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In this paper, we report on the use of confined compression to study the water release properties from food gels
and model meat analogues. Confined compression is a novel method in food science that provides information on
the dynamics of water release under mechanical load. Confined compression measurements are compared with
numerical simulations based on Flory-Rehner theory. Simulation results for soy protein gels are in reasonable
agreement with experiments, while they underestimate the water release from model meat analogues. Timedomain nuclear magnetic resonance (TD-NMR) revealed the presence of internal water-filled cavities in the
meat analogues. These cavities could provide a path of low resistance for the water to travel through. However,
they are not captured by our current model, which explains the higher fluxes observed experimentally. Our
results indicate a relation between the water release properties of meat analogues and pore structure. Control of
the pore structure might, therefore, provide new opportunities to improve meat analogue juiciness.

1. Introduction
Reducing the consumption of meat products and transitioning to
wards a more plant-based diet could be beneficial to the environment
(Aiking, 2011; Smetana, Mathys, Knoch, and Heinz, 2015). To ease this
transition, meat analogue products that accurately mimic the sensory
characteristics of real meat should be developed (Hoek, 2010). Some of
the most important characteristics of meat are its flavour, fibrous
texture, and juicy mouthfeel. The fibrous texture can already be
mimicked with reasonable accuracy by processing mixtures of plant
proteins in a Shear Cell (Dekkers, Nikiforidis, & van der Goot, 2016;
Grabowska et al., 2016; Grabowska, Tekidou, Boom, & van der Goot,
2014; Schreuders et al., 2019). However, the number of studies dedi
cated to understanding and improving the juiciness of meat analogue
products is limited (Cornet, Snel, Lesschen, van der Goot, & van der
Sman, 2021; Cornet, van der Goot, & van der Sman, 2020).
The juiciness of real meat is related to the water holding capacity and
the juice released during mastication (Warner, 2017; Winger & Hag
yard, 1994). In meat, juiciness can be considered as a multistage or timedependent sensation and can be divided into initial and sustained juic
iness (Aaslyng, Bejerholm, Ertbjerg, Bertram, & Andersen, 2003; Ber
tram, Aaslyng, & Andersen, 2005; Warner, 2017). Bertram et al. (2005)

showed that the spatial distribution and relative mobility of water in
pork correlate with the perceived juiciness (Bertram et al., 2005). Dur
ing (over-) cooking of meat, the water distribution changes due to
denaturation of muscle proteins and contraction of the muscle fibre (van
der Sman, 2007). Water is expelled from the myofibrils into the extra
cellular space before moving out of the meat entirely (Bertram et al.,
2005; Bertram, Andersen, & Karlsson, 2001). The extracellular water
has higher mobility and might, therefore, be more easily expelled than
the water still bound to the myofibrillar proteins. The initial juiciness
could, therefore, be related to water loosely held inside internal cavities,
which is easily expelled during the first bite. The sustained juiciness
could relate to the release of more tightly held water, which is expelled
during continued mastication. The sustained juiciness is thought to be
associated with the water holding capacity (WHC) and moisture content
(Van Oeckel, Warnants, & Boucqué, 1999, Warner, 2017, Lucherk et al.,
2017, Pearson and Dutson, 1994, Chapter 4–5). Additional factors such
as fat content, flavour compounds, the presence of salts, and salivation
by the consumer will probably also play a role in the sensory perception
of juiciness (Warner, 2017).
An accurate meat analogue should also encompass these two stages
of juiciness. Meat analogues can contain considerable volumes of air
(Dekkers, Hamoen, Boom, & van der Goot, 2018; Tian, Wang, van der
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Goot, & Bouwman, 2018; Wang, Tian, van der Goot, & Boom, 2018).
These cavities could be filled with fluid through impregnation. Waterfilled cavities can affect the local resistance to flow (Tokita & Tanaka,
1991), and will alter the rate of water release from meat analogues.
Cavities might also collapse, leading to further expulsion of water.
Hence, the cavities could contribute to the initial juiciness. This study
focuses on understanding the water release properties of porous model
meat analogues and non-porous soy protein gels by studying the water
release rate as a function of applied pressure over time.
We have designed a confined compression cell to measure the rate of
water release from (food) hydrogels (Fig. 1). During confined
compression a sample is deformed inside a water-permeable confined
space using a texture analyser. The change in sample height is recorded
and is a direct measure for the sample volume. When it is assumed that
only water is expelled, the composition and water release rate can be
determined in time. The ability to accurately track the sample volume
during an experiment is the main advantage of confined compression
over conventional unconfined compression. Confined compression is
used in other fields to study the mechanical and hydration properties of
soft materials such as collagen gels (Knapp et al., 1997), cartilage (Roos,
Petterson, & Huyghe, 2013; Soltz & Ateshian, 1998), and agarose gels
(Liu, Subhash, & Moore, 2011). To our knowledge, we are the first to
report on the use of confined compression to study the hydration
properties of food gels. Hence, an additional purpose of this paper is to
showcase the capabilities of confined compression.
Furthermore, alongside the experimental work, we have developed a
model to simulate the water release from a cross-linked polymer gel. The
model is based on Flory–Rehner theory of polymer gel swelling (Flory &
Rehner, 1943), and Darcy flow. The gel’s local permeability is calculated
based on the work by Tokita and Tanaka (1991). Using this combination
of experiments and simulations we aim to improve our physical

