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ABSTRACT

This study introduces a computational framework for modelling raw chicken breast fillets using the Discrete
Element Method (DEM), aimed at providing a baseline efficient simulation model for large-scale poultry
handling processes. A bonded multi-sphere meta-particle representation was developed and calibrated through
mechanical testing of raw fillets. Compression experiments yielded a Young’s modulus of approximately
48.6 kPa, which informed the stiffness properties of the DEM sub-particle assembly. Numerical Design of
Experiments (DoEs) highlighted the need for an unbalanced ratio between normal and shear bond stiffness
to ensure correct damping behaviour and preserve realistic flexibility. The framework was validated using a
full-scale hopper—conveyor discharge experiment, demonstrating the model’s ability to reproduce key physical
behaviours such as large deformations, curling during discharge, and the transition between jammed and free-
flow regimes. The simulation closely matched the measured discharge rate, with all chicken fillets discharged
within 4 s at a 6 cm gate opening height. The proposed model required approximately 9 mins to simulate a
10-second industrial-scale process, underscoring the model’s practical suitability for simulation-aided design

and optimisation of poultry processing equipment.

1. Introduction

Global poultry consumption is on a consistent upward trajectory,
driven by its cost-effectiveness, high nutritional profile, and the ex-
panding variety of further-processed products (Sudheer, 2025; Yang
et al.,, 2021). This sustained demand places significant pressure on
processing facilities to increase throughput while maintaining strict
quality and safety standards, such as assessment of chemical contam-
inants in beverages and the usage of antimicrobial edible coatings in
poultry products (Naghashan et al., 2022; Shahvandari et al., 2021).
Meeting these demands requires higher throughput and greater consis-
tency, prompting a shift towards automation. However, the develop-
ment of automated systems for handling poultry is hampered by the
complex, non-linear mechanical properties of biological tissues. Tradi-
tional design cycles for such equipment rely heavily on trial-and-error
prototyping, which is both costly and time-consuming.

Computer-Aided Design (CAD) with tissue modelling is one of the
promising solutions to reduce this labour-intensive prototyping. Tissue
modelling is critical across diverse sectors, ranging from biomechanics
to food processing, as it facilitates a deeper understanding of specific
tissue behaviours and their environmental interactions. Significant ad-
vancements have been achieved in modelling meat and tissue using
Finite Element Analysis (FEA), a widely adopted method for simulating
soft tissue (Freutel et al., 2014). In the context of food engineering,
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3D FEA has been successfully validated for predicting environmental
interactions, such as the cooling rates of meat products within indus-
trial processing facilities (Cepeda et al., 2013). Beyond macroscopic
environmental interactions, multiscale computational frameworks have
been developed to investigate the fundamental mechanical properties
of meat structure at varying levels of complexity (Spyrou, 2020). Fur-
thermore, Mohammadi et al. (2024) employed FEA to model surgical
interactions, while Verma and Pullela (2024) details several hyper- and
viscoelastic FEA models — such as the Standard Linear Solid or Burgers
models (Huang et al., 2011; Lin, 2024) — capable of replicating soft
tissue behaviour under diverse loading scenarios.

However, while these models offer high accuracy for individual
tissue components, they demand substantial computational resources
and remain limited in scope and scale. Recent research continues
to explore the potential of FEA for specialised applications, such as
the texture development and structural design of plant-based meat
analogues (Zhang & Zhu, 2025). Despite its utility in these specific
contexts, the high computational burden makes FEA less suitable for
large-scale industrial simulations. Recent efforts to mitigate this include
hybrid models that combine rigid body transformations with localised
FEA (Kim et al., 2017; Romero et al., 2020), as well as data-driven
approaches that seek to bypass FEA during runtime via predictive algo-
rithms (Agafonov & Zelnik-Manor, 2024). Nevertheless, hybrid models
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Table 1
Dimensions of the modelled fillets. Each size is generated in both original and
mirrored variations.

No. Length (mm) Width (mm) Thickness (mm)
1 144 72 40
2 172 72 32
3 176 72 40

remain computationally expensive, and learning-based approaches are
constrained by the necessity of vast, pre-existing experimental datasets,
which are scarce in the poultry processes.

