected or expected.
The first-order optimality conditions of this augmented functional

yield the following weak form:

DJ(p)[du] — AN Ny - (0u(X) —6u(Y))dl =0 Viu,

1 ° (3.20)

- /rs AN+ AN +7g]_)0ANdl =0 ViAn.

in Eq.[3.20/DP(u)[du] is the directional derivative of the potential energy
with respect to a virtual displacement du, and § A is a virtual variation
of the contact multiplier field.

This formulation possesses several advantages: it avoids explicit in-
equality constraints on Ay; it remains differentiable almost everywhere,
which enables the use of a generalized Newton method; and it involves
only the slave surface normal n,, which is differentiable and easier to
compute numerically than the master surface normal.

Moreover, the weak enforcement of contact conditions through sur-
face integrals at quadrature points makes the method robust and suit-
able for standard finite element discretizations, without requiring nodal
enforcement or special projection schemes. Another notable advantage
of this method lies in its natural ability to handle self-contact scenarios.
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Indeed, the use of a ray-tracing strategy allows contact detection to be
performed symmetrically, without requiring a fixed distinction between
slave and master surfaces. In the case of self-contact, the same physical
surface can serve both roles.

Practically, this means that the ray-tracing search can be performed
from a given surface point using its outward normal, and the corre-
sponding intersection can be detected on the same surface. This results
in a so-called master-master contact strategy, which avoids the need to
define separate meshes or projection directions, as typically required in
standard slave-master approaches. Consequently, the method can ro-
bustly capture self-contact, even under large deformations and complex
contact topologies.

3.5 Weak formulations

All problems were resolved using a hybrid numerical scheme that com-
bines staggered and monolithic approaches. The electrophysiology prob-
lem was solved using a monolithic scheme with mixed finite element
spaces. Subsequently, the electrophysiology model was coupled to the
mechanical problem using a staggered scheme.

3.5.1 Electrophysiological problem

The weak form of the electrophysiology problem can be written as it
follows: at each time step t"*! = " + At of an equispaced partition
of the time interval [0, 7], given the solution of the electrophysiology
problem at the previous timestep (u”,v?,u,v") € V* find the vector

(unt ont Tty € V4 at the current timestep ¢"*! such that it is

’ Vs (2
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satisfied

unJrl —un
/ - S jus + DVutt . Viu, = / I (ul vl ul)ous ,
Qo At Qo Qo
(3.21a)

e (7. 7)dv, . (321b)
S5 fu, :/ Rs(ul,vl)dvs, (3.21
Q0 At Qo

ul Tt —
/ 4 fu; + D;Vutt Y su; = / I (u, ol ul)ou;
Qo At Qo Qo
(3.21¢)

'Un+1—1ﬂl
1726%:/ Ri(u?, v")év;, (3.21d)
/ s [ R o)

for all test functions (Sus, dvs, du;, dv;) € (Vo)?*, where:

Iiion(usv Vs uz) (Uz) —v; + F (US, ’U,Z) + I;tzm N (322&)
Ri(ui, vi) = €i(2)[Xi(us — Bi) — vil, (3.22b)
Iwn(usavsa 1) = f(us) —v; + F (US7U1) + Iﬁtim s (322C)
U’S7U5) = [ ( Us — Bs) - US} . (322d)

The implicit Euler scheme for the discretization of the time derivative
has been adopted in Egs. (3:21), while an explicit treatment of the reaction
terms has been used. In a more compact notation, the electrophysiology
problem can be written as: find u, u;, vs and v; such that

E(us, g, Vs, vi; OUg, Ouy, Ovg, 0v;) :=E +E +E3+E4 =0, (3.23)

for all test functions dus, du;, dvs, dv;, where:

&1 = &1 (us, ug, vs; dug, duy, 0vg) (3.24a)
&y = Ey(us, vg; dug, Ovs) , (3.24b)
Es = Es(us, us, vi; dusg, dug, 6v;) (3.24¢)
&y = Ex(uy, vi; duy, dvy) (3.244)

are respectively the residuals of Egs. (3.21).
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3.5.2 Mechanical problem

The trial spaces, where the solution of the weak form of the problem is
defined, are given by:

weV:=L*0,T;H (Q)), p€ Q := L*(0,T; L*(Q)), (3.25)

for displacements and pressure

The virtual displacements for the mechanical problem are introduced as
du € Vy, as well as the test functions for the pressure ép € @y defined
on the spaces of the corresponding fields, and vanishing on the Dirichlet
part of the boundary. Multiplying Eq. by a virtual displacement,
using the divergence theorem, the generic weak form of the mechanical
problem without contact is:

find displacement u € V and pressure p € () such that

P :Viu— / po(t)JF Tn . du =0, Véu € Vo, (3.26a)
Qg 1_‘N

/ (J—1)0pdV + | CaaVp-Vop=0,VpdV € Qo,  (3.26b)
Qo Qo

where (144 is a positive pressure stabilization parameter used as a locking-
free parameter to enhance the stability of the discrete problem Chavan,
Lamichhane, and Wohlmuth, 2007, The mechanical problem without
contact can be rewritten in a more compact form as:

find displacement and pressure u and p such that

M(u, p; du, op) = / P :VéudV — po(t)JF~ "N - fu dl
Qo Iy (3.27)
+ / (J — 1)dpdV + / CoraVp - VOp AV,
QO Q()

for all test functions du and dp.
Following the same procedure, the mechanical problem with the contact
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with penalty method reads as:

M(u,p;6u,dp) := [ P:VéudV — [ po(t)JF TN -§udl
QO I_‘N
+ / (J —1)dopdV + CstabVp - Vop dV
J Qo (o)
+ / JR.op - F T dudl (3.28)
r

+/ Koy(tol — g¢, )ne, - 0w dT

r.,

+/ Ky(tol — ge,)ne, - du d = 0,
r.,

for all test functions du and dp.

M(u,p, \n; 6u, 0p, AN ) == / P :VéudV — po(t)JF_TN <du dI’
Qo Tn

- Z/F M (0u(X) — su(Y)) dT'

_Z;r/( N+ [y 7] ) oy ar
+/ (J=1)pdV + CstanVp - Vop dV
Qg Q0
+/JRmb~F’Tu~6udF:O,
r

(3.29)
for all test functions du, du,, dp and dA%;, nc is the number of contact
surfaces and R,.p, stands for the Robin boundary condition that will be
discussed in the chapter [6}

3.5.3 Finite element discretization

This subsection presents the finite element discretization applied to all
the problems addressed in this thesis, as well as the numerical scheme
adopted. We describe here the core of the numerical scheme used for
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solving the various models. For the contact problems, a specific vari-
ant of this algorithm has been developed and will be presented in the
Alg[3l The computational domain €2y has been discretized into tetrahe-
dral finite elements and the unknowns have been approximated using
Lagrangian shape functions P2 and P; for the all variational problems.
Some problems has been implemented in the open-source finite element
software FEniCS (Alnzes et al., 2015) while others in the open-source fi-
nite element software GetFem (Yves Renard and Konstantinos Poulios,
2020). A staggered scheme was adopted to couple the mechanical prob-
lem and the electrophysiology problem. The monolithic scheme was
adopted for each problem separately, the nonlinear mechanical prob-
lem is solved using the Newton-Raphson method and, at each Newton's
iteration, the resulting linear system given by dM(Au, Ap;du,dp) =
—M(u}tt pitts §u, dp) for the corrections Au and Ap is solved using
a MUMPS. The tangent operator dM associated to the nonlinear varia-
tional mechanical problem in Eq. has been computed via the sym-
bolic derivative derivative. For the solution of the electrophysiologi-
cal problem, the PETSc library (Portable, Extensible Toolkit for Scientific
Computing) has been used. The algorithm for the solution of the cou-
pled electromechanical problem describing the GI motility is detailed in

Alg.
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Algorithm 2 Algorithm for the electromechanical motility of a GI tract

1:

10:

11:
12:
13:
14:
15:
16:

17:

Input Initial and boundary conditions for displacement, pressure
and electrophysiological variables:

- while t" < T do

Given: displacement and pressure u", p" solve the linear electro-
physiology problem: &£ (vt u*! v+ o™t Sug, duy, dvg, dv;) = 0

Update EP solutions (u uz Lol ,vl P e (ul gt pn it
Given: the electrophysiological variables

(untt uftt prtt 9t solve the mechanical problem via Newton-
Raphson procedure:
for a given Newton iteration k& do

Given: u}*! and p}*! solve the linearized mechanical prob-

lem: dM(Auw, Ap, du,dp) = —M(u ”“,p;“ Su, 6p)

n+1 n+1

Set: ukaAu—ku andpkaAp—kp
if [|upt] — up ™| < tol then

“+1 n+1 n+1

Update the Newton solutions u; ™ « w7, and p; ™ «
n+1
Pr+1
elsek <+ k+1
end if

Update mechanical solutions u™*! «— u}t} and p" ' « piT}
end for
Update time: ¢ < ¢ + At
Output: Displacement u" 1, pressure p"*! and electrophysiolog-
ical variables (u?*1!, v7H1 47t vt at the current time ¢!
end while

50



Algorithm 3 Algorithm for the electromechanical motility with self-
contact

1:

o N

10:
11:
12:

13:
14:
15:

16:
17:
18:
19:
20:
21:

22:

Input Initial and boundary conditions for displacement, pressure
and electrophysiological variables:

- while t" < T do

Given: displacement and pressure u”, p" solve the linear electro-
physiology problem: &(u2*, u ! v+ o™t Sug, du;, dvg, dv;) = 0
Update EP solutions (u ul, vl ,vl ™ % (u?*l,u?+1,vg+1,v;'+1)
Given: the electrophysiological variables
(untt u? T prt Pt solve the mechanical self-contact prob-
lem.
Contact detection: Run Algorithm.
if Eq. then activate contact force
else Pass
end if
Newton-Raphson procedure:
for a given Newton iteration k& do
Given: u}; ™! and p}™! solve the linearized mechanical prob-
lem: dM(Au, Ap; du, 5p) = —M(uf ™, p’,;“ du, 6p)
Set: uj T} = Aw+ul™ and pif} = Ap + pp !

if HuZI} —u}™| < tol then

Update the Newton solutions u} ™" < w}F] and p} ™" «
n+1
Pr41
elsek <+ k+1
end if

: . n+1 n+1 n+1 n+1
Update mechanical solutions w" ™ < w7} and p" ™ « p;7)

end for

Update time: ¢ < t + At

Output: Displacement u" 1, pressure p"*! and electrophysiolog-
ical variables (u?*1!, v2*1 4t " *1) at the current time ¢+
end while
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3.6 Conclusion

In this chapter, we developed the electromechanical model of the intesti-
nal tissue, incorporating the effects of self-contact. In addition, an al-
ternative contact formulation was proposed to investigate the interac-
tion between the intestine and external bodies, allowing the reproduc-
tion of specific clinical procedures. The mechanical model was validated
through uniaxial and triaxial tests, in which a parameter identification
algorithm was employed to estimate the constitutive parameters of the
tissue.

A finite element discretization was then derived for the numerical
resolution, and dedicated algorithms were implemented for both the elec-
tromechanical coupling and the electromechanical problem with contact.
In the next chapter, we will introduce a complete workflow for applying
this model to patient-specific geometries, along with the computational
tools required for its implementation.
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Chapter 4

Integrating patient specific
and experimental data into
the model

4.1 Introduction

To make numerical simulations reliable and truly useful, even for health-
care professionals, the developed computational models must be able
to integrate and assimilate real clinical data. Such data may come in
various forms, including anatomical geometries, physiological measure-
ments (such as pressure or electrical potentials), or experimental obser-
vations. However, incorporating these data into numerical models re-
mains a significant challenge.

The objective of this chapter is to describe, step by step, a method-
ology for transforming geometries obtained from CT-scan or MRI im-
ages into models suitable for finite element simulations. We also present
the software tools used throughout the process. In addition, we explain
the experimental procedures we carried out to acquire in vivo data on
porcine models.

We first describe the acquisition and segmentation of imaging data,
along with the file formats generated. Then, we demonstrate how these
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files can be processed to become compatible with finite element analysis.
We further illustrate how such models can be employed to generate in-
testinal muscle fiber orientations. Finally, we detail the experimental pro-
cedures and explain how physicians perform high-resolution manome-
try an essential measurement for assessing intestinal motility in patients.