understanding of the relation between meat analogue structure and
water release kinetics.
2. Materials and methods
Before taking samples for the confined compression tests, the gels
and model meat analogues were equilibrated with pure water. This puts
them in a well-defined thermodynamic state. From the swollen mate
rials, cylindrical samples were taken and transferred to the compression
cell. The sample was compressed by a piston according to the load
profile in Fig. 5 and the water release rates were determined. The evo
lution of the pore structure of the model meat analogues after
compression was studied using time-domain nuclear magnetic reso
nance (TD-NMR). The water mobility distribution from TD-NMR pro
vides insight into the mobility and the relative size of the different water
populations, such as water present in the gel matrix or cavities. Model
simulations of confined compression were run to better understand the
water release from gels without pores.
2.1. Materials
Soy protein isolate (SPI; Supro 500E, Solae, St Louis MO, USA) and
vital wheat gluten (gluten; Roquette, Lestrem, France) were obtained
from commercial sources and were used as received. SPI and gluten had
a protein content of 81.7±1.1 and 77.9±0.1 (Nx5.7) on a dry matter
basis respectively. Sodium chloride (NaCl) and all other reagents used
were of analytical grade and were obtained from Sigma-Aldrich
(Steinheim, Germany). Milli-Q water was used for all experiments.
2.2. Methods
2.2.1. Production of soy protein gels
Soy protein isolate (SPI) gels were prepared according to Cornet et al.
(2020). SPI powder was weighed and added to water to achieve the
desired final dry matter content (DMC) (25, 30, 35 wt%). The protein
dispersion was vigorously mixed by hand until a dough was obtained.
The doughs were placed in vacuum bags and air was removed by
applying a vacuum of 50 mbar for 45 s. The vacuumed doughs were
stored overnight at 4∘C to allow for full hydration. The moisture content
of all hydrated doughs was measured after preparation (Section 2.2.4).
Hydrated doughs were transferred to stainless steel gelation vessels
(12.5 mm inner diameter; 5 mm inner height) and sealed hermetically.
The sealed vessels were submerged in a Julabo water bath, pre-heated at
95 ∘C and shaken at a frequency of 100 rpm. After 30 min, the vessels
were transferred to a water bath of approximately 15∘C for 15 min to
cool. Vessels were then opened and the gels were gently removed. After
trimming the edges the final gel was obtained. The gels were allowed to
swell as explained in Section 2.2.3.
2.2.2. Production of model meat analogues
Fibrous model meat analogues were prepared from SPI, gluten, NaCl,
and water using a Couette-type shearing device similar to the one
described by Krintiras, Diaz, van Der Goot, Stankiewicz, and Stefanidis
(2016). An SPI:gluten:NaCl:water ratio of 15:15:1:69 was used, resulting
in a DMC of 31 wt%. Samples had a height of 25 mm and were prepared
as follows. NaCl was dissolved in water and the SPI powder was added
and mixed using a Z-blade mixer (Winkworth Machinery Ltd., Basing
stoke, UK). After a hydration period of 30 min gluten was added, fol
lowed by further mixing. The obtained mixture was transferred to the
Couette shearing device. The Couette device was heated, and an average
shear rate of 14.1 s− 1 was applied for 35 min, during which the sample
reached a temperature of 135∘C. After shearing, the system was cooled
down to 50∘C after which the device was opened. The sample removed
immediately and stored in a hermetically sealed bag to prevent moisture
loss. After the model meat analogues reached room temperature (22 ∘C)
they were stored at − 18 ∘C until use to prevent spoilage.

Fig. 1. Cross-sectional representation of the confined compression cell. Mate
rials used are indicated in the figure. The steel shaft connects to an Instron
texture analyser. The setup was submerged in water during experiments. Image
is not to scale; relevant dimensions are described in the text.
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2.2.3. Swelling pre-treatment
Gels and model meat analogues were swollen to equilibrium in an
excess of Milli-Q water at 4∘C before all confined compression experi
ments. A sample: water ratio of 1: 100 (wt: wt) was used for the SPI gels.
Gels were swollen for at least 24 h during which the water was
exchanged three times to wash away most ions present. Due to the larger
size of the model meat analogues a sample: water ratio of 1: 20 was used,
and the swelling time was extended to at least 72 h. The composition
after swelling was determined by measuring the dry matter content
(Section 2.2.4).

was then placed on the stainless steel plate inside the cylinder. The
piston was lowered without touching the sample as observed through
the transparent cylinder. The piston was attached to the load cell before
starting the experiment.
To ensure the sample was properly seated, the piston was first low
ered at a rate of 5 mm min− 1 until the force exceeded 2 N. Then, a
sequence of loads was applied with a deformation rate of 5 N s− 1. A
lower rate of 2.5 N s− 1 was used for the model meat analogues to reduce
excessive crosshead movement. The duration of each load step was 300 s
(5, 10, 15, 20, 25, 30, 35, 50 N; Fig. S1, right axis). The height at 3 N was
taken as the initial height of the sample. Recorded parameters were
time, force, and height.
Load-controlled experiments require a balance between the gain and
rate of load application to prevent oscillations and (large) overshoots in
the applied load. After preliminary experiments on swollen SPI gels, a
gain of 0.02 mm N− 1 was selected. This resulted in a limited overshoot
with a duration of up to 1 s and a near-instantaneous load application
(Fig. 2). The effect of the load overshoot on the measurements will be
discussed with the results. Preliminary experiments with an empty cell
confirmed that the confined compression cell does not significantly
deform during the experiment.
Data analysis. The volumetric flux of water release, j, was deduced
from the incremental volume change over time step dt:

