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Thermoreversible food materials are suitable for hot-extrusion 3D food printing (HE-3DFP) to customize food
designs and enable on-demand food production. A challenge of HE-3DFP is to control the material phase tran
sition such that it melts to allow flow and extrusion and rapidly solidifies afterwards to obtain stable printed
structures. We here report on the use of thermal imaging to simultaneously monitor material cooling and
deformation of common thermoreversible food materials during HE-3DFP. Thermographic and rheological
measurements show that the structural deformation is driven by slow material cooling and prolonged printing
time. The surface temperature of printed objects is a good indicator for structural stability. Solidification
mechanisms such as cross-linking or strong particle jamming are required to prevent deformation in time (i.e.
creep) during printing. Thus we recommend to set the printing temperature just above material’s gelation
temperature to ensure proper extrudability and structural stability of the printed foods.

1. Industrial relevance
Hot-extrusion 3D food printing (HE-3DFP) extrudes liquified food
materials on a robotic platform to fabricate food structures based on
material solidifications upon cooling. The liquified materials require
sufficient cooling to induce the development of a yield stress to gain
structural stability. Insufficient alignment between the material gelation
properties and the temperature profile during printing often leads to
spreading and collapse of the food structures. We report on the use of
thermal imaging and rheological measurements to characterize the
material cooling and deformation during HE-3DFP. These methods can
in principle also be applied inline, or can be done by the ingredient
manufacturer as suggested input parameters for the printer to adjust its
settings. The insights from this study can therefore help to guide the
development of both printing ingredients and adjustment of the printer
to the specific ingredient, to avoid excessive trial-and-error and improve
the robustness of HE-3DFP as an on-demand food production tool.
2. Introduction
3D printing of foods offers the ability to customize food design and
enables on-demand production to create food products that tailor to
wards specific consumer preferences and dietary needs (Ma & Zhang,