4.2 Preparing patient-specific geometry for finite
element simulation

4.2.1 Image segmentation

In the literature, several software tools are available for segmentation
and extraction of geometries suitable for numerical modeling. Among
the most widely used are Materialize, ITK-SNAP, MITK, and others. In
this work, we selected 3D Slicer which is open-source, well-documented,
and relatively easy to use. 3D Slicer is a software application designed
for the visualization and analysis of medical imaging datasets (Fedorov
et al., |2012). It supports a wide range of commonly used data types,
including images, segmentations, surfaces, annotations, and transforma-
tions, in 2D, 3D, and 4D. Visualization can be performed both on a desk-
top workstation and in virtual reality environments. The software also
provides a comprehensive set of analysis tools, including image segmen-
tation, image registration, and various quantitative analyses.

The data most commonly used with 3D Slicer are stored in the DI-
COM format (Digital Imaging and Communications in Medicine) (Milden-
berger, Eichelberg, and Martin, [2002), a technical standard for the digi-
tal storage and transmission of medical images and related information.
These datasets are typically acquired in three anatomical planes: axial,
coronal, and sagittal, represented respectively by the red, green, and yel-
low views, and finally the 3D view as shown in Figure.

Once the data have been imported, several filters and tools can be
applied to segment the tissues and isolate the regions of interest (ROI)
needed for geometric reconstruction. For more information on the seg-
mentation methods and available options, readers are encouraged to con-
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sult the official 3D Slicer documentation. Specifically, the procedure in-
volved a mixture of manual contour refinement, threshold-based filter-

ing, and region-growing operations, depending on the anatomical region

and the quality of the available images. No deep-learning or machine-learning
techniques were used. Instead, segmentation was performed through
classical semi-automatic tools complemented by manual corrections to
ensure anatomical coherence.

Figure 16: 3D geometry of the colon obtained from a CT-scan. Axial, coro-
nal, and sagittal directions are represented respectively by the red, green,
and yellow windows, and the last window is a 3D view.

In it important to note that he colon CT dataset was the only raw clin-
ical imaging dataset available to us for demonstrating the segmentation
workflow in 3D Slicer; however, its quality was insufficient for use in the
subsequent steps of the chapter.

4.2.2 Obtaining 3D mesh for simulation

For simplicity in this demonstration, we used a simplified duodenum
geometry obtained from a male cryosection of the Visible Human Project
(VHP) (Ackerman, 2002). Once segmented in 3D Slicer, the geometry is
typically exported in STL (STereoLithography) format, which represents
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only the surface without thickness, as shown in Figure. . However,
the resulting mesh is usually of poor quality, requiring post-processing
before it can be used for numerical simulations.

Several commercial and open-source tools are available for cleaning
and preparing STL geometries. In this work, we used Meshmixer (Schmidt
and Singh, [2010), Autodesk’s free and lightweight toolbox for mesh edit-
ing and 3D printing preparation. Positioned between heavy CAD suites
and digital sculpting tools, Meshmixer has become an essential software
for quickly repairing, merging, and preparing polygonal models.

Using Meshmixer, we performed several operations:

¢ cleaning the raw mesh,

* smoothing the surface to remove irregularities,

¢ cutting and removing undesired regions,

¢ adding a thickness to the surface, and

¢ reducing the mesh density to make it compliant and lighter.

After these operations, we also created surface groups to simplify the
identification of regions of interest for subsequent processing. The re-
sulting mesh after cleaning and refinement is shown in Figure. [17p.

As discussed in Chapter. [2| the excitability of the interstitial cells of
Cajal (ICC) plays a crucial role in coordinating slow-wave propagation.
This excitability, expressed as z, which represents the cumulative dis-
tance along the intestinal centerline.

To extract this centerline, we developed a custom script based on
the VMTK (Vascular Modeling Toolkit) library. Successful extraction re-
quires the geometry to be thin-walled and fully closed. The resulting
centerline geometry is illustrated in Figure. [T7k.
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@ (b) ©

Figure 17: Different geometries obtained after each operation. (a) STL file
from 3D slicer, (b) cleaned mesh obtained from Meshmixer and (c) centerline
obtained from VMTK
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4.2.3 Create boundary conditions and test case

It should be noted that even at this stage, although the mesh is clean
and usable, it still cannot be used directly for finite element problems,
as it remains a surface STL without volume. To add volume to a mesh,
several commercial and open-source software tools are available. In this
thesis, we mainly used two of them: Salome-meca (Drouet, 2017) and
Gmsh (Geuzaine and Remacle, 2009). However, for this demonstration,
we used Gmsh. Once the geometry is imported into Gmsh, a volume is
generated from the STL surface.

It is important to mention that the STL file exported from Meshmixer
must be encoded in ASCII format. This allows us to preserve all the
groups previously defined or even modify them later in a text editor if
necessary. This technique is particularly useful for labeling or tagging
surfaces. After this step, the mesh can be exported in .msh format and
used directly in open-source finite element codes such as GetFem (Yves
Renard and Konstantinos Poulios, [2020), or converted into .xml format
for use with FEniCs (Alnees et al.,[2015).

After obtaining the volumetric mesh and creating physical groups
for boundary conditions, it was used to generate the muscle fiber ori-
entations in the duodenum, which are essential for modeling tissue me-
chanics. The procedure follows the method described in Appendix.
. Briefly, this method involves solving Poisson’s equations with specific
Dirichlet boundary conditions, followed by computing fiber rotation us-
ing Rodrigues’ rotation formula. The Dirichlet and Neumann conditions
described in Appendix. [B| were used for the duodenum geometry, en-
suring that the fiber generation procedure - remains fully consistent and
reproducible within the standalone chapter.The results are shown in Fig-
ure. —c, which present the longitudinal, circumferential, and diagonal
fiber directions, respectively. This same procedure will be used in the
following chapters to prepare the other geometries.
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Figure 18: Fiber orientation in the duodenum. (a) Longitudinal fiber, (b)
circumferential fiber and (d) diagonal fiber.

4.3 Experimental data collection and clinical ob-
servations

4.3.1 Experimental data collection

To ensure the reliability of the proposed models, a series of experiments
were conducted in vivo on eight weaner male pigs with a weight of 41.7
+ 1.1 kg. These experiments were carried out at the University of Auck-
land, with ethical approval obtained from the University of Auckland
Animal Ethics Committee (see Figure. ).

For the inflation test, the pigs were first anesthetized with isoflurane,
after which a midline abdominal laparotomy was performed to access
the abdominal cavity. A 20 cm segment of the jejunum was exteriorized,
and a small incision was made at one end of this section to insert a bal-
loon catheter (Mui Scientific, Toronto, Canada). The incision was then
closed using suture thread to ensure a tight seal (see Figure. [19). The
barostat system was operated in pressure-control mode, maintaining the
balloon pressure at a predefined set-point (mmHg). The system automat-
ically adjusted the balloon volume to keep the luminal pressure constant.
The barostat’s analog output provided the balloon volume data, which
were recorded on a computer. Throughout the experiment, changes in
balloon volume were continuously monitored.
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Experimentat setup Inflation test

serosa-serosa contact
Pressure sensors

Figure 19: Experiment carried out at the University of Auckland, (a) shows
the experimental setup used for the collection of the contact serosa-serosa
contact pressure, (b) the inflation test used to collect the intraluminal vol-
ume change during the peristalsis, and (c) the serosa-serosa contact test
used to collect the self-contact pressure during the peristalsis

For the external contact pressure, pressure sensors (for details on the
pressure sensor and the calibration, see (Athavale, Paskaranandavadivel,
etal.,[2020)) were placed on the serosal surface of the intestine to measure
contact pressures, including those arising from serosa—serosa self-contact
and from the intestinal wall in general. For this experiment, a pressure
sensor was placed between the outer surfaces of the intestine, which was
arranged in a U- or C-shaped configuration, as shown in Figure[1%. The
pressure sensor had eight channels, designed to record contact pressures
between the serosal surfaces during intestinal motion. Unfortunately,
despite the experimental protocol adopted, it was extremely difficult to
obtain reliable data from all channels. In practice, only two channels
provided usable pressure measurements. The pressures recorded from
these two channels, shown in Figure. 20 illustrate how the data exhib-
ited significant variability but still followed a consistent overall trend.
This experimental protocol was used to collect not only contact pressure
data between the serosal layers and volume variations from the barostat
system, but also electrical activity recordings, which, however, were not
used in this thesis.

It is important to note that these tests were conducted in vivo, which
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Figure 20: Experimental pressure collected from two channels.

made it extremely difficult to maintain the same intestinal position dur-
ing each experiment. This variability made the interpretation of the ex-
perimental data particularly challenging.

The main difficulty came from the fact that the intestine is surrounded
by an amniotic-like fluid, which caused it to slide continuously, making
it hard to stabilize. Moreover, performing the procedure in vivo limited
the accessibility and manipulability of the intestinal tissue, further com-
plicating the experimental setup and data acquisition.

4.3.2 Geometry reconstruction during in vivo test

During this experiment, in addition to the numerical data collected, 3D
images of the intestine in vivo were also acquired. For this purpose, the
intestine was placed on a black mat with markers, which allowed the
Creality CR-Scan Otter 3D structured-light scanner equipped with 8 in-
frared LEDs, a 4-lens stereoscopic system, a scanning rate of 20 frames
per second, 24-bit color capture, and an accuracy of approximately 0.02mm,
as specified by the manufacturer to capture its geometry. The data ob-
tained from this scanning procedure consisted of a point cloud.

To convert this point cloud into a usable 3D surface, the open-source
software CloudCompare was employed (Girardeau-Montaut et al.,[2016).
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CloudCompare is a 3D point cloud processing software capable of han-
dling data from laser scanners, triangular meshes, and calibrated images.
The results of this procedure are presented in Figure.[21} which shows the
3D reconstruction of the intestine captured from multiple angles and in
different configurations.

To make this geometry suitable for subsequent numerical simula-
tions, it was necessary to clean and refine the mesh using Meshmixer,
before following the procedure described in subsection.

Figure 21: 3D image of the intestine obtained from 3D scan model using
Creality Scanner.

4.3.3 High-resolution manometry

One way to validate the model is by reproducing a clinical procedure,
namely high-resolution manometry (HRM) (Pandolfino and Roman,
Arbizu et al., 2017), which is commonly used to assess gastrointestinal
function. HRM is an adaptation of conventional manometric techniques,
employing an increased number of closely spaced pressure sensors. The
data generated by HRM are typically displayed as tracings, similar to
conventional manometry, but with much higher spatial resolution.

This procedure can be applied to nearly any segment of the gastroin-
testinal tract, from the esophagus to the anus. While HRM is a powerful
tool for evaluating gastrointestinal motility, it remains sensitive to vari-
ous factors such as patient positioning, recent food intake, and surround-
ing organs, which can influence the measurements.
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Figure. [22|illustrates the catheter placement, typically comprising 36
pressure sensors, the individual pressure traces recorded by each sensor,
and a heatmap representing the high-resolution manometry data. This
technique will be revisited in chapter. [5|to validate the results obtained
from our numerical model.
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Figure 22: high-resolution manometry of the esophagus showing the place-
ment of the sensors, and the pressure plot from each sensors (Pandolfino
and Roman, 2011)).

4.4 Conclusion

In this chapter, we focused on how clinical and experimental data can
be integrated into numerical models to enhance their reliability. We be-
gan by describing how medical imaging data can be processed to obtain
geometries suitable for finite element simulations. A complete workflow
was presented, detailing the software used and the necessary file formats
at each stage.

Next, we explained how experimental data were collected at the Uni-
versity of Auckland. Custom pressure sensors were developed to mea-
sure contact pressures, while a barostat was used to monitor luminal vol-
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ume changes. Despite the inherent challenges of conducting these exper-
iments in vivo, it was possible to reconstruct accurate 3D geometries of
the intestine.

Finally, we discussed high-resolution manometry (HRM), a clinically
essential technique for assessing gastrointestinal motility. The method-
ologies described in this chapter provide the foundation for improving
and validating our numerical simulations, which will be further ana-
lyzed in chapters. [p|and [6|
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Chapter 5

Digital twin model to
enable 3D printing
technologies

5.1 Introduction

In this chapter, we present the development and application of a digital
model designed to simulate the implantation and functional behavior of
a 3D bioprinted intestinal patch. The objective is to investigate how such
a patch, once integrated into the intestinal wall, interacts with the under-
lying electromechanical activity of the tissue and contributes to restoring
normal function.