2.2.4. Dry matter content and maximum level of swelling determination
Dry matter content (DMC) was determined by drying at 105 ∘C for at
least 24 h. The maximum level of swelling was determined based on the
DMC in the swollen state. In our model we will use the polymer volume
fraction in the fully swollen state φ0 as a measure for swelling:
/
yp ρp
(
/
)
(
)/ )
φ0 =
(1)
yp ρp + 1 − yp ρw
yp and (1 − yp) are the dry and wet weight fractions as determined
during oven drying. ρp and ρw are the density of polymer and water,
respectively.
2.2.5. Confined compression
Description of the setup. Water release kinetics were measured using
an in-house built confined compression cell (Fig. 1; Wageningen Tech
nical Development Studio). The setup consists of an acrylic cylinder with
an inner diameter of 40 mm that screws onto an acrylic bottom
compartment. The bottom compartment has a vent hole to prevent
pressure build-up. A stainless steel perforated plate rests in between the
bottom compartment and the cylinder. The plate is covered with a fine
steel mesh to provide both mechanical support and minimal flow
resistance. The piston is made of poly-ether ether ketone (PEEK) and
attached to a stainless steel shaft. The piston has an outer diameter
approximately 20 μm smaller than the inner diameter of the cylinder to
ensure a good fit. The piston shaft was attached to an Instron 5564
system outfitted with a 2 kN load cell, which was used to apply a range
of loads. The confined compression cell was submerged in water during
experiments to prevent evaporative moisture loss. A thin layer of water
between the piston and cylinder walls was assumed to provide fric
tionless motion. Submersion in water gives a unique definition of the
boundary condition, where the chemical potential of water μw equals
zero.
The design of the confined compression setup bears a resemblance to
earlier designs reported in literature (Knapp et al., 1997; Liu et al., 2011;
Roos et al., 2013; Soltz & Ateshian, 1998). Liu et al. (2011) used a
porous confinement cell and piston and thus allowed for water to leave
the sample from all sides, while in the present design water could only
leave the sample from the bottom of the sample. Knapp et al. (1997),
Roos et al. (2013) and Soltz and Ateshian (1998) instead used a porous
piston combined with impermeable sides and base. Roos et al. (2013)
used both torsional and axial actuators to apply both compressive and
rotational strains. All mentioned studies submerged the compression cell
in water during the measurements. Furthermore, Roos et al. (2013)
varied the ionic strength of the bath to study its effect on the shear
modulus, which led to corrosion of their setup. All mentioned studies
either did not discuss friction between the piston or sample and the
confinement cell (Knapp et al., 1997; Liu et al., 2011; Soltz & Ateshian,
1998) or, like the present study, assumed frictionless motion due to a
lubricating film of water (Roos et al., 2013).
Experimental procedure. Swollen samples were trimmed to a diameter
of 40 mm using a cylindrical knife. Samples were submerged in water for
at least 1 h after trimming to minimize its effect on sample water
retention. The confined compression cell was submerged in water while
making sure no air bubbles were entrapped inside the cell. The sample

− j(t) =

dH
dt

(2)

The polymer volume fraction at time t φ(t) was deduced from the
initial polymer volume fraction φ0, initial height H0, and actual height H
(t) assuming incompressibility and the absence of air:
φ(t) =

H0
φ
H(t) 0

(3)

The swollen soy protein gels were analysed in triplicate, which were
averaged and used to calculate standard errors. For the swollen model
meat analogue, two duplicates with three replicates each were recorded.
Since there was some variation in the initial and final DMC of the model
meat analogues, individual data sets were analysed by calculating the
flux over periods of 5 s.
2.2.6. Time-domain nuclear magnetic resonance (TD-NMR)
Time-domain NMR (TD-NMR) experiments were performed on a
Maran Ultra NMR spectrometer with a field strength of 0.72 T (30.7 MHz
1
H resonance frequency) and controlled with the RINMR software

Fig. 2. Raw force data as function time for a swollen 25 wt% SPI gel showing
the increase in measured force. The 10 N and 15 N lines are offset by 300 s.
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package (Resonance Instruments Ltd., Witney, UK). A protocol similar to
Schreuders, Bodnár, Erni, Boom, and van der Goot (2020) was used,
which consisted of a Carr-Purcell-Meiboom-Gill (CPMG) echo train with
5 data points per echo and a total of 12,288 echos. A sampling time of 10
μs resulted in a spectral width of 100 kHz. The time between echos was
500 μs. 16 transients were recorded with phase cycling and a relaxation
delay of 10 s, which were averaged to a single data point. All TD-NMR
experiments were performed in triplicate and analysed using the IDL
software package (ITT Visual Information Solutions, Boulder, CO, USA).
The CONTIN fit routine was used to determine the water mobility dis
tributions (Provencher, 1984). Intensities were normalized to the
highest intensity within a single data set. Peak areas were determined
using the trapezoidal method in Matlab.