2022). Extrusion-based 3D food printing is the most popular printing
technique thanks to its simplicity and suitability to print viscoelastic
food materials. The food materials are extruded through a nozzle, and
the 3D structures are subsequently built layer-by-layer onto a robotic
platform. Various food materials have been formulated with the aim to
realize personalized food production by altering the texture and
spatially delivering flavors in printed foods (Ma & Zhang, 2022). Among
the available food materials for 3D printing, a subset exhibits thermor
eversible behavior. Thermoreversible materials are easy to store and
transport because they are solids at room temperature. This behavior is
desirable for extrusion-based 3D food printing applications, in which
food materials can be liquified to assist pressure driven flow and thus
extrusion and solidified on the printing platform to obtain stable 3D
structures. This printing technique is also referred to as hot-extrusion 3D
food printing (HE-3DFP). Typical food materials that are suitable for HE3DFP include chocolate, processed cheese, and various food hydrocol
loids composed of milk proteins, carrageenan, agar, and gelatin (Liu,
Wang, & Zhou, 2022; Rando & Ramaioli, 2021; Ross et al., 2021).
During HE-3DFP, heating is applied to a non-Newtonian food ma
terial to liquify the material and enhance its extrudability after which it
cools down, fuses with the previously deposited material, and solidifies
into a stable structure. These phenomena are influenced by several
printing parameters such as the printing temperature, the printing
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speed, the ambient temperature, and the extrusion pressure. The print
ing temperature and speed are the key parameters reported by previous
studies to determine the printability of chocolate and thermoreversible
hydrogels (Lanaro et al., 2017; Rando & Ramaioli, 2021; Vadodaria,
Warner, Norton, & Mills, 2021). Improper control of the printing pa
rameters may lead to printing failures such as material spreading,
structural collapses, and insufficient fusion between layers. Specifically,
overheating the printing material may lead to poor extrudability which
leads to spreading and spraying of the melted materials. Insufficient
cooling time due to high printing speeds may also result in slow solid
ification and thus cause deformation and/or collapse of printed struc
tures. Prolonged cooling and low printing temperatures can cause poor
fusion of the subsequent layers and severe surface roughness of the
printed foods. In practice, a temperature sweep using oscillatory rhe
ometry and/or a heat flow scan based on differential scanning calo
rimetry are often performed to identify the gelation/crystallization
temperature of food materials. This can serve as a reference when
determining the printing temperature of a given food material. For
example, Schutyser, Houlder, de Wit, Buijsse, and Alting (2018) sug
gested that the printing temperature be 5 to 15 ◦ C above the printing
material’s gelation temperature. However, HE-3DFP is a dynamic pro
cess: the extruded food materials are cooled much faster than in stan
dard analytical tests (typically less than 2 ◦ C/min) can achieve, which
may influence the rheological response of the material. Rheological and
thermal measurements can therefore only provide an indication of the
material behavior during printing, which can help to narrow down the
trial-and-error experimental window rather than describe the true
physical changes during printing (Liu, Bhandari, Prakash, Mantihal, &
Zhang, 2019). In addition, because most of the hot-extrusion food
printers are equipped with a barrel heater but not with a nozzle heater,
there is often no consistent temperature control during the printing
process, which further contributes to the dynamic nature of the HE3DFP.
To study the dynamics of 3D printing, for thermoplastic printing
applications, numerical simulations have been done to characterize the
heat transfer and material properties during 3D printing. The dynamic
solidification process was fully described based on heat transfer models
and the properties of one thermoplastic material (Xia, Lu, & Tryggvason,
2018). However, the complexity of food materials with its multiphase
and multi-ingredient nature makes it challenging to follow a similar
numerical modelling approach. Alternative to full simulation, infrared
(IR) thermography has been used to monitor the temperature changes
during the dynamic cooling process of HE-3DFP. Rando and Ramaioli
(2021) recorded thermal videos to characterize the HE-3DFP of choco
late. The authors measured the material temperature just before
collapsing as influenced by the printing temperatures, ambient tem
peratures, and printing speeds. The study concluded that thermographic
analysis can provide detailed insights of the dynamic cooling process
and guide the optimization of parameters for 3D printing of chocolate.
Other than chocolate, many other thermoreversible food materials
can be printed using HE-3DFP. Most of these foods behave as viscoelastic
solids at room temperature, and can be roughly categorized as crosslinked hydrogels or jammed dispersions based on their solidification
mechanisms. While solidified chocolate exhibits crystallinity with min
imal viscoelasticity, the deformation of viscoelastic solid foods are
subjective to both temperature (liquification) and time (creep), espe
cially after the HE-3DFP process. The dynamic cooling process of ther
moreversible food materials is not yet fully elucidated during HE-3DFP.
This study aims to conduct thermographic analysis to simultaneously
characterize the material cooling and deformation of thermoreversible
food materials. We printed cross-linked hydrogels and jammed disper
sions to explore the structural deformation that is driven by the com
bination of material properties, temperature, and printing time. The
thermographic observations were combined with rheological measure
ments to understand material behaviors and provide optimization
guidance for adjusting food formulations and printing parameters.