The primary challenge in industrial poultry processing is that it
involves the dynamic handling of thousands of individual fillets. This
environment is characterised by a high frequency of complex inter-
actions, both among the fillets themselves and between the fillets
and the processing machinery. FEA is not well-suited for such large-
scale dynamic problems; the computational cost associated with multi-
body contact detection and non-linear deformation at this scale is
prohibitive (Mottet & Tempio, 2017). With global poultry demand
expected to experience a substantial growth of over 120% in the coming
decades (Alexandratos & Bruinsma, 2012; Mottet & Tempio, 2017),
there is an urgent need for models that can facilitate the simulation-
based design of automated solutions to save substantial costs in design
and optimisation.

In the domain of particle-based systems, the Discrete Element
Method (DEM) has emerged as a powerful alternative for simulating
complex material dynamics (Cundall & Strack, 1979). Originally de-
veloped for the analysis of rock problems, DEM calculates forces on
particles based on their properties and overlap at every timestep; resul-
tant accelerations, velocities, and positions are then updated iteratively.
It has proven effective in modelling realistic material behaviours and
driving design breakthroughs across several industrial processes (Chen
et al., 2019; Schott et al., 2021; Xu et al., 2023). Notably, DEM has
been successfully employed to simulate and analyse the behaviour of
flexible products, such as wheat straw (Schramm & Tekeste, 2022;
Schramm et al., 2021; Shi et al., 2023), grapes and kiwis (Wu et al.,
2022; Zu et al., 2025), demonstrating the method’s capability to handle
large numbers of interacting bodies. However, existing research on
flexible object modelling has focused mainly on simple beam-shaped
geometries. Research tackling more complex shapes has often yielded
relatively rigid models that fail to replicate the high flexibility of
chicken fillets (Li et al., 2022). Consequently, no modelling methods
currently exist for simulating chicken fillets or their interactions with
machinery, and the relevant engineering properties required for such
a model remain largely unknown. This study aims to address this gap
by investigating the extent to which DEM can be utilised to model the
realistic individual and bulk behaviour of chicken fillets. Rather than
developing an exhaustive high-fidelity framework, this work serves as
a foundational proof of concept, utilising valid simplifying assumptions
to establish a computationally efficient model. The primary objective is
to qualitatively capture the essential mechanical behaviour of chicken
fillets and simulate large-scale handling processes with reasonable com-
putational overhead. By prioritising speed and behavioural accuracy
over micro-physical detail, this model offers a viable tool for Computer-
Aided Design (CAD) and simulation-aided optimisation (e.g., hopper
and chute geometry in the handling process), representing a critical
step towards the realisation of full automation in the poultry industry.

2. Methodology

The development of a computationally efficient DEM model for
chicken fillets involves a multi-scale approach, transitioning from fun-
damental particle interactions to the simulation of complex bulk be-
haviour. This section details the modelling framework and the relevant
experiments used to achieve the final chicken fillet model.
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2.1. Contact model: Hertz-Mindlin with JKR

To simulate the interactions between fillets and processing equip-
ment, the Hertz—Mindlin (Hertz, 1882; Mindlin, 1949; Mindlin & Dere-
siewicz, 1953) with Johnson-Kendall-Roberts (JKR) model (Johnson
et al., 1971) was employed. The Hertz-Mindlin model calculates the
normal force (F,) based on the elastic deformation of the particles. The
normal force is defined as:

F, = gE*\/R*éi/z )

Where §, is the normal overlap, and the equivalent Young’s modulus
(E*) and equivalent radius (R*) are derived from the properties of the
two interacting bodies (1,2):

2 1= V2

Ly 2 @

1 1-v
E* E E,

and equivalent radius R*:

1 1 1

ROR R ©
In this formulation, E represents the Young’s modulus and v the

Poisson’s ratio. To account for the adhesion characteristic of biological

tissues, the JKR model modifies the normal force by incorporating the

interfacial surface energy (y). Under the JKR framework, the normal

force F;gg and the overlap §, are expressed in terms of the contact

area radius (a) (Johnson et al., 1971):

FJKR=%113—4 Ty E* a*? “4)

a? 4rnya
W=V E
The JKR model is highly relevant for chicken fillets as it accounts for
the “pull-off” force required to separate adhering surfaces, e.g., sticking
among the fillets and between fillets and handling equipment. The
rolling friction was intentionally omitted from the contact model. While
rolling friction is often used in DEM to compensate for the “rolling” of
spherical particles, the irregular, non-spherical geometry of the whole
fillet naturally resists rolling. By utilising a multi-sphere meta-particle
approach, the bulk mechanical resistance and friction behaviour are
governed by the macro-shape rather than an artificial rolling friction
coefficient.