Πext = Πswell = Πmix − Πelas

As has been shown for several types of food gels including soy protein
gels, Πmix can be described with Flory-Huggins theory (Cornet et al.,
2020; Paudel, Boom, & van der Sman, 2015; Ubbink, Giardiello, &
Limbach, 2007; van der Sman, 2015a). The Cloizeaux scaling law de
scribes a more compact way of determining Πmix in the semi-dilute
regime (Des Cloizeaux, 1975), and has been shown successful at
describing Πmix for several bio-polymers (Mizrahi, Ramon, SilberbergBouhnik, Eichler, & Cohen, 1997; van der Sman, 2015a). The external
pressures applied in our confined compression experiments are lower
than those commonly used in centrifugation experiments (Cornet et al.,
2020; Kocher & Foegeding, 1993; Paudel et al., 2015). Sample compo
sitions were therefore expected to remain in the semi-dilute regime.
Hence it is deemed more appropriate to use the Cloizeaux scaling law to
describe Πmix:

2.2.7. Compression by centrifugation
Studying the effect of compression on the internal pore structure
required an alternative method of compression as sampling during a
confined compression experiment is not possible. Therefore, a centrifuge
was used as an alternate means of applying an external pressure, Πext.
The combination of centrifugation and TD-NMR has been used previ
ously by (Bertram, Dønstrup, Karlsson, & Andersen, 2002). Samples
were trimmed to a diameter of 5 mm using a biopsy punch and placed
inside the upper compartment of centrifugal filtration tubes. The tubes
have two compartments separated by a filter (pore size 0.2 μm; Pall
Centrifugal Devices, Medemblik, The Netherlands). During centrifuga
tion in an Eppendorf bench-top centrifuge, the expelled fluid was
collected in the bottom compartment. A swinging bucket rotor was used
to ensure that the axis of deformation was parallel to the axis of load
application. Samples were centrifuged for 1 h at different centrifuge
speeds, which was long enough to reach equilibrium. Samples were
transferred to NMR tubes immediately after a centrifugation step was
completed and their water mobility distribution was recorded (Section
2.2.6). Furthermore, the amount of expelled water was determined by
weighing. A range of external pressures was applied by returning the
samples to their centrifuge tubes and increasing the centrifuge speed
(50, 100, 200, 400, 800 ×g). Sample composition was calculated based
on the moisture loss and the initial composition. By assuming a linear
gradient in both φ and Πext, Πext was calculated as:
Πext

1
= ρgactual H
2

Πmix νw β
∝φ
RT

(7)

νw is the molar volume of water, R is the universal gas constant, and T
the absolute temperature. The exponent β has a value of 9/4 for dilute
polymer solutions (Des Cloizeaux, 1975).
The elastic pressure, Πelas, is the pressure generated upon deforming
the network. We define the network deformation using the stretch
parameter λi, where i represents the principal directions. In the freely
swollen state it holds that:
λx = λy = λz = λ0

(8)

with λ0 as λi in the freely swollen sate. In uni-axial compression with
lateral confinement, λx and λy are constant and remain equal to λ0. λz
does vary and can be expressed in terms of λ0, the sample height H, and
the height in the freely swollen state H0:
λz = λ0

H
H0

(9)

Network deformation is directly related to the polymer volume
fraction, φ, and the polymer volume fraction in the reference state, φref:
λ0 λ0 λz =

(4)

φref
φ

(10)

λ0 relates directly to the composition of the fully swollen network as
follows from the incompressibility condition:

ρ is the mean density of the sample, gactual is the actual relative

centrifugal force at the sample location, and H is the height of the
sample. The amount of polymer in the sample is assumed to remain
constant during centrifugation. The height of the sample is thus a direct
consequence of the moisture loss and can be calculated as:
φinit Hinit = φH

(6)

λ0 =

φref 1/3
φ0

(11)

with φ0 as the polymer content in the freely swollen state, and φref as the
polymer content in the reference state. The reference state refers to the
composition at which the polymer chains are in the relaxed state
(Quesada-Pérez, Maroto-Centeno, Forcada, & Hidalgo-Alvarez, 2011;
van der Sman, 2015b). There is no generally accepted method to define
or determine φref (Quesada-Pérez et al., 2011). van der Sman (2015a)
showed that for may bio-polymers φ0 and φref are related via:
/
φ0 = 2 3φref
(12)

(5)

φinit is the initial polymer volume fraction, Hinit is the initial sample
height, and φ is the mean polymer volume fraction after centrifugation.
2.2.8. Statistics
Error bars indicate the 95% standard error of the observation, with n
indicating the number of observations.
3. Model description

with φ0 as the polymer volume fraction at maximum swelling. We have
recently found an alternative relation between φ0 and φref for soy protein
gels (Cornet et al., 2020). However, when fitting φref to φ as function of
Πext, the value φ = φ0 (Πext ≈ 0) was excluded. Since in the confined
compression experiments, φ remains relatively close to φ0, it was
deemed more appropriate to use Eq. (12) to determine φref. Swelling
relative to the reference state can be expressed as φ̃:

3.1. Flory-Rehner theory
Swelling of cross-linked polymer gels can be described with FloryRehner theory. Gel swelling is characterized by the swelling pressure,
Πswell. At swelling equilibrium, Πswell is equal to the externally applied
pressure Πext. In the case of free swelling in pure water, we define Πext =
Πswell equal to zero. There are two independent contributions to Πswell:
the mixing pressure Πmix, and the elastic pressure Πelas:

φ̃ =

φ
φref

(13)

A schematic representation of the stretches and their relation to φ̃ is
4

S.H.V. Cornet et al.