We begin by analyzing the electromechanical behavior of the intesti-
nal tissue under healthy conditions, using the model previously cali-
brated using the tests presented in the section 2.2]and appendices[Al We
will start by validating the model agains clinical observation, Then this
validated framework serves as the reference for subsequent simulations.
Building on this foundation, we then explore the effects of introducing
a new bioprinted material layer, which is assumed to be attached to the
intestinal surface via laser-assisted bonding. To better understand the
influence of this engineered patch, a parametric analysis is performed
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by varying the material properties and geometrical parameters of the
patch. The simulations are conducted across different intestinal config-
urations, ranging from small- to large-intestine geometries, and include
both physiological and pathological scenarios. Some parts of this chap-
ter are adapted from author’s previous publication (Djoumessi, Lenarda,
Alessio Gizzi, Giusti, et al.,[2024).

5.2 Problem configuration of the model and 3D-
bioprinted patch setup

A series of numerical experiments is presented to characterize the cou-
pled mechanical and electrophysiological response of an idealized seg-
ment of the human colon. These simulations aim to investigate and
compare colonic motility under healthy conditions and post-surgical sce-
narios in which a portion of the computational domain—representing a
lesion in the colonic epithelium—has been removed following a repre-
sentative endoscopic submucosal dissection (ESD) and replaced with a
3D-printed implant patch. The numerical results are evaluated through
intraluminal pressure topography maps and compared against available
high-resolution colonic manometry data. Manometry is a diagnostic tech-
nique that quantifies intraluminal pressure within hollow organs, such
as the esophagus, stomach, or intestines, using sensors integrated into
a thin catheter (see subsection. for more details). It provides de-
tailed information on the amplitude, coordination, and propagation of
muscular contractions, as well as sphincter function, and is therefore a
key method for evaluating gastrointestinal motility disorders (Conklin,
Pimentel, and Soffer, 2009; Li et al., 2019). Electrophysiological and me-
chanical constitutive parameters used in the simulations can be found in
Tables[T|and 3] respectively.

Table 3: Mechanical constitutive parameters.

plkPa] K\ [kPa] kj[-] ki[kPa] k5[] k{[kPa] kf[-] 0[]

2.5 5.43 1.19 0.78 0.02 3.65 0.31 395
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The computational domain is modeled as a hollow cylinder repre-
senting the typical dimensions of a tract of the human colon. Based on
colonoscopy and surface measurements (Stauffer and Pfeifer, [2020; He-
lander and Fandriks, 2014), the colon diameter ranges from 4.8 cm to
6 cm, while the transverse section length is approximately 50 cm. In the
present study, we consider a diameter of 5 cm, a length of 50 cm, and a
wall thickness of 0.5 cm. Figure [23|illustrates the geometry along with
the applied boundary conditions.

The red elliptical region, characterized by semi-axes rmyin and rmax
and a thickness h = 0.3 cm, represents a bio-printed patch (e.g., albu-
min). Two representative implant geometries have been examined, fix-
ing the minor semi-axis at i, = 2 cm and varying the major semi-axis
as "max € 2,3 cm. The patch is modeled as a Neo-Hookean material,
with perfect bonding assumed at the tissue—patch interface to replicate
the clinical condition of complete healing. The elastic modulus of the
implanted patch, y,,, is varied relative to that of the surrounding healthy
tissue, p, according to pu, € 14 /2, i, 2414

The intraluminal pressure generated by mechanical contraction was
evaluated using Lamé’s theory for thick-walled cylinders (Du, Lim, and
Cheng, 2013; Choudhury, 2013; Lindeburg, 2019), enabling direct com-
parison with experimental manometry data. The circumferential stress
o. in the cylinder wall was computed from the internal (p;) and external
(po) pressures, and the internal (r;) and external (r,) radii as:

_ it} —pors  Tire(Po — Pi) -
Oc = 2 _ .2 - 2 _ .2 99 ( . )
Ts Ti 7A(To ri)

where r is the radial coordinate, calculated from the Cartesian system
aligned with the cylinder centerline.

For simplicity, and without loss of generality, the external pressure
Do exerted by surrounding tissues and organs was set to zero, ensuring
equilibrium with the colon’s cylindrical configuration. Since the active
fibers on the inner surface of the colon are circumferentially oriented, the
intraluminal pressure at r = r; can be expressed as:

2,2
To — Ti (5.2)

Pi=0c— PRE
re+r;
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Geometric points

Figure 23: Sketch of the computational domain used in the numerical sim-
ulations with length L = 50 cm, diameter d = 5 cm, thickness 0.55 cm.
I'p and I'y represent the Dirichlet and Neumann boundary conditions re-
spectively. The red ellipsoidal region with axes rmax, "min, and thickness
h = 0.3 cm represents the bio-printed patch. ‘Geometric points” represent
the points used to extract validation quantities.

so that, once electromechanical equilibrium is solved, o, is known and p;
can be directly obtained. Importantly, the pressure reported in the para-
metric studies corresponds to intraluminal surface, not to the hydrostatic
pressure inside the solid due to material incompressiblity.

Topographic maps of intraluminal pressure, simulating high-resolution
manometry, were generated following the clinical protocol in (Conklin,
Pimentel, and Soffer, Li et al., 2019). In the simulations, p; was
evaluated at 36 equally spaced locations along the computational do-
main. The resulting values were then processed and visualized using
an in-house Mat1ab2022 code.

5.3 Healthy case and validation

The first numerical test aimed to simulate the electromechanical behav-
ior of a healthy colonic tract (corresponding to the condition p, = ).
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Figure 24| shows the numerical results obtained by finite element simu-
lations for two representative snapshots (a zoomed clip of the region of
interest is shown in Appendix [B.I). In particular, the spatial distribu-
tion of the SMC transmembrane potential u, (first row) and the hydro-
static pressure p (second row) are shown in the deformed / contracted
state. After a transient period of system stabilization (see section2.2| for
details), multiple slow waves coexist on the domain and propagate in the
axial direction, correctly reproducing healthy colon peristalsis.

Besides, manometry map (Fig. and pressure topography maps
(Fig. provide a faithful representation of the intraluminal pressure
generated by muscle contraction. Manometry map analysis reveals qual-
itative agreement with clinical data from the literature Arbizu et al.,[2017,
as illustrated in Fig. 24| for the healthy case. Specifically, the space-time
diagram highlights the intensity and speed of propagation (slope com-
puted as space/time) of p; field (5.2). As observed in clinical data, a
stronger intraluminal pressure is measured according to the excitation
wave speed, thus changing along the GI tract in favor of the mixing
function. Moreover, it is worth mentioning that in the healthy case, the
motility pattern follows the propagating waves smoothly without im-
pediments or gaps.

5.4 The role of patch geometry and stiffness

In this section, we provide a preliminary parametric analysis comparing
different properties of the bio-printed patch, namely geometry and stiff-
ness. Figure[26|shows a graphical representation of the numerical results
obtained varying the size of the elliptical region r.x € {2,3} cm and
considering a stiffer patch material other than the surrounding tissue,
namely p, = 2.

1T would like to express my sincere gratitude to John Wiley and Sons for granting per-
mission (License Number: 5752600572739, dated March 19, 2024) to reproduce Figure from
the article “Prospective evaluation of same day versus next day colon manometry results
in children with medical refractory constipation” by A. Arbizu L et al., published in Neu-
rogastroenterology and Motility (Vol. 29, Issue 7, March 20, 2017). Their kind authorization
made it possible to include this material in my thesis.

69



us[]

0.985
0,800
0,600
0.400
0.200
0000

0,200

=680 [s] =690 [s]
40.354
P [kPa]

5.082
5.000
4.900
4.800
4.700
4.600

4508
[kPa)

035
03
025
o2
015
01
0.0s
o
-0.05
-0

D B70 680
Time s

(:u:m('tr)r p(:i:lr.e:

Figure 24: (Top) Temporal evolution of the SMC transmembrane potential
us and hydrostatic pressure p in the healthy condition (1, = p¢). The ar-
row represents the direction of propagation. (Bottom) Topography map of
the intraluminal pressure p; corresponding to HRM map in a healthy colon
tract: (a) clinical results taken from (Arbizu et al.,2017), (b) numerical model
with p, = p;. Black lines represent the slope, i.e., conduction velocity, in the
space-time diagram.

It can be noticed that although the slow wave propagation is not
considerably altered by the presence of the patch (representative of the
case when the implant is fully cellularized), such that only geometrical
couplings are implied, the intraluminal pressure distribution critically
changes due to the presence of a stiff patch. In particular, the overall
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Figure 25: Pressure topography map corresponding to the numerical
manometry in Fig. 24

patch area shows much higher p; levels (from about 5 kPa in the healthy
case to more than 7 kPa in the stiff patch case), concurring to increase
the stress state of the surrounding tissue and thus enhancing the devel-
opment of pathological scars (Gizzi, Cherubini, Pomella, et al., 2012} Si-
mone et al., 2018).

Figure[27shows analyses conducted varying patch size rmax € {2,3} cm
but considering a softer material other than the host surrounding tissue,
namely p, = u:/2. As expected, a similar behavior is obtained for the
SMC voltage field, i.e., the voltage field only experiences geometric cou-
pling, but, in this case, the intraluminal pressure lowers (from about 5
kPa in the healthy case to less than 3 kPa in the soft patch case) on the
overall patch region. Such a general stress mismatch could affect the
stability of the implant (it may lose its position) with concurrent loss of
contractility efficiency.

To further emphasize the critical role of material stiffness in the over-
all colon motility, we discuss the resulting topography maps for the se-
lected pathological cases, as shown in Fig.[28|and Fig.[29] A direct com-
parison with the healthy case provided in Fig. [24| highlights that the re-
gion surrounding the patch material reduces its contractility for a stiffer
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Figure 26: Temporal evolution of SMC transmembrane voltage u, and
hydrostatic pressure p in proximity of the patch region with parameters
Tmax = 2,Tmin = 2,p = 2p¢ (top), and Tmax = 3,7Tmin = 2, 1p = 24
(bottom).

or softer patch. Moreover, a critical gap can be observed in the intra-
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Figure 27: Temporal evolution of SMC transmembrane voltage u, and
hydrostatic pressure p in proximity of the patch region with parameters
Tmax = 2,Tmin = 2, ftp = 0.5 (top), and Tmax = 3, Tmin = 2, pp = 0.5p¢
(bottom).

luminal pressure profiles that break, thus reducing the lateral wall dis-
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placement. Such a contractility impairment is more evident in the case of
the stiff patch, concurring to a wrong scar remodeling in the long-term
tissue adaptation. Contrarily, selected differences in patch size do not al-
ter the resulting motility behavior, which seems to be ruled by the patch
material properties other than its geometrical features.

points

Geometric

o
o

o
@
metric points

et ric points

a
=
&

2}

IS |-

(

B

650 G0 G670 680

650 G0 G670 660 Lit:1]

Time [s] Time [s]

Figure 28: HRM maps for two implant configurations after the LTS with
parameters p, = 2p; (top) and p, = 0.54: (bottom). Columnwise discrimi-
nates between Tmax = 2, Tmin = 2 (a) and rmax = 2, "min = 3 (b).

