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Mechanical changes to solid foods in the stomach are crucial aspects of processes for regulating nutrient
bioavailability, satiety, and glycaemic response after a meal. However, the underlying mechanisms are
poorly understood. This study uses a Smoothed Particle Hydrodynamics (SPH) model to study the defor-
mation and mechanical breakdown of solid beads in a liquid medium within a realistic three-dimensional
representation of the stomach geometry. The model incorporates peristaltic contraction waves, including
Terminal Antral Contractions (TACs), which are high-amplitude and high-speed travelling occlusions
observed in the distal region of the stomach. The solid beads are modelled using elastic-plastic (EP) and
elastic-brittle (EB) constitutive laws. Results show that the stomach wall can induce significant com-
pression and fragmentation in the solid beads through direct contact, and the accompanying fluid flow
contributes towards further mechanical change. An originally spherical EP bead closest to the pylorus is
extruded into a thin cylindrical shape, generating 15 fragments with a 5% higher surface area, before being
propelled away from the TAC region. A model-parameter sensitivity analysis shows that an increase in
yield stress substantially reduces the fragmentation but not the elongation. An EB bead near the pylorus
deforms less but fractures into 235 small fragments and a large chunk, leading to an overall 12% higher
surface area. The EB bead remains near the pylorus, fracturing further over multiple peristaltic cycles.
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Increased fracture strength, represented by a higher threshold strain, significantly reduces the surface area
change and the number of fragments generated by the wall contractions. These results show how a
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1 Introduction

The deformation and mechanical breakdown of food in the
stomach are key components of life-critical stomach functions
such as nutrient release and control of satiety. These processes
lead to size reduction of ingested solid food, which aids in
gastric processing and is critical for nutrient liberation. For
example, the degree of size reduction of starch-based foods in
the stomach can control the surface area available to amylase
enzyme in the small intestine, thus influencing sugar
release.'” The release of sugars in the small intestine, in turn,
affects gastric emptying through inhibitory feedback mecha-
nisms such as the ileal brake.>* In addition, gastric emptying
is regulated by the size of food fragments in the stomach.’>”
Solid fragments must be reduced to dimensions below 3 mm
to facilitate their passage through the pylorus to the
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coupled biomechanics-fluid-elastic-plastic-fracture model can be used to investigate the mechanical
breakdown of solid foods in the stomach.

duodenum.®® This process of emptying of solid digesta con-
tributes to the regulation of antral distension, a factor closely
linked to feelings of hunger and satiety,” which in turn can
affect outcomes for metabolic conditions such as diabetes and
obesity. Overall, the mechanical breakdown of food in the
stomach and subsequent gastric emptying are instrumental in
controlling satiety, blood glucose absorption and glycaemic
index through several interconnected processes. However,
characterising how a food item will deform and breakdown in
the stomach based on its structure and material properties
remains a challenge.

Currently, the in vivo characterisation of solid food defor-
mation and mechanical breakdown relies on a limited set of
practically and ethically difficult experimental methods.
Experimental techniques such as magnetic resonance
imaging'®'" (MRI) or aspiration using nasogastric tubes'*'?
lack the ability to continuously characterise important
mechanical processes such as solid deformation and fracture,
or the relationship of these processes to hydrodynamic flows
and contractions in the gastric wall. MRI studies are further
limited by their spatial resolution, which means that small but
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still significant particles are usually not identified."* Similarly,
structures such as a large food mass in the form of an intact
solid particle may not necessarily be distinguishable from an
agglomerated semi-solid mass of similar size. The interpret-
ation of MRI images is often complicated by noise and other
acquisition artifacts.’> In general, experimental studies are
also constrained by ethical considerations, such as subject
recruitment from specific demographics or individuals with
pre-existing conditions. Despite these limitations, MRI has
been utilised to roughly estimate the size, shape, and number
distribution of food fragments and ingested beads, %47
using images that are collected at specific time intervals. For
example, in Marciani et al’s MRI study,'® subjects ingested
liquid meals along with agar gel beads with a range of fracture
strengths ranging from 0.15 N to 0.90 N, with their breakdown
being monitored using MRI images collected at 15-minute
intervals. The results revealed that agar beads softer than 0.65
N were rapidly broken and emptied at a nearly same rate as the
liquid. In contrast, beads with fracture strength exceeding 0.65
N had a slower exit from the stomach. The study concluded
that the maximum force exerted by the stomach for solid food
breakdown is approximately 0.65 N.

In vitro models offer an alternative for studying the mechan-
ical breakdown of foods'”™*° without many of the practical and
ethical challenges associated with in vivo methods. However,
they also present a different set of practical challenges such as
accurately reproducing little understood and poorly character-
ised in vivo conditions, including the physical forces acting on
the gastric digesta due to peristaltic movements in the
stomach wall. For example, the Human Gastric Simulator
(HGS) utilises a series of mechanically driven rollers to simu-
late peristaltic movements on a deformable vessel made of
latex rubber.”® When compared with in vivo emptying in
growing pig stomachs, HGS shows similar trends in gastric
breakdown rate and solid emptying kinetics.*® Over the last
decade, several groups have also attempted to create in vitro
models with more realistic descriptions of the gastric mor-
phology and geometry.”’>* A series of in vitro models have
been developed based on silicone-based J-shaped stomach,
modelled after a cadaver-stomach, including a rope-driven
in vitro human stomach®’ (RD-IV-HSM), and a subsequent
dynamic in vitro human stomach®® (DIVHS) model driven by a
set of eccentric wheels and rollers. The latest generation of
these models, known as dynamic in vitro human stomach
system>* (DHS-1V), uses a rolling extrusion device to simulate
peristaltic contractions in the gastric wall including terminal
antral contractions (TACs). TACs are peristaltic contraction
waves in the terminal region of the antrum (Fig. 1) that acceler-
ate while approaching the pylorus, along with a rapid increase
in amplitude and pulse-width.>>>° DHS-IV also incorporates a
pneumatically controlled pyloric sieving valve, where the valve
opening size and frequency can be adjusted to regulate the
size of the solid fragments emptied from the stomach. The
device parameters can be optimised to reproduce theoretical
emptying profiles of various food samples, while particle size
distribution of the retained digesta can be measured to assess
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Fig. 1 Resting stomach model geometry and details of ACWs: (A) the
surface mesh of the stomach is shown in its resting, non-contracted
state. The dotted centreline indicates the length of the stomach along
which ACWs are applied. (B—D) Plots depict velocity, pulse width, and
contraction amplitude of an individual ACW as a function of its location
along the stomach centreline. (E) The opening and closing dynamics of
the pyloric sphincter, regulated by the location of the nearest ACW to
the sphincter.

food breakdown. Despite these advancements, further refine-
ment of the in vitro models is needed. For instance, the pyloric
sieving valve mechanism in DHS-IV does not accurately reflect
the contraction dynamics of the human pyloric sphincter
observed in endoscopic videos.** Moreover, current in vitro
devices lack integrated velocimetric measurements of digesta
flow or capability to track movement of solid particles, limiting
their ability to identify various breakdown mechanisms and
quantify their actions. Continuous monitoring of the digesta
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flow can also reveal spatiotemporal variations in gastric proces-
sing conditions, such as density, viscosity, and pH across the
different stomach regions.

In silico models do not have the same practical difficul-
ties encountered with in vivo and in vitro methods, although
their effectiveness can be limited by the model assumptions
made, the calibration data available, the capabilities of the
numerical methods, the numerical resolution, and the
power of the computational infrastructure. For example,
in silico models provide richer quantitative data and offer
the advantage of continuous and precise measurement of
model variables, as well as the ability to explore variations
in model parameters, which are impractical or unethical in
real life experiments. In silico models are also not subject to
sampling biases, such as subject recruitment from specific
demographics, and they do not require large sample sizes
typical in many in vitro devices.'” However, previous in silico
modelling studies that focus on the flow of solid digesta in
the stomach use several assumptions and approximations
that limit their utility in studying mechanical breakdown.
Most treat solid food fragments as continuous fluid-like
phases with specified densities or mass fractions.>'* While
computationally efficient, this approach cannot capture
insights into the mechanical interaction of larger food frag-
ments with gastric wall contractions and fluid flow, includ-
ing details of their movement, deformation, and fracture.
Related to this, Seo et al®* and Lee et al®® used an
immersed boundary method with unstructured mesh to
model the movement of an orally-ingested pill inside the
stomach. However, the model uses a small, single solid body
with wall contact modelled as a spring, so it does not
account for the mechanical breakdown of the solid through
deformation or fracturing. Only one published compu-
tational study attempts to model the deformation and frag-
mentation of solid food in the stomach using realistic con-
stitutive laws and material parameters.?” The model approxi-
mates the stomach geometry as a straightened axisymmetric
vessel without any curvature and predicts the deformation
and fragmentation of a thin soft solid food due to backward
extrusion and indentation by antral contraction waves
(ACWs). However, the model has limited applicability due to
an absence of liquid environment and assumptions of zero
gravity, as well as an unphysically idealised gastric mor-
phology. The simplicity of the current models underscores
the need for more sophisticated models integrating a
broader range of aspects of the gastric biomechanics within
a less idealised stomach geometry.

In this study we present an update to a previously pro-
posed Smoothed Particle Hydrodynamics (SPH) model of
gastric flow*®**° which now includes representations of solid
foods and their deformation and fracture, all coupled to the
dynamics of the liquid medium and stomach walls. An
improved representation of gastric wall movements has been
developed, based on MRI and high-resolution electrophysio-
logical activity data.?® The deformation and fracture of elasto-
plastic (EP) and elastic-brittle (EB), freely moving, neutrally
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buoyant initially spherical solid beads are simulated. These
are used to identify and analyse the biomechanical drivers
underlying the deformation and fragmentation of soft solid
foods. This study presents the first model of mechanical
breakdown and fragmentation of solid food in a mixed solid-
liquid digesta, incorporating realistic material models and
gastric geometry and ACW wall deformations.