Innovative Food Science and Emerging Technologies 66 (2020) 102528

presented in Fig. 3.
The mechanical stress resulting from network deformation is deter
mined using the Neo-Hookean model for the strain energy function:
[
]
1
W = Gref λ2x + λ2y + λ2z − 3
(14)
2

∂t ϕ = − ∂z j

The following assumptions and boundary conditions complete the
model:
• No friction occurs between the piston, cylinder, and gel
• The piston and all side walls are impermeable
• The plate upon which the gel rests is perfectly permeable (zero
resistance)
• The chemical potential of water in the bath, μbath, equals 0
The model was solved in the Lagrangian framework, moving with the
polymer network. A rectangular geometry was used with the same di
mensions and initial composition as used experimentally, and consisted
of 10 volume elements. Spatial derivatives were computed using Finite
Differences. Time integration was done using the Euler forward method.

with W as the internal mechanical energy and Gref as the shear modulus
in the reference state. Gref is related to φref via (Horkay & Zrínyi, 1982):
(15)

Gref ∝ϕβref

The stress along the axial direction is given by (van der Sman,
2015b):

σzz = φ̃λz

δW
δλz

= Gref φ̃λ2z

(16)

3.2.1. Simulation approaches
Two main simulation approaches were used. The first simulation
approach used the experimentally measured external pressure as a
model input in which case the simulation was run continuously (from t
= 0 until t = tend). As described in Section 2.2.5, an overshoot in the
applied load occurred during the step-change in the experiments. This
led to the use of a second simulation approach in which the step-change
was not simulated. Instead, the average composition determined
experimentally from the piston height directly after the step change was
introduced to the model after each step-change. As will be discussed in
Section 4.1 there were differences in composition between volume ele
ments. To ensure these differences were maintained after the experi
mental composition was introduced, we assumed the same gradient in φ
as before the step change, but with the new averaged value of φ as
determined from the new experimental piston height. The gradient in φ
after the step-change was calculated for each volume element i as:

= Πelas
3.2. Determination of fluxes
Local mechanical equilibrium is assumed, meaning the gradient in
pressures within a volume element is zero:
(17)

∇Π = 0

with Π as the sum of all pressures. The application of an external pres
sure Πext greater than the swelling pressure Πswell will result in a pressure
gradient ∇Π between the swollen gel and the exterior. The flux is then
given by Darcy’s law:
− j = Ds

∇Π

νw RT

(20)

(18)

φi =

where j is the flux and Ds is the self-diffusion coefficient of water. The
diffusion coefficient in Eq. (18) is proportional to the ratio between the
permeability and viscosity (Bisschops, Ch, Luyben, & Van Der Wielen,
1998). Ds is a function of φ (Tokita & Tanaka, 1991):
√̅̅
Ds = Ds,0 αφ− β
(19)

V
)
( ( p,i / )
Vp,i + fw,i ⋅ Vp φ − Vp

(21)

with fw,i as the fraction of the total water in the gel before the step
change, Vp as the total volume of protein in the gel, and Vp,i as the
volume of protein in volume element i. φ is the experimental polymer
volume fraction after the step-change.
4. Results and discussion

with Ds, 0 as the self-diffusion coefficient of pure water α is a constant
with value 0.013 and was estimated based on Drozdov and deClaville
Christiansen (2017). β is a constant with value 9/4. Note that this will
diverge when φ approaches zero. It is inserted into the continuity
equation:

A confined compression cell was used to apply a sequence of
increasing external pressures to swollen soy protein isolate (SPI) gels
and model meat analogues. The external pressures applied are shown on