(5)

2.2. Chicken fillet: Bonded particle model

The primary challenge in representing a chicken fillet lies in its
irregular shape and inherent flexibility. To achieve this, fillets were
modelled as meta-particles—complex assemblies composed of 4 mm
radius sub-particles. Six distinct mesh-based representations were de-
veloped to capture natural size variance (three sizes and their mirrored
counterparts), as shown in Fig. 1, and their corresponding actual size
variations are given in Table 1.

To replicate tissue flexibility, the Bonded Particle Model (BPM) (Po-
tyondy & Cundall, 2004) was utilised to connect the sub-particles. To
maximise the range of motion and prevent the model from becoming
overly rigid, torque feedback within the bonds was disabled. The
normal (§F,) and tangential (§ F,) force increments per timestep within
a bond are calculated as follows:

8F, =v,S,7R%5, and 6F, = uv,S,7R%5, (6)

where v, and v, are the normal and tangential velocities of the particle,
S,, is the bond stiffnesses, R, the particle radius multiplied by the
bonded disk scale (set to 1.0 without any scaling) and &, is the timestep.
Notably, these equations exclude damping terms. Instead, a specific
strategy for energy dissipation using an unbalanced stiffness in normal
and tangential directions was developed, which will be elaborated and

discussed in the sensitivity section.
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Fig. 1. Three chicken fillets shape variations and their corresponding generated bonded metaparticles. Each metaparticle is generated in two sub-variations:

original and mirrored (marked with letter “M”).

Fig. 2. Illustration showing (a) unwanted bonds forming a rigid truss structure in red and (b) the contact radius limit for preventing these undesired bonds

forming.

To ensure the meta-particle remained intact under loading condi-
tions, normal and shear strengths were set to a near-infinite value (1 x
10320 Pa), which prevents the bond from breaking due to the yielding of
the maximum strength. A dual-particle-type system was implemented
to enhance flexibility without sacrificing structural integrity, which is
shown in Fig. 2. If a single particle type were used with an increased
contact radius, a “stiff truss” structure would form due to the unwanted
diagonal bonding (Fig. 2a). This limits the contact radius to R\/E
without the formation of these diagonal bonds. By utilising two distinct
particle types and only defining bonds between different types, the
maximum contact radius can be effectively increased to R\/§ without
creating the undesirable diagonal stiffening bonds, as shown in Fig. 3.
Note that although the bond strength is set to nearly infinite, the bonds
can still break/fail if the distance between the two bonded particles
exceeds the sum of the two contact radii, e.g., large tensile deformation
that pulls one particle far away from its neighbouring bonded particle.

The numerical framework was implemented using the DEM software
Altair EDEM™ 2023. All simulations were executed on a standard
workstation consisting of an NVIDIA RTX 3070 Ti GPU and a 12th-
generation Intel i7 CPU. The scale of the final bulk fillets handling
experiment involved the simultaneous simulation of 191 fillets, which
comprised a total of over 41,000 sub-particles. Utilising GPU accelera-
tion was critical to maintaining the computational efficiency, and the
example computational cost of the case above is 9 mins GPU time for a

10-second real-life process that has an effective discharging throughput
of 7.6 kg/s.

2.3. Model input parameters

The model parameters were established through a tripartite ap-
proach involving a review of existing literature, controlled laboratory
experiments, and iterative calibration via sensitivity analyses. For the
cases where specific input parameters were absent in the literature, the
best available empirical alternatives were reviewed and utilised.

2.3.1. Material properties from literature

Initial mechanical properties were derived from benchmarks in
soft tissue biomechanics. While specific data for chicken fillets is
sparse, Choi and Zheng (2005) reported that the Young’s modulus
for general soft biological tissues typically ranges between 10-60 kPa
(0.01-0.06 MPa) in indentation or low-strain-rate environments.