5.5 The role of patch electrical conductivity

In this numerical test, the electrophysiological properties of the implant
are varied from those of the surrounding host tissue; namely, the SMC
and ICC electrical conductivity in the patch, D?, D?, are ten times lower
than those in the tissue, D%, D!. The size of the elliptical region is fixed
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Figure 29: Topography pressure maps for the HRM in Fig. 28| two implant
configurations after the LTS with parameters 1, = 2y, (top) and 1, = 0.5p¢
(bottom). Columnwise discriminates between rmax = 2,7min = 2 (a) and
Tmax = 27 Tmin = 3 (b)

at "min = 2cm and rmax = 3 cm and material stiffness is considered 1, =
244t

Figure [30| shows the evolution of the hydrostatic pressure p in the
surroundings of the implant, where no significant variations can be ob-
served compared to the previous analysis in Fig. However, because
of the altered electrophysiological properties, the slow wave spatiotem-
poral distribution changes, and, in particular, the conduction velocity of
the excitation wave lowers by enlarging the action potential wavelength
when passing across the implant. Such a perturbation affects the overall
displacement field inducted on the colon surrounding the patch, con-
curring with an altered pattern obtained for the intraluminal pressure
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Figure 30: Temporal evolution of SMC transmembrane voltage us and hy-
drostatic pressure p around the patch region with parameters rmax = 3 and
rmin = 2 with stiffness p, = 2u: and the diffusion coefficients DY = 0.1D;
and D? = 0.1D;. HRM map with p, = 2p, with in-homogeneous diffusiv-
ity DY = 0.1D, and D! = 0.1D;.

map. Accordingly, such a preliminary analysis, in conjunction with the
topographic pressure profiles in Fig.[30} confirms the sensitivity of colon
motility to material stiffness and excitability. The gap in the p; map is
more pronounced than the case in Fig. 28| because the contraction of the
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tissue surrounding the patch is delayed. To better understand the effect
of diffusivity, we repeated the simulation by reducing again the diffusiv-
ity of the patch by ten, and the results are presented in Appendix[B.2] The
results confirm no significant difference with those provided in Fig.
which means that diffusivity alone has a minor effect on the overall ma-
terial behavior.

5.6 The role of patch contractility

In this numerical test, the implant’s electrophysiological properties and
contractility vary from the surrounding host tissue. Namely, the SMC
and ICC electrical conductivity in the patch, D?, D, are a hundred times
lower than those in the tissue, DY, D!, and the amplitude of contractility
inEq. (3.6), o}, ar, is reduced as by 50%. The size of the elliptical region is
fixed at rpin = 2cm and r,, = 3 cm and material stiffness is considered
Pp = 2z

Figure [31| shows the evolution of the hydrostatic pressure p in the
surroundings of the implant. It is worth noting that due to the reduc-
tion of contractility, significant variations can be observed in hydrostatic
pressure compared to the case in Fig. 26l As electrophysiological prop-
erties are altered, the slow wave spatiotemporal distribution changes,
and, in particular, the conduction velocity of the excitation wave lowers
by enlarging the action potential wavelength when passing across the
implant. The two contributions notably affect the overall displacement
field u where a low displacement of 0.4 cm is observed around the patch
(see third row in Fig. B0), enforcing an altered motility pattern demon-
strated by a clear gap in the intraluminal pressure profile in Fig. B1}-a p;
gap more pronounced compared to the case in Fig.[30] Accordingly, such
analysis confirms the sensitivity of colon motility to material stiffness,
excitability, and contractility.
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Figure 31: Temporal evolution of SMC transmembrane voltage us, of hy-
drostatic pressure p and the displacement u around the patch region with
parameters rmax = 3 and rmin = 2 with stiffness 1, = 21; and the diffusion
coefficients DY = 0.01D, and D? = 0.01D;. HRM map with p, = 2u, with
in-homogeneous diffusivity D¥ = 0.01D, and DY = 0.01D; and the con-
tractility of = 50%ca and of = 50%¢..
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5.7 The role of a non-cellularized patch

In this numerical test, we consider a patch not yet fully cellularized (rep-
resentative of an early healing stage) with altered electrophysiological
properties. Namely, the SMC and ICC electrical conductivity D?, D? are
10% times lower than those in the tissue, DZ, D!, and the reaction terms
Eq. are 10° times lower (i.e., the reaction terms are multiplied by a
constant 1073 factor). The patch size and stiffness are maintained as in
the previous case.

Figure [32| shows the evolution of the hydrostatic pressure p in the
surroundings of the implant. Though no significant variations are ob-
served compared to the case in Fig.[26 altered electrophysiological prop-
erties induce a critical change in slow wave spatiotemporal dynamics
leading to wavebreaks around the patch (no closed rings). In particular,
the excitation wave is slowed, and its amplitude is reduced, thus flat-
tening and prolonging the duration of SMC action potential. The two
reaction-diffusion contributions affect the colon wall’s overall motility,
leading to an altered pattern of intraluminal pressure maps: a clear gap
in the recorded traces is representative of no contraction. This analysis
is aligned with the topographic pressure profiles presented in Fig.
further confirming the sensitivity of colon motility to cellular viability of
bioprinted material.
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Figure 32: Temporal evolution of SMC transmembrane voltage us and hy-
drostatic pressure p around the patch region with parameters max = 3 and
Tmin = 2 With stiffness p, = 2, and the diffusion coefficients DY = 0.01D;
and D? = 0.01D;. HRM map with p, = 2u, with in-homogeneous diffu-
sivity D? = 0.01D, and D? = 0.01D; with the reaction terms (Eq. (322))
10? times lower inside the patch.
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5.8 The role of patch contractility and altered
electrophysiology

In the last numerical test, we combine the multiple cases discussed be-
fore by considering a not fully cellularized patch (reducing the reaction
terms by 1072 and the diffusion coefficients by 1072) but also consider-
ing a reduced material contractility via af, of lowered by 50%. Size and
stiffness of the patch are maintained as in the previous case.

Figure shows the results of the combined ill cases. As expected,
hydrostatic pressure and slow waves are affected similarly, as well as
the displacement field u, which is practically two times lower than the
case in Fig. However, in relation to HRM and topography maps,
no contraction is associated with a reduced displacement of 0.006 cm,
complemented by a larger gap on the map p; comprising a wider region
around the patch. Such a comprehensive analysis confirms the role and
sensitivity of colon motility to bio-printed material properties in various
features.
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Figure 33: Temporal evolution of SMC transmembrane voltage us, the hy-
drostatic pressure p and the displacement u around the patch region with
parameters rmax = 3 and rmin = 2 with stiffness ;1, = 21, and the diffusion
coefficients DY = 0.01D, and D? = 0.01D;. HRM map and the pressure
map with p, = 2p; with in-homogeneous diffusivity DY = 0.01D, and
D? = 0.01D; and the contractility o) = 50%c; and of = 50%a. and the
reaction terms (Eq. (3.22)) 10° times lower inside the patch.
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5.9 Electromechanics in real duodenum model

In this section, the electromechanical model is applied to a realistic ge-
ometry of the human duodenum, reconstructed from CT-scan data. The
geometry was prepared following the procedure described in chapter. 4]
The electromechanical model was then employed to simulate peristaltic
motion on this anatomical configuration and the material parameters
were the same used to obtain the results in Figure.

As shown in Figure. and consistent with the results presented
in Figure. 24} the electrical wave forms concentric bands that propagate
along the intestine, indicating a good agreement between the results ob-
tained on the idealized geometry and those on the realistic one.

Furthermore, it is observed that the slow waves induce muscle con-
tractions that are in phase with the electrical activity. Another important
observation is that the propagation speed of the slow waves increases
in the curved regions of the duodenum, which is in perfect agreement
with the results previously reported in Figure.[24 Observing Figure.
we observe that the hydrostatic pressure measured in a healthy human
duodenum is approximately twice as large as the value reported in the
idealized healthy case of our simulation (see Figure. 24). This differ-
ence can be attributed to the complex geometry of the real duodenum,
which includes anatomical features such as curvature, nonuniform wall
thickness, mucosal folds, and varying luminal diameter. These struc-
tural complexities tend to create localized pressure concentration zones,
which naturally increase the hydrostatic pressure compared to that ob-
tained from an idealized, smoother geometry.
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Figure 34: Temporal evolution of the SMC transmembrane potential u; and
hydrostatic pressure p in the healthy human duodenum.

5.10 Conclusion

In this chapter, we presented the results obtained from the electrome-
chanical model developed in chapters.[2Jand 3] We began by defining the
problem framework and describing the 3D bioprinted patch setup. Be-
fore investigating the specific effects of the bioprinted patch, the model
was first validated to ensure that it accurately reproduced clinical obser-
vations of intestinal motility.

Once validated, the model was employed to perform a parametric
study of the patch’s influence on intestinal motility. In particular, we an-
alyzed the effects of patch size, contractility, conductivity, and stiffness.
The results revealed that the size of the patch was less critical than its
material composition. When the newly deposited material was less stiff
than the healthy tissue, weak contractions were still observed within the
patch region, as confirmed by the manometric curves. Conversely, when
the patch was stiffer than the surrounding tissue, no contraction was de-
tected.
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Moreover, in the case of a rigid and non-cellularized patch, the simu-
lations showed that it did not respond to electrical activation, confirming
its mechanical passivity in the absence of functional cells.

One of the main limitations of this model lies in its use of an idealized
cylindrical geometry. In reality, the intestine can come into contact with
itself or with external medical devices during certain clinical procedures.
These interactions are not captured in the present formulation. In the
next chapter, we will therefore introduce the mechanics of contact and
discuss how it enhances the realism of the model by accounting for self-
contact and external device interactions.
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Chapter 6

Digital twins of the
gastrointestinal pathologies

6.1 Introduction

In this chapter, we present the results obtained by introducing contact
mechanics into the previously developed electromechanical model. We
first focus on the integration of self-contact, followed by the analysis of
the interaction between the intestine and external devices. However, it
should be noted that the results for the second case remain preliminary
and have not yet been fully validated. The purpose of this chapter is to
demonstrate that the proposed approach enables the simulation of more
complex and clinically relevant scenarios.

We begin by defining the problem configuration for each case. The
self-contact model is first validated using a benchmark test and further
supported by clinical observations. Once validated, this model is em-
ployed to investigate the effects of pre- and post-surgical pathological
conditions on intestinal motility.

The second model, involving the contact between the intestine and an
external distension balloon, is then introduced and validated. This con-
figuration is used to explore the mechanical and physiological interac-
tions arising during clinical procedures. Finally, a simplified case study
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is presented using a patient-specific geometry, illustrating the applicabil-
ity of the framework to realistic anatomical configurations.

Some parts of this chapter are adapted from author’s previous publi-
cations (Djoumessi, Lenarda, Alessio Gizzi, Giusti, et al., Djoumessi,
Lenarda, Alessio Gizzi, and Paggi, 2025).

6.2 Problem configuration and effect of surround-
ing organs

6.2.1 Problem configuration

The model problem considers a segment of the intestine, geometrically
idealized as a three-dimensional U-shaped domain (Figure. B5). This
configuration was selected to represent an intestinal section that may
undergo self-contact, either during peristaltic wave propagation or as a
consequence of pathological conditions leading to displacement from its
physiological configuration.

0

I".. Contact BC1 I"y), Dirichlet BC1
I, . Contact BC2 ]4.' », Dirichlet BC2
" RobinBC

Figure 35: Problem setting: I'c, and I'., are contact surfaces, while I, I'p,,
and I'p, are used for Robin and Dirichlet boundary conditions, respectively.

As shown in Figure. 35} the contact surfaces are identified as the inner
faces of the structure, highlighted in yellow and cyan, and denoted by
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I';, and I',, respectively. The end surfaces, depicted in green and violet,
correspond to the Dirichlet boundary regions (I'p,, I'p,) and are either
fixed or assigned a prescribed displacement, depending on the specific
problem setup.

6.2.2 Effect of surrounding organs

Unlike other organs, the intestine is not protected by the rib cage, which
makes it susceptible not only to self-contact but also to interactions with
surrounding organs. Such contacts can have a significant impact on in-
testinal motility, potentially altering manometric recordings. Since these
interactions are not uniformly distributed, we developed in this section
a special boundary condition that accounts for this effect by introducing
a distributed stiffness representation. To account for distributed springs
connecting the intestine with the surrounding soft tissues, we impose the
following Robin boundary condition (see Figure. [36):

PN +5(r,2)JF Tu=0, ondQ x (0, tgna) (6.1)

where, N is the unit normal at the reference configuration and the term
n(r, z) represents a spatially varying stiffness defined as:

|5 - 5min| r—R
n(r, ) = Nmin+(Mmaz—"min) ( +8 S —smin ) S\ R Go(0),
6.2)

with, 7 = /(z — 2.(s))2 + (y — y.(s))? the radial distance from the cen-
terline coordinates (z.(s),y.(s)) and s the curvilinear coordinate; 7,in

and 7, are the minimum and maximum stiffness values, respectively;
B introduces a stiffness gradient along the z.-direction; R denotes the
mean radius of influence of the surrounding organs on the considered GI
tract; v controls the radial decay of the stiffness coefficient 7)(r, s) around
R, such that the stiffness decreases progressively with distance from the
mean radius. Finally, Gy(#) is an azimuthal Gaussian function defined

as:
(6 — 6p)?

