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A B S T R A C T

A closed cavity rheometer was employed to assess the properties of concentrated protein materials before, during and after thermal treatment, using conditions that
are relevant to the production of meat analogues. Pea and soy protein isolate and wheat gluten were used as model matrices. The analysis was done using Lissajous
curves, both for small and large amplitude oscillatory shear deformation. The energy dissipation ratios based on the enclosed area inside the Lissajous curves
characterize the plasticity of the materials. The results show that the modulus of wheat gluten increases during heating and remains elevated after cooling. In
contrast, the moduli of pea and soy protein isolates decrease during heating. Subsequent cooling leads to properties that are similar to the rheological properties of
unheated pea and soy protein isolates. Lissajous curves and energy dissipation ratios provide insight in the non-linear response. At 30 � C, pea and soy protein isolate
have a higher dissipation ratio than wheat gluten. Upon a heat treatment and even after cooling, the dissipation ratio was smaller at similar strain amplitude
compared with 30 � C. This indicates that heating induced more elasticity. Upon heating, pea protein isolate loses its elastic properties faster than soy protein isolate,
while wheat gluten showed abrupt dissipation after extensive deformation. The observed characteristics are consistent with the behaviour during extrusion and
shearing, in which wheat gluten forms extended filaments, while soy and pea protein isolates form a homogeneous matrix. Studying the large oscillatory shear
behaviour during and after thermal treatment provides a more detailed picture of the rheological changes during processing, than one would obtain through classical
rheology. The dissipation ratio summarizes the information in the Lissajous curves. These insights help to better identify material-structure-process relationships for
concentrated plant protein materials during thermomechanical conversions, such as extrusion.

1. Introduction
The interest in using plant proteins as alternative for animal protein
is strongly growing, currently (Bashi, McCullough, Ong, & Ramirez,
2019; Jones, 2016; Lu, He, Zhang, & Bing, 2019; Mattice & Marangoni,
2020; Thrane, Paulsen, Orcutt, & Krieger, 2017; Tulbek, Lam, Wang,
Asavajaru, & Lam, 2016). Soy, pea and wheat gluten are most commonly
used ingredients in plant-based products. Wheat gluten is known for its
characteristic visco-elastic behaviour when mixed with water (Belton,
1999). It is often described as a polymeric network (Belton, 1999; Ng &
McKinley, 2008; Singh & MacRitchie, 2001). The rheological behaviour
of soy protein isolate was previously explained by considering the pro
tein dispersion as a particle gel (Berghout, Boom, & van der Goot, 2015).
The protein particles are created in the fractionation process, in which
the final step is drying. Drying requires heating, which leads to dena
turation and partial insolubility of the protein particles.
Extrusion is widely used to transform these plant proteins into
fibrous or layered products such as meat analogues (Cheftel, Kitagawa,
& Queguiner, 1992; Osen, Toelstede, Wild, Eisner, &