For the Poisson’s ratio (v), a value of 0.37 was assigned to the
individual sub-particles. In the absence of specific literature for raw
breast fillets, this value was adopted from Jahanbakhshian et al. (2017),
who investigated the properties of chicken nugget crumbs at 7 °C.
While crumbs represent a processed poultry derivative, they provide
a reasonable approximation of the constituent tissue’s elasticity under
standard factory temperatures. It is important to emphasise that this
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Fig. 3. The full model with 2 particle types (a), illustrating the increase in maximum contact radius (b).

ratio is defined at the sub-particle level (as in Fig. 1); the effective Pois-
son’s ratio of the final meta-particle is an emergent property resulting
from the collective interactions of the sub-particle assembly and the
defining mechanical bonds.

To incorporate the inherent stickiness of the fillets, the Hertz—
Mindlin contact model with JKRv2 was employed (Hertz, 1882; John-
son et al., 1971; Mindlin, 1949; Mindlin & Deresiewicz, 1953). While
the precise interfacial surface energy (y) of raw fillets is not explicitly
defined, Silva et al. (2024) quantified the critical surface tension of
chicken breasts at 54.56 mN/m (0.055 J/m?), which is used as the
baseline for the JKRv2 adhesion parameters. Due to the predominantly
sliding nature of the fillets and their irregular geometry, rolling friction
was omitted, and coefficients of restitution were minimised (0.0001)
to replicate the substantial energy dissipation observed during physical
handling.

2.3.2. Experiments using individual chicken fillet

To establish a validated foundation at the individual scale, a series
of experiments was conducted to characterise the mechanical proper-
ties of a single chicken fillet, as shown in Fig. 4. These small-scale
tests aim to verify the meta-particle’s behaviour by quantifying its
response to specific physical loads. By measuring these individual fillet
behaviours through compression, bending, and sliding tests, we provide
the empirical basis necessary to verify the model’s performance before
transitioning to the simulation of complex bulk-handling processes.

The initial phase of experimental calibration focused on the material
level through a series of compression tests (Fig. 4a). Three 35 x 35 X
10 mm samples were carefully extracted from a raw chicken fillet
and subjected to compression using a Zwick/Roell compression tester
equipped with an Xforce P load cell, reaching a maximum force of 20
N and a constant loading speed of 1 mm/min. The Young’s modulus
(E) was derived specifically from the linear region (within 3% strain)
of the stress—strain curve recorded during the compression phase.

Subsequently, the external interaction between the fillets and the
processing machinery was evaluated using an inclined plane sliding
test (Fig. 4b). A stainless steel plate (SAE304) was gradually tilted
until the fillet initiated a sliding motion, at which point the critical
angle of inclination («) was observed and recorded. To account for the
variable conditions found in industrial processing facilities, these tests
were performed with both dry and wet chicken fillets. This distinction
allowed for an assessment of how surface moisture and the resulting
adhesion influenced the critical sliding angle.

On a structural level, the internal bond stiffness parameters of the
meta-particle were configured through a qualitative bending analysis,
as illustrated in Fig. 4c & d. This experiment compared the deformation
of a physical chicken fillet as it rolled off a conveyor ledge with the
simulated behaviour of the bonded-particle assembly. By a numeri-
cal design of experiments (DoE), the bond model was calibrated to
replicate the natural flexibility of raw fillets.

2.3.3. Sensitivity and model stability

Beyond providing flexibility at meta-particle/chicken fillet scale, the
bond stiffness parameters significantly influence the model’s numerical
stability and damping characteristics upon impact. To define the op-
erational limits of the framework and prevent numerical divergence
during dynamic situations, a comprehensive sensitivity analysis was
conducted. This analysis involved dropping a set of 90 modelled fillets
(15 of each fillet representation as shown in Fig. 1) onto a horizon-
tal surface under different conditions (impact speed, bond stiffness
parameters and impact angles).

Performance was evaluated based on two primary metrics: the
percentage of bonds remaining intact post-impact to assess structural
integrity, and the time required for the system to dissipate total kinetic
energy to evaluate damping efficiency. These simulations identified the
stable parameter space necessary to replicate industrial interactions
with high fidelity, ensuring the model remains robust against fracture
or computational instability under realistic processing conditions. All
final input parameters derived from these procedures are summarised
in Table 2.