— if |0 —6g] <Z
0, else,

(6.3)
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where, the azimuthal angle 6 is defined as § = arctan2(y — y.(s),z —
zc(s)); o stands for the standard deviation and 6, is the preferred az-
imuthal angle.

- | Centerline reference
system

(00 L0y Yoo

Centerline

{ . . Global reference
Lo, y.2)
’ system

Figure 36: Schematic of the distribution of the stiffness 1 on the boundary
I'. The stiffness is distributed along the surface by means of the Gaussian
function Gy(0) linked to the local reference system, (Oc, ¢, Yc, z.) on the
centerline, whereas (0, z, y, z) stands for the global coordinate system.

The spatial distribution of 7(r, s) considers axial and radial hetero-
geneities in stiffness, avoiding out-of-plane displacements (see Fig.[58(a)).
Such an approach is inspired by (Propp et al., [2020) and allows us to
model several scenarios which will be analyzed in the subsequent sec-
tions: (i) the mechanical interaction between the digestive tract and its
environment (mesentery); (ii) the presence of an herniation in a pre-
surgical setting; (iii) the adhesion syndrome as a result of a post-surgical
stiffening and the development of scar bands. The spatially varying stiff-
ness function 7(r, s) reflects the fact that the mesentery does not uni-
formly surround the intestine. Anatomically, the mesenteric insertion
typically covers only a portion of the intestinal circumference—usually
on the posterior-lateral side—and its mechanical influence decreases grad-
ually away from this region (see Figure. [36). This non-uniformity is cap-
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tured by combining a radial exponential decay with a gaussian distribu-
tion in the azimuthal direction. In addition, a longitudinal gradient is in-
troduced to mimic physiological variations along the bowel length. This
formulation allows us to represent the compliant yet directionally local-
ized mechanical support provided by the mesentery in a biomechani-
cally and anatomically consistent manner.

6.3 Taking self-contact in the model

In this section, we begin by validating our contact model and then pro-
ceed to use it to investigate the cases of interest.

6.3.1 Validation of the contact model

Before performing any simulations, it is essential to ensure that the con-
tact algorithm operates correctly. To this end, the contact method was
tested against a benchmark problem from Wriggers et al. (Wriggers,
Schroder, and Schwarz, [2013). The problem configuration is explained
in Fig In this benchmark, the upper body is moved downwards
in progressive steps to compress the elastic foundation. We model the
upper body and the foundation as linear elastic materials with differ-
ent material properties. The constitutive law for each solid is character-
ized by o = Atr(e)I + 2ue, where A and p are the Lamé constants and
e is the strain. The following material properties were E,, = 7000 MPa,
Ey = 70000 MPa, v, = 0.3, and vy = 0.45, where the subscripts “u” and
‘t” stand for the upper body and foundation, respectively. The numerical
test is performed using the following weak form for all test functions jv
belonging to an admissible Hilbert space.

B(u; 0v) :z/ o(u): e(dv) dV
Qo
—|—/ Ky(tol — g¢, )ne, - 6v dT (6.4)
r.,

+ / K0<t01 - gcf>ncf -dvdl = 0,
r.,
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In Eq. n., and n., denote the contact normals, and g., and g., repre-
sent the corresponding contact gaps, computed from the contact bound-
aries I'., and I';,, respectively. The normal stress distribution obtained
with the contact method is reported in Fig.

We observe that the method exhibits a violation when the compres-
sion is maintained beyond a certain threshold (tol). However, this gap
violation appears to be minimally affected by the defined tolerance. The
vertical displacement of the foundation against the vertical displacement
of the upper body is shown in Fig.[37|as reported in (Wriggers, Schroder,
and Schwarz, 2013). The results show little variation with respect to the
tolerance, demonstrating the robustness of the method.

An additional analysis was performed to assess the computational
cost of our algorithm. Specifically, we compared the time required to
compute the contact gap in two configurations: with and without the
use of nearest neighbor search (NNS). The analysis was carried out as
a function of the number of degrees of freedom (DoFs) in the system.
As shown in Fig. 37} the incorporation of NNS leads to a substantial re-
duction in computational time, particularly at higher DoFs. The figure
also reports the time-saving percentage per degree of freedom. Notably,
for problems with a small number of DoFs, the overhead introduced by
the NNS may outweigh its benefits, resulting in a negative time saving.
However, as the DoFs increase, the efficiency gain becomes increasingly
pronounced, demonstrating the scalability and effectiveness of the NNS-
based approach for large-scale problems.
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Figure 37: Benchmark problem of the compression of an elastic body against
an elastic foundation. The mesh was refined with a local dimension of 0.03
cm for the two bodies. The zoom plot shows the stress, gap violation and
vertical displacement of the plate for the benchmark problem. The two
solids are modeled as linear elastic bodies with different material proper-
ties: E, = 7000 MPa , v, = 0.3, Ey = 70000 MPa , vy = 0.45. The last
two figures represent the computational time with and without the nearest
neighbor contact search (NNS) vs. the number of DoFs. and time-saving

percentage per degree of freedom.
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6.3.2 Modeling of the presence of the mesentery/ surround-
ing organs

The present case is considered as a reference for a healthy condition. The
boundary parameters used to simulate the effect of the mesenteric layer
attaching the intestine tract to the posterior abdominal wall are given
in Tab.[d The numerical analysis was performed maintaining the same
electrophysiological and mechanical properties as those used in the case
shown in Appendix[D} where no confinement was considered.

Table 4: Parameters for distributed boundary conditions.

Nmaz [KPa/cm]  Npmin [kPa/cm]  ofrad] B[—] ~[-] 6o[rad]
0.3 0.1 /3 0.5 0.2 0.0

When comparing the two cases, due to the lack of any mechano-
electric feedback, we observe the same spatiotemporal distribution of
membrane potential u; (see Fig. . However, a notable difference in
the global displacement w is obtained. In the unconfined case (Fig.[57)
the displacement reaches a maximum of 1.52 cm. In contrast, with the ap-
plication of the Robin-type condition, the global displacement is reduced
by approximately 0.67 cm (see Fig. [38). Pressure distribution curves also
show higher values in the unconfined case.

Indeed, without a distributed boundary condition, the intestine moves
more freely, leading to increased pressure. To better illustrate our find-
ings, Fig. [39| compares the displacement configurations among the two
cases at selected times. The results clearly show that when the intestine is
not confined by the presence of other organs, it exhibits significant motil-
ity, even in the out of the plane direction, as highlighted in Fig.[39(a). In
contrast, when the Robin boundary condition is applied, the domain is
stabilized and prevented from moving freely in all directions, as shown
in Fig.[39(b).

Figure [40] confirms quantitatively such an observation, showing the
displacements in the z- (Fig. [40(a)) and z- (Fig. {f0[b)) directions. Fig-
ure. [40c) further shows the intraluminal pressure map (manometry pat-
terns) for the distributed boundary case. Regions labeled as ‘Geometric
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Figure 38: Temporal evolution of SMC transmembrane voltage u,, hydro-
static pressure p and displacement u. Electrophysiological and mechanical
parameters in Tab. Healthy case).

pressure’ represent constant pressure values induced by the corners of
the geometry. Regions labeled ‘Contact pressure” are due to the pressure
exerted by the self-contact boundary. While these pressures are essential
for understanding the structure of the problem, they do not significantly
affect the peristaltic motion, as confirmed by the diagonal patterns in
Fig.[40(c). However, it is worth noticing that the model can highlight ar-
eas characterized by pressure concentrations and the pressures induced
by contact between the intestinal surfaces.
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Figure 39: Effect of the Robin boundary condition. Displacement magni-
tude u (a) without and (b) with the Robin boundary condition applied.
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Figure 40: Comparison of displacement components time course at point
(0,—17,19.4): (a) x—direction, (b) z—direction and (c) Simulated manom-
etry for the healthy case. The regions labeled as ‘Geometric pressure” rep-
resent constant pressures induced by the corners of the geometry while the
regions labeled ‘Contact pressure” are due to the pressure exerted by self-
contact. Geometric points (not shown in Fig. refer to 36 points spaced
1 cm apart, extracted from the inner surface of the geometry presented
in Fig. 36] along the centerline. Please reader should see in (Djoumessi,
Lenarda, Alessio Gizzi, Giusti, et al., for more details

96



6.3.3 Effect of contact mechanics and clinical validation

For this discussion, we revisit the manometric data obtained from both
the experimental model and the simulation performed without mechan-
ical contact (Fig.[4T). This initial simulation allowed us to formulate sev-
eral hypotheses, since a comparison between the experimental and sim-
ulated manometry revealed distinct pressure bands in the experimental
data that were absent in the simulation. These observations led us to
question whether the pressure bands could be attributed to the position
of the intestine within the abdominal cavity, to self-contact of the intes-
tine, or to interactions with surrounding organs.
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Figure 41: Topography map of the intraluminal pressure p; corresponding
to HRM map in a healthy colon: clinical results taken from (Arbizu et al.,
2017), and numerical model with i, = p;. Black lines represent the slope,
i.e., conduction velocity, in the space-time diagram.

By subsequently introducing self-contact and implementing a special
boundary condition that accounts for the presence of the mesentery, we
were able to address these hypotheses. As shown in the manometric
curve of Figure. [#0[c), and by comparing it with the experimental record-
ings, we observed that the missing pressure bands indeed appeared in
the updated simulation. This result highlights the critical role of contact
mechanics in accurately modeling the intestinal system.
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6.3.4 Modeling strangulation in abdominal hernia

We consider intestinal hernias as a clinical case study (see Fig.[#2). Intesti-
nal hernia is a pathological condition in which part of the intestine pro-
trudes through an opening in the abdominal wall or a weakened muscle.
Such a condition can occur in a number of anatomical locations, notably
in the groin (inguinal hernia) or around the navel (umbilical hernia). Two
levels of herniation are considered, moderate and severe (Wiesner and
Mortele, [2011; Slater et al., 2014; Simsek et al., [2020).

Moderate Severe
Problem hernia hernia

configuration
0 K

2 4 0 2
]

Healthy ! Strangulation? Pre-Strangulation
zone zone zone

| Strangulated Hernia I

Figure 42: An abdominal strangulated hernia (picture adapted from (Cen-
ter, 2023)). Hernia problem configuration schematics. The mesentery
boundary is highlighted in red with associated Gaussian function Gg ().
Healthy section, strangulation and pre-strangulation zones are identified.
Moderate and severe hernia cases are provided on the right.

The area affected by a hernia can be divided into three distinct zones
(as shown in Fig. [#2), each with specific mechanical properties. In the
healthy zone, the intestinal wall retains its physiological elastic charac-
teristics. In the strangulation zone, blood flow is interrupted, leading
to ischemia, degradation of cellular structures, and a significant increase
in stiffness. Finally, the pre-strangulation zone is subjected to mechani-
cal stress with possible signs of inflammation and edema, leading to an
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intermediate stiffness between the healthy zone and the strangulation
zone, influenced by fluid accumulation and partial tissue degradation
(Wiesner and Mortele,[2011; Sghaier et al., 2023} Simsek et al.,2020). Sim-
ulation parameters are given in Tab.

Table 5: Mechanical and Electrophysiological parameters used for Hernia

simulation.

Mechanical Parameters
Zones Healthy | Strangulation | Pre-Strangulation
u [kPa] 2.5 3 2.7
k! [kPa] 5.14 7 6
kS [—] 1.19 2.1 2
kS [kPa) 0.78 0.9 0.8
kS -] 0.02 0.04 0.03
k¢ [kPa] 3.65 4 3.66
kS [—] 0.31 0.35 0.33
Electrophysiological Parameters (Healthy zone)
SMC layer ICC layer
ks =10 | as =0.06 ki =T a; =0.5
Bs=0 As =8 B;=0.5 Ai =8
€s = 0.15 Qg = 1 € = EZ(Z) o = -1
D;; =03 | D;s=04 D;s =0.3 D; =0.04

Remark In the hernia, for the strangulation zone, the diffusion coef-
ficients D = 0.1D; and D] = 0.1D; and in the pre-strangulation, the
diffusion coefficients D?* = 0.5D, and D¥* = 0.5D;,.