2 Computational methods
2.1 Smoothed particle hydrodynamics

SPH is a mesh-free Lagrangian approach for solving partial
differential equations. The method represents material
volumes as a set of particles that move with the fluid flow or
solid deformation.**™* This approach enables efficient simu-
lation of complex coupled systems involving fluid dynamics
and large scale solid deformations, such as the breakdown of
solids in the digestive tract.*>*>™*® In SPH, material properties
are interpolated from the neighbouring particles using a
smoothing kernel, allowing the Navier-Stokes or solid defor-
mation equations to be expressed as a set of ordinary differen-
tial equations representing conservation of mass and
momentum.***® The simulations performed here were per-
formed using the CSIRO SPH code which has been extensively
used for a broad range of industrial and biophysical
applications.*!**

2.1.1 SPH formulation for fluids. Based on Monaghan,
the Navier-Stokes equations can be reduced to the following
ordinary differential equations for conservation of mass and
momentum:

dp,

dr = ;mbvab - ViWap (1)
e[ ) - e ] v,
de 5 P2 Pa2)  Papv Py Ta? A2 T

(2)

Here, for particle a, p, is density, m, is mass, P, is local
pressure, and 4, is dynamic viscosity. r,; denotes the distance
between the particle a and another particle b, while their rela-
tive velocity is given by v,5. Wy, is a cubic-spline interpolation
kernel function that is evaluated for r,;. The kernel function is
discussed in detail in Monaghan.”® 5 is a small number
intended for avoiding singularities from small denominators.
£ is a normalisation constant for kernel function. Finally, g
stands for gravitational acceleration.

A quasi-compressible SPH formulation is utilised, which
relates the particle density p with fluid pressure P by the
equation of state for a weakly compressible fluid.

@ e

where ¢ is the speed of sound and p, is the reference density.
In addition, y is a material constant with a value equal to 7.0
for fluids with water-like properties.”’ To minimise density
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variations from compressibility effects to the order of 1% or
smaller, a match number equal to 0.1 is used.

A second-order predictor-corrector integration scheme is
used,’® and a time step is chosen to satisfy the Courant con-
dition with a modification for the presence of viscosity:

0.5h (a)
28p,
c+
hp,

8t = min,

where 7 is the smoothing length of the kernel. This choice of
ot guarantees stability of the explicit numerical integration.
2.1.2 SPH formulation for elasticity in solids. The conser-
vation of mass equation for solid materials is essentially the
same as for fluids (1). Conservation of momentum in the SPH
formulation leads to the following acceleration equation.

dy c c
g = ) VW s O
A b Pa

where 6, denotes the stress tensor for particle a, [[a rep-
resents the viscosity terms for both shear and bulk viscosity,
and I is the identity tensor. A linear elastic model is used for
the solid rheology, given by the equation of state which
expresses pressure as a function of density and reference
density.

P=c(p— po) (6)

The speed of sound c in a solid material is calculated as a
function of the bulk modulus K.

K
c= P (7)

The stress tensor o is partitioned into a pressure term and a
deviatoric stress term with tensor S.
6=-PI+S (8)
Based on Gray et al.,*
in component form as:

the evolution of S can be expressed

47 _ o6 ('J' = 15”f'kk) + s*Q* 4 Q' sh (9)
dt 3

where ¢ is the strain rate tensor, 67 denotes the Kronecker
delta, Q stands for the Jaumann rotation tensor, and the shear
modulus is given by G. The indices 7, j and k refer to the three
orthogonal directions in 3D space. The strain rate and
Jaumann rotation tensors are formulated in SPH as:

1 m

a=— — Ezb:/)—: [(vab VaWab)T + Vap VaWab] (10)
1 mp

Q, = Ezb:ﬁ [(vab VaWab)T — Vap VaWab} (11)

Similar to the integration scheme for fluids (4), a second-
order predictor-corrector (explicit) integration scheme is
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employed with time step chosen to satisfy the Courant
condition.

The SPH method can display tensile instabilities, particu-
larly when used for modelling elastic solids.”>® Therefore, the
principal stress correction technique proposed by Gray et al.>?
is used to suppress such instabilities for the solids. The effec-
tiveness and accuracy of this method have been previously vali-
dated by computing stress distributions under a uniaxial
loading scenario and comparing the results with those
obtained from a mesh-based Finite Element (FE) model.>*
This demonstrated that the correction technique accurately
predicted the stress distributions, while fully inhibiting
numerical fracture arising from tensile instabilities. A tensile
instability correction coefficient of 0.3 is used in the current
simulations.

2.1.3 SPH Formulation for elastic-plastic solids. EP solids
behave elastically at low strains but once the compressive
stress exceeds the yield strength (YS), irreversible plastic defor-
mation occurs. In the SPH formulation, plastic deformation is
tracked by the radial return plasticity model.>® Assuming an
elastic response, a trial deviatoric stress s% is determined at
the beginning of each timestep. The resulting change in
plastic strain &” is given by:

Gym — Oy

Al =
3G+H

(12)
where 6,1, denotes the Von Mises stress, o, the yield stress, and
the hardening modulus is given by H. The plastic strain is
accordingly incremented.

ef = ef + Ae” (13)

The increment in oy at the end of the timestep is calculated
as:

Aoy = HAe? (14)

The deviatoric stress at the end of the time step is deter-
mined based on the trial deviatoric stress as:

ST =r.sh (15)
where rg denotes the radial scale factor:
%y
rs = 16
* o (16)

YS, the initial value of oy, is provided as an input to the
model. Segments of the EP solids that experience substantial
plastic deformation may be displaced far from the main body,
eventually losing contact. These detached segments are con-
sidered as distinct fragments.

2.1.4 SPH Formulation for elastic-brittle solids. EB beads
behave elastically until the applied strain exceeds a threshold
strain (TS), which causes accumulation of damage that inhibits
the transmission of tensile stress, eventually leading to macro-
scopic fracturing. EB solids are modelled using a continuum
damage law derived from the model of Grady and Kipp.>®
Based on Benz and Asphaug,®” each SPH particle is assigned a
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damage parameter, D, which has a value between 0 and 1, spe-
cifying the extent of local fracture. A non-zero value of this
parameter leads to inhibition of the transmission of tensile
stress across all three dimensions. The SPH formulation of the
damage evolution is given by:

dD1/3
_(m+3) o131/
det 3

(17)
where ¢ denotes the tensile strain, and «a is a constant given by:

8nC,3k
= DMt 2 (18)

Here £ is the flaw density, m denotes the Weibull modulus,
and C, is the crack growth speed. This model was originally
developed for one-dimensional problems only.>” In the current
study, an equivalent 3D formulation developed by Cleary and
Das** is applied, using an effective tensile strain from Melosh
et al.>®

QAmax

I(+4G
3

where amax is the maximum principal stress. Evolution of
damage only occurs if ¢ is larger than the TS.

2.1.5 Contact mechanics. An improvement to the pre-
viously used SPH model is the inclusion of explicit contact
mechanics. Previously the SPH elastic deformation equation
was solved for normal compressive behaviour across contacts
between solid bodies and between solid bodies and the
stomach walls. Here, a linear spring-dashpot interaction is
instead used between any pair of SPH particles that are on
different bodies. The forces are calculated in a canonical frame
normal to the contact surfaces. This enables discontinuous
behaviour such as surface friction and use of contact stiffness
that are independent of the material moduli. It also means
that an explicit coefficient of restitution can be used which can
be calibrated to the inelasticity of the material. In contrast, a
pure SPH method relies on the artificial viscosity (that is
present to provide some numerical stabilisation) to provide
collisional dissipation and which cannot be calibrated to
specific materials. The contact force model is the same as
used in the Discrete Element Method. See Thornton et al.’® for
details about various contact models that are available for
inelastic contact mechanics. The application to distributed
SPH contacts follows the approach given in Cummins and
Cleary®® and is similar to that of Vyas et al.®!

2.1.6 SPH solid boundaries. To model solid boundaries,
3D triangular surface meshes are utilised. The nodes of the
meshes are represented using boundary SPH particles whose
positions are updated at each time step as a result of wall
movements. These boundary particles are subjected to a
penalty force along a normal direction using a Lennard-Jones
style form, based on the orthogonal distance between adjacent
moving SPH particle and the surface boundary particle.*">°
For the adjacent boundary-moving SPH particle pairs, the

€= (19)
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pressure force terms in the conservation of momentum eqn (2)
and (5) are replaced by the penalty force. The particle pairs are
also included in the summations for the viscous stress in
these equations, leading to an application of no-slip boundary
conditions in directions tangential to the solid surfaces.
Further details about the SPH method employed in the current
model can be found in previous studies.*®*"4>43

2.2 Stomach geometry and deformations

2.2.1 Stomach geometry. The stomach geometry is rep-
resented by a closed solid boundary (Fig. 1A) created using
Autodesk Maya (Autodesk, San Francisco, USA), and based
upon published imaging data. The large scale features of the
3D triangular surface mesh are based upon MRI images of the
stomach in a seated posture.’® These images were acquired
from healthy subjects who underwent scanning after ingesting
a mixed solid (150 g) - liquid (150 mL) meal in a fasting state.
High-resolution computed tomography gastroscopy (CTG)
images®>®* were used to design the lower oesophageal sphinc-
ter and the cardia of the model stomach.

2.2.2 Large-scale stomach wall deformations. The defor-
mations in the 3D surface mesh are kinematically prescribed as
moving boundary conditions to represent the movements of
ACWs (Fig. 1). The ACWs originate at the proximal antrum at
intervals of 20 s and conclude at the pyloric sphincter, travelling
approximately 142 mm over a period of 54 s. The waves have
temporal variation in amplitude (Fig. 1B), pulse width (Fig. 1C),
and speed (Fig. 1E), which depend on a wavefront’s position
relative to the pyloric sphincter. Notably, after 40 s, when a
wavefront is approximately 30 mm away from the sphincter, the
wave enters the terminal antrum region. Subsequently, the
amplitude, pulse width, and speed of the wave rise sharply,
leading to the formation of a TAC. Compared to the slower peri-
staltic waves in rest of the antrum, TACs appear as near-simul-
taneous segmental contractions of the terminal antrum. The
ACW parameters shown in Fig. 1B-D were derived from Ishida
et al.,*® who incorporated MRI data from Pal et al.*® Pal et al.
determined the ACW parameters by fitting a cubic spline
through selected points in a 2D MRI movie obtained from a
single subject following consumption of a nutrient-rich meal.
Additionally, Ishida et al integrated velocity data from an
experimental study by Berry et al,”®> where high-resolution elec-
trophysiological activity data was used to quantify the ACW
parameters in fasted stomachs of patients undergoing hepato-
biliary or pancreatic surgery. Currently, there is not enough data
to specify changes of these motility patterns in responses to
stomach volume or the nature of ingested food.