3. Materials and methods
3.1. Printing materials
Three thermoreversible food materials were selected for the HE3DFP experiments.
(1) A κ-carrageenan-gelatin blend was prepared by first dissolving
2% (w/w) κ-carrageenan (Sigma Aldrich, Darmstadt, Germany)
in deionized water at 80 ◦ C for 30 min. The solution was then
cooled to 60 ◦ C and mixed with 5% (w/w) gelatin (bovine skin,
type B, Sigma Aldrich, Darmstadt, Germany) for 30 min. The
κ-carrageenan-gelatin blend was cooled to 20 ◦ C and stored at
4 ◦ C for further use.
(2) A concentrated sodium caseinate dispersion (48%, w/w, Frie
slandCampina, Wageningen, the Netherlands) was heated to
80 ◦ C for 10 min in a water bath and diluted with deionized water
to obtain a final concentration of 30% (w/w).
(3) Commercial processed cheese (ERU, the Netherlands) was pur
chased from a local supermarket (Albert Heijn, the Netherlands)
and used as the third printing material for the subsequent
experiments.
3.2. Rheological measurements
3.2.1. Small amplitude temperature sweep
To characterize the gelation temperature of the materials, tempera
ture sweeps were conducted using a rheometer with a cone-plate ge
ometry (⌀ = 20 mm; θ = 2◦ , Anton Paar Physica MCR502, Graz, Austria).
A cooling ramp was employed to characterize the gelation process of the
printing materials. Materials were first melted at 70 ◦ C for 5 min and
then transferred onto the preheated plate at 60 ◦ C. The cone probe was
lowered, excessive materials was carefully removed, and the rim of the
cone was coated with high viscosity paraffin oil to prevent water
evaporation. Based on preliminary strain-sweep experiments, the shear
strain and frequency were set to 1% and 1 Hz, respectively, to ensure
that measurements were collected within the linear-viscoelastic regime.
The cooling ramp was set to decrease from 60 ◦ C to 25 ◦ C at a rate of
2 ◦ C/min. The corresponding storage modulus (G′ ) and loss modulus
(G′′ ) were recorded during the cooling ramp, and the gelation temper
ature was taken at the temperature when the G′ exceeded the G". The
complex viscosity (η*) was calculated based on Eq. 1 to evaluate the
consistency of the material during the cooling ramp.
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
( ′ )2 ( ˝ )2
G
G
*
(1)
η =
+
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Where ω is the angular frequency in rad/s.
3.2.2. Creep tests and time-temperature superposition (TTS)
Creep tests were conducted using the same rheometer set up intro
duced in section 2.2.1. A shear stress of 5 Pa was applied to each ma
terial for 5 min at a temperature range from 20 to 50 ◦ C with 5 ◦ C
intervals. At the selected measuring temperature, the material was
tempered for at least 10 min before the creep test started. The corre
sponding creep compliance (J) was recorded over time (t) and fitted to a
4-element Burgers model (Eq. 2).
( )
− t
) t
(
λret
J(t) = J0 + J1 1 − e
+
(2)

μ0

where J0 is the instantaneous elastic compliance; μ0 is the zero-shear
viscosity; J1 is the compliance associated with the Kelvin–Voigt
element; λret is the retardation time associated with the Kelvin–Voigt
element.
To combine the time and temperature impacts of material creep, the
2
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TTS principle was used to describe printing material creep at short and
long observation times (Udyarajan, Horne, & Lucey, 2007). Though
originally designed to study amorphous polymers, the TTS principle has
been extended to characterize crystalline and cross-linked food mate
rials, which are similar to the printing materials featured in this study
(Ahmed, 2017). Specifically, for each printing material, the creep data
obtained at different temperatures were shifted horizontally using the
Williams-Landel-Ferry (WLF) model (Eq. 3) to construct the TTS master
curve:
log(aT ) =

− C1 × (T − Tr )
C2 + T − T r )

examine the printing stability. For all printed structures, the cooling
time between two layers was set to 5, 10, and 15 s, respectively by
varying the printing speed. A layer height of 0.8 mm was used
throughout all printing experiments. Duplicate printing experiments
were conducted for each material, and averaged measurements were
reported in the results section.
3.4. IR thermography
During the 3D printing experiments, variations of printing parame
ters led to differences in terms of structural stabilities (Fig. 1A and B). To
understand structure deformation, a thermal camera equipped with a
zoom lens (Optris PI 640, Berlin, Germany) was placed on the side-view
position to capture the temperature change of the extrusion nozzle and
the top-layer temperature of the printed structure (Fig. 1C). Thermal
videos were recorded at 640 × 480 pixel resolution with a frame rate of
10 Hz. For each layer of printing, the temperature of the material just
after extrusion (i.e. the material temperature at the printing nozzle) and
the top-layer temperature of the printed structure were recorded at a
constant position per printing layer to characterize the heat transfer
during printing. The thermal video frames were scaled using the outer
diameter of the printing nozzle as a reference distance. The cumulative
deformation of the printed structure was determined by measuring the
distance between the extrusion nozzle to the top layer (DN-L) at the
center of each layer. With no deformation, the DN-L should be equal to
the layer height (H) that was set in the printing path (Fig. 1D). However,
deformation occurs when the DN-L exceeds the H, indicating that the
printed layers have deformed from the intended height based on the
digital design (Fig. 1E). The cumulative deformation of each layer (ε(n))
was calculated using Eq. (4) to understand the material deformation
during HE-3DFP. The temperature and deformation measurements were
collected using the PIX connect software made by Optris (Berlin,
Germany).