2.4. Experiments for bulk chicken fillets flow

After the determination of individual meta-particle properties, the
framework was extended to evaluate the collective dynamics and bulk
behaviour of the fillets. An experiment was designed using an indus-
trial hopper positioned above a modular conveyor belt, replicating a
standard configuration found in poultry processing lines. The hopper
featured an adjustable front plate, or gate, through which the under-
lying conveyor belt extracted the fillets. The specific dimensions and
geometric configuration of this experimental setup are detailed in Fig.
S.

The experimental procedure involved loading the hopper inner vol-
ume of 0.0407 m3 with raw chicken fillets, which corresponds to a total
mass of 38.21 kg. Once filled, the conveyor belt was activated and ran
at a constant velocity of 15 m/min. The resulting outflow was observed
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Fig. 5. The bulk experiment test setup: (a) front view, (b) back view. Two opening heights, 4.5 cm and 6 cm are tested via an adjustable opening plate.

to characterise the discharge behaviour and material flow patterns.
To investigate the sensitivity of the flow to geometric constraints, the
experiment was performed at two opening heights: 4 cm and 6.5 cm.
Furthermore, to investigate common industrial practices where surface
moisture is utilised to mitigate adhesion, water was added to the bulk
fillets and tested at the two opening heights to examine the influence
of lubrication on the flow dynamics. To provide a direct comparison
between the empirical data and the numerical framework, the bulk
experiment was also modelled in DEM by generating 191 fillet meta-
particles in normal conditions. This setup allowed for a qualitative
and quantitative evaluation of the simulation’s ability to replicate
real-world phenomena, such as flow and clogging at the opening.

3. Results and discussion
In this section, we present the experimental and numerical results

used to calibrate and validate the chicken fillet model. We first anal-
yse the material-level response through compression and individual

behaviour (bending and sliding), followed by a sensitivity analysis of
the bond parameters. Finally, we evaluate the bulk flow behaviour in
an industrial hopper setup to demonstrate the model’s validity and its
potential for CAD applications.

3.1. Uniaxial compression of chicken breast fillet

In Fig. 6, we plot the stress—strain response of the raw chicken
fillet samples obtained from the Zwick/Roell compression tests. The
loading curves of three test samples are consistent with each other and
reach almost identical final stress levels around 4 kPa, showing high
repeatability of the compression behaviour. All three samples exhibit
viscoelastic and strain stiffening behaviour. Therefore, the Young’s
modulus (E) was derived from the linear region of the compression
loading curve (strain < 0.03), yielding an average value of 48.6 +
1.64 kPa. While this is nearly an order of magnitude lower than the
0.37 MPa reported by Ko et al. (2023), it is important to note that
the latter study utilised cooked chicken breast. The cooking process
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Fig. 6. The stress-strain curves resulting from the compression test.
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Fig. 7. Bend angles of the model for different stiffness combinations.

denatures proteins and reduces water content, significantly increasing
the structural stiffness of the tissue. In contrast, our result aligns closely
with the 10-60 kPa range reported by Choi and Zheng (2005) for raw,
hydrated soft biological tissues under low-strain-rate conditions. This
agreement confirms that a modulus of approximately 48.6 kPa is a
representative input for the sub-particle properties in simulations of
raw fillets and thus will be further used in all the simulations.

3.2. Bending and sliding behaviour

To calibrate the structural flexibility of the meta-particles, Fig. 7
illustrates the relationship between bond stiffness and the resulting

bend angle. As anticipated, the bend angle has an inverse relationship
with both normal and shear stiffnesses, i.e., a decrease in stiffness
leads to an increase in the bend angle. Achieving the high flexibility
measured in real fillets (angles > 120°) requires relatively low bond
stiffness values. This confirms that the bonded-particle assembly is
capable of replicating the high degree of flexibility characteristic of raw
chicken fillet. However, the parameter space reveals a distinct region
of numerical instability. Specifically, when the normal stiffness is high
relative to the shear stiffness, the model becomes unstable regardless of
the simulation timestep (tested down to 10710 s). Conversely, a higher
shear-to-normal stiffness ratio merely results in a greater frequency of
bond fractures rather than total system divergence. This suggests that
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Fig. 8. (a) The sliding angle of the modelled fillet as a function of the interfacial surface energy and sliding friction coefficients between fillet particles and steel.
(b) The influence of water on the sliding angle obtained from the sliding experiment using the real-life chicken fillets.