To implement the travelling ACWs on the 3D surface mesh,
the antral and pyloric regions of the mesh are subdivided into
55 evenly spaced radial segments. A curved centreline is
defined, passing through the centres of these rings to guide
the ACWs. These rings are rigged and programmed to radially
contract according to the magnitude of the ACWs at their
respective centres. Each node in the surface mesh undergoes
deformation based on a weighted average influence of the two
nearest rings. This weighted average is computed using a

This journal is © The Royal Society of Chemistry 2025
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Gaussian smoothing operation to ensure continuous and
smooth deformations across the mesh.

2.2.3 Pyloric geometry and sphincter dynamics. Given the
pivotal role of TAC and pyloric sphincter dynamics in gastric
breakdown of solid digesta,’”°>® the pylorus region of the
stomach mesh was specifically developed using multiple inde-
pendent imaging sources. The pylorus has two parts, the
pyloric antrum, which connects to the stomach, and the
pyloric canal, acting as an opening to the duodenum through
the pyloric sphincter. Images from dissected cadavers®” show a
rounded appearance of the pyloric canal, where both the
greater and lower curvatures of stomach converge towards the

Endoscopy
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pyloric sphincter along a convex profile (Fig. 2A). This rounded
appearance of the pyloric canal has been integrated in the
current 3D stomach mesh. The cadavers images®” were further
used to determine the location of the pyloric sphincter relative
to the rest of the model pyloric canal.

Based on data from Ishida et al.,>® the pyloric sphincter was
prescribed to periodically close and open in coordination with
each ACW approaching the pylorus. The three timepoints
when the pylorus is opening, fully opened, and closing were
synchronised against the times required for an individual ACW
to reach three distinct distances from the pylorus (Fig. 1E).
This location-based synchronisation between pyloric behaviour

Fig. 2 Pyloric sphincter geometry: images on the left are experimental images sourced from existing literature, illustrating different degrees of pyloric
sphincter opening alongside the surrounding antro-duodenal region. On the right, corresponding 3D renderings of the stomach model around the
pyloric sphincter are presented. This also includes the model inputs of sphincter diameters used for generating the 3D images. (A) A photograph of dis-
sected pyloric sphincter (PS) from a cadaver stomach, where mucosae and submucosae layers have been removed, exposing the muscle bundles
(adapted from®” with permission). Here cD denotes the duodenum, PC denotes pyloric canal, while PS indicates the location of the pyloric sphincter.
(B) Image of a nearly closed pyloric sphincter and the surrounding antral region captured during endoscopic examination of a patient with epigastric
pain (adapted from*° with permission). (C) Fluoroscopic (X-ray) image of a closed pyloric sphincter and the surrounding antro-duodenal region, taken
from a barium-filled stomach in a healthy subject (adapted from”* with permission). The model was built to closely emulate these features.

This journal is © The Royal Society of Chemistry 2025 Food Funct.,, 2025, 16, 6448-6478 | 6453
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and ACWs is consistent with the observation of Indireshkumar
et al.®® that transpyloric flow is blocked when ACWs reach a
“zone of influence” 20-30 mm away from the pylorus. When
maximally open, the resting diameter of the pyloric sphincter
is 10 mm. This value is consistent with measurements from
previous experimental studies assessing the internal diameter
of the sphincter in healthy humans.®**”°

The model of the pyloric sphincter dynamics is evaluated
using experimental images captured during various phases of
sphincter closure. Fig. 2B provides a side-by-side comparison
between a close-up view of the partly closed pyloric sphincter
from an endoscopic video®® and the corresponding representa-
tion in the stomach mesh. The relative position of the sphinc-
ter with respect to the remainder of the stomach is similar in
both images. Fig. 2C shows a comparison between a side view
of the completely closed pyloric sphincter from an X-ray fluoro-
scopy image’! and the corresponding representation in the
stomach mesh. The light grey area in the X-ray image rep-
resents the barium-filled stomach in a healthy subject. The
closure of the pyloric sphincter in this image creates a
U-shaped gap between the stomach and the duodenum, a mor-
phological feature which is also visible in the stomach surface
mesh. Thus, the stomach mesh model integrates information
from different imaging sources, such as MRI, CTG, cadaver,
and endoscopy, generating a more comprehensive geometry
representation of stomach morphology compared to previous
computational models of human stomach in the literature.

2.3 Gastric contents

The model is to be used to simulate the gastric breakdown of a
mixed solid-liquid gastric digesta, consisting of six spherical
solid beads with a diameter of 12.7 mm, which are dispersed
in a liquid digesta. The choice of using spherical beads as
solid digesta in the model follows the experimental MRI work
by Marciani et al.'® The current study is not aiming to replicate
these experiments which are used to provide relevant con-
ditions for investigating the mechanisms by which model
foods, such as solid agar beads, are damaged and/or fractured
inside the stomach. Two different material types are used,
these being EP and EB. The bulk modulus and Poisson’s ratio
are kept constant across all solid beads (Table 1), with values
corresponding to the elastic modulus of soft hydrogels, such
as those made from gelatin’> or egg white.”” This parameter
choice ensures that the beads are sufficiently compliant to the
prescribed wall contractions, without applying large reaction
forces on the gastric walls which are assumed to be rigid struc-
tures. The low bulk modulus also enables observable defor-
mations of the beads within a single peristaltic cycle, thus
keeping computational costs and simulation
minimal.

A sensitivity analysis is used to investigate the effect of
changes to the strength of the beads on their mechanical
response to gastric contractions. Three separate simulations
are run for EP beads using different YS values of the solid
bead material (Table 1), including a baseline YS of 100 Pa, as
well as relatively stronger materials with YS of 250 Pa and 500

runtime
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Table 1 Material parameters used in modelling elastic-brittle and

elastic-plastic deformation of solid beads along with the material para-
meters for the gastric liquid digesta

Simulation cases

Liquid- Elastic- Elastic-
only plastic brittle
Liquid Volume 200 mL 200 mL 200 mL
digesta Density 1000 kg m™ 1000 kg m™ 1000 kg m~>
Viscosity 0.2Pas 0.2Pas 0.2Pas
Solid beads Diameter — 12.7 mm 12.7 mm
Number —_ 6 6
Density — 1005 kg m™ 1005 kg m™
Bulk modulus  — 21000 Pa 21000 Pa
Poisson’s ratio ~ — 0.45 0.45
Yield strength — 100, 250, —
and
500 Pa
Threshold — — 0.01, 0.025,
strain and 0.05

Pa. This broad range of YS values roughly corresponds to
experimentally measured YS of spreadable food materials such
as butter, margarine, and sour cream in their undigested
form.”*”> Similar to the EP beads, three separate simulations
are run using different TS values for the EB material (Table 1),
including a baseline TS of 0.025, as well as values of 0.01 and
0.05. These values are likely to be representative of heavily
enzymatically and chemically degraded initially harder food
materials.”®”” The contact model parameters for the beads are
dynamic friction coefficient of 0.25, which is relatively low to
account for the effect of fluid films at contacts, and a coeffi-
cient of restitution of 0.6 to account for the dampening effect
of the interstitial fluid.

The density of the liquid phase of the digesta is chosen to
be 1000 kg m™ equivalent to the density of water. The solid
beads have a density of 1005 kg m™, comparable to the
density of soft solid foods such as eggs’® and tofu.”® The small
density difference means that the beads remain submerged
near the antral region, where flow dynamics is of primary
interest. Lighter solids will instead rise to the top surface of
the liquid digesta due to buoyancy and retrograde flows in the
stomach and will not be subject to mechanical deformation.

The viscosity of the liquid phase of the digesta can influ-
ence the breakdown and emptying of solid digesta.'®®°
Previous in vivo studies typically compare pairs of test meals or
beverages with differing viscosities.">*'"®* In these studies,
lower viscosity meals range from 0.042 to 0.08 Pa s, while
higher viscosities range between 0.22 to 29.8 Pa s. In the
current study, we aim to model the breakdown of solid beads
within a liquid of representative intermediate viscosity.
Viscosity variation resulting from addition of gastric secretions
and chemical/enzymic dissolution of solid digesta occur over
much longer timescales than those involved in this investi-
gation, which is focussed on early-stage (60 s) digestion of
large food fragments. On this basis, the liquid digesta is mod-
elled as a Newtonian fluid with a representative constant vis-
cosity of 0.2 Pa s.

This journal is © The Royal Society of Chemistry 2025
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2.4 Inlet-outlet boundary conditions

The model contains an open boundary at the proximal
antrum, in addition to the closed boundary along the stomach
wall. A Neumann boundary condition with zero-gradient
pressure and velocity is applied at this upper surface of the
digesta. This results in the surface moving freely in response
to the ACWs, ensuring conservation of mass. Since ACWs in
the stomach mesh are only active in antrum and pylorus, it is
assumed that digesta flow in the remaining stomach would
have minimal impact on flow and solid breakdown in the
antrum. Therefore, the digesta in the rest of the stomach mesh
is not included. In the configuration considered here, the duo-
denum is fully filled with digesta and assumed to have a zero-
velocity closed boundary condition, resulting in a fairly strong
back pressure at the pylorus. This leads to minimal duodenal
flow and relatively low pyloric discharge rates through the
open sphincter. The case with low duodenal pressure or par-
tially evacuated duodenum, which will have much higher dis-
charge rates and can be expected to materially affect the
motion of the beads, will be examined in the next stage of this
work.

2.5 Simulation configurations

Three sets of simulations are presented:

1. Liquid-only digesta,

2. Liquid content with EP solid beads, and

3. Liquid content with EB solid beads.

The SPH discretisation is used for all parts of the physical
system. The solid and liquid digesta are discretised as SPH
particles with an initial particle separation of 0.6 mm. The
digesta within the antrum section of the stomach mesh
(Fig. 1A) contains around 805 thousand particles, including six
solid beads containing 5500 particles each. The digesta in the
duodenum contains another 87 thousand particles. The
overall stomach model involves approximately 100 mL of
digesta, which adequately fills the pyloric and antral regions of
the mesh.