Schweiggert-Weisz, 2014). During extrusion, the final product proper
ties (i.e. anisotropy, colour or strength of the material) are determined
by process parameters (i.e. temperature, rate of deformation and cooling
temperatures), in addition to the protein properties. Understanding of
the rheological properties of the materials processed inside the extruder
is considered as an important step to further optimize the extrusion
process and to develop novel plant-based products. So far, most studies
on viscoelastic properties of foods and other materials use small
amplitude oscillatory shear (SAOS) analysis. SAOS measurements are
characterized by the fact that the modulus is independent of the applied
strain and strain rate amplitude. The oscillating stress or strain ampli
tude input results in a sinusoidal response that provides the properties in
the linear viscoelastic (LVE) regime. Often materials are studied in de
vices that measure very precisely, but only at low torque value, which
limits the materials that can be tested. Besides, regular rheometers are
mostly used to measure at room temperature or slightly elevated tem
perature. Unfortunately, industrial extrusion processing is characterised
by the use of high temperature, stresses and strains when making
texturized protein products. Recently, a closed cavity rheometer was
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suggested as a device which provides measurements on concentrated
plant materials at extrusion relevant conditions (Emin & Schuchmann,
2017). This device allows oscillatory rheometry in a sealed environment
with precise temperature control and can be used to characterize the
rheological properties while heating and cooling of dense proteinaceous
materials. Besides, it allows deformations outside the LVE-regime.
Nowadays, large amplitude oscillatory shear (LAOS) measurements
are analysed in more detail through using Lissajous curves. These pro
vide insight in the non-linear response as the modulus depends on the
applied strain and strain rate amplitude. For a large amplitude sinu
soidal strain input, the shape of the resulting stress waveform often
deviates from a sinusoidal wave, with a significant contribution from
higher-order harmonics. Information from LAOS experiments is typi
cally extracted either using Fourier-transform based methods, wherein
Fourier-transform analysis may be applied directly on the measured
signals, or using a geometric approach (Hyun et al., 2011). Only a few
studies reported both the linear and non-linear response for protein
and/or polysaccharides (Bi, Li, Wang, Wang, & Adhikari, 2013; Bi et al.,
2019; Duvarci, Yazar, & Kokini, 2017; Fuongfuchat et al., 2012; John,
Ray, Aswal, Deshpande, & Varughese, 2019; Klost, Gim�enez-Ribes, &
Drusch, 2019; Precha-Atsawanan, Uttapap, & Sagis, 2018; Yazar,
Caglar, Tavman, & Kokini, 2016). Previous studies on pea protein isolate
(PPI), soy protein isolate (SPI) and wheat gluten (WG) describe rheo
logical measurements outside the LVE regime, but only in terms of the
apparent moduli (Dekkers, Emin, Boom, & van der Goot, 2018;
Schreuders, Bodnar, Erni, Boom, & Goot, 2020).
Here, we considerably extend the characterization of PPI, SPI and
WG, within and outside the LVE regime, by using Lissajous curves. We
compare the SAOS and LAOS behaviour of these three proteins at con
ditions that are relevant (i.e. 40 wt% and temperature between 100 and
140 � C) for the production of meat analogues. The linear and non-linear
behaviour is studied under conditions approaching the large-shear
conditions of interest during heating and heating and cooled down
again, the latter reveals the recovery of the material after a pre-heating
step. The LAOS parameter, dissipation ratio, as proposed by Ewoldt,
Hosoi, and McKinley (2008) and Ewoldt, Winter, Maxey, and McKinley
(2010) was used to quantitatively compare the observed dissipation to
that of a perfectly plastic material. The insight in the non-linear rheo
logical properties of these composite protein materials is essential for
rational design of extrusion or other thermomechanical processes for
creating meat analogues, based on material-structure-process relations.

2.3. Rheological properties
The rheological properties of the protein materials were measured at
elevated temperature with a closed cavity rheometer (CCR) (RPA elite,
TA instruments, New Castle, Delaware, USA) (Emin, Quevedo, Wilhelm,
& Karbstein, 2017). Approximately 6 g of the protein material was
placed between two plastic films in the cavity, which were sealed to each
other to allow a pressure of up to 4.5 bar to prevent water evaporation.
The geometry of the closed cavity rheometer has a radius of 2.25 mm
and maximum height of the inner cavity of 4 mm and biconical opening
with an angle of 3.35� for homogeneous transmission of the shear stress
to the protein materials. The grooves on the surface of the cones prevent
slip. In this setup the lower cone oscillates in strain-controlled mode
while the upper cone remains stationary. First the materials (40 wt%)
were heated for 2 min at elevated temperatures (i.e. 30, 100, 120 and
140 � C) without a shear treatment. Subsequently, strain sweep experi
ments were performed at these elevated temperatures at a constant
frequency (1 Hz). Next, the materials (40 wt%) were heated for 2 min at
elevated temperatures (i.e. 30, 100, 120 and 140 � C) and cooled to 30 � C
with a cooling rate of 5 � C/min without a shear treatment. After that,
strain sweep experiments were performed at 30 � C at a constant fre
quency (1 Hz). A frequency sweep of the protein materials (40 wt%) was
performed at constant strain amplitude of 1% (within the linear visco
elastic regime). The frequency was varied from 0.1 to 20 Hz at 30 � C.
The dry matter content dependence of G’ and G} of 30, 40, 50 and 60 wt
% protein materials were determined with a frequency sweep experi
ment at a constant strain amplitude (1%) at 30 � C.
2.4. LAOS
The stress and strain data obtained from the LAOS measurements
were analysed using the MITlaos software (Version 2.1 beta, freeware
distributed from MITlaos@mit.edu). The strain amplitude was varied in
the range of 0.01–1000% at a constant frequency of 1 Hz at 30 � C. Lis
sajous curves were used to relate the response of the protein materials to
the imposed oscillatory strain.
The area enclosed in a Lissajous curve can be interpreted as the en
ergy dissipated per unit volume during one complete cycle of the
oscillatory strain that is imposed. The energy dissipated per unit volume
in a single cycle (1) is a function only of the first-order viscous Fourier
coefficient (G}1 ; calculated from the intensity and phase of the firstharmonic);
I
Ed ¼
σ dγ ¼ πG}1 γ20
(1)