(3)

Where aT is the shift factor, Tr is the reference temperature, C1 and C2
are the shifting constants. In this study, a reference temperature of 25 ◦ C
was selected to apply a typical ambient temperature used during 3D food
printing. C1 and C2 were iteratively fitted by minimizing the sum of
square error between the Burgers model fit at reference temperature to
the shifted observations.
3.3. Hot-extrusion 3D food printing
Hot-extrusion 3D food printing was conducted using an in-house
modified pneumatic 3d printing system (DR-2203, Nordson EFD, USA)
(Schutyser et al., 2018). About 20 g of printing material were liquified
by heating at 70 ◦ C for 5 min, carefully loaded into a printing syringe,
and connected to a fixed nozzle size of 0.84 mm. The syringe was
tempered at printing temperatures between 55 and 60 ◦ C for 10 min
prior to printing. The syringe temperature of each printing material was
determined based on its gelation temperature obtained from the tem
perature sweep measurement. A printing pressure was empirically
adjusted for each material to ensure proper extrudability (minimal over
and under extrusion) and used throughout all printing experiments to
ensure consistent extrusion rates. A 10-layer and 80-mm long wall
structure was printed onto a room-temperature (~20 ◦ C) platform to

Fig. 1. A: Example printing of a processed cheese structure with no deformation. B: Example printing of a deformed process cheese structure. C: screenshot of an
example thermal video highlighting the extrusion temperature at printing nozzle and the top layer temperature right below the printing layer. D: Schematic drawing
of a printed structure with no deformation. E: Schematic drawing of a deformed structure.
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sharp sol-gel transition allows quick liquifying and solidification of the
κ-carrageenan-gelatin blend, making it suitable for printing stable food
structures using the hot-extrusion printing mechanism.
In the same cooling range, the processed cheese exhibits a different
rheological profile (Fig. 2B and E). At 60 ◦ C, the melted processed cheese
was a viscous liquid with a complex viscosity of ~100 Pa•s. The sol-gel
transition occurred much more gradually compared to the κ-carra
geenan-gelatin blend as the G′ at gelation temperature (45 ◦ C) was
already ~5000 Pa. This gradual sol-gel transition of the processed
cheese can be explained by its solidification mechanism. At elevated
temperatures, processed cheese melts to a liquid-like state due to the
weakening of the casein-casein interactions. The melting of fat crystals
in processed cheese also contributes to the liquid nature above 40 ◦ C
(Kapoor & Metzger, 2008; Lucey, Johnson, & Horne, 2003). Emulsifying
salts remove physical crosslinks due to calcium phosphate crystals and
the processed cheese appears as a stabilized liquid-in-liquid emulsion
(Le Tohic et al., 2018). Upon cooling, the melted fats slowly crystalize
and the casein-casein interaction strengthens to form solid cheese again.
The fat crystallization and casein rearrangement may take more time
compared to the cross-linked gelatin and κ-carrageenan, which can also
explain the more gradual increase of G′ observed in Fig. 2E. At 25 ◦ C, the
processed cheese solidifies to a strong gel with a G′ greater than 10,000
Pa, making it suitable for HE-3DFP (Ross et al., 2021).
Fig. 2C and F show the complex viscosity and moduli changes during
the temperature sweep of the concentrated sodium caseinate dispersion
(30%, w/w). Just like the processed cheese, a gradual increase of the
complex viscosity and moduli was observed as the dispersion was cooled
from 60 to 25 ◦ C. The G′ at the gelation temperature (37 ◦ C) was ~7000
Pa, much higher than with the κ-carrageenan-gelatin blend. During
cooling, the sodium caseinate dispersion gradually gains elasticity due
to the increase of interchain interactions of the casein molecules at lower
temperature, which leads to a larger effective volume fraction of the
casein particles and enhances the jamming of the casein micelles
(Loveday, Rao, Creamer, & Singh, 2010). However, even though the
sodium caseinate dispersion showed was solid-like in a standard

