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Abstract: Extrusion-based three-dimensional (3D) food
printing is an emerging technique, relying crucially on the
rheological behavior of the ink for success. This study aims
to understand the rheological properties of the paste-like
3D food printing inks near the processing conditions.
Experimental artifacts, particularly the edge fracture at
high deformations, are a common challenge when working
with pastes. While steady shearing is the most informative
measurement, it is not practical due to experiential artifacts.
We characterized the rheology of these inks with oscillatory
measurements, described the deformation response with a
constitutive model, and translated the information from
oscillatory testing to steady shearing. The novel constitutive
model is a generalization of the Oldroyd-B model using a
shear-rate-dependent viscosity following Herschel Bulkley.
The model parameters were estimated by non-linear least-
squares fitting. The constitutive model successfully pre-
dicted the sample response at large deformations and the
steady-shear flow response, such as those encountered in 3D
food printing. The applicability of the methodology can be
extended for different materials that are challenging to
characterize. We explored methods to measure the rheolo-
gical properties of paste-like materials prone to edge frac-
ture, aiming for an accurate description of their response
under processing.
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1 Introduction

Interest in extrusion-based three-dimensional (3D) food
printing, also known as direct ink writing, is rising due
to its ability to create customized foods with desired
nutrient levels, textures, and flavors that match the needs
of specific customer groups, a concept known as persona-
lized nutrition. It provides the opportunity to work with
various materials to provide solutions for special needs,
such as customized foods for dysphagia patients [1].

During extrusion-based printing with the application
of different materials such as plastics, cement, food, and
bio-based inks, the inks undergo a reversible solid-to-liquid
transformation during the extrusion and deposition stages
[2-4]. This can be achieved by phase transition or yield
stress mechanisms [5]. Specifically, the ink must easily
flow during extrusion, and after deposition, it must solidify
to carry its own weight and weight of the upper layers to
achieve shape fidelity [6]. Our work focuses on yield-stress
inks, specifically highly filled pea-based pastes.

We assume that our paste-like yield stress materials
consist of densely packed soft granules surrounded by a
viscoelastic matrix, resulting an elastic-dominated nature
until the yield stress is exceeded [7,8]. Above the yield
stress, a solid-to-liquid transition is expected to occur,
resulting in a rearrangement in the internal structure
and energy dissipation. As a result, the material shows
viscous characteristics. Yield stress materials typically
show a decrease in viscosity with increasing shear rate,
also known as shear thinning. Shear thinning property
is recognized to be beneficial for extrusion by decreasing
the driving force to push the material through the nozzle
and maintain the flow [5,9,10]. Finally, post-printing micro-
structure recovery is based solely on rheological
properties.

On the one hand, a successful print with yield stress
inks requires satisfying the rheological constraints for
extrusion and proper layer-by-layer deposition while
maintaining a consistent formulation throughout the
printing process [11]. On the other hand, the rheological
constraints for printability are challenging to describe.
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In addition, the rheology of an unexplored formulation is
often challenging to measure because of the possible
experimental artifacts and the complex nature of the yield
stress materials. As a result, successful printing with a
target formulation often relies on trial and error, which
usually takes a long development time. Recently, Venkata-
chalam et al. [8] revealed that macronutrient composition
could be linked to printability by hydrating samples as a
fraction of the average water-holding capacity (WHC) of
dry matter. Moreover, with Bugday et al. [12], we have
recently shown that inks with different macronutrient
and water content, when hydrated according to the
WHC, have a considerable degree of similarity in their
rheological response. We observed that the water content
modulates the yield stress and the linear elastic modulus,
both recognized as essential parameters for printing [13].
At the same time, high-strain and shear rate responses
are independent of the formulation for the formulations
studied. These provide promising approaches for under-
standing the rheology, printability, and composition;
however, the accurate rheological characterization and
prediction of the ink characteristics prior to processing
the ink still remain a challenge.

For extrusion-based printing purposes, the most rele-
vant information is often the shear rate-dependent stress
evolution to connect with the extrusion force [14]. How-
ever, carrying out steady shearing rheology is challenging
due to different possible measurement artifacts such as
shear banding, wall slip, and edge fracture for paste-like
materials [6,15]. The wall slip and shear banding are con-
sidered to be easier to minimize by lowering the measure-
ment gap and using higher friction geometries for our
paste. However, edge fracture, i.e., cracking of the sample
edge at high shearing rates, appears as a natural result of
high deformation in steady shearing and is highly challen-
ging to avoid [16]. The energy dissipation caused by the
edge fracture can be misinterpreted as viscous flow only
by observing the data. Hence, one must observe the sample
deformation during testing. Researchers usually prefer
capillary rheometry as a substitute, which comes with its
hurdles, such as quantification of wall slip, effects of entry
pressure, possible phase separation, and large granule size
[17,18]. Another alternative is oscillatory rheology, which
limits the total strain experienced by the sample, applies a
cyclic deformation to the material, and promises an
improvement to overcome edge fracture [19].

It is challenging to capture the rheology associated
with steady-state flow behavior from transient oscillatory
data [20]. Rogers et al. [21] suggest that non-linear oscilla-
tory data can be interpreted as a sequence of physical
processes, and it may be possible to extract information
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about steady shear flow conditions. On the one hand, the
continuous change of the stress response brought about by
medium- and large-amplitude oscillatory strain measure-
ments makes it challenging to interpret the continuous
shearing properties. On the other hand, control of total
strain is a promising strategy for approaching such chal-
lenging samples that present extreme edge fracture.

Recently, van der Sman et al. [22] showed that with a
generalized constitutive model, it is possible to capture the
shear rate evolution of shear stress and strain dependency
of the storage (G') and loss (G") modulus for different types
of multicomponent printing inks. The constitutive model is
a generalized upper-convected Oldroyd-B model, where
the relaxation time is the additive combination of two fac-
tors. The first factor is the Maxwell relaxation time, and the
second is the shear rate and strain amplitude-dependent
relaxation time. In the latter term, the elastic modulus is
defined as a function of the strain amplitude, and the
relaxation time is a function of the shear rate. This makes
the model capture both the strain and the shear rate-
dependent characteristics. van der Sman et al. [22] focused
on capturing trends in strain amplitude-dependent (first
harmonics) G' and G” and predicting steady shear. There
are various approaches in the literature to capture the
solid-to-liquid transition, strain amplitude, and shear rate
effects. For example, adapted relaxation time models [23]
and models that include shear thinning or strain softening
terms such as [24,25]. The current constitutive model is
similar to these models, and the greatest advantage is
that it combines shear and shear rate effects with yield
stress. The constitutive model offers a decoupling of strain
and rate softening, which is a good fit for our materials, as
shown by Bugday et al. [12]. Also, the model has many
special cases, such as the Oldroyd-B, White-Metzner, and
Herschel-Bulkley models, explained further in a study by
van der Sman et al. [22]. However, the single-mode Old-
royd-B model may limit the pure linear viscoelastic
response at the smaller strains. This can also influence
the response in the solid-to-liquid transition region [22],
suggesting that investigating the model on oscillatory
waveform data would improve the fitting accuracy. Our
aim is to evaluate the robustness of the model and to
pursue a fitting strategy on the waveform data, which is
free of experimental artifacts such as edge fracture.