2. Materials and methods
2.1. Materials

The energy dissipated by a perfect plastic material in a single cycle
(2) is equal to

Pea protein isolate (PPI) (NUTRALYS® F85G) and vital wheat gluten
(WG) (VITENS ® CWS) were both obtained from Roquette Fr�
eres S.A.,
(St. Louis, Missouri, USA). Soy protein isolate (SPI) (SUPRO® EX 37 IP)
was obtained from Solae (Europe S.A.). PPI was composed of 78.6 wt%
protein (N x 5.7), WG was composed of 72.4 wt% protein (N x 5.7), SPI
was composed of 80.0 wt% protein (N x 5.7) on a dry basis, according to
Dumas measurements. PPI, SPI and WG had an average dry matter
content of 93.2 wt%, 92.8 wt%, and 92.3 wt%, respectively. Sodium
chloride was obtained from Sigma-Aldrich (Zwijndrecht, the
Netherlands).

ðEd Þpp ¼ 4 γ0 σ max

(2)

for a given strain amplitude (γ0 ) and a maximum stress (σ max ). The
Lissajous curve for a perfectly plastic material has a rectangular shape
(see Fig. 1), and this shape corresponds to a material that initially gives a
perfectly rigid response, at the maximum deformation of the cycle
(lower left and upper right corners), and subsequently yields, and dis
plays a constant stress ð þ = σmax Þ, independent of the strain in the rest
of the cycle (i.e. purely plastic behaviour).
Comparing the actual dissipated energy to the perfect plastic dissi
pation, gives the energy dissipation ratio (ϕ) as proposed by Ewoldt et al.
(2010) (3).

2.2. Preparation of proteinaceous materials
Proteinaceous materials (PPI, SPI and WG) were prepared with 30,
40, 50 and 60 wt% concentration (corrected for the dry matter content
of the protein). First, 1 wt% sodium chloride was dissolved in distilled
water. Then PPI, SPI or WG was added and mixed with a spatula. The
samples were then hydrated for 30 min.

ϕ¼

Ed
π G}1 γ0
¼
ðEd Þpp
4σmax

(3)

The physical meaning of the dissipation ratio is illustrated in Fig. 1.
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Fig. 1. Stress-strain Lissajous curve for linear viscoelastic, perfect elastic, perfect viscous, inverted sigmoidal shape and perfect plastic behaviour. The energy
dissipation coefficient (ϕ) represents the enclosed area of the Lissajous curve for the viscoelastic response divide by the enclosed area of the perfect plastic response.

3. Results and discussion

and SPI decreased with increasing temperature while the moduli of WG
increased with increasing temperature. This confirms that the response
of WG to heating is significantly different from that of PPI and SPI.
The recovery of G’ and G} after heating and cooling of the protein
materials is presented in Fig. 2 C. The heat pre-treatment at 120 � C had
little influence on PPI and SPI, and the moduli of these materials after a
heat pre-treatment recovered to a similar order of magnitude as the
untreated material at 30 � C. The heat pre-treated PPI showed a narrower
LVE regime, while SPI gave a larger LVE regime compared with PPI or
SPI at 30 � C. Furthermore, the heat pre-treated SPI showed a larger
modulus and a larger LVE region than the same heat pre-treatment
compared with PPI. The heat treatment had a large influence on WG.
Its G’ and G} -values increased by almost two orders of magnitude.
Overall, PPI and SPI showed higher moduli that resulted in stronger
material than WG. However, a larger LVE region was observed for WG
than for PPI and SPI. The network of WG could be stretched and aligned
at a higher strain amplitude than PPI and SPI. The larger LVE region for
WG is probably due to a larger density of crosslinks formed (Pietsch
et al., 2018). The effect of the heat pre-treatment on G’ and G} in the LVE
regime is summarized in Fig. 3 B. The moduli of PPI and SPI did not
change with increasing temperature upon heating, while the modulus of
WG increased with increasing temperature for the heat pre-treatment.
The effects of the dry matter content at 30 � C on G’ and G} in the LVE
regime are shown in Fig. 4. As the dry matter content (DM) increased,
the G’ and G} for PPI, SPI increased more than the modulus of WG
increased. All responses were fitted with a power law G’ eDMc , in which c
is a scaling exponent. The concentration dependence c for PPI and SPI
was almost similar (c ¼ 4.96 and 4.56, respectively), but different
compared to WG (c ¼ 1.59).
The frequency dependence of the storage and loss moduli is shown in
Fig. 5. As the frequency increased, the G’ and G} for PPI, SPI and WG
showed a small increase. The response could be fitted with a power law
G’ eωn , in which ω is the frequency, and n is a scaling exponent. The
frequency dependence n for PPI and SPI moduli was similar (n ¼ 0.14
and 0.13 respectively). This weak power law behaviour is often associ
ated with materials that behave as a soft glassy material. Here, the term
“glass” refers to a condition of metastable structural disorder, in which