Fig. 3. After free swelling, all three stretch parameters are equal to λ0. During uni-axial confined compression, λx and λy remain equal to λ0, while λz changes
proportionally with φ̃ (Eq. (9)).
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the right axis of Fig. S1. The fluxes determined for the SPI gels will be
discussed first, followed by the change in composition during
compression. The flux and composition of the model meat analogues
come next. Water mobility distributions were determined before and
after swelling, and after applying an external pressure through centri
fugation and will be discussed. The results are followed by a general
discussion.
4.1. Confined compression of soy protein gels
The step-wise increase in external pressure during the confined
compression of swollen SPI gels resulted in a repeating flux profile, as
calculated using Eq. (2) (Fig. 4). The effect of dry matter content (DMC)
before gelation on the flux was limited as indicated by the similarity in
fluxes for gels with different DMCs. The different gels also showed
qualitatively similar behaviour and will, therefore, be discussed together
(Fig. 4). The flux was high shortly after an increase in external pressure
and quickly decayed. The high initial flux is partly due to the overshoot
in applied pressure, as discussed in Section 2.2.5. The non-zero fluxes at
the end of each step in external pressure indicate that the 5 min periods
of constant external pressure were too short to achieve swelling equi
librium. Direct comparison with earlier studies on the equilibrium WHC
would thus not provide meaningful insight. The expulsion of water led to
an increase in polymer volume fraction, φ (Fig. S1). The experimental
composition increased in a manner that could be expected based on the
determined fluxes. The change in composition was fast shortly after the
applied pressure increased, and slowed down afterwards. This fast and
slow compositional change was seen for each consecutive step in
external pressure for all three tested protein concentrations.
The flux was simulated using a model based on Flory-Rehner theory
and the work by Tokita and Tanaka (1991) (Section 3). The experi
mentally measured external pressures were used as an input for the
simulation, which enables direct comparison of the simulated and
experimental results (Fig. 4; black circles). The simulated fluxes are in
good agreement with the experimentally measured fluxes when the
external pressure is constant. However, the model did underestimate the
flux directly after an increase in external pressure despite using the
experimentally measured external pressures as a model input. Due to the
consecutive step-changes, the underestimations accumulated. This led
to an increasing underestimation of the polymer volume fraction, as
shown in Fig. S1. By omitting the step change, as explained in Section
3.2.1, reasonable agreement between the experimental and simulated
composition was achieved (Fig. 5). This confirms that the discrepancy
between simulated and experimental fluxes during the short period after
a change in load is the origin of the difference in the composition in
Fig. S1.
There is generally good agreement between the experimental and
simulated results when the external pressure is constant. This suggests
that the model can provide a reasonable estimate of the flux for systems
like soy protein gels. Furthermore, it indicates that the permeability
based on the work by Tokita and Tanaka (1991) provides a reasonable
estimate of the permeability. We do note that there was only a limited
effect of DMC on the flux as seen both experimentally and in the simu
lations. This suggests that the relative importance of the change in
permeability due to the change in polymer content is limited in this
regime (Eq. (19)).
The compositional change in the individual volume elements during
simulated confined compression can be insightful (Fig. 6). During the 5
min periods of constant external pressure, the moisture was primarily
expelled from the area near the surface, as indicated by the relatively
large changes in φ near the surface (high z) compared to the elements
further from the surface (low z). As time progressed, moisture from areas
further from the surface of the gel had travelled through, and out of the
gel, and led to more widespread compositional changes. Omitting the
step-change in the simulations (as explained in Section 3.2.1) had only a
minor effect on the local composition (Fig. 6b) compared to when the

Fig. 4. Water release rates as determined with confined compression of swollen
soy protein isolate gels. Compositions are presented with Fig. 5. Black circles
are model simulations assuming identical geometry and initial composition,
and using the experimentally measured external pressure as model input. n = 3
for the experimental fluxes.
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Fig. 5. Polymer volume fractions (φ) of swollen soy
protein gels during confined compression experi
ments (n = 3). Initial levels of swelling (φ0) were
0.042±0, 0.052±0 and 0.072±0 with initial DMCs of
25.1±0.0 wt%, 30.3±0.0 wt% 35.4±0.1 wt% (n =
3). Solid black lines are model simulations. The
experimental φ shortly after a load increase was used
as a model input to bypass the period of high flux
(Section 3.2.1). Simulated fluxes are presented in
Fig. S3. The dash-dotted line is the applied load.

Fig. 6. Composition during simulated confined compression from the continuous approach including the step-changes (6a), and the discontinuous approach omitting
the step-change in external pressure (6b). Composition is presented at the center of each volume element relative to the top of the sample (Z(top) = 0) for a 30 wt%
SPI gel. Data is presented at 30 s intervals.

simulations were run continuously (Fig. 6a). As the local differences in φ
were limited, the effect on the local pressure gradients and permeability
is considered to be minor. This is in line with the reasonable agreement
found for both flux (Fig. S3) and composition (Fig. 5).

clarity; duplicates can be found in Supplementary Figs. S2 and S4.
The experimentally measured flux for a model meat analogue follows
a similar profile as the soy protein gels with fast and slow regimes
(Fig. 7). However, the initial fast regime appears to be longer compared
to the soy protein gels. Furthermore, the flux is more irregular during the
first three compression steps (Πext≈ 4, 8 and 12 kPa). Inspection of the
raw force and deformation data suggests that the irregular flux is due to
the fast release of water from the samples (Fig. S5). The fast water
release resulted in fast dissipation of the external pressure, making it
difficult for the texture analyser to maintain a constant external pres
sure. Stick-slip is an unlikely cause for the noise as the sample was never
stationary and responded as soon as the load increased (Fig. S5).
The measured fluxes were generally higher than those found for the