This article aims to characterize the rheology of paste-
like 3D printing inks and investigate how the information
from oscillatory experiments can be translated to steady
shearing using the novel constitutive model [22]. The
novelty of the work lies in the application of this technique
to the challenging-to-characterize 3D food printing inks to
further capture their constitutive response near the
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processing conditions and contribute to their utilization in
a process model. We use multicomponent pea-based inks
hydrated according to the WHC of the ingredients, similar
to our previous study [12]. We perform linear and non-
linear oscillatory tests and stress growth experiments.
Our objective with rheological measurements is to inter-
rogate the response of paste-like food inks at large defor-
mations and high shear rates to connect it to 3D printing.
Extra care is given to minimize the experimental artifacts,
such as wall slip and edge fracture. To prevent edge frac-
ture in oscillatory testing, we limit the strain amplitude.
Stress growth testing is preferred over a continuous rate
sweep by observing the edge fracture and the time-depen-
dent evolution of the structure. We utilized linear and non-
linear oscillatory data to estimate the constitutive model
parameters. We develop a non-linear least-squares-based
fitting strategy for fitting the transient oscillatory wave-
form data to estimate the parameters; we further analyze
the fitted model parameters for the goodness and accuracy
of the fitting. Finally, we compare the experimentally mea-
sured steady shear response and viscoelastic modulus with
the predictions.

2 Theory

2.1 Problem description and solution

The state of microstructure was described by the two-
dimensional (2D) Cauchy-Green tensor, denoted by c.
The Cauchy-Green tensor contains the entire deformation
history and is expressed as

¢ = EE, @

in terms of the elastic deformation gradient tensor F, and
its transpose FI is known to be suitable for viscoelastic
fluids and solids. The constitutive model is based on an
Oldroyd-B model, which is explained in detail in Section
2.2. Accordingly, the Oldroyd-B model in conformation
tensor notation is

ete-1= 0, v
6 = Gesr(€ — 1), 3)

where o is the stress tensor, 7 is the relaxation time, and
Gegr i the modulus term used further in equation (11). ¢ is
the upper convected derivative defined as

Dc

v
c=—-L-c-c- I, 4)
Dt
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where L is the velocity gradient tensor, given in equation
(5), for simple shear flow

L=

0 ny] )
0 0/

Consequently, the change in the conformation tensor
is defined as

dc. (cxx = 1)
d—’;" = 20y Lyy - % 6
deyy Cxy
i - Sl , 0
doy __Cyoy ©)
dt T

For oscillatory flow, Lyy = y,wcos(wt), with y, being the
amplitude of the oscillation and w being the frequency of
oscillation (rad/s). Furthermore, G’ and G” were calculated
according to the following equations:

t=T
I Oyysin(wt)dt, 9

t=0

w
G = —

t=T

0]
G” = — | gycos(wt)dt,
Yot Jo ?

(10

where w and y, represent the frequency and amplitude of
the oscillation, ¢ is the time, T is the total time, and the
shear stress is gyy.

For steady shear flow, Ly, = y, s~! is a prescribed steady
shear rate. In solving equations (6), (7), and (8), an increasing
time step was used at different times for the steady shearing
flow to reduce computational time by increasing the time step
at longer times while the stress reached a steady state.
Accordingly, 60,000 time steps were used with a logarithmic
increase from 6 x 10~ to 2 x 1073, The steady-state value of the
shear stress was obtained and extracted for each shear rate to
construct the flow curve. The flow curves were used for vali-
dation purposes of the predicted parameters.

2.2 The constitutive model

The model is a generalized Oldroyd-B model with a mod-
ified relaxation time term. The relaxation time term has
two elements: a Maxwell element (7)) and an adapted
relaxation time element

1 1

T ™

Geie(h1)

—. 1
Nogt (Vatr)



4 — Yagmur Bugday et al.

The Maxwell element that is indicated as the first term
on the right-hand side of equation (11) provides a relaxa-
tion time. The second component, with Geg and neg, is the
effective modulus and effective viscosity and is defined as

Go

Gest(h) = — @
1 [ ] (12)

L

n

. 13)

eff cr

. o )/
Negt Vage) = y_oll + [e_ff

and they contribute to the shear rate and strain responses
to capture the strain softening and the shear thinning
responses. Equation (13) describes the shear rate depen-
dency of viscosity as a Herschel-Bulkley relation, where
0y, 1, and ), are the model parameters, namely, the yield
stress, shear thinning exponent, and the critical shear rate.
Furthermore, ), is the effective shear rate defined as: ¢ =
+/2D:D, with D being the rate of deformation tensor defined
asD = %(L + IT) [26]. Equation (13) is a Soskey-Winter-type
damping function, with I, and a parameters. ; = tr(c) — 3
and Gy is the elastic modulus of the undisturbed structure,
defined as a function of the frequency as explained in Section
3.2.10 (equation (17)) [27]. The model is designed in such a way
that, under lower shear rates, the Maxwell element becomes
dominant over the adapted element due to the increased 1,4
under low shear rates. Increasing the shear rate, the viscosity
term decreases and the adapted element (see equation (11))
dominates the relaxation time.

3 Materials and methods

3.1 Materials

The food inks described in this study were prepared using
ingredients fractionated from peas, namely pregelatinized
(PG) starch (Nastar Precooked Pea Starch), raw starch
(Nastar Native Pea Starch), native (partially denatured)
protein (Pisane M9 Pea Protein), and insoluble fiber
(Swelite C Pea Fiber), which Cosucra Groupe Warcoing
SA in Belgium kindly provided.
We hydrated the dry ingredients with pure water.

3.2 Methods

3.2.1 Hydration strategy and raw material
characterization

Hydration was performed based on the WHC of the dry
ingredients. The approach has been introduced by
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Table 1: Reference values for the MC and the WHC of the ingredients

WHC
g water/g dry solids

Moisture content
g water/g dry solids

Substance

PG pea starch 0.29 5.78
Raw pea starch 0.09 1.02
Pea protein 0.33 6.56
Pea fibre 0.17 1.15

Venkatachalam et al. [8], suggesting that similar rheology
can be obtained if the samples are hydrated according to
their WHC.

The materials were tested for moisture content (MC)
and WHC. The measurement of the MC was based on a
weighing method before and after complete drying.
Furthermore, the WHC of pure ingredients was measured
based on analyzing the residual water on the soaked sam-
ples. Following soaking, the sample was centrifuged, and
the residual moisture was analyzed by weighing it before
and after complete drying. We refer to Venkatachalam
et al. [8] for a complete description of the methods. The
measured reference values for this study are provided in
Table 1.

3.2.2 Sample preparation

Pea fractions were combined based on dry ratios to obtain
printing inks with the details in Table 2. The dry fraction
was hydrated based on the predetermined fraction of the
WHC of the mixture, as calculated based on

N N
Mygater = P| 2 MyWHC,, = ) MyX |, (14)

n n
where My, is the amount of added water (kg), M, and X,
are the dry mass (kg dry basis) and water content
(kg water/kg db) of an ingredient n. Note that dry matter
contains a small amount of moisture absorbed from the
surroundings. Finally, N = [fiber, protein, starch, PG
starch] and p is the percentage of the WHC of dry fraction,
respectively. For this study, we selected a percentage
of hydration, p = 60%. This percentage of hydration was

Table 2: Weight ratio of the nutrients on a dry basis

Sample Raw starch Fiber Protein
Protein rich 1 1 3
Fibre rich 1 3 1
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chosen and we adjusted it to facilitate rheological measure-
ment: the ink should be easy to compress between rheometer
plates; hence, the measuring gap for rheological testing must
be achieved within the force limit of the rheometer. In addi-
tion, the inks must not crumble too easily during the testing to
minimize edge fracture and allow expansion for the measure-
ment window. Finally, it must form a thick paste that can
carry its weight and allow printing.