(4)

where n is the layer number. Based on Eq. 3, it is possible for ε(n) to be
negative, indicating that the observed distance is less than the layer
height (this may occur due to over-extrusion).
4. Results & discussion
4.1. Material gelation process
Although all 3 materials exhibit thermoreversibility and have been
used for 3D food printing applications in previous studies, their sol-gel
transition mechanisms vary largely due to compositional and micro
structural differences. Fig. 2 highlights the material phase transition
from the liquid-like to the solid-like state obtained from the temperature
sweep measurement. At 60 ◦ C, the complex viscosity of the κ-carra
geenan-gelatin blend was ~2 Pa•s, suggesting it behaved as a very thin
liquid (Fig. 2A). The gelation temperature of the κ-carrageenan-gelatin
blend was measured to be 52 ◦ C, as indicated by a rapid increase of
complex viscosity and the G′ exceeding the G′′ (Fig. 2D). Upon further
cooling, from 52 to 40 ◦ C, the complex viscosity sharply increased from
~5 Pa•s to ~2000 Pa•s, and the G′ and G′′ sharply increased from ~30
Pa to ~3000 Pa and ~ 20,000 Pa, respectively. During this cooling
period, the random coiled gelatin transforms into triple-helical struc
tures to create crosslinks. In the meantime, the linearly aligned
κ-carrageenan start to form helices that reduce the mobility of the liquid
solution (Burey, Bhandari, Howes, & Gidley, 2008). Considering the
κ-carrageenan-gelatin interactions, several studies reported that the
addition of κ-carrageenan led to an increase of the gelation temperature
and gel strength compared to pure gelatin systems (Derkach, Ilyin,
Maklakova, Kulichikhin, & Malkin, 2015; Pranoto, Lee, & Park, 2007).
The increased gelation temperature can be explained by the poly
electrolytic complexes formed between the cationic domain of gelatin
and the anionic domain of κ-carrageenan (Derkach et al., 2015). The

Fig. 2. Complex viscosity change from 60 to 25 ◦ C: κ-carrageenan-gelatin blend (A), processed cheese (B), and sodium caseinate (C). Temperature sweeps of
κ-carrageenan-gelatin blend (D), processed cheese (E), and sodium caseinate (F). Cooling ramp = 2 ◦ C/min; angular frequency = 1 Hz.
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temperature sweep (as observed in our study), several studies did sug
gest that the classification as a “gel-like structure” was mistaken due to
its high viscosity and rheological measurements with a short relaxation
time (Raak et al., 2020; Thomar, Nicolai, Benyahia, & Durand, 2013).
The authors suggested that concentrated sodium caseinate dispersions
still behaved as viscous liquids given enough relaxation time. Therefore,
the long-term stability of sodium caseinate-based printed foods may be
impacted due to its viscous liquid properties. In 3D food printing ap
plications, both highly viscous liquids and elastic gels were successfully
printed, so this study focuses on evaluating the stability of the sodium
caseinate immediately after hot-extrusion. Despite the similar coldsolidifying properties, the 3 materials showed different solidification
mechanisms, which can impact the printing stability of final structures.
With these mechanisms in mind, we subsequently conducted thermo
graphic characterizations of the material cooling and structural defor
mation during HE-3DFP.