Each simulation is run for a duration of 60 s, which is
sufficient for at least one bead to be transported into the vicin-
ity of the pyloric sphincter and undergo significant defor-
mation and structure change.

2.6 Validation of the SPH model

The current SPH model for gastric breakdown of soft solid
foods integrates multiple subsystems, including fluid-surface
interactions at the deforming gastric walls and the resulting
peristaltic flow, fluid-solid interactions, and the compression
and fracturing of solid beads. The CSIRO SPH code*"** used
in this study has been widely validated for simulating complex
fluid and solid behaviours across each of these individual sub-
systems. For instance, the SPH implementation has previously
demonstrated high accuracy in modelling free-surface water
behaviour and interactions with complex geometries, outper-
forming traditional grid-based methods in terms of correlation
with experimental data.®® Moreover, SPH models of interaction

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

between flow and moving geometries in industrial mixers have
excellent experimental alignment.®® Recently, Liu et al.*® have
applied the same SPH code to model peristaltic flow in a tube,
and the model predictions are consistent with analytical solu-
tions for net flow corresponding to a range of occlusion ratios.
The predicted velocity fields are also comparable to those pro-
duced by grid-based methods (finite volume method). These
studies collectively validate the capability of the current SPH
model to accurately simulate fluid flows involving complex
gastric wall movements.

It is also essential to evaluate the accuracy of the SPH
implementation in resolving fluid flow around solid objects
and accurately predicting the flow dynamics, drag and solid
motion. Previously, SPH have been used to simulate the
motion of pellets in a large impeller-stirred mixing tank, with
model predicted particulate motion showing strong agreement
with experimental results.®” To further validate SPH for the
specific context of the current study, a simplified version of
the stomach model is presented in the appendix. The model
consists of a steady parabolic flow established through a cylin-
der (radius of R), which transports a spherical solid bead
(radius of r) along the cylinder axis. The cylindrical domain’s
volume and length, along with other parameters such as flow
speed, fluid density, and viscosity are adjusted to match con-
ditions in the primary stomach simulations. Drift velocities of
the bead are calculated for various ratios of /R and compared
against analytical solutions. The model predictions closely
match with corresponding analytical results. Additionally,
numerical convergence is assessed by varying the initial par-
ticle separation, confirming the robustness of the predictions
across different spatial resolutions.

Solid foods in the antrum are subjected to multiaxial com-
pressive loading, and the resulting compression and defor-
mation require additional validation. Under low compressive
stresses, both EP and EB beads deform elastically. Previously,
Das and Cleary®® compared stress wave attributes predicted by
the SPH code to those from a commercial FE model for uniax-
ial compression of an elastic object. The results not only
showed strong agreement with both analytical and FE solu-
tions, but SPH also produced a smoother response than FE in
early loading stages. Das and Cleary>* further showed that SPH
solutions for Von Mises stress distributions under uniaxial
loading have good convergence with increasing particle resolu-
tion/decreasing initial particle separation. In another study,
Das and Cleary®® validated the fracture modelling capability of
SPH by comparing its predictions for dam failure under earth-
quake loading with experimental scale models and FE simu-
lations. The SPH model accurately predicted crack initiation
and propagation, consistent with both experimentally observed
and FE predicted failure patterns. It also avoided the need for
predefined crack zones or costly remeshing required in FE
models.

These sub-system validations demonstrate that the current
SPH model is well-equipped to accurately simulate the
complex fluid dynamics and mechanical breakdown of soft
solid foods in a deforming stomach.
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3 Flow behaviour of the stomach for
a liquid-only digesta

First, we establish the nature of the flow of liquid-only content
in the stomach subject to the stomach wall deformations and
pylorus opening and closing. Fig. 3 and 4 show the flow behav-
iour in the stomach for this liquid-only content. Fig. 3A shows
the initial setup of the liquid digesta inside the stomach mesh
at 0 s. The digesta is shown as transparent light blue. The
pyloric sphincter is initially closed (at 0 s), but begins to open
from 2 s. Fig. 3B shows a cross-sectional view of the flow
within a slice through the centre of the pyloric sphincter and
terminal antral region at 3 s. The liquid is coloured by fluid
speed using the spectrum given at the bottom of the figure. By
3 s, a parabolic velocity profile is established through the
pyloric sphincter with flow orientated towards the duodenum.
The speed of the flow varies between 10 mm s™' near the
sphincter wall up to 20 mm s~ at its centre.

Fig. 3C-F show vector representations of the velocities of
the fluid located within the same cross-sectional plane
depicted in Fig. 3B, for the period of the ACW contraction
between 6 s and 10 s, during which the pyloric sphincter
closes but the TAC has not yet initiated. At 6 s (Fig. 3C), the
backflow through the pylorus decreases to relatively low speeds
below 5 mm s~ due to pressure equalisation between the
stomach and the duodenum. The liquid digesta situated
ahead of the ACW flows away from the contracting antral wall,
while the digesta behind the ACW flows towards the expanding
antral wall. Between 7 s and 9.0 s (Fig. 3D and E), the pyloric
sphincter closes and the ACW continues towards it. The back-
ward flow intensifies, reaching speeds of up to 12 mm s/,
which is shown by red arrows. Backward flow exceeding 8 mm
s™! is also observed near the pylorus due to the fast final
closure movements of the pyloric sphincter. At 9 s (Fig. 3E),
the pylorus becomes completely closed. In the next 0.5 s, the
ACW occlusion moves further towards the closed pylorus with
increasingly higher occlusion amplitude, pulse width and
speed. The width of the occluded antral region decreases
rapidly, signalling the commencement of the TAC (at 9.5 s).
The terminal antral area appears to contract rapidly similar to
a segmental wave, compared to the slower peristaltic waves
seen in Fig. 3B-E. Due to this rapid contraction, the backward
peristaltic flow is further strengthened, as evident from the
increasing number of red vector arrows displayed between 9
and 9.5 s (Fig. 3E and F). Recirculating currents are induced in
both the top and bottom regions of the antrum, which could
contribute strongly to mixing in these areas.

Fig. 4 shows the effect of the higher speed wall contractions
during the TAC on the flow of liquid digesta in the antral
region. Between 10 and 11 s (Fig. 4A-C), all of the stomach wall
proximal to the pyloric sphincter contracts rapidly, leading to
fast reduction in the volume available for the liquid. As a result,
retrograde fluid speeds of up to 70 mm s~* are induced, which
are substantially higher than the speeds associated with the
ACWs or the pylorus opening and closing. Simultaneously, the
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pair of eddies move further left towards the pylorus. These
effects are similar to predictions from previous computational
fluid mechanics studies, where retropulsive jets and recirculat-
ing currents have also been reported.>>?*®*> The TAC reaches its
peak strength at around 11 s (Fig. 4C), after which the con-
tracted terminal antral region rapidly expands back to its resting
configuration, leading to a reversal in the direction of the flow.
A forward jet towards the pylorus is then observed in the antral
region between 11.25 and 11.75 s (Fig. 4D and E), reaching
speeds of up to 25 mm s~ ". Subsequently, by 12 s (Fig. 4F), the
antral region enters a state of relative quiescence. The anticlock-
wise eddy at the bottom of this region expands radially and pro-
gresses towards its centre, becoming the dominant feature of
the antral flow. These flow structures are likely to play a crucial
role in gastric mixing, although current in vivo imaging tech-
niques do not yet have the capability to visualise such flow at
this level of detail.

4 Deformation of elastic-plastic solid
beads

Fig. 5 shows the initial arrangement of six spherical EP solid
beads distributed in the liquid digesta, which is the same for
all three YS cases. These beads are numbered from 1 to 6, as
indicated. Bead 1 is positioned at the terminal antrum near
the pylorus, allowing us to study the effect of TACs on solid
deformation and breakdown within the 60 s simulation dur-
ation. The remaining beads are positioned in the antrum at
different distances from the pylorus, to facilitate understand-
ing of the flow behaviours induced by ACWs at different
locations within the antrum. All SPH particles in the simu-
lations, including the solid beads, initially have zero velocity.

4.1 Trajectory and deformation of elastic-plastic solids

The simulation predictions of deformation and fragmentation
of the EP beads are shown in Fig. 6 for the baseline YS of 100
Pa. Fig. 6A shows 3D visualisations of the deformed beads at
the conclusion of each of the first three 20 s duration ACW
cycles. Several large-scale deformations are prominent, which
are discussed in detail in the next subsections. For instance, in
the first 20 s bead 1 (purple) undergoes significant extensional
deformation into a long cylindrical shape during the first ACW
cycle. Between 20 s and 60 s, beads 4 (dark blue) and 6 (yellow)
collide and change shape considerably. Fig. 6B shows the tra-
jectory of each bead over one (20 s), two (40 s) and three (60 s)
ACW cycles. Bead 1 follows a closed loop, returning to its
initial position after each ACW cycle, as fluid flows away from
and then back into the terminal antrum. Similar nearly hori-
zontal loop-like trajectories are observed for beads 2 and 5 in
the antral-pyloric region. Loop-like trajectories of beads 1, 2
and 5 align with the periodic reversal of flow direction
observed in the liquid-digesta-only simulation (Fig. 4). These
results are consistent with model predictions of Seo et al.>®
and Lee et al.,*® where similar cyclic trajectories are observed
for a dynamic pill in the terminal antrum. In contrast, beads

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Peristaltic mixing of liquid-only digesta: (A) initial simulation setup of a liquid-only digesta inside a deformed stomach. (B) 3D visualisation of
the flow behaviour within a 0.5 mm thick cross-sectional plane passing through the centre of the pyloric sphincter, colour-coded using a rainbow
spectrum. (C—F) Velocity of the liquid digesta within the 0.5 mm thick plane at various time points in the simulation is represented by constant-
length vectors and coloured with the same rainbow spectrum.
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Fig. 4 Retropulsive flow induced by TAC: this figure shows the velocities of the liquid digesta within the terminal antrum region, in a 0.5 mm thick
cross-sectional plane passing through the centre of the pyloric sphincter, from 10.00 s to 12.00 s of simulated time (A—F). The direction of motion
of the liquid digesta is indicated by constant-length vectors and flow speed by the colour.
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Fig. 5 |Initial arrangement of six initially spherical solid beads and liquid
digesta within the stomach geometry. The solid beads are numbered
from one to six and coloured differently.