3.1. Strain-dependence of G0 and G00 as a function of the temperature
profile
Fig. 2 shows storage ðG’ Þ and loss ðG} Þ moduli as a function of the
strain amplitude for materials at 40 wt% at 1 Hz frequency. Three
different conditions were tested: (i) unheated (i.e. 30 � C), (ii) elevated
temperatures and (iii) cooled down after heating. Measurements were
performed to determine G’ and G} and the extent of the linear visco
elastic (LVE) regime of the protein materials with respect to the tem
perature, and the recovery after heating, using a frequency of 1 Hz
(Fig. 2). In the linear viscoelastic regime, the moduli were independent
of the applied strain amplitude and G’ was always larger than G} ,
indicating predominantly solid-like behaviour. At 30 � C, PPI had a
maximum linear strain amplitude in the LVE regime of about ~10%, and
a G’ of 95 kPa (tan delta of 0.25). For SPI, the LVE regime extended
slightly further up to strain amplitudes up to 14%, and it had a higher
value for G’ of 180 kPa (tan delta of 0.2). Those measurements show that
SPI leads to stronger material than PPI. WG, though had a lower
modulus at 30 � C.
The effect of heating at 120 � C on G’ and G} is shown in Fig. 2 B. For
PPI and SPI, G’ and G} decreased almost two orders of magnitude, while
the LVE regime became larger. Both materials remain predominantly
elastic at 120 � C. The modulus of PPI was lower, and its LVE regime was
narrower than that of SPI, which indicates a weaker and slightly more
brittle material compared with SPI. For WG, G’ increased almost one
order of magnitude when the temperature was increased from 30 � C to
120 � C. In addition, the ratio of the storage (elastic) to the loss (viscous)
modulus representing tan delta decreased (30 � C–0.6 while at 120
�
C–0.15). Along with the slight decrease in absolute G} , this change
towards a much more elastic material was previously explained as
gluten polymerization (Pietsch, Karbstein, & Emin, 2018; Strecker,
Cavalieri, Zollars, & Pomeranz, 1995). WG heated to 120 � C had a
slightly higher modulus than PPI and SPI. The temperature dependence
of G’ and G} in the LVE regime (frequency of 1 Hz and strain amplitude
of 1%) for PPI, SPI and WG is summarized in Fig. 3 A. The moduli of PPI
3
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Fig. 2. Storage (G’ ) ( , , ) and loss modulus (G} ) ( , , ) of 40 wt% PPI, SPI and WG as function of strain amplitude at a frequency of 1 Hz at 30 � C, 120 � C and
heated to 120 � C and subsequently cooled to 30 � C.

thermal motion is not enough for relaxation to take place. The term
“soft” is used to indicate the possibility for flow upon increasing strain
amplitude (Bandyopadhyay, Liang, Harden, & Leheny, 2006). Several
soft glassy materials are characterized by a power law value n ranging
between 0.1 and 0.3 (Bandyopadhyay et al., 2006; Ketz, Prud’homme, &
Graessley, 1988; Khan, Schnepper, & Armstrong, 1988; Mackley,
Marshall, & Zhao, 1994). SPI and PPI are provided as granular material,
which is only partly soluble. In presence of limited water, we expect that
the granular nature is (at least partly) preserved (Berghout et al., 2015).
Upon water addition, the particles will swell, and become deformable.
Particle interaction will strongly increase due to jamming, leading to fast
increasing moduli upon increased concentration. After heating, such
protein dispersion can form a particle gel (Berghout et al., 2015). This
was also supported by the stronger concentration dependence for PPI
and SPI (c ¼ 4.56 and 4.96 respectively) in Fig. 4. The frequency
dependence of WG was with n ¼ 0.28 much larger than that of PPI and
SPI. Similar frequency dependence for G’ (n ¼ 0.3) was reported for WG
at 41 wt% (Georgopoulos, Larsson, & Eliasson, 2004). This value for n
corresponds with a swollen polymer network behaviour, which is an
appropriate description for WG indeed (Ng & McKinley, 2008). Also the
concertation dependence for WG (c ¼ 1.59) was significantly different
compared with PPI and SPI as observed in Fig. 4. If these protein ma
terials are indeed so different we would expect a completely different
response in the LAOS measurements, which we will investigate now in