Table 2

Summary of the DEM model input parameters.
Bulk material: Value Unit
Poisson’s ratio 0.37 -
Sub-particle Density 2200 kg/m?
Meta-particle Density 940 kg/m?
Young’s modulus 48.6 kPa
Interactions, Fillets - Fillets
Restitution 0.0001 -
Static Friction 0.1 -
Interactions, Fillets - Equipment
Restitution 0.0001 -
Static Friction 0.5 -
BondingV2
Normal stiffness per unit area le6 N/m?
Tangential stiffness per unit area 6e5 N/m’
Contact radius 6.928 (~ 4\/3) mm
Normal/Shear strength 1e300 Pa
JKRv2, Fillets - Fillets/Equipment
Interfacial surface energy 0.055 I/m?
Simulator settings
Timestep 5.75e-5 s

a state of equilibrium between normal and shear stiffness is required
to maintain the structural integrity of the meta-particle during large
deformations.

The sliding characteristics are analysed in Fig. 8a. From the nu-
merical DoE, the coefficient of friction (u) exhibits a strong linear
correlation with the sliding angle. Surprisingly, the interfacial surface
energy shows a negligible influence on the results. This aligns with our
experimental observations, where immersing the fillets in water before
slide testing did not significantly alter the sliding angle, as shown in Fig.
8b. These results suggest that for the scales and velocities considered
here, the sliding behaviour is dominated by the friction coefficient
rather than the adhesive force between the steel surface and the chicken
fillet. Based on the fit between simulation and experimental data, a
coefficient of friction of 0.5 was selected for the fillet-steel interaction.

3.3. Model stability and damping behaviour
In Fig. 9, we evaluate the damping behaviour using the settle time,

which is the time taken for the whole chicken fillet to dampen 99%
of its initial kinetic energy. The influences of bond stiffness in both

normal and shear directions are examined here. The results reveal a
“valley” shape, where low, unbalanced stiffness configurations result in
the most efficient energy dissipation (minimum settle time). Balanced
configurations (equal normal and shear stiffnesses) can take up to five
times longer to dampen 99% of the kinetic energy after impact. No-
tably, these results demonstrate that realistic damping can be achieved
through the intrinsic mechanics of the bonded assembly without the
need for artificial global damping terms or extra damping terms to be
added to the visco-elastic bond equations.

Next, we further evaluate the influence of the impact angles using
the percentage of intact bonds post-impact, which is an essential in-
dicator of the structural integrity of the meta-particle modelled. Fig.
10 shows all points in the numerical DoE space in which the impact
angles were varied with respect to the principal axes of the chicken
fillet (Pitch, Yaw and Roll). It is observed that the impact orientation
significantly dictates bond survival; horizontal impacts distribute stress
across a larger number of bonds, whereas vertical impacts on fewer
sub-particles lead to localised stress concentrations and higher fracture
rates.

In addition, the influence of impact velocity on model stability is il-
lustrated in Fig. 11. The axes represent normal stiffness, shear stiffness,
and impact velocity, while the colourbar denotes the percentage of in-
tact bonds after impact. Each point corresponds to a single simulation,
and those with more than 50% bond survival are highlighted to indicate
regions of stable behaviour. The distribution of simulation points shows
that lower impact velocities consistently lead to a higher percentage
of intact bonds, as reflected by the predominance of blue tones at low
velocities. In contrast, configurations that are stable under low-velocity
impacts can become unstable when the velocity increases, suggesting
that dynamic loading amplifies bond breakage even for comparatively
stiff parameter combinations.

A mechanistic explanation for the observed failures can be drawn
from the particle-level kinematics during impact. In many of the un-
stable configurations, particle pairs are displaced beyond a critical
geometric limit, where the centre-to-centre separation exceeds the sum
of their contact radii. Once this distance is surpassed, the bond is forced
to break regardless of whether the internal stress in the bond has actu-
ally reached its yielding strength. Increasing the bond stiffness reduces
the likelihood of such excessive separations and, in some regions of
the parameter space, can even eliminate failure entirely, resulting in
100% intact bonds after impact. However, this comes at the cost of
producing meta-particles that respond unrealistically rigidly. Excessive
stiffness suppresses the highly deformable behaviour characteristic of
real chicken fillet, thereby compromising the physical fidelity of the
model.
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Fig. 10. The influence of impact angles on the stability (structural integrity) of the chicken fillet meta-particle after impact with different bond stiffnesses.
Colourbar indicates the percentage ratio of the bonds before and after impact and is limited to above 95%.