3, 4, and 6, which are located further away from the pylorus,
gradually descend towards the bottom of the stomach with
each ACW cycle. The effect of the retrograde and then prograde
jets from and then back into the terminal antrum are weaker
in the central regions of the stomach, so these beads do not
exhibit the same oscillatory behaviour as the other beads.

View Article Online
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4.2 Pinching effects of the pyloric sphincter

Fig. 7 shows close-up 3D visualisations of the deformation of
bead 1 (for a baseline YS of 100 Pa) induced by closing of the
pyloric sphincter. The beads are coloured by plastic strain and
displayed from two perspectives:

(i) from the side of the pyloric sphincter (shown on the left
of each pair of images at each time), and

(ii) perpendicular to the former (shown on the right of each
pair), offering a view along the direction of the pylorus.

The first view corresponds to the one used in Fig. 3 and 4
for the liquid-only digesta. Similarly, it also includes vector
representations of the fluid flow in the antral-pyloric region
surrounding bead 1, but colour-coded in shades of magenta
from light (0 mm s™') to dark (3.5 mm s™'). At 3 s (Fig. 7A),
the left image shows the flow from the stomach to the duode-
num driven by the pressure differential between the two
regions, when the pyloric sphincter is partially open. The
speed of this flow through the sphincter exceeds 3.5 mm s™*,
as shown by the darker arrows near the sphincter. By 4 s
(Fig. 7B), the flow propels bead 1 into the open sphincter,
where it becomes lodged against the sphincter wall due to
the current sphincter diameter of 10 mm being smaller than
the bead diameter of 12.7 mm. The jammed bead obstructs
fluid flow through the pyloric sphincter, while the fluid
pressure acting on the bead balances the contact forces from
the sphincter wall, resulting in no net bead motion during
this phase of the pylorus cycle.

40s

,,
5

:
=\

Fig. 6 The elastic-plastic deformation of solid beads by the stomach and liquid content is shown over 60 s: (A) deformation of the beads in the
antral region, driven by peristalsis and TAC. Small fragments detached from the beads are shown in opaque white. (B) Visualisation of the trajectory

of the centroids of each bead up to the time indicated.
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Fig. 7 Visualisation of gastric fluid dynamics and deformation of an elastic-plastic solid bead due to closure of pyloric sphincter: two images are given
at each time from 3.0 s to 8.0 s (A—F), showing two different perspectives. The first image at each time (on the left) shows a side view of the terminal
antrum with vectors indicating the fluid velocities (coloured by fluid speed), while the second image (on the right) shows a frontal view along the direc-
tion of the pyloric sphincter. Bead colour indicates plastic strain which is generated by wall and fluid interaction during pyloric closure.

After 5 s (Fig. 7C), the pyloric sphincter gradually begins to
close, radially compressing the left end of the trapped bead.
The fluid pressure and wall friction prevent the bead from
escaping from the pylorus, allowing the radial compression to
load a thin layer of the left end of the bead that is deformed
plastically with plastic strain increasing to around 0.5 (blue
colours in Fig. 7E). As the net wall force acting along the direc-
tion of the pylorus exceeds the fluid pressure gradient, the

6460 | Food Funct, 2025, 16, 6448-6478

closing sphincter becomes dominant, slowly pushing the bead
back towards the antrum, and by 8 s, it has become dislodged
from the nearly closed sphincter (Fig. 7F). This pyloric inter-
action results in only a small area of high plastic deformation
with peak plastic strains around 0.7 at the left-end of the bead
which was the main contact area between the bead and the
sphincter walls. However, several tiny fragments, with sizes of
0.6 mm and high plastic strains over 1.0, are generated in the
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contact area (Fig. 7F). The areas of the bead surface that are in
contact with the sphincter wall are restricted in their ability to
move tangentially by the wall friction, while the core of the
bead is forced laterally out from the sphincter. This leaves a
thin layer of the retarded material that becomes pinched off,
generating very small fragments. After 8 s, the bead 1 is far
from its initial spherical shape due to the strong deformation
it has experienced and minor pinching fragmentation occur-
ring at the sphincter contacts.

4.3 Large scale elastoplastic deformation in the antrum

Fig. 8 shows a 3D visualisation of the effect of the TAC on bead
1 and the surrounding fluid flow, immediately after the pinch-
ing that occurs at the pyloric sphincter (Fig. 7). At 8.75 s
(Fig. 8A) the occlusion in the terminal antral wall progresses
towards bead 1 with increasing contraction amplitude, speed,
and pulse width (as also shown in Fig. 1B-D). Concurrently, in
line with observations from the liquid-only simulation
(Fig. 3C), the TAC results in a strong retropulsive flow with
speeds exceeding 8 mm s~' near the right end of the bead 1
(indicated by darker arrows in Fig. 8A). The force from this
flow results in axial loading opposing the direction of TAC
(Fig. 8B-D). Simultaneously, the contracting antral wall com-
presses the bead radially. Due to this combined axial and
radial loading, the right half of the bead is squeezed radially
inwards and is pushed axially through the narrow occlusion in
the antral wall. This is similar to the manufacturing process of
extrusion, where a material is pushed through a small opening
of specific cross section.

Discussion of the complex behaviour of the bead from this
point is aided by the schematic in Fig. 9. Between 9.0 and 9.5
s (Fig. 8B-D and Fig. 9A), the overall length of bead 1 increases
by 40% due to the observed TAC induced extrusion of the right
half of the bead. Similar backward extrusion of soft solids due
to TAC has also been reported in Skamniotis et al.’s compu-
tational study®” for viscoplastic materials. The contracting
terminal antral wall directly applies a radial compressive force
on the right half of the bead (Fig. 9A). At 9.75 s (Fig. 8E), this
increasing radial and axial loading results in an axial gradient
of plastic strain from the left end to the right end of the
elongated bead 1. Additionally, a narrow tail-like region
(Fig. 8E) is created at the left-end of the bead which is still
trapped within the TAC occlusion. At 9.75 s the bead length
has increased by 60% of its original diameter. Over the next
0.25 s, bead 1 is completely squeezed out of the contracted
terminal antrum with a shape that is now nearly cylindrical.
However, by 10.0 s (Fig. 8F), the elongation of bead 1 reduces
to 44%, which is lower than the peak elongation of 60% at
9.75 s. This reduction in length can be attributed to axial com-
pression by the strong retrograde flow at around 10.0 s, indi-
cated by the darker velocity arrows in Fig. 8F (blue arrow in
Fig. 9B). As a result, the peak plastic strain at the left-end of
the bead 1 increases up to 2.1 at 10.0 s (Fig. 8F) from 1.2 at 9.5
s (Fig. 8E). This behaviour contrasts with the previous phase of
bead deformation (Fig. 9A), where fluid flow led to extrusion of
the bead through the contracting antral wall. These results

This journal is © The Royal Society of Chemistry 2025
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suggest that the fluid pressure of the TAC induced retropulsive
flow can strongly influence the shape and rate of deformation
of different parts of an EP solid in a number of different ways
(axial compression or elongation), depending on the phases of
the deformation and the strength and direction of the fluid
flow.

Fig. 10 shows the total surface area and the number of frag-
ments generated from the six beads as a function of time. For
the baseline YS of 100 Pa, total surface area increases sharply
(from 39 ecm? to 41 cm?) during the first TAC event between 9 s
and 10 s. This is driven by the extrusion of bead 1 into a long
cylindrical shape (Fig. 8 and 9). This process also results in
the generation of several small fragments with sizes varying
between 0.6 mm and 2 mm. This fragmentation primarily
occurs at the pylorus-facing left-end of the bead 1, which has
already undergone plastic deformation and minor fragmenta-
tion due to pinching during pyloric sphincter closure prior to
the onset of TAC (Fig. 7F). Between 9.0 and 9.75s, a radially
inward flow is generated in the narrow gap between the bead 1
and the pyloric sphincter (Fig. 8B-E), causing accumulation of
additional plastic strain that results in this observed
fragmentation.

4.4 Collisions between elastic-plastic solid beads

Soft food can deform not only due to fluid pressure and
contact forces from the deforming stomach wall, but also
through collisional interactions between different food
masses. This can therefore occur in areas of the stomach other
than the terminal antrum and pylorus. Fig. 11 shows a
sequence of images visualising the inelastic collision of beads
4 and 6 near the bottom antral wall for the baseline YS of 100
Pa. As observed in the liquid-only simulation (Fig. 3), ACWs
induce a flow towards the expanding rear end of the contracted
zone of the stomach wall. This flow carries the beads down-
ward towards the bottom of the stomach, where they collide at
around 15 s (Fig. 11A). The flow pressure acting downward and
the upward reaction force from the stomach wall press the
beads together leading to substantial deformation. There is no
adhesion in this model, consequently the beads are not
bonded together and can, in principle, move independently if
the fluid mechanics so dictate. By 20 s, the beads begin to
deform against each other due to compression from the com-
bination of the flow pressure and the antral wall reaction force
(Fig. 11B). As each new ACW approaches (Fig. 11C and G), the
increased contact force from the antral wall lifts the beads up,
intensifying the compression between them, resulting in sig-
nificant further deformation, for instance with peak plastic
strain of 1.8 by 30 s (Fig. 11C). Soon after (Fig. 11D and H), the
two beads are both moved towards the left (in the direction of
the pylorus), carried by the traveling occlusion in the antral
wall, akin to an escalator. At the same time, a backward flow
towards the rear end of the occlusion starts developing. Over
the next 5 s, this flow pushes the beads back down from the
occluded region of the gastric wall towards the expanding rear
end of the occlusion (Fig. 11E and I). Due to this interplay
between the ACW occlusions and the backward flow, the two
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Fig. 9 Schematic representation of TAC-induced deformation of elastic-plastic bead 1 during two distinct phases: (A) 9.0-9.5 s and (B) 9.5-10.0 s.
Black arrows indicate the direction of radial compressive forces exerted by the contracting terminal antral wall, blue arrows represent the hydrodyn-
amic flow direction, and pink broken arrows show the deformation of the solid bead resulting from a combination of wall compression and flow
pressure.
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Fig. 11 Visualisation of plastic deformation in two colliding elastic-plastic solid beads in the distal stomach between 15 s and 60 s (A-I). The motion
of liquid digesta is represented by constant-length vectors, colour-coded based on their speed. The colour of the agar beads indicates the accumu-

lated plastic strain.

beads continue to be pressed together with both their defor-
mation levels increasing. At 60 s (Fig. 11I), the peak plastic
strain in the contact area between beads 4 and 6 has increased
beyond 3.0. This process has also resulted in the generation of
multiple small fragments that are separated from the two
beads. It is slower and more continuous compared to the TAC
induced rapid deformation of bead 1 (Fig. 8 and 9), which
occurs over a couple of seconds. As a consequence of this
deformation, the total surface area of the beads gradually rises

6464 | Food Funct, 2025, 16, 6448-6478

from 41 cm® at 10 s to 53 cm” by 60 s (Fig. 10B). In the same
time period, 45 small fragments are generated (Fig. 10A),
which have a minimal contribution in increasing the total
surface area.