in the nozzle is likely to occur and affect the HE-3DFP process. There
fore, we suggest to monitor the extrusion temperature close to the nozzle
(Fig. 1A) to best determine the state of the printing materials and their
structural stability rather than simply referring to the syringe barrel
temperature.
For all three materials, the syringe temperature was set higher than
the measured gelation temperature, to ensure a proper liquification of
the material inside the syringe. However, when comparing the extrusion
temperatures to the gelation temperatures, the three materials were
extruded at different physical states. The κ-carrageenan-gelatin blend
was extruded between 38 and 43 ◦ C, which was below its gelation
temperature (52 ◦ C) based on the rheological measurement (Fig. 2). The
extruded filament should already have been in the solid-like state due to
the cooling of the material through the cold printing nozzle. However,
the shear in the nozzle prevented further gelation and temporarily
reduced its storage modulus. At the same time, the cooling of the ma
terial results in an increase of the viscosity to reach a minimum of 1000
Pa•s. This higher viscosity improved the overall extrudability of the
material, which may be necessary with cross-linked hydrogels with such
an abrupt change in states. During preliminary experiments, we failed to
print the κ-carrageenan-gelatin blend at higher syringe temperatures
due to the spreading and spraying of the liquid material on the platform.
A similar observation was made by Vadodaria et al. (2021) as the au
thors stated that high printing temperatures (syringe temperatures) led
to fast spreading of hydrogel-based printing materials. Due to the sharp
sol-gel transition of the κ-carrageenan-gelatin blend (Fig. 2A), a slight
overheating leads to rapid decrease in viscosity. Since the hydrogel
material is shear-thinning, extruding a thin liquid under pressure then
results in spraying and rapid spreading of the printing material.
In Fig. 3B, the processed cheese was extruded between 40 and 47 ◦ C
across the 3 cooling times. The gelation temperature of the processed
cheese was 45 ◦ C, indicating that the material was extruded close to the
sol-gel transition temperature zone (Fig. 2B). The complex viscosity of
the processed cheese between 40 and 47 ◦ C ranged from 600 to 1000
Pa•s. Since the transition is quite gradual, the processed cheese retained
high complex viscosity which ensured the consistency of the extruded
filament. Based on our previous study (Ma et al., 2021), the processed
cheese has a flow index around 0.5, which makes it less shear-thinning
than the κ-carrageenan-gelatin blend. The high viscosity and the good
consistency upon extrusion made it possible to print processed cheese at
a wide range of printing temperatures between 40 and 75 ◦ C (Le Tohic
et al., 2018; Ross et al., 2021). This large operation window makes it
robust for printing and reduces the number of the trial-and-error ex
periments in the preparation phase of printing processed cheese. In
Fig. 3C, the sodium caseinate dispersion was extruded between 45 and
48 ◦ C, which was above its gelation temperature as a viscous liquid.

4.2. Thermographic analysis during 3D food printing
IR thermography was used to characterize the extrusion temperature
during printing (i.e. the temperature of the material as it is being
extruded from the printing nozzle) to better understand the behavior
and state of the printing materials. The temperature monitoring at the
nozzle can elucidate the proper material extrudability, which is the first
necessary step towards a successfully printed structure (Liu et al., 2019).
In Fig. 3, the extrusion temperature at nozzle was measured per printing
layer for the three printing materials at cooling times of 5, 10, and 15 s,
respectively. The syringe temperature was set at 55 ◦ C for the κ-carra
geenan-gelatin blend (Fig. 3A). Based on the thermographic measure
ment, the extrusion temperature per layer ranged from 38 to 43 ◦ C. All
observed extrusion temperatures at the nozzle were lower than the
borrel heater temperature that was set for the syringe. Because the
nozzle was in contact with the ambient environment, the printing ma
terial cooled in the nozzle before extrusion. The material temperature
initially decreased in the nozzle during extrusion as compared to the set
syringe temperature, but this decrease became less as the printing pro
gressed. This is mostly likely because the nozzle got heated by the pre
viously extruded hot material (Fig. 3A). Because the later-printed layers
were hotter than the earlier printed layers, ideally, the cooling time
should be increased as the printing progresses to allow sufficient solid
ification for each printed layer.
Because the same 3D printer was used in all printing experiments,
this transient heat effect in the nozzle was also observed for the other
two materials (Fig. 3B and C). Rando and Ramaioli (2021) also captured
this effect in a study where thermographic analysis was applied to
monitor chocolate printing. Without a dedicated nozzle heater, cooling