the next section.
3.2. Large amplitude oscillatory shear (Laos): Intra-cycle rheology and
temperature-dependence
Upon increasing the strain amplitude beyond the LVE regime, all
materials show a decrease of G’ and G} , implying shear-softening and
shear-thinning behaviour. In the beginning of the non-linear viscoelastic
regime, G’ is larger than G} representing solid behaviour. At even larger
strains, both G’ and G} decreased, and eventually G} exceeded G’
(Fig. 2). A more detailed assessment of the non-linear viscoelastic
behaviour of protein materials was obtained through Lissajous curves.
Fig. 6 shows these curves at three different strain amplitudes for PPI
at 30 � C. The elastic Lissajous curves (stress versus strain) had a line or
narrow ellipse shape for small strain amplitudes, implying that the
response of this material was elastic at these strains. With a further in
crease of the strain amplitude, the area encompassed by the curve
became wider. This is an indicator of viscous dissipation, suggesting
structure breakdown. In Fig. 6 the total stress was decomposed in an
elastic and viscous contribution. In the plots of stress versus strain, the
red dashed lines indicate the elastic contributions to the total stress. In
the plots of stress versus shear rate, the red dashed lines indicate the
contribution of the viscous stress to the total stress. The large deviations
from the dashed lines at larger strains indicate that the elastic4
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Fig. 3. Temperature dependence of the storage (G’ )
( , , ) and loss modulus (G} ) ( , , ) in the LVE
regime for 40 wt% PPI, SPI and WG A) during heating
at 30, 100, 120 and 140 � C and B) during cooling from
a heat treatment from 100, 120 and 140 � C–30 � C
with strain amplitude of 1% and frequency of 1 Hz.
The strain amplitudes of PPI, SPI and WG when
heated at 100 and 140 � C are shown in Appendix
Figure A 1 and heated at 100 and 140 � C subsequently
cooled to 30 � C are shown in Appendix Figure A 2.

Fig. 4. Dependence on the dry matter content (wt.%) of the storage (G’ ) ( , , ) and loss modulus (G} ) ( , , ) in the LVE regime for 40 wt% PPI, SPI and WG at 30
�
C with strain amplitude of 1% and frequency of 1 Hz), including the power law (G’ eDMc ) value c of the G’ and G} for each material.

dominated behaviour is changed into more viscous-dominated behav
iour. At large strains, the area encompassed by the curve increased and
changed gradually into an almost rectangular shape, indicating plastic
behaviour eventually.
Fig. 6 also shows the viscous Lissajous curves of the stress versus
strain rate amplitude for PPI at 30 � C. At small strain amplitudes, the
viscous Lissajous curve had a circle or ellipse shape, with near zero
contribution of the viscous stress (red dashed line). With the increase of
strain rate amplitude into the non-linear region, the Lissajous curve
narrowed, indicating more viscous dissipation. At the highest strain ratevalue, the curve changed to a sigmoidal curve, indicating a strong shear
thinning behaviour in the viscous response.
Fig. 7 shows Lissajous curves at different strain amplitudes for PPI,
SPI and WG, after a heat pre-treatment at various temperatures (100,
120 and 140 � C), and measured at 30 � C. The elastic Lissajous curves of

stress versus strain amplitude are shown in Fig. 7 and in Appendix
Figure A 3, and the viscous Lissajous curves of stress versus strain rate
amplitude are shown in Appendix Figure A 4. The behaviour of PPI, SPI
and WG at high temperature is provided in the Appendix Figure A 5 and
Figure A 6. Lissajous curves of PPI, SPI and WG at high temperature
show a comparable trend to the Lissajous curves of PPI, SPI and WG
when heated and subsequently cooled as discussed below. At low
strains, heating and subsequent cooling hardly affected the properties of
PPI compared to PPI at 30 � C. At higher strain amplitudes (i.e. 33.9%
and 85.4%), heat pre-treatment affected the shape of the Lissajous
curves. PPI with a heat pre-treatment resulted in a more pronounced
inverted sigmoidal curve with a smaller enclosed area than PPI at 30 � C.
The area enclosed within the Lissajous curve represents the dissipated
energy in one cycle. The change in the curve shown in the figure in
dicates that the heat pre-treatment reduces the dissipation in the
5
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Fig. 5. The storage (G’ ) ( , , ) and loss modulus (G} ) ( , , ) of 40 wt% PPI, SPI and WG as function of frequency (frequency sweep at a strain amplitude of 1% at
30 � C), including the power law (G’ eωn ) value. n of the G’ and G} for each material.