4.5 Effect of yield strength on elastic-plastic deformation

Fig. 12 shows a 3D visualisation of fluid dynamics and TAC
induced deformation of EP beads with a YS of 500 Pa.
Comparison of Fig. 12 and 8 (baseline YS value of 100 Pa)

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Visualisation of fluid dynamics and TAC induced deformation and fracture of an elastic-plastic solid bead with a yield strength of 500 Pa

between 8.75 s and 10.00 s (A—F).

shows noticeable differences in the two phases (Fig. 9) of the
TAC induced deformation process of bead 1. Firstly, the bead 1
with a YS of 100 Pa shows visibly significant deformation and
plastic strain before 9.0 s (Fig. 8B), unlike the stronger bead

This journal is © The Royal Society of Chemistry 2025

(Fig. 12B) whose first deformation is delayed. Similarly, by
9.75 s, the stronger bead undergoes substantially less radial
squashing and elongation (only 38%) compared to the bead
with lower YS (60% elongation). While the elongation
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increases during the first phase till 9.75 s, it is partially
reversed in the second phase due to axial compression by
strong retrograde flow. In contrast, plastic strain accumulates
irreversibly during both phases. Due to the lower YS of the
softest bead (100 Pa), it undergoes greater plastic deformation
in both phases, resulting in a higher plastic strain. The 100 Pa
bead 1 has a final peak plastic strain of 2.1 at its left end
(Fig. 8F), compared to 0.8 for the 500 Pa bead 1 (Fig. 12F). A
comparison of these figures further indicates that the second
phase of deformation—compression of the ‘tail’-like region
near the pylorus—is considerably more pronounced for the
softer bead. This leads to a larger decrease in elongation for
the softer bead 1. As a result, both the 500 Pa (Fig. 12) and 100
Pa YS (Fig. 8) beads ultimately have comparable final elonga-
tion (47% for YS = 500 Pa and 44% for YS = 100 Pa), despite
having different shapes in the earlier and intermediate stages
of deformation (reflecting the reasonably different defor-
mation histories) and different final levels of plastic strains.
Therefore, unlike plastic strain, final elongation after TAC does
not linearly correlate with the YS of EP beads, as it responds
differently to the two phases of deformation.

At 10 s, the stronger 500 Pa beads tend to generate fewer
sub-mm fragments compared to the YS of 100 Pa (Fig. 10A).
Additionally, Fig. 10B shows that the sharp rise in the total
surface area of bead 1 during the first TAC event (9 s-10 s) is
comparable across different YS values. This observation is con-
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sistent with the similar final elongation of bead 1 across
different YS values. These results suggest that the TAC can
deform soft solids with a broad range of material strengths,
which would appear to be biologically advantageous.

5 Deformation and fracture of
elastic-brittle solid beads

Six EB spherical beads are arranged in the liquid digesta using
the same configuration as for the EP beads illustrated in
Fig. 5. Each bead is again numbered from one to six for
reference.

5.1 Trajectory and deformation of elastic-brittle solid beads

Fig. 13A shows 3D visualisations of the EB beads at the con-
clusions of three consecutive ACW cycles (time period of 20 s)
for the baseline model with a TS of 0.025. The same contrac-
tion patterns are present in each of the 3D visualisations, with
the shape of the boundaries appearing unchanged. Bead 1
undergoes minor deformation but significant fracturing from
the compression that occurs during the first TAC event (unlike
the EP case, in which significant plastic deformation
occurred). The bead is elongated by only 16% from its original
diameter, while 7% of its volume is fragmented. The fragment
products are generally smaller than 1 mm, creating moderate

Fig. 13 Elastic-brittle deformation of solid beads: (A) deformation and fracture of the solid beads in the antral region, driven by peristalsis and TAC.
Fragments detached from the beads are shown in golden yellow. (B) Visualisation of the trajectories followed by the centroids of each solid bead

over three different time intervals.
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density clouds of fine solids (shown in golden yellow in
Fig. 13A). These sub-mm sized fragments move with the fluid
flow because of their very low particle Reynolds number, as a
consequence of their small size.

Fig. 13B shows the cumulative trajectories of each EB bead
across three successive ACW cycles. The trajectories of the EB
beads are very similar to those of the EP beads (Fig. 6B) up to
the points of significant deformation and fracture, which
should be expected as these motions are predominantly driven
by the same controlling fluid flow. Beads 1, 2, and 5, which are
located near the pylorus, are observed to move in loop-like tra-
jectories. Downward trajectories are observed for beads 3, 4,
and 6, leading to a collision between beads 4 and 6. However,
unlike the EP beads (Fig. 6B), some of which are pressed
together and slowly compressed by the flow, the EB beads
simply bounce off each other after the collision and then move
apart on divergent trajectories.

5.2 Elastic-brittle deformation and fragmentation in
terminal antrum

Fig. 14 shows the mechanisms leading to the deformation and
fragmentation of the EB bead 1 during the first ACW cycle.
Fig. 15A further shows the temporal variation in average
damage experienced by bead 1, for the baseline TS of 0.025. At
9 s (Fig. 14A), its left side shows low levels of damage (areas
coloured blue) from earlier interaction with the closing pyloric
sphincter, similar to that causing the pinching deformation
behaviour observed for EP beads (in Fig. 8A and B). Over the
next 0.25 s (Fig. 14B), the right end of the bead is compressed
radially by the contracting terminal antral wall. As a result, the
bead is elongated by approximately 5% from its initial spheri-
cal diameter. At 9.5 s (Fig. 14C), the length of the EB bead
1 has increased by 15%, which is lower than the 22% elonga-
tion found for the stronger EP bead (in Fig. 12D) and the 40%
value for the softer EP bead (Fig. 8D) at the same timepoint.
Moreover, unlike the EP beads, a radial crack is generated in
the middle of deformed EB bead 1, where the compressive
strain is maximal and exceeds the TS. Low-level damage of 0.3
can be observed in the elongated right-end of the bead which
is positioned inside the occlusion.

At 9.75 s (Fig. 14D), the EB bead 1 is subjected to a hydro-
dynamic pressure gradient which pushes it away from the
pyloric sphincter. The left half of the bead is now subject to
loading from the occlusion. At the same time, the right half of
the bead, which was radially squeezed to fit the occlusion, is
released with a relative increase in cross-sectional area from
this elastic unloading. The radial compression of the bead
between 9.5 s and 9.75 s leads to additional damage, which
accumulates in the right half of the released bead. At 9.75 s, a
peak damage level of 1.0 (coloured by red, indicating full
damage, allowing material on either side to move apart) is
observed at the radial crack. The increase in damage is also
accompanied by an increase in width of the crack. Overall,
these EB behaviours contrast with that of the EP beads (in
Fig. 8E and 12E), where the right half of the EP bead 1 is

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

squeezed out in an elongated shape without any recovery of
the cross-sectional area and crack propagation.

By 10 s, EB bead 1 has been completely expelled from the
terminal antrum (Fig. 14E). The total elongation of the bead
has decreased from 26% at 9.75 s to 18% at 10 s. Visual com-
parison between Fig. 14D and E indicates that this length
reduction is localised to the pylorus-facing left end of the
bead, which is squeezed out of the occluded terminal antrum
without any fracturing. This reduction in length is a conse-
quence of the left end of the bead unloading elastically, as the
radial compressive load from antral wall contraction is
removed by 10 s. A similar relative decrease in elongation of
the left half of the bead is also observed in the case of the EP
beads (Fig. 8 and 12) over the same time interval (9.75 s-10.0
s). Fig. 14E also shows generation of several fine fragments
(with sizes of 0.6 mm, equivalent to SPH spatial resolution)
from the periphery of the centre-plane of the bead, orthogonal
to the axis of the pylorus. These sub-mm sized fragments
result from the frictional interaction of the bead surface with
the occluded terminal antral wall between 9.5 s and 10 s.
During this time interval, the TAC wavefront moves rapidly
towards the pylorus in a direction opposite to the bead
motion. Consequently, the surface of the bead in contact with
the moving antral wall experiences resistance and strong shear
stress, as the core of the bead is squeezed through the TAC
occlusion under the pressure of the retropulsive jets. This
leaves a thin peripheral layer of retarded material that loses
mechanical continuity with the core of the deformed bead and
is left behind in the form of small fragments (coloured as red
in Fig. 14E). At 10.0 s, the fragments that have separated from
bead 1 account for 0.8% of its initial volume. The average
damage increases sharply from nearly zero at 9 s to 0.52 at 10s
(Fig. 15A), indicating widespread structural damage to the
bead. Over the next 1.5 s (Fig. 14F-H), the maximally damaged
part of the bead surface is exposed to the strong TAC induced
eddies in the antrum (previously discussed in section 3 and
Fig. 4). Consequently, additional SPH particles in the surface
regions of the bead reach the maximum damage level leading
to their fragmentation and separation from the main body of
the bead. The pair of eddies then disperse these clouds of sub-
mm sized fragments away from the bead. At the end of the
first TAC (Fig. 14H), bead 1 resembles a capsule shape with
many void areas in the surface due to partial fragmentation
and is surrounded by a ring-like cloud of fragmented sub-mm
solids. This final fragment cloud, containing a total of 235
fragments (Fig. 15B), accounts for 7% of the initial bead
volume.