The last sensitivity aspect falls onto the size scaling of the meta-
particles (sub-particles), as it directly correlates to the total number of
meta-particles, thus the computational cost of the simulation. Scaling
the meta-particles had a pronounced effect on the model’s stability, as
shown in Fig. 12. At the smallest scale 1, the system exhibits a sharp
transient: the settle time drops from 0.78 s to approximately 0.05 s,
while the percentage of intact bond is very low (<5%). As the scale
increases towards 2, the bond-survival fraction rises steeply and then
plateaus near 100%; beyond this point, size scaling showed almost
no influence on the bond integrity. In contrast, the settle time grows
monotonically with scale from approximately 0.2 s to 0.5 s at scale 10
(with small oscillations).

The strong scale dependence arises because the contact radius, bond
radius, normal and tangential stiffness (the values set per unit area
stay constant) all increase with particle size (cf. Eq. (6)), so uniformly
scaling up the size of the meta-particles (and sub-particles) raises
the effective stiffness of the bond network. This stiffening suppresses
subparticle detachments. In contrast, at the smallest scale, sub-particles
are more readily displaced beyond the critical separation (center-to-
center distance exceeding the sum of contact radii), forcing bonds
to fail geometrically even when stresses remain below the yielding
threshold/maximum strength; the consequence is the low percentage
of intact bonds. The gradual increase in the settle time with scale
is consistent with the damping behaviour observed earlier (Fig. 9):
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Fig. 11. The influence of impact velocity on the stability of the chicken fillet meta-particle after impact with different bond stiffnesses.
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Fig. 12. The influence of particle size scale (0.25x - 10x) on model stability and its damping behaviour.

higher, well-balanced stiffness leads to slower energy dissipation, so the
system takes longer to settle despite being mechanically stable. Practi-
cally, these results highlight a trade-off. Increasing scale value/bond
stiffness can eliminate detachment-induced bond loss, but it also pro-
duces longer damped responses and over-rigid meta-particles that no
longer capture the flexible character of the chicken-fillet. Selecting the
balanced scales and corresponding stiffnesses just above the stability
threshold (where percentage of intact bonds is 100% yet settle times
remain moderate, e.g., scaling 1x with 4 mm subparticles) appears

to offer the best balance between numerical robustness and physical
realism.

Table 3
Chicken fillets flow behaviour in bulk experiments.

Opening height Normal With water
4.5 cm Inconsistent flow No flow
6 cm Constant flow Inconsistent flow

3.4. Validation of bulk flow behaviour

To evaluate the numerical framework’s performance at an indus-
trial scale, we compare the bulk discharge characteristics of the DEM
model against physical experimental data through both qualitative
comparison and quantitative mass flow measurements. In Table 3, we
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Fig. 13. Comparison between the bulk chicken fillets experiments and simulations: (a) normal chicken fillets with 6 cm opening height, (b) simulated flow
behaviour with 6 cm opening height, (c) normal chicken fillets with 4.5 cm opening height, (d) simulated flow behaviour with 4.5 cm opening height.

summarise the discharge behaviour based on the opening height and
the presence of surface moisture, identifying three distinct regimes:
constant flow, inconsistent flow, and no flow (clogging). At an opening
height of 4.5 cm, the normal fillets exhibit an inconsistent flow char-
acterised by intermittent bridging across the hopper opening. When
water is added to the bulk, this progresses to a total stoppage of flow.
Physically, this transition suggests that the surface moisture enhances
the adhesive forces between fillets, effectively reinforcing the internal
stability of the packing of the fillets. Conversely, at an opening height
of 6 cm, the normal fillets showed a steady and smooth flow. However,
the wet fillets in this configuration again induce an inconsistent flow
regime. This behaviour is likely attributed to a dual mechanism: the in-
creased clumping due to moisture-induced adhesion and loss of traction
between the wet fillets and the conveyor belt.