The dry ingredients were weighed and mixed in a
beaker with a spoon to create a homogeneous mixture.
Then, the powder mixture was introduced into the water
at room temperature. The mixture was homogenized by a
conventional mixer (Tristar Kitchen Mixer, UK) with a flat
mixing hook for 5 min. The samples were then transferred
to plastic jars and sealed with Parafilm to prevent evapora-
tion. They were tested on the same day. All samples con-
tained PG starch in a 1:10 ratio of PG starch: total dry mass.

The batch size was 150 g for each sample preparation.

3.2.3 Rheological measurements

Rheological measurements were performed using an Anton
Paar MCR 501 rheometer (Anton Paar GmbH, Austria) at 25°C.
A circulating water bath and Peltier heating system ensured
temperature stability. Measurements were performed using a
50 mm diameter stainless steel plate-plate measurement
system with a cross-hatched profile surface (PP50/P2). This
design is selected to reduce the apparent wall slip between
the material and the plate. The cross-hatched plates offered a
more effective solution to prevent slippage than sandpaper-
coated or sandblasted surfaces for our large granular pastes.

At the beginning of each experiment, 5 g of sample was
placed on the bottom plate of the rheometer, and the gap
height was adjusted to 1mm for measurement. The mea-
surement gap has been reached with a downward speed of
1mm/s to 5mm, 500 pm/s to 2 mm, and 100 um/s to 1 mm.

The normal force was limited to 40N during the
sample loading to avoid damaging the rheometer force
sensor. The excess material was scraped out. Before the
tests, the material was allowed to rest for 2 min without
any deformation applied to relax and release the residual
stress of loading. The duration of 2 min was established by
tracking the normal stress until it reached equilibrium.

All rheological measurements were replicated for two
batches of the same preparation to cover batch-to-batch
variations and ensure repeatability. The error bars on
any rheology data represent the standard deviation
between replicates. The average values are used for the
fitting.
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3.2.4 Strain amplitude sweep

A strain amplitude sweep is performed to interrogate the beha-
vior of G' and G” as a function of strain amplitude to detect the
limits of the linear viscoelastic region. After loading on the
rheometer plate, strain amplitudes of 0.1 to 1,000% were applied
at a constant frequency of 1 Hz. 5 data points were collected per
decade. The G' and G" were recorded after five cycles for each
strain amplitude. The sample was visually inspected during the
testing to detect the edge fracture. Preliminary testing at various
gap heights ensures the absence of wall slip.

Accordingly, a measurable region with no experi-
mental artifacts and, more specifically, no edge fracture
was detected. Within that region, seven strain amplitudes
are selected to be further tested individually to represent
the partial energy dissipation-dominated regions, further
discussed in Section 4.1.

3.2.5 Frequency sweep

A frequency sweep is performed to examine the sample
response under small deformations. G' and G" were
expressed as a function of the frequency at a strain ampli-
tude of 0.1% for protein-rich and 0.05% for fiber-rich inks
and frequencies from 0.1 to 100 Hz. Five data points were
collected per decade.

G and G" were recorded after five cycles for each
frequency.

3.2.6 Stress growth experiments

A continuous shear rate sweep was not possible to perform
without having an edge fracture due to accumulating deforma-
tion in a sweep. Accordingly, we decided to perform individual
start-up tests to discover the limits for the edge fracture.

Stress growth experiments were conducted to observe
the steady shearing behavior of the inks and build a flow
curve. Individual start-up tests were held at various con-
stant shear rates [0.063, 0.1, 0.17, 0.28, 0.45, 0.73, 1.2, 1.96,
3.21, 5.25, 8.58, 14, 23, 37, 61s']; the transient shear stress
data were recorded until the strain reached around 10°. A
fresh sample was loaded for each shear rate. The sample
was closely watched during testing to spot where the edge
fracture started to dominate the measurements.

We further evaluated whether the individual tests can
provide insights into the steady shearing properties and
can provide comparable outputs with the steady shear
translation of the oscillatory data.
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3.2.7 Non-linear oscillatory measurements

Non-linear oscillatory measurements were conducted at
seven amplitudes 5, 10, 15, 30, 50, 100, and 120% strain,
and three different frequencies 2, 4, and 8 Hz. A new
sample is loaded onto the rheometer for every combina-
tion of amplitude and frequency. Each test consisted of 20
cycles, with the complete waveform data collected once
every four cycles. A full wave consisted of 256 data points.

3.2.8 Building flow curves

The flow curves were constructed using two methods: (1) from
the non-linear oscillatory data and (2) from the stress growth
data. The stress growth-built flow curves were constructed
using the stress values at the strain closest to the strain 120%,
obtained at each shear rate since 120% was the observed limit
for the edge fracture. Ideally, a steady state should be achieved
at sufficiently long times. However, this was preceded by the
edge fracture, making it impossible to reach a steady state.

The non-linear oscillatory data flow curve was con-
structed based on the understanding and the approach
described in Rogers et al. [21]. They claim that non-linear
oscillatory testing can be seen as sequences of physical
processes, and it is possible to link the non-linear oscilla-
tory data to the steady shear flow curves. First, the non-
linear oscillatory data from the three highest amplitudes
(120, 100, 50%) at each frequency (2, 4, 8 Hz) was expressed
in shear-rate versus shear-stress Lissajous plots. Second,
the positive portion of the shear rate and stress were
extracted for analysis. The shear rate at the maximum
shear stress was detected and called y, ... Then, the shear
stress was recorded from y =y, .. toy = 0. The data por-
tions from various amplitudes and frequencies were gath-
ered to form the flow curve. The method can be explained
by the fact that until the maximum shear stress is reached,
the shear rate and shear stress increase together; this
shows that they are in a direct relationship, as expected
in the case of a viscous deformation [28].

3.2.9 Large deformation correction for plate-plate
geometries

The cross-hatched parallel plate geometry provided a solu-
tion for the wall slip. However, it is known that the shear
rate and strain are known to be not uniform throughout
the plate radius [29]. We analyzed the extent of variation
by the method suggested by De Souza Mendes et al. [30] for
oscillatory tests.
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Accordingly, the corrected shear stress values were
calculated using the non-linear oscillatory datasets at
each frequency, according to equation (18) in De Souza
Mendes et al. [30]. The slope of the log-log plot of shear
rate amplitude versus torque amplitude is calculated. This
slope is then used to obtain corrected stress values. The
correction was observed to cause approximately a max-
imum of 10% deviation in the measured shear stress ampli-
tudes and no change in the non-linear oscillatory curve
shapes, as shown in supplementary materials Figure S1
for 120% amplitude at 8 Hz for protein-rich ink, which
has the highest strain and the frequency, hence the highest
shear rate obtained in the experiments. Accordingly, we
considered this not to cause any inconsistency in the model
fitting and evaluation. Thus, we continued with the rhe-
ometer provided data.

3.2.10 Fitting protocol

We perform non-linear regression where an arbitrary non-
linear model f describes the response of interest y in an
n-dimensional input condition X, using the set of parameters
0”. The mathematical representation is expressed as

Y, = (0% x) + ¢

where i is the index showing a single element in the vectors
y and X and ¢ is the error term associated with the func-
tion f with the input given (x;) for the parameters pro-
vided 6*. The non-linear regression finds the optimal
values of " for the input case X;, minimizing the error
function S(6%), expressed as

o5 x) -y,

yi,norm

(15)

n 2

509 =Y

i=1

(16)

s

where n is the number of data points in the given set.
Yinorm 1S the normalization factor, which makes the objec-
tive function unitless and adjusts the weights of the con-
tributions from different scales.