Fig. 6. Lissajous curve of stress versus strain amplitude and stress versus strain rate amplitude at three different amplitudes for 40 wt% PPI at 30 � C. (individual plots
of normalized stress (solid lines) and elastic stress (dashed lines) vs. strain, individual plots of normalized stress (solid lines) and viscous stress (dashed lines) vs.
strain rate.).

material during deformation. At high strains, the shape of the Lissajous
curve changed to an almost rectangular shape. It means that PPI showed
plasticity: yielding at all processing temperatures, followed by flow (the
horizontal part of the loop), followed by recovery (as explained in
Fig. 1).
The Lissajous curve of SPI after different heat pre-treatment showed
a similar trend as for PPI: pre-heating affected the shape of the Lissajous
curve to lower viscous dissipation. At the highest strain amplitude an
“overshoot” was observed after yielding, where the elastic contribution
to the stress (the dashed red line) decreased after reaching a maximum
value. At high strains for SPI, self-intersections appear in the viscous
Lissajous curve (shown in Appendix Figure A 4), which leads to sec
ondary loops (Ewoldt & Mckinley, 2010). This means that the stress
response remained similar at constant strain rate amplitude while the
corresponding strain amplitude values were different. This might be
related to the strong non-linearities in the elastic stress. These
self-intersections may emerge when the time scale for restructuring of
the microstructure is shorter than the oscillatory deformation time scale.
These self-intersection in the Lissajous curve were also observed in soft
wheat flour dough (Yazar, Duvarci, Tavman, & Kokini, 2017), foam
prepared from egg white protein (Ptaszek, 2015) and tomato paste
(Duvarci et al., 2017).
The Lissajous curves of WG after heat pre-treatment show a different
trend compared with PPI and SPI. WG is not predominately elastic at low

strains measured for the non-treated sample at 30 � C, and is primarily
viscous. At increasing strain amplitude, the area enclosed within the
Lissajous curve increased, which indicates that the material dissipates
more energy with increasing strain amplitude, while no clear yielding
behaviour was observed. Heat treatment rendered the WG predomi
nantly elastic, as evident in the narrow ellipse shape at low strains and
the circular shape at low strain rate amplitude. Predominantly elastic
behaviour was observed at a strain of 157.9%. A further increase of the
strain amplitude resulted in an abrupt transition to non-linear behav
iour, that was observed for WG pre-heated at 120 � C at strain amplitudes
above 292.1% and for WG pre-heated at 140 � C even at lower strain
amplitudes of 157.9% (shown in Appendix Figure A 3). At high strain
amplitude for WG, self-intersections appear in the viscous Lissajous
curves (shown in Appendix Figure A 4) leading to secondary loops
(Ewoldt & Mckinley, 2010). Again, this is indicative of the reformation
of crosslinks within timescale shorter than the oscillatory deformation.
To better quantify the dissipation and the non-linear behaviour, we
calculated the energy dissipation ratio (ϕ) as defined in Equation (5).
The total energy dissipated per cycle is only a function of the first-order
viscous Fourier coefficient. When ϕ ¼ 0, the response is purely elastic as
no energy is dissipated, and when ϕ ¼ 1, material exhibits perfect
plasticity (Ptaszek, 2014). A ϕ of π/4 corresponds to a material that
behaves as a Newtonian liquid.
The dissipation ratio as function of the strain amplitude is shown in
6
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Fig. 7. Lissajous curve of stress versus strain amplitude for A) PPI, B) SPI, C) WG at 30 � C and heated to 120 � C and subsequently cooled to 30 � C, at several strain
amplitudes. (normalized stress (solid lines) and elastic stress (dashed lines)).

Fig. 8. At small strain amplitudes, the ϕ is small for all materials indi
cating a predominantly elastic response. A larger strain amplitude leads
to a larger dissipation ratio. Eventually a maximum ratio of around 0.8
was obtained implying viscous behaviour (Fig. 8). At 30 � C, the dissi
pation ratio for WG is higher at low strain amplitude and lower at high
strain amplitude as compared with the dissipation ratio of PPI and SPI.
This difference indicates elastic behaviour for PPI and SPI at low strain
amplitudes and viscous behaviour at high strain (since ϕ is close to
0.79). At 30 � C, the dissipation ratio for PPI and SPI is similar. In
contrast, once these two materials are heated at high temperatures, a
different behaviour for PPI and SPI emerged: PPI was now more dissi
pative at low strain amplitudes than SPI. This suggests that PPI loses its
elastic properties faster upon heating and that viscous behaviour be
comes more predominant than for SPI. As the strain amplitude increases,
the dissipation ratio of PPI first increases more strongly than that of SPI,
even though its maximum value is similar for both. At high temperatures
and low strain, WG and SPI both had a low dissipation ratio indicating
predominantly elastic behaviour, different from PPI. WG shows a sharp
increase in the dissipation ratio at ~100% strain amplitude.
The dissipation ratios of PPI and SPI were almost similar at 30 � C.