The visual fidelity of these interactions is further illustrated in Fig.
13, in which the flow behaviour at two opening heights was compared
with the simulations for normal fillets. The DEM model accurately
replicates the physical thresholds observed in the experiments, captur-
ing the transition from a continuous discharge at the large opening
height (Fig. 13a & b) to a jammed state at a small opening height
(Fig. 13c & d). Furthermore, the bulk experiments revealed that as
the fillets exit the hopper, they exhibit a characteristic “curling” and
“draping” behaviour. The DEM model also captures this phenomenon,
as the calibrated bond stiffness combination (high normal, low shear)
allows the meta-particles to deform easily under their own weight. This
qualitative agreement confirms that the individual-scale calibration of
the meta-particles correctly translates to realistic collective dynamics
in a bulk handling scenario.

For a more rigorous quantitative validation, we plot the mass flow
rate of normal fillets using 6 cm opening height for both the exper-
imental and DEM simulation in Fig. 14. In the experiment, around

10

33.2 kg of fillets were fully discharged from the hopper (exit the 6 cm
opening) within 4 s. In simulation, the cumulative mass curve exhibits a
linear increase trend with time and agrees well with the experimental
measurement (around 7% error), indicating the validity of the DEM
model and confirming the model’s ability to predict industrial-scale
chicken fillet handling behaviour.

The computational efficiency of this framework is a key high-
light for industrial adoption. Utilising GPU acceleration on a standard
workstation, the 10 s (the initial 4 s generation part was omitted in
Fig. 14) of the bulk hopper discharge experiment was simulated in
approximately 9 min. This performance represents a critical threshold
for industrial application, as it allows for multiple large-scale design
iterations to be conducted daily. This high computational throughput,
combined with the observed physical accuracy, positions this DEM
framework as the first step towards a viable and valuable tool for
the development of new chicken fillet processing machinery, allowing
engineers to refine concept designs and solutions while significantly
reducing the expensive physical prototyping.

4. Conclusion and outlook

This study presents a novel numerical framework for simulating
raw chicken fillets using the Discrete Element Method (DEM). A multi-
sphere, bonded meta-particle formulation was developed to bridge the
gap between tissue-scale mechanics and industrial-scale bulk handling.
After calibration against compression, bending, and sliding experi-
ments, the model was shown to reproduce key characteristics of poultry
tissue, including its pronounced compliance and stochastic deformation
response. The framework was further validated through qualitative
assessments of flow regimes and quantitative measurements of mass
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Fig. 14. Mass flow through the opening in the bulk chicken fillet experiment and simulation with 6 cm opening height.

flow rate, demonstrating its suitability as a virtual test environment for
food-processing automation and equipment design.

A central contribution of this work is the systematic modelling
method that enables the transition from a single sub-sphere description
to a calibrated, application-ready bonded meta-particle. Rather than
treating the meta-particle as an ad hoc construct, we established a
reproducible process that: (i) defines the particle discretisation and
bond topology, (ii) links bond and contact parameters to experimentally
observable responses, and (iii) verifies the resulting material behaviour
across multiple mechanical tests. This workflow provides a practical
blueprint for constructing DEM representations of highly deformable
biological materials.

Despite these advances, several limitations remain that also define
clear directions for future work. While GPU acceleration enables high
mass flow fillet discharge simulations, achieving true real-time per-
formance for industrial-scale scenarios — particularly those requiring
extensive optimisation campaigns — remains an important development
goal and will be addressed through further model developments. A
more fundamental limitation arises from the current bonding formu-
lation, which can lead to separation-driven bond loss and numerical
instabilities under extreme loading conditions, highly non-uniform im-
pacts, or strongly unbalanced stiffness parameters. Mitigating these
effects currently requires increased stiffness, improving robustness at
the expense of physical realism by yielding overly rigid meta-particles
that no longer capture the compliant behaviour of real chicken fillets.
Addressing this coupled limitation motivates the development of an
enhanced bonding formulation that remains stable over larger effective
contact radii and wider deformation ranges. Finally, the framework can
be further integrated into a numerical Design of Experiments (DoE)
to systematically explore material parameters and equipment designs,
enabling data-driven optimisation of automated poultry handling with
improved throughput and reliability.
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