The 6" is the normalized constitutive model para-
meters, and the following strategy is utilized to normalize
the constitutive model parameters. Let p be an arbitrary
parameter, [p, p,] be the estimated range of the para-
meter, and p* be the normalized parameter. The normal-
ization follows:

logp - 1o
oo D8P T 08P e pogPu s g
logp, - logp, 12
p_pl . pu
= — if log— < 1.
b pu _pl gpl
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Table 3: Upper and lower predicted boundary values for the parameters

Condition Go(w) tm(w) G9 n Vo @ I
Lower 10 107 10% 107 1072 107 107
boundary
Upper 106 102 10* 8x10" 10®° 8x10" 10°
boundary

The normalization can be explained as follows. Some
parameters possibly differ in a range covering multiple
orders of magnitudes in their absolute form. In that case,
during the minimization process, the whole parameter
space cannot be covered by using a constant step size for
all parameters. We used a constant step size and modified
the parameter values to fall between 0 and 1. Accordingly,
the first step was to analyze the expected lower and upper
boundaries for each parameter; if there is at least an order
of magnitude expected, then the logarithm of the bound-
aries was taken to move smoothly between two ends of the
parameter range. Furthermore, we applied a max-min
normalization to obtain the unitless parameters. The
values of p; and p,, used in this study are given in Table 3.

Nelder-Mead minimization algorithm from the Python
minimize function is used to find the minimum of the non-
linear least squares estimator for the normalized
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parameter set 6+. The reason for choosing Nelder—-Mead
was that it is a non-gradient-based algorithm, in which
the gradient-based algorithms utilizing finite differences
for derivative approximation can result in poor error esti-
mates [31]. The step size for the minimization was 10~* for
the normalized parameters. We used an objective function
value-based tolerance, where the tolerance was prescribed
as 10™ to terminate the minimization. These are the
default options for the Nelder—Mead algorithm; hence, we
started from there and did not need to change the set-
tings [32].

Figure 1 describes the minimization function proto-
cols. We first fitted the linear viscoelastic region, then the
non-linear region; hence, we performed sequential fitting.
The protocol is shown in Figure 1la for the linear region.
The frequency sweep data is fitted to a single relaxation
time Oldroyd-B model (see equation (2)) since the constitu-
tive model reduces to an Oldroyd-B model at low shear
rates and small deformations. The fitting was performed
separately for each frequency on the waveform data. The
model parameters 7y(w) and Go(w), given in equations (11)
and (12), were estimated per frequency. In the protocol, the
minimization function calls the differential equation solver
where the Oldroyd-B equation is numerically solved for the
stress tensor using the second-order Runge-Kutta method
with the given frequency and amplitude conditions for the

Linear Region

INPUT
-—

Experimental SAOS data:o(y, , f)

Oldroyd-B model fitting |

\ 4

OUTPUT

(a)

Non-linear Region: all parameter fitting

INPUT

Experimental LAOS data: o(y, w, f)

| New constitutive model fitting |

0o 1> ¥ps @, 11, at the minimum of the objective

V function
OUTPUT

(b1)

Non-linear Region: flow parameters prescribed fitting

INPUT

Experimental flow curves:
(i) Nonlinear Oscillatory
(ii) Stress Growth

| Herschel-Bulkley model fitting

v

OUTPUT

INPUT

Experimental LAOS data: o(y, , f)

| New constitutive model fitting

* a, 11, at the minimum of the objective function

ouTPUT (b2)

Figure 1: Summary of the fitting procedure for linear (a) and non-linear region data fitting, (b1) where all parameters fitted together, (b2) sequential

fitting.
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oscillatory flow [33]. The initial guess was selected as 0.5 for
both parameters since it is the middle value. We have
further checked various initial conditions but have not
obtained a difference in the results. The initial condition
for the conformation tensor is taken as the identity tensor,
the timestep was calculated by dividing the period time by
256, and the stress has been generated for five cycles, to be
consistent, with the rheometer measurements. Then, the
objective function is called to compare the calculated and
experimental values of the shear stress. The objective func-
tion has the format in equation (16), where f(0%;x;) is the
predicted shear stress with 0 = [gy(w), Go(w)], y, is the
experimental shear stress, x; is the period time, and
Yinorm 18 the maximum value of the shear stress at the
given frequency and amplitude condition.

Following the fitting of the linear region parameters as
shown in Figure 1a, the frequency dependency of Go(w)
and gy(w) is expressed by equations (17) and (18) to be
used in fitting the non-linear region:

n*

Go(w) = Gl[(/)ﬂl a7

m#

(18)

w
(W) = Ty o

b

where G; and n* are the descriptive parameters for the
elastic modulus and the 7, and m* are the descriptive
parameters for the relaxation time. w; is the frequency,
1Hz, used for normalization. With the choice of the
descriptive model, we assume that our inks show critical
gel response, where both G”/G” and w - 7y;(w) are constant
throughout the frequency; hence, we expect |m"| ~ 1 [34].
For the estimation of the non-linear parameters, non-
linear viscoelastic data at 5, 10, 15, 30, 50, 100, 120% and
frequencies 2, 4, and 8 Hz is fitted to the full constitutive
model introduced in Section 2.2 by keeping the 7,(w) and
Go(w) frequency dependent. The remaining five para-
meters dy, n, Y., @, I, were estimated. We have compared
two different fitting approaches for estimating the non-
linear mode parameters, as shown in Figures 1b1 and b2.
We tested if the prior knowledge of the flow parameters
(09, 1, y.,), obtained from a stress growth or non-linear
oscillatory data and described in equation (13), has any
impact on the fitting. For that (1), we extracted the
Op, 1, Y, from the Herschel-Bulkley model (equation (13))
fitting of the stress growth and non-linear-oscillatory-built
flow curves, as described in Sections 3.2.6 and 3.2.8. (2) The
flow parameters were kept constant, and the remaining
parameters a, I, are estimated by fitting the whole dataset
containing different frequencies. Throughout the article,
we refer to the different fitting cases with fitting procedures
B1, B2-oscillatory, and B2-stress growth. In estimating non-
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linear parameters, we used 0.5 as the initial guess in all fitting
cases. In the first stage of fitting, the differential equation
solver is called by the minimization function where the full
constitutive model, given in equations (11), (12), and (13) were
numerically solved for the stress tensor by using the oscilla-
tory shear flow conditions at the given amplitude and fre-
quency. The initial condition for the conformation tensor is
taken as the identity tensor, and the time step was again

At = ﬁ to be consistent with the measurements of the rhe-
ometer. The predicted data are generated for five cycles since
it is observed to reach an equilibrium afterward. The evolu-
tion of the model data with the cycle number is demonstrated
in Supplementary Information Figure S2, which shows that
the stress values are at equilibrium at the 5th cycle. The last
cycle of the experimental data, ie., 20th cycle, and model-
generated data are used for fitting. The selection of the cycle
number will be discussed further in Section 4.2. Then, the
objective function, given in equation (16), was called to com-
pare the measured and the predicted shear stress values. In
the objective function the f(6*x;) is the shear stress with
0" = 0o, 1, Yy hie, and a. y; is the experimental waveform
stress values, x; is the time, and Y, ;... is the stress amplitude
at a given strain amplitude.