After heat pre-treatment, there was generally a slight difference in the
ratios of PPI and SPI, but this difference was smaller than for the case of
heated-only samples. This result indicates that PPI lost its elastic prop
erties at a lower strain amplitude than SPI after cooling. WG after a heat
pre-treatment followed by cooling showed a similar trend compared to
when heated-only samples as discussed above; at increasing strain
amplitude the dissipation ratio of WG shows a sharp increase at ~100%
strain amplitude for heat pre-treatment at 100, 120 and 140 � C. This
additional information on the dissipation behaviour of the materials
related to high temperatures and recovery supported the change in the
enclosed area of the Lissajous curve. This dissipation ratio reveals the
main information in the Lissajous curves in a compact manner.
3.3. Connection of SAOS and Laos to structure formation
The rheological properties of protein materials at a high dry matter
content (i.e. 40 wt%) and high temperature (i.e. 100-140 � C) are rele
vant for understanding their behaviour in processes that combine
heating and deformation, such as extrusion. This paper discusses the
rheological behaviour of protein materials with SAOS and LAOS. LAOS
7
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Fig. 8. Dissipation ratio of PPI ( ), SPI ( ) and WG ( ) heated at 30, 100, 120 and 140 � C and heated at 30, 100, 120 and 140 � C and subsequently cooled to 30 � C.
For PPI at 140 � C the stress values were too small to measure accurately and therefore the dissipation ratio is not shown.

is important to understand the behaviour of the materials during in
dustrial processing. Therefore, protein materials were heated and
simultaneously subjected to a shear treatment by applying a frequency
of 1 Hz and increasing strain amplitude in an oscillation experiment. In
this section, we connect the outcomes of the experiments to the obser
vations made in structuring equipment like shear devices and extruders,
even though the oscillatory shear as occurring in the closed cavity
rheometer differs from the continuous shear inside a shear cell or
extruder. However, we believe that the study done here still offers the
closest study to these processes that is currently available.
From the strain-dependence of G’ and G} , we conclude that PPI and
SPI behaved quite differently from WG. The moduli of PPI and SPI in the
LVE regime at 30 � C were similar, but that the extent of the LVE regime
differed. Both the modulus and the extent of the LVE of PPI and SPI were
different compared with WG at 30 � C. Both PPI and SPI had a large
modulus at 30 � C in the LVE regime and after a heating and subsequent
cooling the moduli of PPI and SPI were almost similar to the original
values. The rheological measurements (low frequency dependence and
large scaling exponent with dry matter) indicated that both PPI and SPI
could be considered a particle gel. Therefore we expect that part of the
interactions between the domains will be broken with increasing strain,
allowing them to flow past each other, resulting in viscous or plastic
behaviour. Whether this structural breakdown occurs homogeneously,
or is accompanied by a complex local strain field with different shearing
zones within the sample, will need further clarification. The behaviour
of WG resembled more the rheological response of a crosslinked poly
meric network. WG had a low modulus at 30 � C in the LVE regime, but
heating and subsequent cooling resulted in a much higher modulus. This
difference is probably due to additional crosslink formation. With
increasing strain amplitude, crosslinks in the WG network break,

allowing the strands of protein to slide past each other, explaining a shift
towards more viscous behaviour. If crosslinks are indeed the determi
nant factor for extending the LVE regime, future research should be
focused on how to induce additional crosslinks in pea protein.
Lissajous curves were constructed to evaluate the deformation in the
linear and non-linear viscoelastic regime. The shapes of these Lissajous
curves for PPI and SPI were quite similar but different from WG. This
supported the SAOS data that these protein dispersion are fundamen
tally different indeed. Energy dissipation ratios based on the analysis of
the integrated area inside the Lissajous curves were calculated and used
to characterize plasticity of the materials. Strain amplitude and heat
treatment alter the ratio of elastic to viscous behaviour. We conclude
that the materials change from elastic to plastic upon increasing strain
amplitude. As the deformation increases, the strain amplitude on the
network eventually causes breakage and plasticity. At high temperature,
the dissipation ratio was smaller than at 30 � C at similar strains. Even
after cooling, the dissipation ratio remained smaller. This indicates that
heating induces irreversible changes, generating induced more elastic
ity. This elasticity is most pronounced for WG as observed by the higher
dissipation ratio in Fig. 8. This dissipation ratio of WG increased at a
higher strains than SPI and PPI. Those observations are in line with
confocal light microscopy images. Those reveal that WG forms strongly
elongated domains under continuous shear which appeared as aligned
fibres in SPI-WG and PPI-WG blends, while SPI and PPI both do not show
this clear elongated domains, even after extensive deformation
(Schreuders et al., 2019). We further observed that PPI loses its elasticity
quickly, which is probably connected to its low strength as a matrix
during processing. The SPI network is stronger, and retains its elasticity
better during heating. Indeed after structuring, SPI-containing products
are stronger than PPI-based product at similar dry matter content
8
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(Shand, Ya, Pietrasik, & Wanasundara, 2007).
These insights of the rheological properties of three concentrated
protein materials (PPI, SPI and WG) at extrusion-like conditions were
linked to the structure formation process observed in other studies.
Lissajous curves and dissipation ratios at different temperatures were
used as a rheological fingerprint of the protein dispersions. As a next
step, this fingerprint will be linked to structure formation process
allowing a “design type of thinking” approach and better selection of the
optimal process condition. This could enable to develop new plant
protein based matrices for meat analogues in the future.