In the case of severe intestinal hernia, local variations in electrophys-
iological properties are observed (Misiakos et al., [2014; Keeley et al.,
2019; Simsek et al., [2020). The healthy zone, away from the compres-
sion, retains physiological behavior with intact conductivity. The pre-
strangulation zone undergoes mechanical stress and partial impairment
of blood perfusion, resulting in mild inflammation and edema. These
effects locally increase the electrical resistance, modeled by a moderate
reduction in the diffusion coefficient. Finally, the strangulation zone is
marked by severe ischemia and cellular necrosis. This region is modeled
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by a drastic decrease in the diffusion coefficient, representing a signifi-
cant reduction in the conduction capacity of electrical signals.
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Figure 43: Temporal evolution of SMC transmembrane voltage u,, hydro-
static pressure p and displacement u for the severe hernia case.

Simulation results for moderate strangulation are provided in Ap-
pendix[D.T} the electrical wave propagates without significant constraints,
allowing almost physiological intestine contraction in the strangulation
and pre-strangulation zones. The overall motility of the healthy zone
is maintained, thus remaining functional. However, in the case of se-
vere strangulation, Fig. a marked slowing of the electrical wave is
observed in the strangulation and pre-strangulation zones, leading to a
significant reduction in contraction rate and associated motility.

Manometric measurements in strangulation hernias are technically
impossible to perform in clinical conditions due to the severe compres-
sion of the intestinal lumen that prevents catheter passage. In our self-
contact computational framework, intraluminal pressure levels can be
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Figure 44: Simulated manometry for (a) moderate and (b) severe hernia
cases. Contractions are absent in the strangulated region of the severe case.
(c) Time evolution of z-displacement at point (0, —17, 19.4) for healthy,
moderate, and severe configurations.

analyzed for the first time. In the case of moderate strangulation, Fig.[#4(a),
the manometric curves showed active contraction in the pre-strangulation
zone, constant pressure in the strangulation zone (attributed to pressure
exerted by contact surfaces), and persistent physiological contraction in
the healthy zones. On the other hand, in the case of severe strangu-
lation, Fig. b), the curves also revealed a constant contact pressure
in the strangulation zone and absence of contraction due to the contact
surfaces, associated with negligible contraction in the pre-strangulation
zone. It is worth noticing that, in the severe case, the constant pressure
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is more pronounced than in the moderate case. Such high stress is due
to the additional load exerted by the abdomen, acting as an external con-
straint.

To better understand the underlying phenomena, Fig. [#4c) illustrates
the displacement in the z-direction within the pre-strangulation zone for
three scenarios: healthy, moderate hernia, and severe hernia. For the
moderate hernia case, the displacement closely resembles the healthy
case, suggesting the onset of a hernia or a very mild condition. On the
other hand, in the case of severe hernia, the computed displacement is
significantly smaller despite muscle contraction responding to electrical
activation. Such a lack of motility can be attributed to the portion of the
intestine that has passed through and is constrained by the abdomen.

6.3.5 Modeling intestinal adhesion syndrome

One potential application of our model is the study of intestinal adhe-
sion syndrome (Tabibian et al., |2017), a common condition that arises
after surgical interventions or abdominal inflammations. This syndrome
is characterized by the formation of fibrous bands, known as adherents,
which connect different parts of the intestine or adjacent organs. These
adhesions can lead to severe complications such as chronic pain, intesti-
nal obstructions, and impaired intestinal motility (Attard and MacLean,
2007} Strik et al., 2016).

To investigate this phenomenon without directly modeling the adhe-
sions themselves, we based our study on the geometry shown in Fig.[45(a).
From this configuration, we aimed to simulate the restrictive effects of
adhesions by introducing specialized boundary conditions as show in

Eq.

PN +0(r,2)JF Tu+n, JF T (u—tpep) =0, ondQx (0, tna) (6.5)

here, 7, stands for the adherence stiffness (see Fig. b)) while w,.f
is the initial displacement of the intestinal wall. This approach involves
adding a mechanical constraint that replicates the impact of adhesions
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on displacements and forces. Through this method, we can examine how
local restrictions influence intestinal dynamics while maintaining a gen-
eral electromechanical framework. Material stiffness changes according
to Tab. [g|and the electrophysiology parameter for the healthy case are in
the Table Bl

Table 6: Mechanical constitutive parameters for adhesion syndrome simu-
lation

Zones | Healthy | Adherence
w [kPa) 2.5 3.1

k! [kPa] 5.14 7
kL[] 1.19 2.1

k¢ [kPa] | 0.78 0.8

kS [—] 0.02 0.04

k{ [kPa] 3.65 4

kS [—] 0.31 0.35

Remark For the Adhesion, the diffusion coefficients are D¢ = 0.125D,
and D¢ = 0.125D; in the adhesion region.

For this last test case, we present only the pressure maps in Fig. [5(b,
c), comparing them with the results from Fig. where adhesion was
not considered. At t = 668 s, in both cases, self-contact is observed.
However, at t = 671 s, a clear difference emerges: in the scenario with-
out adhesion, the intestinal surfaces separate due to the peristaltic wave,
while in the case with adhesion, the surfaces remain in contact. Such a
condition is further confirmed in Fig. [46[b) showing the average absolute
displacement between two points located at the adherence region. The
absolute displacement is reduced then adhesions are present. Reduced
motility is also observed on the manometry curves in Fig. f6(a). In par-
ticular, instead of contraction waves, a slight constant pressure appears,
indicating the force exerted by the adhesion, forcing the intestinal walls
to remain in contact.

To further investigate this condition, we examined the behavior be-
yond the adhesion zone. Fig.[6{c1) and Figure Fig.[46{c2) display the dis-
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placement and action potential at a point located after the adhesion zone.
We observe that the action potential is delayed in the case with adhesion,
which consequently slows down the contraction speed. However, this
does not systematically affect the displacement amplitude. These find-
ings are in perfect agreement with the manometry results.
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Figure 45: (a) Schematics of the adhesion problem configuration. The
mesentery surface is highlighted in red, along with the associated Gaus-
sian distribution of stiffness. Adherents are modeled as distributed springs
along the blue boundary. Temporal evolution of the hydrostatic pressure p
in the case of severe intestinal adhesion syndrome: (b) without adhesion,
and (c) with adhesion, where the material stiffness has been modified in the
adhesion region (n, = 0.9, [kPa/cm], urey = 0). Electrophysiological pa-
rameters can be found in TableEl
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Figure 46: (a) Simulated manometry in the region affected by the adhesion
syndrome. No contractions are observed within the adhesion zone. The
area labeled Contact pressure indicates pressure levels resulting from self-
contact of tissue surfaces.(b) Absolute displacement between two points
located within the adhesion region. (c) Comparison between displace-
ment and smooth muscle membrane potential at the point with coordinates
(1.40, —14.1, 18.9) after adherence zone: (c1) membrane potential u in the
x-direction, (c2) displacement u in the z-direction.
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6.4 External devices applications

In this section, a contextual setup is necessary, as we focus on the inter-
action between the intestinal wall and external medical devices, specif-
ically a distension balloon. The contact model used here corresponds
to the second formulation developed earlier in chapter. [} which is de-
signed to handle the interaction between multiple bodies coming into
contact. For the examples presented in this section, the subscripts i and
b denote the quantities related to the intestine and the balloon, respec-
tively. Importantly, this model does not require any structural modifica-
tion, since it has been inherently formulated to capture the mechanical
contact between distinct deformable surfaces, allowing us to simulate
realistic physiological interactions under various loading and boundary
conditions.

6.4.1 Barostatic distension problem

The first numerical test (called Barostatic distension problem) aims to
simulate the interaction between the balloon and the intestine during
intestinal motility, without considering intestinal self-contact. This sim-
ulation is performed on an idealized geometry, where the intestinal di-
ameter is set to 2.8 cm (corresponding to the average physiological range
of 2-3 cm), with a length of 20 cm. The balloon, 5 cm in length, is posi-
tioned at the center of the intestine. The configuration of the problem is
illustrated in Figure[d7] During the contraction of the intestine, a progres-
sively increasing pressure is applied to the inner surface of the balloon,
allowing it to inflate and exert deformation on the intestinal wall. To pre-
vent numerical instabilities and ensure convergence, the internal balloon
pressure is applied incrementally using small time steps, enabling the
contact detection algorithm to properly activate the contact constraints.
The parameters used for this simulation are provided in the appendix.
The results shown in Figure. 48 demonstrate that when the intestine
contracts, it simultaneously compresses the balloon, resulting in a mu-
tual transfer of forces between the two surfaces. This interaction allowed
us to compute the intraluminal volume variation, as illustrated in Fig-
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Figure 47: Configuration of the barostatic distension problem. The surfaces
I'l and I'? represent the contact interfaces of the balloon and the intestine,
respectively. The surfaces 'y and I'} are used to fix the ends of the intestine
and the balloon, respectively. The three points located on the balloon cor-
respond to the positions where contact pressure and contact force data are
collected for the balloon, while the points placed on the intestine are used
to extract pressure and contact force data on the intestinal wall.

ure. {49

Furthermore, as time progresses, we observe a progressive increase
in the contact force, which can be attributed to the balloon inflation oc-
curring over time. This increase in pressure leads to a reduction in the
intestinal contraction rate, a phenomenon also visible in Figure.[9] Over
time, this process may impede or even block intestinal contractions, which
is consistent with the experimental and numerical observations previ-
ously discussed in chapter [4}
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Figure 48: Numerical results of the electromechanics with contact model.
The quantities f; and f, represent the contact force on the intestine and bal-
loon, respectively, while u; and u; represent their displacement.
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Figure 49: The change in volume of the luminal surface.
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6.5 Restoring intestinal lumen

In this section, we investigate how this procedure can be used to simu-
late a clinical operation commonly performed by physicians. In certain
pathological conditions, the intestinal lumen becomes narrowed, pre-
venting normal propagation of luminal contents. To address this issue,
physicians often insert a balloon into the intestinal tract, which is then
inflated to mechanically restore the lumen and reestablish proper flow.
After maintaining inflation for a specific duration, the balloon is deflated
and carefully removed.

To replicate this clinical scenario, we extracted a segment of the colon
as described in chapter.[d The central line of the intestinal geometry was
then obtained and used to design the balloon in SolidWorks 2013, which
was subsequently positioned inside the intestinal lumen using in-house
code written in GetFem (Yves Renard and Konstantinos Poulios, 2020),
as shown in Figure 2. The balloon was then gradually inflated, allowing
the intestinal lumen to be restored progressively.

The results in Figure. obtained at t = 50 s, 65 s, and 85 s clearly
demonstrate that the balloon is capable of restoring the intestinal lumen,
effectively simulating the clinical dilation procedure. This modeling ap-
proach also highlights the potential use of such a setup for the deploy-
ment of intestinal prostheses.
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Intestine

Balloon

Figure 50: Preliminary result of the restoration of patient-specific colon lu-
men (still ongoing work). The simulation shows the displacement of the
intestine u; and the balloon wu;, at the time 50 s, 65 s, and 80 s, respectively.
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6.6 Conclusion

In this chapter, we investigated the electromechanical model by incorpo-
rating contact mechanics. The study began with the implementation of
self-contact, followed by the extension to multi-body contact. The self-
contact model was first validated through a benchmark test, confirming
the reliability and accuracy of our algorithm.

From a quantitative perspective, we then analyzed the limitations
previously observed in the validation of the manometric curves obtained
from the electromechanical model without contact. By introducing self-
contact, the model was able to reproduce the manometric profiles and
pressure bands that appear in clinical observations.