The goodness of the non-linear least squares fitting is
evaluated by the mean square error (MSE), equation (16)
normalized by the number of data points. All the outcomes
were assessed by comparing the predicted and measured
non-linear oscillatory data, steady shear data, and the
linear viscoelastic moduli G* and G”.

The potential spread in all the non-linear least squared
fitted model parameters was evaluated by the F-test method
described in Vugrin et al. [31] within 95%. Furthermore, the
spread of the Herschel-Bulkley and power-law model fittings
was assessed using the square root of the diagonal elements of
the covariance matrix. The covariance matrix is not preferred
in the case of non-linear fitting due to the non-gradient-based
fitting algorithm (Nelder—-Mead) used in fitting. In that case,
the covariance matrix needs to be computed by an extra step,
including differentiation of the objective function with respect
to the parameter minima, which is referred to as a calculation
that is potentially problematic [31].

4 Results and discussion

4.1 Inspection of the frequency and strain
amplitude sweeps

The strain amplitude sweep and frequency sweep response
of both the protein and fiber-rich inks are provided in
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Figure 2. From Figure 2a, it is clear that the ink shows
strain softening characteristics with increasing strain
amplitude at a constant frequency [35]. Furthermore,
Figure 2a and b show that inks under lower deformations
behave viscoelastic, with G” being larger than G”. The (é—
are ~0.19 and ~0.17 for protein and fiber-rich inks
throughout the frequency range, corresponding to phase
angles of § = 11°, and § = 10°, respectfully. The small phase
angles demonstrate a solid-like response at small deforma-
tions. The frequency-independent phase angle indicates
that the materials behave as a critical gel. In addition, it
can be observed from Figure 2b that the G’ and G” increase
with a nearly identical slope, hence G’ ~ G” ~ w"s is satis-

fied. The % = tan

%] also observed to be satisfied with

nem

tan | =, | being 0.19 and 0.17 for protein and fiber-rich inks,

with the provided values of ns in Figure 2b [34]. This veri-
fies that the materials show critical gel response under
small deformations.

Winter [34] states that the relaxation time for mate-
rials above the gelling point becomes very large, and the
network structure near the gelling point is very fragile;
hence, it can break down by large deformations, leading
to energy dissipation. However, handling large deforma-
tions for some materials, hence maintaining a steady shear
flow, can be challenging due to the edge fracture. Edge
fracture is observed in various materials, such as colloidal
suspensions, non-colloidal systems, and viscoelastic fluids
[36-38]. It is defined as the destabilization of the air—fluid
interface. It is claimed to be related to elasticity, specifi-
cally the critical magnitude of the second normal stress
difference [39]. Thus, the formation of an edge fracture
must be closely watched. Since our inks are granular
pastes showing highly elastic responses, the strain
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amplitude and frequency sweeps were visually inspected
for edge fracture while performing the experiments. The
gray region in Figure 2a indicates the initiation of the edge
fracture, detected by visual inspection, which is around
120% strain amplitude for both of our inks. To further
clarify our observation, we provide videos in the sup-
porting material Video 3, where we compare the oscillatory
and steady shear tests.

Considering the edge fracture, we have selected the
amplitudes shown by the dashed vertical lines in Figure
2a to be further tested beyond the linear viscoelastic
regime (LVE) and used in the model fit part. It can be
seen in Figure 2a that G’ and G” come closer with the
increasing strain, hence tan(s) = % increases as a function
of strain. This shows that the energy dissipation response
becomes more prevalent with increased strain. With the
selected strain amplitudes, we aim to capture a region with
a decreased energy storage to energy dissipation ratio com-
pared to the linear region.

4.2 Inspection of non-linear oscillatory data
and stress growth

We provide non-linear oscillatory data for protein-rich
inks in Figure 3. As indicated in the subfigures, the Lissa-
jous curves show the stress-strain relation at three dif-
ferent non-linear amplitudes and frequencies. Note that
the curves are normalized by the maximum stress on the
y-axis and maximum strain on the x-axis.

The curves in Figure 3 form ellipses in the low strain
amplitudes in the LVE regime and are known to be a char-
acteristic shape of an elastic response. With increased
strain amplitude, the Lissajous curves undergo a transition
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Figure 2: (a) Strain amplitude sweeps at 2 Hz and (b) frequency sweep at 0.1% strain for protein-rich and 0.05% for fiber-rich.
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Figure 3: Non-linear oscillatory data at 10, 50, and 120% and 2, 4, and 8 Hz, expressed in strain-stress Lissajous plots.

from the ellipse to a distorted shape, indicating the contri-
bution of higher harmonics in the stress response and an
increase in viscous behavior [35,40]. Furthermore, with
strain, the decreasing slope of the stress—strain curve at
zero strain indicates strain softening, as we also observed
in Figure 2 [40].

Another important observation from Figure 3 is the
effect of changing frequency at the same strain amplitude.
The curve shape appears independent of the frequency,
but the absolute values depend on the frequency. This
becomes important in fitting the non-linear parameters
of equations (12) and (13). Accordingly, we expect the
non-linear model parameters that determine the curve
shape (n, ycr, a, I1¢) to be independent of the frequency.

In Figure 4, we provide the outcomes of the stress
growth testing. The data points in Figure 4a and b demon-
strate the experimental measurements. While Figure 4a
presents the stress values associated with a given shear
rate, in Figure 4b, the focus is on the evolution of the curve
shape.

The shear stress increases with strain at a specific
shear rate, reaches a peak, and then decreases. The unity
line in Figure 4b is placed to indicate decay in stress.
Importantly, no plateau has been reached in the shear
stress. A short plateau is observed before the decay at 0.1
s7%, as seen in Figure 4b. Consequently, obtaining reliable
steady-state data is hardly possible at 0.1s™ and not fea-
sible above 0.1s™%. Our observations suggest that edge frac-
ture is the primary reason for the continuous decrease in
shear stress, and this represents the challenge in steady-
shear measurements explained earlier in Section 4.1. How-
ever, it has been observed that until 120% strain, the edge
fracture is not prominent, meaning that the data until this
region are still free of experimental artifacts and can pos-
sibly provide an accurate description. We provide experi-
mental evidence in Figure S9 on the difference between a
stress growth constructed and a continuous flow curve, the
flow curve constructed by decreasing the logarithmic time
from 100 to 20 s from the lowest to the highest shear rate.
With this motivation, we constructed flow curves using
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Figure 4: Stress growth data of the protein-rich samples (a) the data in the actual scale and (b) comparison with the unity line.
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shear stress data before the edge fracturing region. The
extracted data points and the Herschel-Bulkley model fit-
ting are shown in pink circles and the continuous line in
Figure 5 with the model parameters. A Herschel-Bulkley
model can describe the flow curve constructed by the
stress growth data and displays a yield stress material
response [41]. However, 120% strain, where the data are
extracted, is shortly after the peak in shear stress, so it is
possible that it does not reflect a steady-state response.

We evaluated the stress growth flow curves in compar-
ison with the flow curves constructed by the non-linear
oscillatory data. The flow curve building methodology
from non-linear oscillatory data is described in Section
3.2.8. Flow curves extracted from non-linear oscillatory
data are provided in Figure 5, shown with colorful mar-
kers, which are also expressed with the Herschel-Bulkley
fitting parameters. The different shapes of the markers
represent the data from different frequencies, the different
colors represent the different amplitudes, and the trans-
parent markers show the fiber-rich samples. Compared
with the stress growth flow curves obtained in the same
formulation, the non-linear oscillatory flow curves extracted
for the protein-rich inks appear to be lower in shear stress
in the shear thinning region. The reflection of the difference
on the parameters of the Herschel-Bulkley model appears
to be on y,, and 0y and n appear to be similar.