smaller at similar strain amplitude compared with 30 � C. This indicates
that heating induced more elasticity. Upon a thermal treatment, PPI lost
its elastic properties more quickly than SPI, while WG showed abrupt
dissipation after extensive deformation. These observations are consis
tent with observations from shear deformation processing, in which WG
is seen to deform into elongated structural domains, while SPI and PPI
show less extension. These insights are useful for the rational design of
thermomechanical processes to prepare structured plant protein
matrices, based on mechanistic material-structure-process relationships.
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Small and large amplitude oscillatory shear deformation with a
closed cavity rheometer was successfully applied before, during and
after thermal treatment, giving insight in the structural changes during
thermomechanical treatment, such as extrusion and shear cell treat
ment. Pea (PPI) and soy (SPI) protein isolates at 40 wt% behaved
similarly, but different from wheat gluten (WG). The modulus of WG
increased with increasing temperature, and did not recover after cool
ing. Heat pre-treatment did not significantly change the modulus of PPI
and SPI. The LAOS analysis reveals the rheological changes occurring at
large shear strains more cleary than one would obtain through classical
rheology. The energy dissipation ratio showed a simplified perspective
to reveal the complex information in the Lissajous curves in a compact
manner. At 30 � C, PPI and SPI show a higher dissipation ratio than WG.
At high temperature and even after cooling, the dissipation ratio was
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Fig. A. Storage (G’ ) ( , , ) and loss modulus (G} ) ( , , ) of 40 wt% PPI, SPI and WG as function of strain amplitude at a frequency of 1 Hz at 100 � C, 120 � C and
140 � C.
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Fig. A 2. Storage (G’ ) ( , , ) and loss modulus (G} ) ( , , ) of 40 wt% PPI, SPI and WG as function of strain amplitude at a frequency of 1 Hz heated to 100 � C, 120
�
C and 140 � C and subsequently cooled to 30 � C
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Fig. A 3. Lissajous curve of stress versus strain amplitude for A) PPI, B) SPI, C) WG at 30 � C and heated to 100, 120 and 140 � C and subsequently cooled to 30 � C, at
several strain amplitudes. (normalized stress (solid lines) and viscous stress (dashed lines) vs. strain rate amplitude.)
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Fig. A 4. Lissajous curve of stress versus strain rate amplitude for A) PPI, B) SPI, C) WG at 30 � C and heated to 100, 120 and 140 � C and subsequently cooled to 30 � C,
at several strain amplitudes. (normalized stress (solid lines) and viscous stress (dashed lines) vs. strain rate amplitude.)

13

F.K.G. Schreuders et al.

Food Hydrocolloids 110 (2021) 106172

Fig. A 5. Lissajous curve of stress versus strain amplitude for A) PPI, B) SPI, C) WG at 30, 100, 120 and 140 � C, at several strain amplitudes. (normalized stress (solid
lines) and elastic stress (dashed lines)). The curves in particular shape in the Lissajous curve indicated an overshoot in the stress, most likely due to a coupling of the
elasticity of the sample with instrument inertia effect. For PPI at 140 � C the stress values were too small to measure accurately and therefore the Lissajous curves are
not shown.
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Fig. A 6. Lissajous curve of stress versus strain rate amplitude for A) PPI, B) SPI, C) WG at 30, 100, 120 and 140 � C, at several strain amplitudes. (normalized stress
(solid lines) and viscous stress (dashed lines) vs. strain rate amplitude.) For PPI at 140 � C the stress values were too small to measure accurately and therefore the
Lissajous curves are not shown.
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