Fig. 3. Extrusion temperature at nozzle change over printing time (one measurement was taken per printing layer). A: κ-carrageenan-gelatin blend. B: processed
cheese. C: sodium caseinate. The red dashed line represents the syringe barrel temperature. The green dashed line represents the gelation temperature obtained from
the temperature sweep measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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However, due to a similar gradual sol-gel transition as the processed
cheese, the extruded material retained a complex viscosity of 500 Pa•s
or above, again offering the necessary material consistency to properly
form extruded filaments (Fig. 2C). In another study, Schutyser et al.
(2018) reported the optimal syringe temperature to be 5–15 ◦ C above its
gelation temperature when printing concentrated sodium caseinate
dispersion. The authors suggested that liquid-like characteristics of so
dium caseinate were necessary for its proper extrudability, which was in
agreement with results presented in this study.
Based on our observations, even though materials were heated above
the gelation temperatures in the syringe, the actual extrusion tempera
ture of the material was lower due to the lack of nozzle heating, which
altered the properties of the material just before extrusion. Whether the
materials were still liquid or already started to solidify, all of them had
high enough complex viscosity around 600 Pa⋅s to achieve the proper
consistency just before extrusion (Fig. 2). In previous studies, the
extrudability of the printing materials were explained in terms of vis
cosity and shear-thinning properties (Liu et al.,2019; Ma et al., 2021).
Specifically for HE-3DFP, the extrusion temperature directly impacts the
material’s viscosity and shear-thinning properties. In this study, for
cross-linked hydrogel materials such as the κ-carrageenan-gelatin blend,
some supercooling (i.e. the material remains liquified below the gelation
temperature) ensures an increase of complex viscosity. Therefore, to
successfully print hydrogel materials, the syringe temperature should be
set just above the gelation temperature. By nozzle cooling, the hydrogels
can gain viscosity upon cooling at the nozzle, which eventually con
tributes to the proper extrudability during printing. The sol-gel transi
tion of jammed dispersions (processed cheese and sodium caseinate) is
more gradual compared to hydrogel based materials. Therefore, a wider
range of syringe temperatures can be applied to print such materials,
reducing the sensitivity of optimizing the syringe temperatures in the
pre-printing phase. However, in all systems, low syringe temperatures (i.
e. below the gelation temperature) result in rapid material solidification.
The rapidly solidified materials can lead to insufficient layer fusions and
surface roughness of the filaments, which are undesirable for the final
printing quality (Rando & Ramaioli, 2021; Vadodaria et al., 2021). From
our thermographic observations, for 3D food printers without a nozzle
heater and without active cooling of the printing platform, we suggest to
set the syringe heater temperature just above a material’s gelation
temperature to ensure proper fusion and consistency of the extruded
filaments.

temperature and deformation observations were evaluated and linked to
the temperature-driven and time-driven deformations based on the
material properties (cross-linked hydrogel vs. jammed dispersions).
4.3.1. Deformation of 3D-printed κ-carrageenan-gelatin blend
Fig. 4A highlights the cumulative deformation observed during
printing the κ-carrageenan-gelatin blend with 5, 10, and 15 s of cooling
intervals between printing different layers. With 5 s cooling per layer,
the top layer temperature of the κ-carrageenan-gelatin blend ranged
between 34 and 36 ◦ C. The 5-s cooled structure started to deform from
the 3rd layer (after 15 s of printing), and layer deformation then pro
ceeded throughout the entire subsequent printing process, with the final
cumulative deformation reaching 37%. For the printed structures with
10 and 15 s cooling per layer, the top-layer temperatures were between
30 and 33 ◦ C. With longer cooling times and lower top-layer tempera
tures, less than 5% of final cumulative deformation was observed. The
small deformation indicated the gelation of κ-carrageenan-gelatin to
form stable structures. An increase of cooling time from 10 to 15 s per
layer did not further impact the structural deformation, suggesting that
the layers could achieve sufficient solidification during the intervals,
and time-driven deformation (i.e. creep) during printing was mostly
inhibited. A temperature difference of 3 to 4 ◦ C was observed between
the deformed (5-s cooled) and the stable (10-s & 15-s cooled) structures.
Due to the sharp sol-gel transition of the κ-carrageenan-gelatin blend, a
small top-layer temperature difference results in large rheological
changes. The difference in the top-layer temperature and the printing
stability suggests that a critical top-layer temperature of ~33 ◦ C can be
used as an indicator for ensuring printing stability of the κ-carrageenangelatin blend. The higher top-layer temperature of the 5-s cooled
structure indicated insufficient cooling of the printed layers. Our ob
servations show that the deformation of κ-carrageenan-gelatin blend
was caused by the higher material temperature and insufficient gelling.
No deformation was observed if the material is cooled below a critical
temperature (~ 33 ◦ C) by increasing the cooling time, suggesting that no
creep occurred during the printing process.
To support the observations from thermal videos, creep measure
ments of the κ-carrageenan-gelatin blend were performed at different
temperatures. In Fig. 4B, we observed a typical viscoelastic creep
behavior which can be described by the 4-element Burgers model (Eq.
2). At the beginning of the creep test, an instantaneous elastic compli
ance appears, followed by the viscoelastic creep behavior as described
by the Kelvin–Voigt element. The detailed Burgers model fits of the
creep compliance can be found in Table 1. As the temperature increases
from 20 to 45 ◦ C, the zero-shear viscosity decreased and the material
crept more during the 300 s measurement. To further evaluate the
combined time and temperature effects, Fig. 4C shows the timetemperature superposition of the creep master curve of the κ-carra
geenan-gelatin blend. With a reference temperature of 25 ◦ C, the creep