Fig. 16 shows the effect of the second TAC event on the pre-
viously deformed, damaged and partially fragmented EB bead
1. At 28.25 s, bead 1 again becomes trapped within the occlu-
sion of an approaching TAC (Fig. 16A). Over the next 0.5 s
(Fig. 16B and C), the occluding terminal antral wall contracts
further and radially compresses the right half of the deformed
bead, leading to an axial elongation of the bead into the shape
of an hourglass. Simultaneously, the retropulsive flow starts to
develop, as the volume available for the liquid decreases
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Fig. 14 Visualisation of TAC induced fluid dynamics and deformation of a nearly intact elastic-brittle solid bead between 9.00 s and 11.50 s (A—H).
The motion of the liquid digesta is represented by constant-length vectors with colouring according to the flow speed. The colour of the solid
beads shows the damage accumulated during the TAC.
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Fig. 15 The plots quantify the temporal variation in (A) cumulative average damage in the elastic-brittle solid bead 1, subjected to TAC deformation,
(B) total number of fragments generated from the six elastic-brittle beads and (C) total surface area of the elastic-brittle beads for three threshold

strains.

rapidly. The elongated bead is pushed further away from the
pylorus towards the occlusion due to the resulting hydrodyn-
amic pressure gradient loading it axially (Fig. 16D). The centre
of the bead, which is maximally compressed and partially frac-
tured from the previous TAC, undergoes complete fracturing,
leading to the separation of the deformed bead into two
primary parts at 29.25 s (Fig. 16E). At 29.50 s (Fig. 16F), the
terminal antral radially compresses the pylorus-facing left half
of the bead 1, which is then squeezed through the occlusion
under the pressure of the retropulsive flow. By 29.75 s
(Fig. 16G), the left half has been completely released from the
occlusion and moves further away, then collides with the sep-

This journal is © The Royal Society of Chemistry 2025

arated right half of the bead at 30 s (Fig. 16H). However, a con-
siderable number of small and highly damaged fragments are
left behind inside the occluded terminal antrum, as the retro-
grade flow cannot sufficiently quickly carry all these small par-
ticles out of the occlusion. Overall, the deformation and frag-
mentation of bead 1 during the second TAC event occurs over
a longer timeframe (~2 s), compared to the first TAC event
shown in Fig. 14 (which was around 1 s). The increment in
average damage level is also minimal (Fig. 15A). This is a con-
sequence of the more elongated and damaged nature of the
bead 1 after the first TAC, compared to its initial intact spheri-
cal form. By 30 s, the volume fraction of the separated sub-mm
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Fig. 16 Visualisation of TAC induced fluid dynamics and fragmentation of a previously damaged elastic-brittle solid bead which has undergone
partial breakdown from a previous TAC between 28.25 s and 30.00 s (A—H).
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sized fragments has increased to 10% of the initial bead 1
volume, compared to 0.8% at the same periodic timepoint
during the first TAC event (10 s). The second TAC leads to the
generation of an additional 124 fragments (Fig. 15B). This is
followed by the generation of 350 more fragments, when
further breakdown of bead 1 occurs during the third TAC
(Fig. 13A and 17F), resulting from the same mechanistic beha-
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viours as those described for the first two TACs but applying to
increasingly smaller, irregularly shaped larger fragments. With
each TAC, the average damage level increases progressively but
in smaller increments (Fig. 15A).

Fig. 15C shows the total surface area of the six EB beads
with a baseline TS of 0.025, plotted as a function of time,
which contrasts with the corresponding plot for EP beads with

TS =0.05

TS =0.025

TS =0.01

Velocity (mm/s)

Damage

Fig. 17 Visualisation of TAC induced fluid dynamics, damage and fragmentation of a nearly intact elastic-brittle bead during three consecutive TAC
events, corresponding to three threshold strains of the bead material: 0.05 (A—C), 0.025 (D—F), and 0.01 (G-I).

This journal is © The Royal Society of Chemistry 2025
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baseline YS of 100 Pa (Fig. 10B). For the EB beads, the total
surface area increases from 38 cm? to 47 cm?, which is sub-
stantially higher than the corresponding value (41 cm?) for
baseline EP beads at 10 s (Fig. 10B). This large increase is
driven by both deformation of the EB bead 1 and the gene-
ration of the 235 fragments during the initial TAC event
(Fig. 15B). In total, more than 2000 fragments are generated in
the three ACW cycles (60 s). In contrast, EP bead 1 experiences
substantial elongation and reduction in cross-sectional area
but limited fragmentation (Fig. 10A). Consequently, after 60 s,
the total surface area for baseline EP beads reaches only
53 em?, which is considerably lower than the 121 cm? observed
for baseline EB beads (Fig. 15C). This demonstrates that the
rheological nature of the food material has an important effect
on the deformation response under compression.

Another key difference between EP and EB bead 1 is the
sequence of their deformation during successive TAC events.
Deformation of the EP bead 1 occurs only during the first TAC
event (Fig. 6A). This is a consequence of the elongated cylindri-
cal shape of the EP bead 1 after the first TAC, which closely
conforms to the stomach wall shape at the end of the TAC. As
a result, there can only be weak further compression in sub-
sequent TAC cycles. In contrast, the EB bead 1 forms a
capsule-like shape without a large change in cross-sectional
area, so it can easily be trapped and compressed by sub-
sequent TAC waves. Therefore, during the onset of the second
TAC event, the EB bead 1 is much more likely to be trapped
inside the narrow occluded region of the terminal antrum with
peak compressive stresses that are much higher. Moreover,
due to the streamlined shape, the EP bead 1 moves faster
under similar flow conditions, reducing the probability of it
being trapped inside the occluded terminal antrum in future
antral cycles.

5.3 Effects of threshold strain on elastic-brittle deformation

Fig. 17A-C show the deformation and damage of bead 1 at the
midway points of each TAC event for the highest TS of 0.05,
which is the strongest material variant. These results can be
visually compared with Fig. 17D-F, which show the fragmenta-
tion of bead 1 for the baseline TS of 0.025. At 10 s, the stronger
EB bead 1 (Fig. 17A) is deformed by the initial TAC to a
capsule-like shape similar to that found in the baseline simu-
lation (Fig. 17D). However, the damage levels on the surface of
bead 1 in Fig. 17A are visibly lower compared to Fig. 17D.
Moreover, radial crack lines are absent in the stronger bead 1.
These results are consistent with the time variation of average
damage in Fig. 15A, where the average damage level at 10 s is
substantially smaller for TS of 0.05 than for 0.025. In the next
TAC cycle at 30 s (Fig. 17B), the damage profile on the surface
of the stronger bead 1 remains nearly unchanged. However,
while it is squeezed out of the occlusion during the third TAC
cycle at 50 s (Fig. 17C), a damaged area develops in the middle
of the bead with a rough surface. At this time, only 2% of the
bead volume is separated in form of fine fragments. This final
form of the stronger bead 1 (TS of 0.05), after the third TAC,
resembles the shape and fragmentation (0.8%) of bead 1
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during the first TAC (10 s) for the baseline case with TS of
0.025 (Fig. 17D). Similarly, the total surface area of the stron-
ger beads at 50 s is comparable to the same for the baseline
case after 11 s (Fig. 15C). Therefore, higher TS reduces the
degree to which mechanical breakdown can be achieved. This
highlights the important role of chemical and enzymatic
degradation of food materials in softening them, enabling
faster and more intensive mechanical breakdown.

The deformation and fracture of bead 1 with the lowest TS
of 0.01 is shown in Fig. 17G-I, corresponding to three consecu-
tive TAC events (10, 30 and 50 s). This weakest bead 1 fractures
rapidly and liberates approximately 400 small fragments
during each TAC event (Fig. 15B). During the first TAC (10 s), a
crack propagates through the middle of the bead 1, and the
surface adjacent to the crack experiences high levels of
damage (coloured as yellow to red in Fig. 17G) exceeding 0.9.
The area of high damage in Fig. 17G spreads over a larger frac-
tion of the bead surface compared to the baseline case (TS of
0.025) at the same timepoint (Fig. 17D). The first TAC event
also leads to separation of several sub-mm sized fragments
from this weaker bead 1. At 10 s, the 1.0% volume fraction of
the fragments generated is comparable to the 0.8% value for
the baseline case. The differences in fragmentation behaviour
of bead 1 between TS of 0.01 and 0.025 become more promi-
nent during the second TAC (30 s). At this timepoint
(Fig. 17H), a large fraction of the weaker bead 1 is squeezed
out of the occlusion in the form of mm and sub-mm sized
fragments (all red since they are at the maximum level of
damage). Moreover, a substantial volume of larger partially
damaged fragments (shown in green) is still entrapped within
the occlusion of the second TAC. In contrast, for the baseline
case, only a few fragments are located within the occluded
antral region (Fig. 17B). The largest chunk of the fragmented
weaker bead 1 (Fig. 17H) accounts for only 50% of its initial
volume, compared to 90% for the baseline case (Fig. 17B).
These results are consistent with the large differences in frag-
ment counts between TS of 0.025 and 0.01 at 30 s, as shown in
Fig. 15B. For the lowest TS, many fragments are also generated
between TAC events due to accumulation of damage by the
forces exerted by the ACWs and the resulting fluid flow
(Fig. 15A and B). Because of this continuous fracturing, the
total surface area of the bead increases substantially between
TAC events (Fig. 15C). During the third TAC (50 s), average
damage for bead 1 approaches the maximal value of 1.0
(Fig. 171 and 15A). The largest fragment of bead 1 consists of
less than 1% of the initial bead volume, signifying its disinte-
gration. The sub-mm sized fragments collide with the surface
of bead 2 located nearby, leading to its accumulation of a low-
level damage below 0.5 (shown in green blue in Fig. 17I).
These results highlight the role of particle-to-particle collisions
in the breakdown of very soft solid digesta. Overall, the total
surface area and number of fragments generated after the
three ACW cycles positively correlate with the TS of the EB
beads (Fig. 15B and C).