The enhanced model was subsequently used to the study of patholog-
ical cases, including strangulated hernia and adhesion syndrome, show-
ing its ability to capture complex physiological and mechanical interac-
tions. Finally, the multi-body contact formulation was employed to sim-
ulate the interaction between the intestine and external medical devices,
further highlighting the robustness and versatility of the proposed model
in reproducing realistic clinical scenarios.
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Chapter 7

Conclusions and future
developments

Throughout this study, we have developed a series of methods and tech-
niques to achieve our objectives of modeling, experimenting, and apply-
ing an electromechanical framework capable of reproducing the com-
plex behavior of the gastrointestinal system. The work was structured
into several chapters, each focusing on a specific aspect—from the math-
ematical and numerical modeling to experimental validation and clinical
application. We introduced novel computational strategies for geometry
preparation, electromechanical coupling, and contact mechanics, while
also integrating experimental and clinical data to ensure physiological
accuracy. These models were then applied to simulate realistic physio-
logical and pathological scenarios, as well as to improve the design and
understanding of medical devices. Overall, this thesis provides a com-
prehensive foundation for linking computational biomechanics with ex-
perimental and clinical data, paving the way for more reliable, patient-
specific simulations. The following sections provide detailed conclusions
and discussions for each chapter, along with the limitations of this work.
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7.1 Conclusions

An electromechanical model of the gastrointestinal system was devel-
oped, combining electrophysiology, active mechanics, and contact me-
chanics. This model was constructed following a rigorous methodology
to ensure its coherence and scientific validity. In this section, we present
a synthesis of the main chapters to highlight the continuity and comple-
mentarity between the different stages of our approach—from the for-
mulation of the model to its application in both physiological and patho-
logical cases.

7.1.1 Electrophysiology

This section served as the foundation of our modeling framework, fo-
cusing on the electrophysiology of the gastrointestinal (GI) system. To
achieve this, we first described the fundamental mechanisms governing
GI electrophysiology and identified the two main types of cells responsi-
ble for this activity: the Interstitial Cells of Cajal (ICCs) and the Smooth
Muscle Cells (SMCs). We then examined the structural organization of
these cells at both microscopic and macroscopic scales, as well as their
respective roles and interactions.

The ICCs are distributed throughout the intestinal wall, while the
SMCs are localized primarily within the smooth muscle layer. When the
ICCs are activated, they generate an electrical potential that propagates
to the SMCs through gap junctions. Once activated, the SMCs produce
a slow-wave electrical activity that maintains the rhythmic movement of
the intestine. When this potential exceeds a given threshold, it triggers
another type of electrical event known as a spike-burst, which initiates
mechanical contraction.

We also showed that effective intestinal contraction requires that ICCs
oscillate synchronously at the same frequency. From a modeling perspec-
tive, the literature offers two main classes of electrophysiological models:
biophysical models and phenomenological models. After reviewing the
state of the art and comparing several existing approaches, we adopted
the phenomenological model proposed by Aliev, which provides a good
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balance between biological accuracy and computational efficiency.

Once the cellular-level model was defined, we extended it to the tis-
sue and organ scales by introducing a diffusion term into the governing
equations, allowing the spatial propagation of electrical activity. With
this framework established, a series of simulations were performed to
calibrate and validate the model. In particular, entrainment analysis and
conduction velocity tests were conducted to determine the characteristic
timing and frequency of ICC activation, parameters that were essential
for coupling the electrophysiological model with the mechanical compo-
nent.

7.1.2 Active mechanics and contact

In this section, we provide a comprehensive overview of the mechanical
modeling developed throughout this thesis. We began by describing the
structural organization of the intestine, which consists of multiple lay-
ers reinforced by fibers oriented in different directions: longitudinal, cir-
cumferential, and symmetric diagonal. This structure naturally defines
the intestine as an orthotropic hyperelastic material. From the literature,
various modeling approaches exist to describe such materials, ranging
from phenomenological models to structure-based and microstructure-
based models. In this work, we selected a structure-based model in-
spired by Holzapfel, which allows the explicit inclusion of four families
of fibers (circumferential, longitudinal, and two diagonal fibers) for the
anisotropic component, while the isotropic matrix was modeled using a
Neo-Hookean formulation. The model parameters were calibrated us-
ing a fitting procedure based on uniaxial and inflation test data. Once
the material behavior was defined, the equilibrium equations of contin-
uum mechanics were established to model intestinal deformation under
the assumption of full incompressibility.

To couple the mechanical model with the previously developed elec-
trophysiological model, we employed the widely used active strain ap-
proach. This strategy introduces an intermediate configuration between
the reference and current configurations, encapsulating all inelastic phe-
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nomena within a single deformation tensor. This tensor includes a struc-
tural component accounting for the fiber directions, where only the lon-
gitudinal and circumferential fibers were considered active. This allowed
the mechanical response to be modulated by the electrophysiological ac-
tivation function, providing a direct link between electrical activity and
contraction.

Given that the intestine is surrounded by other organs and can come
into contact with itself during peristaltic motion, a mechanical contact
model was incorporated. The initial contact formulation was based on
a penalty method, where the gap between surfaces was computed by
evaluating the distances from a point on one surface to all points on
the opposing surface and vice versa. Due to the computational cost of
this approach, we developed an optimized algorithm using a nearest-
neighbor search based on a kd-tree, significantly reducing the problem’s
complexity. To further generalize the approach, a second contact model
based on an augmented Lagrangian method was implemented, enabling
the simulation of interactions between the intestine and multiple external
devices.

Once all components of the model were established, the finite element
method was employed to discretize and solve the governing equations.
A staggered approach was applied, and a mixed formulation was used to
enforce incompressibility and avoid volumetric locking. This mixed for-
mulation simultaneously considers displacements and pressures, which
under certain conditions can introduce pressure spikes. To address this, a
stabilization term was added to the variational formulation of the prob-
lem, ensuring stable and accurate numerical solutions. Tow algorithm
was developed to handle the governing equations and implemented in
the open source software FEniCS and GetFem.

7.1.3 Data assimilation

We began by demonstrating how anatomical geometry can be imple-
mented in the numerical model. For this purpose, medical imaging data
were segmented using 3D Slicer, from which we extracted a STL file nec-
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essary for mesh processing. The geometry was then imported into Mesh-
mixer, where surface cleaning and group separation were performed.
The cleaned model was exported again in ASCII-encoded STL format,
which facilitated subsequent processing without additional modification.
The geometry was then imported into Gmsh, where we defined and la-
beled the different surfaces with specific tags corresponding to boundary
conditions required by the simulations. Once the patient-specific geom-
etry was finalized, we validated this pipeline by solving a Poisson prob-
lem, which was necessary to generate the orientation of muscle fibers
within the intestinal domain.

Next, we developed a dedicated procedure for extracting the intesti-
nal centerline, which is an essential step for accurately defining the ex-
citability pattern of interstitial cells of Cajal (ICCs). To this end, we pre-
pared an alternative geometry, this time with closed surfaces at both
ends, and implemented a custom code based on the VMTK (Vascular
Modeling Toolkit) library to extract the centerline from the 3D geome-
try automatically. This allowed us to capture the natural curvature of
the intestinal segment and define spatial variations of activation along
its longitudinal axis.

We then described the experimental data collection process, which
presented significant technical and logistical challenges. The experiments
were conducted at the University of Auckland, following approval from
the university’s animal ethics committee. In vivo experiments were per-
formed on pigs, under anesthesia, after a laparotomy procedure during
which a segment of the intestine was gently exteriorized for study. Mul-
tiple types of data were collected, including electrical activity, changes in
intestinal volume, and serosa—serosa contact pressure. To measure vol-
ume variations, a barostat was used to maintain a constant internal pres-
sure in the balloon while monitoring the volume changes of the intestinal
segment. For the measurement of contact pressure between serosal sur-
faces, we developed a custom-built pressure sensor, specifically designed
for these in vivo conditions.

Finally, this chapter concluded with a detailed description of the mano-
metric process, which plays a crucial role in the validation of our numer-
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ical model. Manometry provided direct in vivo measurements of pres-
sure propagation and motility patterns along the intestine, allowing us
to compare and assess the accuracy of the simulated results against ex-
perimental observations.

7.1.4 Applications

A comprehensive multiphysics modeling framework was proposed, com-
bining active strain electromechanics, tissue anisotropy, and cellular elec-
trophysiology. For the colonic case, the model enabled the characteriza-
tion of contractility in the presence of bio-printed deposited materials
(e.g., via LTS procedures) assumed to bond perfectly with the surround-
ing healthy tissue. The numerical solution was achieved through a hy-
brid finite element scheme: a monolithic coupling for the electrophys-
iological component and a staggered scheme for the electromechanical
coupling implemented in open source FEniCS and GetFem. An exten-
sive calibration phase was performed to ensure the robustness of the
in silico model, validated through several benchmark tests, including:
(i) transmembrane action potential conduction velocity; (ii) entrainment
frequency and stability of ICCs and SMCs temporal dynamics; (iii) fine-
tuning of strain energy material parameters from multiaxial experimen-
tal data.

After this validation phase, the developed model was employed to
investigate the effect of a laser-welded patch material on the motility
of the colon. We first validated the model by comparing manometric
curves obtained from simulations with those measured in clinical set-
tings, ensuring the reliability of the predicted motility patterns. Once
validated, we conducted a parametric study of the patch, focusing on
its size and composition. It was observed that the size of the patch had
only a minor influence on the motility response, whereas its mechani-
cal and electrophysiological properties played a much more significant
role. The patch was modeled as a neo-Hookean material, whose stiffness
could either exceed or fall below that of healthy tissue. The simulations
revealed that the critical case corresponded to a patch stiffer than the
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surrounding intestinal wall. Therefore, our subsequent analyses focused
on this scenario, in which we systematically varied the electrical conduc-
tivity and contractility of the patch. These analyses demonstrated that
reduced electrical coupling and excessive stiffness led to the most pro-
nounced disruptions in coordinated peristaltic waves. The model was
also applied to a realistic duodenal geometry, confirming its capability to
reproduce physiological motility patterns under realistic conditions.

Despite the successful validation (to some extend) through high-resolution
manometry, where the model was able to reproduce the propagating con-
traction waves, a discrepancy remained. Specifically, clinical manometry
recordings often exhibited horizontal pressure bands that were absent in
our initial simulations. To address this limitation, we introduced a self-
contact model into the numerical framework. This self-contact formu-
lation was an unbiased penalty-based approach, where the gap function
was computed as the Euclidean distance between nodes belonging to op-
posing surfaces. Since this computation is typically time-consuming, we
implemented an optimized nearest-neighbor search algorithm based on
a kd-tree structure, significantly reducing computational cost. Once the
self-contact mechanism was integrated, the simulated manometric pat-
terns exhibited the horizontal pressure bands observed in clinical data,
thereby improving the physiological realism of the model.

Recognizing that the intestine is surrounded by various neighboring
organs, we further developed a special boundary condition to account
for the mechanical influence of adjacent structures. This boundary con-
dition introduced a nonlinear stiffness distribution along the intestinal
wall, modeled using Gaussian-type spatial functions, allowing us to re-
alistically simulate organ confinement effects. The new model was first
validated using a benchmark contact test, confirming the robustness of
the formulation, and then further verified through manometric compar-
ison, which demonstrated its improved accuracy in reproducing clinical
pressure patterns. Consequently, this enhanced model provided a valu-
able tool to investigate pathological conditions, such as strangulated her-
nias and post-surgical adhesion syndromes, where contact and compres-
sion play crucial roles.
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To further generalize the contact formulation, we extended the model
to handle multiple interacting bodies and complex convex contact sur-
faces. This was achieved using an augmented Lagrangian approach,
in which the gap computation was performed using a ray-tracing algo-
rithm. This extension significantly broadened the applicability of our
framework and enabled the simulation of clinically relevant interactions,
in particular, the insertion and inflation of a balloon catheter within the
intestine during peristalsis. This case was especially important, as it pro-
vided another means of experimental validation, using balloon inflation
tests conducted at the University of Auckland. The agreement between
the simulated and experimental data further confirmed the accuracy and
robustness of our electromechanical and contact coupling framework.

Ultimately, this work represents, to the best of our knowledge, the
first in silico prediction of intestinal electromechanical motility in curved
three-dimensional geometries prone to self-contact. The developed model
opens promising perspectives for the analysis and prediction of intesti-
nal motility across a wide range of clinical situations, offering a virtual
tool to support diagnosis, surgical planning, and the assessment of im-
plantable medical devices.

7.2 Limitations and perspectives

7.2.1 Limitations

Despite the promising results and the broad applicability of the devel-
oped framework, several limitations remain, both in the electrophysio-
logical and mechanical components of the model.

From the electrophysiological perspective, the model is currently ca-
pable of generating only a single type of wave, namely the slow wave,
as it does not incorporate the variability necessary to reproduce both
slow waves and spike bursts, the latter typically resulting from neu-
ronal activation. Moreover, the electrical propagation occurs in a single
direction, whereas in physiological observations, intestinal activity fre-
quently exhibits anterograde, retrograde, or even simultaneous bidirec-
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tional waves. This limitation arises from the absence of the enteric ner-
vous system in the formulation, which in reality introduces the stochastic
behavior and wave coordination observed in vivo.