We believe that the deformation experienced during
the measurements is the main reason behind the
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Figure 5: Non-linear oscillatory testing extracted flow curves for protein-
rich (opaque markers) and fiber-rich (transparent markers) and
Herschel-Bulkley fittings. Stress growth data at 120% and its
Herschel-Bulkley model fitting.
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difference between non-linear oscillatory and stress-
growth extracted flow curves. Considering our approach
to building the stress growth flow curve, i.e., taking the
stress values near the stress maxima (~120%) before the
edge fracture occurs, we measure the material’s initial
response to a given deformation condition [42]. Hence,
we start from an undisturbed structure, deform the mate-
rial under steady shear, and a continuous increase in the
strain eventually damages the sample catastrophically,
leading to edge fracture and resulting in a constant decay
of the shear stress, as shown in Figure 4. However, in the
case of non-linear oscillatory measurements, deformation
is cyclically provided by oscillating around a strain ampli-
tude, and we record the sample response after the material
exhibits a steady state response. The non-linear oscillatory
data displayed are recorded after 20 cycles. The higher
values obtained in the case of stress growth flow curves
appear to be significant, indicating the initial structural
deformation response [41]. It can also be inferred that
the effects of possible time-dependent structural evolution,
also known as thixotropy, can play a role [43]. To support
our observation, we provided the non-linear oscillatory
Lissajous plots at 2 Hz, after each 4th cycle, provided in
Figure 6. It can be seen that the maximum value of the
stress decreases with each cycle, and they start to collapse
on top of each other after the 16th cycle. Hence, we observe
a time-dependent adaptation of the stress response to
achieve a steady regime, which is why the last cycle is
needed for further analysis and data fitting.

On the one hand, there is a difference between the
flow curves obtained by the two methods, namely the
stress growth and the non-linear oscillatory flow curves,
and it is highly possible that this arises from the time-
dependent evolution. On the other hand, the yield stress
plateau and the shear thinning exponent can be predicted
from both methods. All in all, we consider non-linear oscil-
latory-predicted flow curves to provide a more comparable
situation with the extrusion conditions since the sample
has already been exposed to various flow types until
reaching the nozzle due to contraction.

4.3 Model fitting of the experimental data
4.3.1 Linear region fitting

To describe the linear region behavior, waveform data
from each frequency are individually fitted to the single-
mode Oldroyd-B model. Hence, fy(w) and Go(w) are
predicted and expressed as a function of frequency.
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Figure 6: Positive stress values of the strain-stress Lissajous plots obtained in non-linear oscillatory testing at 2 Hz for protein-rich inks for different

cycles in a measurement.

The resulting predicted waveform data were presented
with the experimental data for the selected frequencies
in Figure 7a in the form of a Lissajous plot where the shear
stress is expressed as a function of the normalized strain
amplitude. Moreover, Figure 7b and ¢ show the relation-
ship of the fitted parameters with the frequency. Please
refer to Figure S3 for the linear region fitting results of
the fiber-rich inks.

The fitted parameters, standard error percentages, and
the associated MSE values are presented in Table 4. The
visual inspection from Figure 7a and the MSE values being
close to zero suggest that the model parameters describe
the data well and the fitting is successful. Considering the
percentage errors in the parameters, we see that the poten-
tial spread in the parameter values at a 95% confidence
interval does not exceed 2% of their values. This indicates

that the minimum obtained by the objective function
appears to be precise.

We understand from Figure 7b and c that gy(w) and
Go(w) display a power-law-type relation with the fre-
quency. The change in the g;(w) values covers a few dec-
ades, while changes in the Go(w) stay in the same order of
magnitude. The average value of w7y appears with a stan-
dard deviation of 0.07. This suggests that w7, appear con-
stant, as indicated by the slope of the logarithmic plot of
frequency and relaxation time, n ~ -1. Hence, the critical
gel response is validated by the prediction of the 7.

In the literature, the parameters of the Oldroyd-B
model are commonly obtained by fitting the viscoelastic
moduli of the entire frequency region since it covers infor-
mation from multiple time scales and contains information
about the relaxation response [44]. However, our materials
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Figure 7: (a) Experimental and predicted waveform data of the linear viscoelastic region for the protein-rich sample, (b) relaxation time with changing
frequency, and (c) linear elastic modulus with changing frequency. (b) and (c) involves the logarithmic slopes.
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Table 4: Frequency-dependent Oldroyd-B model parameters fitted by
the small amplitude oscillatory data

w (Hz) Go(w) (Pa) m(w) () MSE x 10* (-)
0.10 10818.83 + 18.35 6.21 £ 0.04 0.05
0.16 11646.58 + 5.82 4.29 £ 0.01 0.01
0.25 12428.74 + 31.00 2.84 £ 0.03 0.13
0.40 13215.30 £ 9.24 1.84 + 0.01 0.01
0.63 13994.62 * 185.59 1.04 + 0.05 3.66
1.00 14796.26 + 98.86 0.75 £ 0.02 0.85
1.58 15683.04 + 229.87 0.40 + 0.02 4.51
2.51 16612.77 + 71.25 0.29 + 0.01 0.37
3.98 17583.63 + 15.80 0.19 £ 0.00 0.02
6.31 18642.44 + 343.88 0.09 £ 0.01 7.10
10.00 19607.50 + 138.82 0.08 £ 0.00 0.96

show critical gel response, as shown in Figure 2, which
appears dominantly elastic under small deformations
and mildly dependent on the frequency. For this reason,
our inks are expected to have a distribution of relaxation
times different from an ideal single-mode Oldroyd-B mate-
rial [28]. One strategy for accurately describing the rheo-
logical response of our inks is to use a multi-mode Oldroyd-
B model. However, it comes with an enormous increase in
the number of the model parameters since every extra
relaxation mode would come with five associated non-
linear parameters. Hence, it increases the complexity of
the fitting and the potential for errors in fitting [45].
Furthermore, we have already shown with the non-linear
oscillatory data (in Figure 3) that the shape of the Lissajous
curves in non-linear regions is not dependent on the fre-
quency; there is no need to have multiple nodes while
describing the non-linear region. Thus, we chose a single-
mode Oldroyd-B model to express the linear region beha-
vior and fit the parameters per frequency. In this way, the
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fitting procedure is facilitated compared to a multi-mode
model fitting with fewer parameters.

In summary, we expect that the single-mode Oldroyd-B
model, fitted at each frequency, will provide a sufficient
description in the linear region without increasing the
number of model parameters. The model will be fitted
assuming 7y = ny(w). We intend to modify the original
description of the model, having a single relaxation time
for our specific application in which the behavior at steady
shear/large strains is more important and which is shown
to be frequency independent (from Figure 3). When the
second term in the adapted relaxation time (referring to
equation (11)) comes into play at higher shear rates, the
Maxwell relaxation time becomes relatively irrelevant for
calculating the stress. Consequently, one can expect that
the constitutive model will fail to give good predictions in
the regime just beyond the LVE regime. Better predictions
can be obtained via a multi-mode version of the model, but
we view this as out of the scope of this paper.