4.2. Confined compression of a model meat analogue
A swollen model meat analogue was compressed using the confined
compression cell. The model meat analogue swelled less than a neat soy
protein gel with comparable initial DMC. This can be explained by the
lower swelling capacity of gluten and mechanical interaction between
soy and gluten through which gluten limits soy’s ability to swell (Cornet
et al., 2020). We present a single representative data set for improved
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4.3. Time domain nuclear magnetic resonance (TD-NMR)
Time-domain NMR (TD-NMR) was used to study the different water
populations present in the soy protein gels and model meat analogues.
The relaxation time and relative size of the different water populations
can provide information on a material’s internal structure (Mariette,
2009). Different water populations can be identified based on their
relaxation time, T2, which is a measure for water mobility. A short T2
corresponds to immobile water closely associated with proteins while a
longer T2 can correspond to water in the protein matrix, inside internal
cavities, or free water outside the sample. Here, i is used to distinguish
between water populations in a sample, starting with i = 1 for the
shortest relaxation time until i = n for the longest.
The non-swollen SPI gels have two main relaxation times, which can
be attributed to two different water populations (Fig. 8a). Population
T2,1 has a relaxation time of 4–6 and probably corresponds to protons
closely associated with the protein. T2,2 has a longer relaxation time of
20–35 ms and accounts for the rest of the signal. T2,2 shifts to shorter
relaxation times with increasing polymer concentration, which suggests
this population corresponds to the water inside the polymer matrix.
After gel swelling, the relative intensity of T2,1 (approx. 6 ms) has
reduced. Since the amount of protein is taken to be constant, the
reduction in relative intensity can be attributed to the increased water
content. The relaxation time of T2,2 has increased to 100–200 ms due to
the increased water content of the samples. A third minor population
T2,3 was observed for the swollen SPI gels with a relaxation time of
600–1000 ms. Additional experiments indicated that population T2,3
originated from water on the surface of the glass tube as the signal
persisted after removing the sample from the tube (data not shown). T2,3
is, therefore, considered an artefact.
The non-swollen model meat analogue has two main water pop
ulations with similar relaxation times as the non-swollen SPI gel with a
similar DMC (30 wt%; Fig. 8b). This could be expected based on their
similar composition and comparable DMC. Upon swelling the water
mobility distribution of the model meat analogue shows similar quali
tative changes as the SPI gels. The shift towards longer relaxation times
is, however, less extensive (T2,1≈ 4 ms; T2,2≈50 ms), which can be
explained by the lower water uptake during swelling. In addition to the
shift, also an additional population appeared in the model meat ana
logues. This population, T2,3, has a markedly longer relaxation time of
approximately 570 ms and is relatively intense compared to T2,3 seen in
the swollen SPI gels.
Meat analogues can contain (air-filled) cavities after production
(Wang et al., 2018, Dekkers et al., 2018, Schreuders et al., 2019). These
cavities can be filled with water during swelling, as was found using XRay Tomography (voxel size 7 μm; data not shown). Given its high
mobility and moderate intensity, population T2,3 is thought to corre
spond to the water present inside internal cavities. Fibrous SPI-gluten
based model meat analogues contain approximately 6–7 vol% of air
(Schreuders et al., 2019), which is comparable to the intensity of the
signal (Fig. 9). There is an additional minor population T2,4 visible.
Whether this population corresponds to water in larger cavities or water
on the surface of the sample or NMR tube was not confirmed
experimentally.
The effect of external pressure on water population T2,3 in the
swollen model meat analogues was assessed by applying a centrifugal
load. Any change in the fraction of total water in population T2,3 will
provide information on whether the water from population T2,3 is
expelled at a similar pressure as population T2,2. A range of loads was
applied by increasing the centrifugal speed. Fig. 9 shows that pop
ulations T2,2 and T2,3 are released at different pressures. Population T2,3
first makes up approximately 5% of total water, while after applying 10
kPa, this is reduced to approximately 2%. This shows that population
T2,3, which is associated with the water in internal cavities, is released at
a lower pressure than the population T2,2. This is in agreement with
Fig. 7, where the flux reduces at pressures over 10 kPa. The remaining 2

Fig. 7. Experimental flux from a swollen model meat analogue with an initial
DMC of 31 wt% (blue circles). Black circles are the simulated flux of a homo
geneous gels with identical dimensions using the experimental force as a model
input. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

swollen SPI gels (Fig. 4). This is interesting given the much higher
polymer content of the swollen model meat analogues compared to the
swollen gels (φ0 = 0.17 versus 0.04–0.08) (Fig. 5). The higher polymer
content of the swollen meat analogue would have led to a decreased
permeability based on Eq. (19). A lower flux compared to the gels was,
therefore, expected. Moreover, the flux decreased as the external pres
sure increased, while the opposite would be expected based on Eq. (18)
due to the greater pressure gradient. Polymer content did increase
during compression (Fig. S2), which would have decreased the perme
ability by up to approximately 40% (Eq. (19)). However, this limited
reduction in permeability cannot fully explain the reduction in flux
when the applied pressure was increased.
Since the change in composition is effectively an integral of the
fluxes, the qualitative change of the model meat analogue resembles that
of the soy protein gels, with periods of fast change followed by a longer
period of slower change (Fig. S2). The first three steps in external
pressure have longer periods of fast change compared to the subsequent
steps and the soy protein gels.
The simulations underestimated the experimentally determined
fluxes by up to two orders of magnitude (Fig. 7). As a result of the low
simulated fluxes, also the compositional change was gravely under
estimated (Fig. S2). The simulated fluxes increased as the applied load
was increased, while the experimental results show an opposite trend.
The discrepancy between the experimental and simulated fluxes thus
decreases as the experiment progresses. For the simulations, an isotropic
material was assumed, while meat analogues are anisotropic materials.
Although they could be considered isotropic along a single axis, the
anisotropy could have affected the permeability. Furthermore, the ma
terial was assumed to be homogeneous and composed of soy protein
alone, while the model meat analogues used in the experiments also
contained gluten. The presence of gluten was expected to lead to a lower
flux due to its lower swelling capacity (Cornet et al., 2020; Grabowska
et al., 2014). Given the higher polymer content and thus lower perme
ability of the model meat analogues compared to the SPI gels, a lower
flux was expected. Since a higher flux was measured experimentally, the
model meat analogue might have features that allow for water to be
released faster by providing it with a path of low resistance. Structural
features capable of channelling water are internal cavities, which are
known to be present in meat analogues (Dekkers et al., 2018; Schreuders
et al., 2019; Wang et al., 2018).
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Fig. 8. CONTIN fits of the T2 relaxation of SPI gels (8a) and model meat analogues before and after swelling (8b). The arrows indicate the shift upon swelling.
Individual representative data sets were plotted data (n = 3).