On the mechanical side, the model still relies on a neo-Hookean for-
mulation for the extracellular matrix, which, although computationally
convenient, may not fully capture the nonlinear anisotropic response of
intestinal tissue. Additionally, the active strain formulation currently as-
sumes an identical contractility for both longitudinal and circumferential
fiber families at each point. This simplification neglects the physiologi-
cal interplay between these directions — during peristalsis, longitudinal
contraction should be accompanied by circumferential relaxation, and
vice versa.

Another important limitation lies in the experimental integration. Al-
though in vivo data were collected during animal experiments, the num-
ber of usable data points was limited, and it was not possible to fully val-
idate the model against experimental measurements. The scarcity and
partial nature of the data prevented a robust quantitative validation of
the experimental protocol itself.

Finally, the model does not explicitly represent the intestinal con-
tent. Instead, the chyme was idealized as a uniform internal pressure
applied to the luminal surface. While this simplification allowed us to
study wall mechanics and peristaltic motion efficiently, it does not cap-
ture the fluid-structure interactions or the complex viscous effects asso-
ciated with real chyme transport.

7.2.2 Perspectives

In future, we plan to extend the model presented in chapter. 2| by intro-
ducing neuronal regulation, which plays a crucial role in differentiating
not only the type of electrical waves but also the resulting motility pat-
terns of the intestine. To this end, we will implement two complemen-
tary approaches: (i) Chaos-based neuronal coupling. we will propose
to couple Eq. with a neuronal model of the Hindmarsh—Rose type
(Innocenti and Genesio, [2009). This class of models has the ability to ex-
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hibit multistability in certain regions of the phase space, allowing for the
coexistence of multiple waveforms. In particular, it can generate both
bursting activity and spike trains, which represent a hallmark of intesti-
nal electrophysiology. The electrical signals obtained from this model
will be regularized and coupled with the existing framework, thereby
introducing additional stochasticity and enabling the representation of
neuronal control. An additional advantage of this approach is its rela-
tively low dimensionality, which makes it straightforward to implement.
(if) Biophysical modeling with neuronal input. Alternatively, we will
build upon existing biophysically inspired electrophysiological models,
which typically neglect neuronal regulation. Recently, a new formula-
tion was proposed that incorporates enteric neuronal stimulation, suc-
cessfully predicting its effects on slow-wave activity (Athavale, Avci, et
al.,2024b). However, this model did not capture the coexistence of differ-
ent wave types. Starting from this formulation, we intend to identify and
derive the relevant quantities required to reproduce and synchronize the
coexistence of slow waves and spike-burst activity within the intestinal
wall.

For the mechanical modeling of the intestinal tissue, I plan to develop
a distribution function that will allow us to differentiate not only the in-
dividual layers but also the distinct fiber orientations within each layer.
This will provide a more physiologically realistic representation of the
anisotropic structure of the gastrointestinal wall.

Moreover, we aim to introduce an additional level of complexity by
explicitly modeling the presence of food within the intestine, treating it
as a highly viscous fluid. To the best of our knowledge, a few mod-
els of this type have been developed to simulate the transport of food
in the stomach (Palmada, Cater, et al., 2023; Palmada, Hosseini, et al.,
2023). However, in these studies, contractions were imposed, and the
fluid-structure coupling was considered only in one direction, where tis-
sue deformation influenced the fluid but not vice versa.

In contrast, we plan to implement a fully coupled fluid-structure in-
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teraction (FSI) model, in which the bidirectional interplay between in-
testinal wall contraction and fluid dynamics is captured. Furthermore, a
porosity model will be incorporated to represent the filtration of nutri-
ents through the intestinal wall (Taffetani, Ricardo Ruiz-Baier, and Wa-
ters, [2021), thereby providing a more comprehensive description of gas-
trointestinal function.
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Appendix A

Calibration and estimation
of mechanical parameters

Some parts of this appendix are taken from author’s previous publica-
tions (Djoumessi, Lenarda, Alessio Gizzi, Giusti, et al., [2024; Djoumessi,
Lenarda, Alessio Gizzi, and Paggi, 2025).

To calibrate our passive material model and associated code, we un-
dertook a series of tests to calibrate the model parameters. These tests
include a uniaxial test based on Nagaraja data (Nagaraja et al., 2021),
and a triaxial test using cylinder occlusion based on Sokolis data (Soko-
lis and Sassani,[2013). We would like to point out that as we did not have
the original experimental data, we were content to validate part of the
authors” experimental curve. To this end, we have extracted data from
their figure to use it as a reference. About the uniaxial test, most of the
parameters were taken from Nagaraja et al. (2021) study, which we then
used as a basis for approximating certain points in Sokolis and Sassani
(2013) experimental data.

We began by attempting to reproduce Nagaraja’s experimental re-
sults with our model. To this end, we performed a uniaxial test aimed
at reproducing Nagaraja’s experimental results for the case where /5 (the
cutting angle of the sample.) is equal to 90°. This test was performed for
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the maximum and minimum values of the parameters, and some param-
eters were adjusted to approximate the experimental values. Figure
below illustrates the comparison between the model and the experimen-
tal. We can see that the model comes closer to the experimental curve for
the minimum parameters. This shows that these parameters can be used
without causing errors in the code. The calibrated data are summarised
in the following table7}

To be more consistent about the model’s performance, we carried out a

Table 7: Table of Material used for the uni-axial test (Nagaraja et al.,|2021)

sets p[kPa] ki[kPa] Ki[-] ki[kPa] k5[] k{[kPa] k3[-] 0[]
max 5 77.35 1.04 0.95 0.06 7.38 0.6 39.78
min 5 5.14 1.19 0.78 0.02 3.65 0.31 38.18
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Figure 51: Comparison between simulation of the uni-axial test and experi-
mental data.
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carefully calibrated inflation test. As shown in the figure[52} a 3.5 crn long
cylinder was used for this purpose (Sokolis and Sassani, 2013). Pressure
was applied to the inner surface of the cylinder, while both ends were
clamped. After each inflation, the parameters were carefully adjusted to
reproduce the experimental data faithfully and to extract the outer ra-
dius. The agreement between the model and the experimental data from
(Sokolis and Sassani, [2013) is clearly demonstrated in the figure below.
The parameters obtained after calibration are detailed in Table 8| These
data will be crucial for all future simulations.

It is important to note that, for both cases considered, we sought
to minimize a cost function. For the uniaxial and biaxial tests, the cost

function was defined as Cos = | /(Pexp — Paum)?/P%,, where P denotes

the first Piola—Kirchhoff stress, either experimentally measured or nu-
merically computed. For the inflation test, the cost function used was

Cos = \/ (Pexp — Pnum )2/ pgxp, where p corresponds to the intraluminal
pressure. In all cases, a very good agreement between experimental and
numerical data was obtained, with a consistently high correlation coeffi-
cient for each test.

Table 8: Table of Material used for the three-axial test

params ulkPa] ki[kPa] ki[-] k§[kPa]
values 2.5 5.4324 1.19 0.78
params  k§[—]  k{[kPa] kJ[-] 6o]

values 0.02 3.65 0.31 39.5
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Appendix B

Fiber generation procedure

Some parts of this appendix are taken from author’s previous publica-
tions (Djoumessi, Lenarda, Alessio Gizzi, Giusti, et al., [2024; Djoumessi,
Lenarda, Alessio Gizzi, and Paggi, 2025).

We start by the configuration show in Figure[53| The curvilinear coor-
dinates are obtained by solving the stationary modified scalar diffusion
with the corresponding boundary conditions.

V(=0 on Qo (B.1a)
C = C() on 8FD (Blb)
n-V(=0 on JI'y (B.1c)

where ¢ is an arbitrary scalar field, o is the value prescribed on the
Dirichlet boundary (0I'p), and n is the unit vector of the surface nor-
mal. The discrete longitudinal vector field V(. is obtained by solving
Egs. with the Neumann boundary condition prescribed on the in-
ner and outer surfaces, together with the Dirichlet boundary condition
prescribed on both end surfaces as shown in Figure. The final longi-
tudinal fiber direction is obtained by the normalisation n; = V(. /||V(. ||
The radial vector direction n, is obtained similarly, only the Neumann
and Dirichlet boundary conditions must be interchanged. Then, the cir-
cumferential fiber direction n. is defined as a cross product of the unitary
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radial and longitudinal vector fields, n, and n;. Regarding the helical
fiber direction, two additional parameters are necessary, a unit vector rg
aligned with the centreline and the angle # that will determine the ro-
tational anisotropy from the circumferential direction. Once the radial
direction has been computed, we project the centreline on the normal
direction and compute the so-called flat fiber field r;(Ruiz-Baier et al.,
2020). Then the diagonal fibers are obtained by using the Rodrigues ro-
tation formula.

ngr =rycos(0) + (g X r¢)sin(@) +ny(n; - ry)(1 — cos(0)) (B.2)

a similar expression can be derived for n 4.

n-V{=10

n -E’( =1

Figure 53: Configuration used to compute fiber orientation in the colon, left
represents the configuration for the longitudinal fibers and right the config-
uration for the radial fibers.
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Figure 54: Result of the fiber structure used for all simulations (a) the lon-
gitudinal fiber, (b) circumferential fibers, and (c) the diagonal fibers. All the
fiber families are homogenised throughout all the thicknesses.

131



B.1 Zoomed clip of the region of interest where
the patch is located
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Figure 55: Temporal evolution of the hydrostatic pressure p, the action po-
tential in the smooth muscle layer u,, and the longitudinal and circumfer-
ential fibers distribution in the deformed domain corresponding to healthy
condition (pp = u¢).

B.2 Numerical solution of the nonlinear diffu-
sivity

Note: Some parts of this appendix are taken from author’s previous
(Djoumessi, Lenarda, Alessio Gizzi, Giusti, et al.,2024; Djoumessi, Lenarda,
Alessio Gizzi, and Paggi, 2025).
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Figure 56: Temporal evolution of hydrostatic pressure p and the action po-
tential in the smooth muscle layer u; in a region around an elliptical geom-
etry of radii 7max = 3 and rmin = 2 with stiffness p, = 2p; and the diffusion
coefficients DY = 0.01D, and D? = 0.01D;. HRM map with p, = 2u, with
in-homogeneous diffusivity D? = 0.01D, and D} = 0.01D;
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Appendix C

Application to the problem
setting

Note: Some parts of this appendix are taken from author’s previous
(Djoumessi, Lenarda, Alessio Gizzi, Giusti, et al.,[2024; Djoumessi, Lenarda,
Alessio Gizzi, and Paggi, [2025).

After testing our contact code on the benchmark problem, we pro-
ceeded to integrate the contact code into the full electromechanical frame-
work and solved the problem on the geometry described in Fig.[35 using
the mechanical problem explained in Eq.

We observe in Fig.[57|that the contact code effectively prevents inter-
penetration between the contact surfaces. This is particularly evident in
the pressure curves, which show an increase in pressure at the contact re-
gions when the surfaces come into contact, notably at t=667s and t=669s.
This confirms that the implemented code successfully handles the con-
tact between the two surfaces. This result was used as a reference for the
rest of the simulation
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Appendix D

Distribution of the stiffness
for Robin BC used in all
simulations

Note: Some parts of this appendix are taken from author’s previous
(Djoumessi, Lenarda, Alessio Gizzi, Giusti, et al.,[2024; Djoumessi, Lenarda,
Alessio Gizzi, and Paggi, 2025).

This section illustrates the distribution of stiffness 7(r, s) across a sur-
face of the geometry and the additional stiffness 7,, which accounts for
the effects of adhesions. Since the stiffness 7(r, s) represents the influence
of the mesentery, it was included in all simulations. On top of this base-
line stiffness, an additional stiffness was introduced solely in the pres-
ence of adhesions to simulate the case of the adhesion syndrome.
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Figure 58: (a) distribution of the stiffness 7 representing the effect of mesen-
tery and (b) shows the distribution of the stiffness 7, showing the effect of
the adherents.
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D.1 Result for the moderate Hernia
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Figure 59: Temporal evolution of SMC transmembrane voltage u,, hydro-
static pressure p and displacement u for the moderate hernia case.
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