4.3.2 Non-linear region fitting

We estimate the parameters of the non-linear model by
fitting the data of the non-linear oscillatory waveforms to
the proposed constitutive model (see Section 2.2). Go(w)
and gy (w) are kept frequency-dependent in all fitting stra-
tegies for the non-linear oscillatory data fitting. We have
used equations (17) and (18) for this purpose. Furthermore,
we tested several fitting cases to understand the model and
the parameter predictions. Figure 8 provides the experi-
mental (colored symbols) and predicted waveform data
(black lines) for different techniques for protein-rich
inks, and the results for fiber-rich inks can be found in

4 Hz

8 Hz

-1 0 1
Y/vo [-]

Procedure B2-stress growth

Y/Yo [-]

Figure 8: Experimental and predicted waveform data using the full constitutive model and the estimated linear and non-linear parameters, protein-

rich samples at 2, 4, and 8 Hz.
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Figures S5 and S4, to show that the fitting procedures pro-
vided similar results for a different sample.

We observe from Figure 8 that the model predictions,
when visually evaluated, provide a good description of the
non-linear oscillatory data. Maxima and minima are accu-
rately represented, with well-captured curve shapes for B2-
oscillatory and B1. Figure 8 shows that the B2-oscillatory
procedure provides results similar to Bl for fitting non-
linear oscillatory data. However, procedure B2-stress
growth did not result in a similar prediction with others,
providing a poorer description between the negative and
positive stress maxima indicated by a higher MSE value, as
shown in Figure 9f. The difference between procedure B2-
oscillatory and B2-stress-growth seems to stem from the
additional physical phenomena introduced by the time-
dependent structural evolution observed in the stress
growth testing, as previously detailed in Section 4.2.

The first question we asked was whether the non-
linear parameters (oy, n, ycr, a, and I) show frequency-
dependency when fitted. Experimental data from Figure 3
demonstrated that the Lissajous curve shape obtained
in the case of non-linear oscillatory data is independent
of the frequency while the magnitude is increasing. We
estimated the non-linear model parameters by separately
fitting the data at different frequencies to verify that. Then,
we compared the results with the non-linear parameters
obtained from fitting all the data together, procedure Bl
from Figure 1. Furthermore, we investigated the estimated
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DE GRUYTER

model parameters for a meaningful pattern with varying
frequencies. Figure 9 shows the parameter and the asso-
ciated loss function values at different fitting conditions.
The first three markers from Figure 9(a)-(e) shows the
parameter values obtained in separate frequency fittings
performed for data at 2, 4, and 8 Hz. It is visible that the
non-linear model parameters n, y,, @, appear to be fre-
quency-independent. gy appears to be increasing with fre-
quency, also observed for the fiber-rich inks in Figure S5.
This can be explained by the fact that g, plays a role in the
amplitude of the stress curve. The stress amplitude
increases with frequency, as shown in Figure 8. As a result,
the estimated yield stress increases. I, shows a slight pat-
tern with increasing frequency within the given error
range; the frequency trend is not considered meaningful
with the given error bars.

The second investigation was whether we could exter-
nally predict the viscosity evolution, i.e., Herschel Bulkley
model parameters (from equation (13)), and prescribe into
the fitting. We compared the results of fitting procedures
B1 and B2, described in Figure 1. In procedure B2, the
Herschel Bulkley parameters (g, n, and ).) shown in
Figure 5 were fitted by stress growth and oscillatory flow
curves and prescribed into the fitting to estimate a@ and I,
by fitting non-linear oscillatory data at all frequencies and
strain amplitudes. Figure 8 provides the experimental and
predicted waveform data, while the parameter values are
provided in Figure 9(a)—(e).
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Figure 9: Non-linear parameter values obtained at different fitting conditions indicated by the plot title (a)-(e), MSE values (f).
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Evaluation of the error values in Figure 9f shows that
all fitting procedures provided parameters with less than
16% for protein-rich inks within the 95% confidence
interval. This indicates that the minimization algorithm
appears to be performing well in finding the minima of
the objective function.

4.4 Predicting the steady and
oscillatory flow

Finally, we use the estimated parameters from the fitting in
the previous section to predict the steady shear response of
the flow curves, which is the main goal of the analysis. The
predicted flow curve was compared with those generated
by oscillatory and stress growth tests, given in Section 4.2.
We also provided the G' and G” calculated by the estimated
parameters to confirm the model parameters and evaluate
the amplitude dependency of the model. The results are
reported in Figure 10 for protein-rich inks at 2 and 8 Hz
frequencies. The results from fiber-rich inks are provided
in Figure S7.

We first focus on the flow-curve predictions and high-
light the general trends. Figure 10a shows the measurable
shear rate limit without edge fracture with a vertical line at
0.1s™%. Above that, a steady-state shear stress cannot be
obtained for a given shear rate, as discussed in Section 4.2.

The model predictions show that B1 and B2, at dif-
ferent frequencies, resulted in trends similar to the shear
rates observed for all cases. The stress in a lower shear rate
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region displays an Oldroyd-B fluid with constant viscosity.
Following the shear rate, Oldroyd-B model response under-
goes a transition as the adapted relaxation term dominates.
With increasing shear rate, the predicted stress values change
near the vyield stress (gp~ 10%) to a Herschel-Bulkley
response. After the critical shear rate value (y,,), the shear
thinning exponent n becomes the controlling parameter for
the shape of the curve.

It can be observed that neither fitting case shows
a clear and extensive yield stress plateau reaching a con-
stant stress value at lower shear rates, as an ideal
Herschel-Bulkley fluid would show. That is due to the
nature of the model, which has been designed to describe
the lower deformation region as a viscoelastic fluid, a
single-mode Oldroyd-B, and not an elastic solid. Hence,
shear stress still appears as a function of the shear rate
at low shear rates for times longer than the relaxation
time. To clarify that our inks are yield-stress materials,
we performed creep testing for the protein-rich samples
and provided the results in Figure S8. It can be observed
from Figure S8A that when g > 1,000 Pa, the strain does not
show an equilibrium response, but it keeps increasing;
also, the magnitude of strain is much higher, as can be
observed from Figure S8B, and the shear rate only
increases to the order of magnitude ~ 1072 after ¢ > 1,000
as can be observed from Figure S8C. Recovery, a property
of the elastic materials, is not observed in the case of
o = 1,500 Pa, and characteristics of viscous response are
observed where a steady strain rate is adapted at a given
stress. At the same time, more than 40% of the deformation
is recovered at the smaller strains [28]. From Figure S8b, it
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Figure 10: (a) Flow curves from non-linear oscillatory data, stress growth, and the model predictions and (b) predicted and measured strain amplitude

sweeps, protein-rich samples.
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can be observed that the stress and the maximum strain
reached, given the same period, do not follow a linear
relationship, indicating an alteration in the sample
response from the initial response. The shift from a solid-
like response to a fluid-like response shows that these food
inks are yield stress materials.

On the one hand, the lack of a clear plateau in the full
constitutive model can pose a difference compared to the
pure Herschel-Bulkley model response (from fitting pro-
cedure B2). On the other hand, when compared with the
data points extracted from the non-linear oscillatory
testing, the constitutive model collapses on the data points.
This can be explained as follows. Ideally, for materials
showing a critical gel response (G' ~ G” ~ w"), the relaxa-
tion response is identified by a spectrum of relaxation
times or a function containing multiple relaxation modes
[46]. Then, it is possible to have a more accurate descrip-
tion of the linear region response and the transition from
the solid to the flowing state. However, finding the relaxa-
tion spectrum or fitting multiple modes is a lengthy and
challenging task [28]. For our application, the simplifica-
tion of having one relaxation mode is practical. It can still
provide important information since the shear rate is not
in the smaller range but around the ~10* s scale in 3D
food printing [47]. In addition, with our materials, we have
a limitation with the maximum amplitude of the strain and
the steady shear testing due to the edge fracture.