agreement was achieved (Fig. 5). The origin of the discrepancy was not
identified. A reviewer suggested we compare the pressures applied
during our confined compression with the pressures exerted by the
molars during mastication. To our knowledge there are at present no
studies where the mastication of meat analogues was reported. During
the mastication of other foods of varying hardness De Boever, McCall,
Holden, and Ash (1978) recorded an average load of approximately 13
N. When assuming a contact area of 3 cm2, the average pressure was
approximately 43 kPa, which is comparable to the maximum pressure
applied during our experiments (up to 40 kPa).
Model meat analogues with a more complex structure and compo
sition were also analysed with the confined compression cell. Although
the interpretation of the results did require input from other methods
such as TD-NMR, the confined compression cell did provide new insights
into the water release from meat analogues. The measured fluxes were
much higher than could be expected for a material with such a polymer
content (Fig. 7). This suggested that the model meat analogue had fea
tures capable of channelling the water. These features were identified as
internal water-filled cavities using TD-NMR (Fig. 8b), as indicated by the
presence of a water population with a long relaxation time (T2,3). The
cavities could provide a low-resistance path for water and thus explain
the high measured fluxes. Upon compression, the volume fraction of
cavities reduced (Fig. 9), rendering a more homogeneous gel as in the
case of SPI. This could explain why for higher external pressures the flux
reduced to a level closer to simulated result. Some cavities may persist at
higher loads, which can explain why the flux remains at a higher level
than the simulations. The numerical simulations of the model meat
analogue showed that they do not behave as homogeneous gels, which is
expected to be due to the internal cavities. A sensory study by Aaslyng
et al. (2003) on the juiciness of pork showed that the factors responsible
for the perceived juiciness change during mastication. They concluded
that meat juices are most important during the first few chews, while
salivation by the consumer is also of importance during prolonged
mastication. Confined compression of model meat analogues showed
that the initial juice release is fast, but that it rapidly reduces. The
simulated compositional gradients for the SPI gels showed that moisture
is mainly released from the areas near the surface. This effect will be less
pronounced in meat analogues due to the greater connectivity offered by
the internal cavities. Furthermore, during mastication structural
breakdown occurs. This will reduce the distance the juice will have
travel to be released, and could further increase the juice release rate. As

Fig. 9. Relative contribution of water population T2, 3 to the total signal as a
function of applied centrifugal load for swollen model meat analogues (n = 4).

% of water present in population T2,3 suggests that some of the cavities
did not fully collapse. The fraction appears to be constant at 2% of total
water. This suggests that the pore space is initially more easily
deformed. After reaching 2%, the pore space deforms at the same rate as
the rest of the matrix.
4.4. General discussion
Confined compression was used to study the water release from
swollen soy protein gels and model meat analogues. A range of external
pressures was applied with step-change transitions between the different
pressures. The confined compression cell gave reproducible results that
for homogeneous SPI gels were in reasonable to good agreement with
the simulated fluxes when the external pressure was constant (Fig. 4).
However, slight overshoots in external pressure did lead to a discrep
ancy between the experimental and simulated composition results
(Fig. S1). By omitting the step-change in the simulations, however, good
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the food breaks down the timescale at which water release occurs
therefore also becomes smaller. This suggests that different parts of the
release rate curves may be relevant as mastication progresses.
Internal cavities can provide a way for water, and meat analogue
juices, to be released at a higher rate. They could, therefore, be desired
in a meat analogue products as they may enhance the initial juiciness.
Incorporating greater quantities of air could increase this effect.
Furthermore, the shape and orientation of the cavities could influence
the magnitude and persistence of the effect. Elongated and highly con
nected channels parallel with the axis of compression may not collapse
during compression and could enhance the release rate over longer
periods and at higher loads. Several recent studies showed that elon
gated channels are present in meat analogues and that the level of
elongation depends on the shear rate and temperature during processing
in a shear cell (Dekkers et al., 2018; Schreuders et al., 2019; Wang et al.,
2018). An alternative approach to create such elongated channels is
through directional freezing during post-processing (Fukushima, 1981).
Juiciness could be enhanced through the intelligent design of the meat
analogue structure, although the correlation with sensory perceived
juiciness is to be confirmed. The use of confined compression as an
analytical tool could help in this process.
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