Some of the fine fragments generated from the weakest
bead 1 (TS = 0.01) are transported into the duodenum through

This journal is © The Royal Society of Chemistry 2025
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the periodically opening pyloric sphincter. At 60 s, the majority
of the fragments emptied into the duodenum have sub-mm
sizes, while the largest fragment measures roughly 4.2 mm x
2.0 mm. These model predictions are consistent with earlier
experimental studies suggesting that solid digesta must be
reduced to dimensions below 3 mm to facilitate their passage
through the pylorus to the duodenum.®®

6 Discussion

6.1 Gastric breakdown mechanisms

The results presented for the EB and EP solid beads collec-
tively offer some key insights into the mechanisms responsible
for the gastric breakdown of solid digesta. Essentially, four dis-
tinct classes of possible breakdown mechanisms can be identi-
fied from previous experimental and modelling literature:

(i) surface erosion due to chemical reactions catalysed by
gastric enzymes and acids,’**!

(ii) breakdown due to the pressure of fluid flow,

(iii) direct interaction between the deforming gastric wall
and solid digesta,’” and

(iv) collision with other solid food fragments
particles.*"%

The first mechanism has not been included in this gene-
ration of the model. The remaining three mechanisms are all
found to be highly active in the current study and contribute
to the breakdown behaviour of food materials. Rapid ACWs in
the terminal antral wall (TAC) and the resulting retropulsive
flow (mechanisms iii and ii respectively) work in coordination
to apply strong compressive stresses to the food materials
leading to much stronger break down of the solids for a wide
range of EB and EP mechanical properties. TAC induced
mechanisms, such as radial loading (squeezing) from antral
wall compression and axial loading from retropulsive flow,
have been shown to play a more important role in the break-
down of solids, particularly in the initial stages of digestion.

The results from the current study also demonstrate that
collisions between solid materials (mechanism iv) can have a
substantial effect on solid breakdown but only when the solid
materials are soft or weak (either having a low TS for EB
materials or a low YS for the EP materials). This demonstrates
that solid-to-solid collisions can contribute to solid breakdown
primarily in the later stages of digestion when the solids have
become sufficiently softened due to gastric reactions and
diffusion of water inside the food structure (mechanism i).
The general weakening of the structure of solid foods by
mechanism i is generally synergistic with all three mechanical
degradation mechanisms.

19,91

and

6.2 Implications of food rheology on nutrient availability and
satiety

Despite the relatively short time frame used in the simulation,
compared to total digestion times (minutes to hours), the
current study reveals some key impacts of food rheology on
nutrient absorption and satiety through the model predictions
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for total surface area of the beads and number of bead frag-
ments. The total bead surface area at the end of the 60 s
period appears to be substantially lower for the EP beads com-
pared to the EB beads. The increase in surface area of the EP
beads is mostly a consequence of their deformation into
elongated and non-spherical shapes. In contrast, EB beads are
fractured into numerous sub-mm sized fragments which con-
tributes to a larger increase in total surface area, which is
inversely proportional to their TS. The higher surface area of
the EB beads can lead to stronger acidification and interaction
with the digestive enzymes and subsequently faster and more
complete nutrient release in the intestines.”> Over a longer
period, smaller EB bead fragments are likely to be emptied
faster from the stomach through the gastric sieving
phenomenon.>” On the other hand, significantly deformed
yet mostly non-fragmented EP beads would be retained in the
stomach over longer timeframes for additional breakdown.
This delayed gastric emptying of the EP beads can result in a
higher level of satiety.'®

6.3 SPH model limitations

While the new SPH model of gastric breakdown provides key
insights into the deformation and fracturing dynamics of soft
solid foods, several limitations need to be acknowledged.
Firstly, the gastric walls are assumed to be rigid structures
with high stiffness and strength since their deformations are
kinematically prescribed. This assumption is only valid for
scenarios involving soft solids with low stiffness and material
strength. For solids with stiffness and strength equivalent or
higher than the gastric wall, there will be substantial mechani-
cal compliance and feedback on the gastric wall, which could
affect the wall contraction dynamics including the TAC. The
wall contractions can also be influenced by factors such as
gastric content volume and viscosity, leading to more irregular
motility patterns. Moreover, some fragmentation of the EB
beads predicted by the SPH model could include a minor
amount of numerical fracture that does not correlate with the
actual damage accumulation in a real material. This can
potentially influence the interpretation of fragmentation pat-
terns. The smallest size of the fragments is also limited by the
spatial resolution (initial particle separation) of the SPH
model. Finally, the model employs a closed (no-flux) boundary
condition at the duodenal boundary, resulting in negligible
duodenal flow and relatively low pyloric discharge rates
through the open sphincter. A high pyloric discharge rate can
potentially alter the trajectory and deformation dynamics of
the beads in the terminal antrum. These limitations of the
SPH model provide context for the model predictions and
highlights several areas for future work.

6.4 Future work

In the current study, 60 s of gastric mechanical breakdown was
simulated with the goal of understanding the impact of
various mechanical breakdown mechanisms on a model solid
food. In future work, the model will be extended to run over
longer durations, potentially of order of an hour which would
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allow inclusion and coupling of chemical and enzymic weak-
ening (mechanism 1). Such extended timeframes will facilitate
comparison and validation of the model predictions with
results from other in vivo and in vitro*"*" studies investigating
the breakdown of similar spherical solid beads. This compu-
tational model with a longer timeframe could also serve as an
in-silico tool to assist with designing foods and oral drug deliv-
ery systems with targeted gastric retention times.***

The model also needs to be enhanced with extensions relat-
ing to:

(i) Tonic contraction of stomach: the volume of gastric
digesta can influence the overall size and shape of the
stomach due to changes in gastric tonic contraction, which
can subsequently affect the flow of digesta in the antrum.
Incorporating data from MRI studies® that quantify total
gastric volume and gastric content volume at different times
after a meal will be used to model the slow tonic contraction
of gastric wall and its effect on dynamics of solid foods.

(if) Mechano-chemical breakdown of food fragments in the
stomach: in our ongoing work, the secretion of gastric acid
from the stomach wall is being investigated, along with its
mixing with rest of the digesta through advection and diffusion.
The next crucial step in the development of this model is to
include coupled representations of chemical and mechanical
processes that lead to food breakdown, including water absorp-
tion, key chemical reactions involving gastric acid and enzymes,
surface erosion, dissolution and the softening of solid foods.

(iif) Duodenal pressure: over longer durations, duodenal
pressure can significantly impact the gastric emptying rate and
flow within the stomach,’® affecting the dynamics and
mechanical breakdown of solid beads. The effect of food
breakdown dependence on duodenal pressure and its variation
needs to be investigated.

For sufficiently accurate modelling of mechanical break-
down, it will be important to also quantify the time and spatial
variation in material properties of solid digesta during gastric
digestion, corresponding to different gastric conditions,
degrees of water absorption, and degradation of the food
matrix structure. In future work, digesta samples will be
characterised using data from laboratory tests such as uniaxial
compression tests. Mathematical or empirical relationships
can be developed to incorporate material property variations
in the food materials as water is absorbed or chemical changes
occur, which can be directly coupled with mechanical effects
in the SPH framework.

These model additions will enable comprehensive simu-
lations of gastric fluid dynamics and digestive life cycle of
solid foods over a broad range of gastric conditions.

7 Conclusions

This study introduces a novel computational model of gastric
breakdown of soft solid foods in a liquid medium driven by
realistic three-dimensional motion of the gastric walls. The
model incorporates peristaltic contraction waves, including
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Terminal Antral Contractions (TACs), which are rapid, high-
amplitude peristaltic waves travelling in the antral wall near
the pylorus. Smoothed Particle Hydrodynamics (SPH) is used
to simulate the movement of the stomach walls, the resulting
fluid dynamics of the liquid medium, and the motion, defor-
mation and fracturing of solid beads. Two types of solid rheol-
ogy are considered - elastic-plastic (EP) and elastic-brittle (EB),
which represent the majority of solid food mechanical beha-
viours in the stomach.

The model shows how gastric wall contractions and fluid
dynamics can determine the behaviour of solid foods. When
the pyloric sphincter opens, flow is established through the
sphincter towards the duodenum. Nearby solids are drawn
towards the sphincter, with bodies that are larger than the
sphincter opening able to obstruct the transpyloric flow. These
cease moving as the contact force from the sphincter wall bal-
ances the fluid pressure gradient. When the pyloric sphincter
closes, these jammed solids are pushed back towards the
antrum. Rapid contraction of the terminal antrum during TAC
generates a high-speed retrograde jet from the pylorus towards
the antrum, reversing the fluid flow direction. Solids near the
pylorus therefore follow loop-like trajectories driven by the
alternating direction of flow to and from the pylorus. In con-
trast, solids located in the middle of the antrum have generally
downward trajectories, causing them to settle near the bottom
of the stomach.

The results demonstrate three distinct mechanisms causing
mechanical breakdown of solid foods in the stomach -

(i) During the TAC, large solids present in the terminal
antrum can be subjected to strong radial compression by the
occluded wall. Simultaneously, the TAC induced retropulsive
flow loads the solid in the direction opposite to that of the TAC
waves. Due to this combined wall and fluid mechanical
loading, a solid can be extruded into an elongated shape (EP)
or fractured (EB), depending on its rheological behaviour.
Decreasing the yield stress of EP materials increases the
amount of plastic deformation, while decreasing the threshold
strain (fracture strength) of EB materials leads to more fre-
quent fracturing into a greater number of fragments.

(if) Fluid motion from the peristaltic waves in the bottom of
the stomach can lead to collisions between solids, which can
be followed by compression of the solids by the moving antral
wall leading to substantial change in their shape and some
size reduction, depending on their rheology (EP or EB) and
strength (yield stress or threshold strain).

(iif) During closure of the open sphincter, the sphincter
wall can exert a deforming force on the contact area of the
solids jamming the transpyloric fluid flow. Strong shear defor-
mation can cause a thin surface layer of the solids to be
pinched off, leading to the formation of very small fragments
that are suspended in the adjacent fluid.

The model predictions highlight TACs as a major driver of
solid breakdown, during which solid foods of different rheolo-
gies and a wide range of material strengths can be rapidly
deformed and/or fragmented. Weakening of the food struc-
ture, due to chemical processes, is likely to strongly couple

This journal is © The Royal Society of Chemistry 2025
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with this mechanical breakdown during subsequent TAC
events. The study also shows that peristaltic wall movements
and solid-to-solid collisions can contribute meaningfully to
soft solid breakdown when the food structures are sufficiently
weakened.
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