In that case, the model allowed us to use the experi-
mentally available data for constitutive modeling, where
most of the data is in the region elastic and viscous phe-
nomenon is observed together. We consider this to be an
important contribution.

One can argue that the Herschel-Bulkley model can
represent a sufficient description of the flow properties
when used alone. However, it lacks viscoelasticity, a clear
phenomenon when considering the linear region response.
Furthermore, considering the challenges in measuring the
steady shear response, using the constitutive model by van
der Sman et al. [22] provides the opportunity to have a
more comprehensive understanding of the material
response. The model can potentially capture the yield
stress recovery and the post-deposition phenomenon in
printing, such as stress relaxation, filament deformation
under gravity, and the layers above.

We want to highlight the effects of having frequency-
dependent linear regime parameters; we can observe the
impact by comparing dashed and solid lines of the same
color in Figure 10. At low shear rates, they show a differ-
ence in the shear stress. With increasing shear rate, the
shear stress behavior from two different frequencies starts
to come closer to each other, eventually collapsing at
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higher shear rates. This shows that the Herschel-Bulkley
response entirely dominates the response at high shear
rates (y < 2.101). The frequency effects become relatively
unimportant as the second relaxation term in equation
(11) dominates over the 7. Hence, the single mode simpli-
fication in the linear region has no pronounced effect on
the non-linear region response, where our interest focuses
on the case of 3D food printing.

Differences in the fitting protocols were discussed
next. The stepwise fitting introduces several advantages.
First, it reduces the number of parameters that need to
be optimized and facilitates the fitting of non-linear oscil-
latory data. Second, it helps reduce the risk of error that
can possibly occur from colinearity in the parameters. This
can affect the resulting minima of the parameters [48].
Thus, the stepwise fitting is promising in improving the
fitting of the parameters.

The experimental data in the higher shear rate region
is limited to ~60 1/s, which is the maximum shear rate
reached by the non-linear oscillatory data before the
edge fracture. The model must predict the response at
higher shear rates above that limit, governed by the para-
meters n and ).

From Figure 9b and d, the estimated parameters n and
Y.r» from fitting procedures Bl and B2, were observed to
differ in the estimated values. Also, it can be observed that
in procedure B1, there is a higher variability and, hence, a
less specific prediction of the n. The results indicate that
the prescription of the Herschel-Bulkley parameters pro-
vides a change.

We want to evaluate further the change caused by the
prescription of the Herschel-Bulkley parameters. On the
one hand, the predicted Lissajous curves from Figure 8,
procedure Bl and B2-oscillatory predictions seem similar.
Furthermore, their flow curve prediction appears compar-
able, as shown in Figure 10. Accordingly, we understand
that prescribing the Herschel-Bulkley parameters helps
overcome the effects of colinearity by introducing physi-
cally meaningful parameters and getting a more realistic
and accurate minimum indicated by the MSE values. On
the other hand, the prescription of the stress growth
Herschel-Bulkley parameters, described in the procedure
B2-stress growth, did not improve the fitting. This can be
explained by the difference in the physical phenomenon
captured by the stress growth and the oscillatory experi-
ments. The shear stress values were higher in the case of
stress growth flow curves than in the case of non-linear
oscillatory flow curves. Figure S6 shows the maximum
values of the predicted and the measured transient stress
values reached after the relaxation. Hence, it can result in
misleading outputs when the stress-growth estimated flow
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parameters are used to improve the high shear rate region
fitting. It can be observed from Figure 9 that the MSE
values were highest in the B2-stress growth fitting.

Overall, the external fitting of the Herschel-Bulkley
parameters can provide improvement. However, it is cri-
tical to know that the flow curves and the oscillatory data
capture the same phenomenon.

Lastly, the G" and G” were calculated from the model-
generated waveform data by equations (9) and (10) and
compared with the experimentally obtained modulus
extracted from the transient oscillatory testing. The moduli
are normalized with the value of the G’ at the LVE (G’(). We
observe that the parameters estimated from the stress-
growth-informed fitting predict an overestimation of the
elastic modulus and an underestimation of the loss
modulus.

The proposed model is robust enough to capture the
waveform expression of non-linear oscillatory strain
response at various frequencies and translate it to the
steady shearing response. With the model, we could
describe the high deformation response of our challenging
yield stress material with limited data that can be mea-
sured without any edge fracture. However, there is still
room for improvement. First, the predicted flow curves
hardly display any clear yield stress plateau, and the
solid-to-liquid transition response is not very well cap-
tured. In that case, the single-mode Oldroyd-B model
choice in the linear region can be altered to a multi-
mode description to better interpret the linear region
and obtain a more accurate representation to capture the
transition from the linear to non-linear response in the
case of steady shear and oscillatory flow. Secondly, we
observed that the material shows more complicated rheo-
logical phenomena besides the steady-state response, such
as time-dependent structural evolution (see Section 4.2).
The effects of flow-induced time-dependent structural
adaptation and the subsequent recovery, also known as
the thixotropy, hold critical importance both in measuring
and modeling the material properties. New and additional
rheological experimental protocols are needed to fully ana-
lyze the time response of the structure and decouple it
from shear rate or strain amplitude-dependent effects
[49]. Also, the model cannot capture the time-dependent
curves in the current form; however, it is encouraging that
it is possible to implement the time-dependent structural
breakdown and build-up into the model for a more precise
material description. For example, a mechanistic approach
to model inelastic time-dependent structural changes
incorporates a structure parameter that indicates the
degree of structure in the material and modifies the visc-
osity term [50]. With such a modification, the model is
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promising for capturing all the extrusion (solid-to-fluid
traditions) and deposition (fluid-to-solid transition) phe-
nomena and achieving performance material descriptions
under processing conditions. Within the scope of this work,
we focused on the development and evolution of shear
stresses, and it is also important to discuss the formation
of the normal forces during the shear flow since it can
affect the processing and the product properties, e.g.,
leading to die swell. In the extrusion of viscoelastic poly-
mers and gels, die swell is often considered to be signifi-
cant [51,52]. In the extrusion of pastes such as cement or
food, the normal forces were expected due to the interac-
tion of the granular particles; however, die swell is not
commonly reported [53]. This requires further research
and understanding to clarify the importance of the normal
forces in 3D food printing pastes. It is promising that the
current model can capture the formation of normal forces
due to the presence of upper convected derivative terms,
and it can be further modified to capture different normal
stress responses, but it is important to have an accurate
dataset on the normal force.

5 Conclusion

With our study, we developed a fitting strategy for para-
meter estimation using the non-linear oscillatory data with
a complex 3D food printing ink. We challenged the measur-
able limits of paste-like food inks and presented a way to
understand the non-linear deformation response of our
inks, using the novel constitutive model developed for
soft, edible, glassy materials for 3D food printing applica-
tions by [54]. Considering the aim of our research, we cap-
tured an approach to describe the flow behavior of highly
filled pastes showing a solid-to-liquid transition in flow by
using the constitutive model. Edge fracture could be pre-
vented by controlling the total strain applied in the testing,
and it was possible to extract steady shear information
from the oscillatory data. Accordingly, we conclude that
it is possible to predict processing-related, i.e., large defor-
mation, response from non-linear waveform data using
this constitutive model. We believe our methodology will
broaden process modeling applications and improve the
accuracy of predicted parameters, not only in food printing
but also for other complex materials that are difficult to
measure and model.
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