4.3. Deformation of hot-extrusion printed structures
From the sideview of the thermal videos, we can sometimes observe
deformation of the printed structures during printing. This section
therefore discusses changes of the top-layer temperatures and the perlayer deformation of the printed structure during HE-3DFP. The

Fig. 4. Deformation characterizations of κ-carrageenan-gelatin blend. A: Per-layer cumulative deformation change over printing time. A negative cumulative
deformation indicates over-extrusion of the layer. B: Creep compliance measurement between 20 and 45 ◦ C. C: time-temperature superposition master curve of
creep compliance.
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Table 1
Fitted parameters obtained from the 4-element Burgers model. J0 is the instantaneous elastic compliance. μ0 is the zero-shear viscosity. J1 is the compliance associated
with the Kelvin–Voigt element. λret is the retardation time associated with the Kelvin–Voigt element. R2 is the coefficient of determination between the fitted and
measured values.
Materials

Temperature (◦ C)

J0 •10−

Processed Cheese

20
25
30
35
40
45
50
20
25
30
35
20
25
30
35
40
45

0.36
0.46
0.70
1.2
1.8
2.9
3.6
0.32
0.59
0.97
1.9
1.2
2.1
3.1
3.9
4.8
6.1

Sodium Caseinate (30%)

κ-carrageenan-Gelatin

4

(Pa− 1)

compliance master curve follows the same behavior as observed from
the single-temperature measurements. The range of the shifted times in
Fig. 4C suggests a very slow creep behavior of the κ-carrageenan-gelatin
blend. At 25 ◦ C, it requires 1 × 109 s to obtain a neglectable amount of
creep, making time-driven deformation irrelevant in the context of
assessing the 3D printing stability of κ-carrageenan-gelatin blend.
Primarily, the cause of deformation for the κ-carrageenan-gelatin
blend was insufficient gelling caused by high material temperature, as
observed from Fig. 4A. Similar cross-linked hydrogels were frequently
studied in other 3D food and bio- printing studies. For example, Liu et al.
(2019) suggested that a temperature sweep can serve as an indicator to
determine the self-supporting ability of a carrageenan-xanthan-starch
complex. With the printing material sufficiently cooled, the increase of
G′ will lead to a stable printed structure. Other than temperature sweeps,
the development of a yield stress is also frequently indicated as a
structural stability indicator in other studies (Wilms et al., 2021; Zeng,
Li, Zhu, Chen, & Zheng, 2021). Our rheological measurements were
conducted under steady state, which ignores the fact that the cooling of
extruded materials is quite sudden. From thermal imaging, we observe
that the initial cooling rates as materials were extruded range from 1 to
3 ◦ C/s, which allows a very rapid intermolecular association of the he
lical gelatin and κ-carrageenan (Berghmans et al., 1994). The dynamic
cooling process leads to a fast gelation driven by the temperature
equilibrium. In our study, observing the top-layer temperature provides
snapshots of the dynamic cooling process. We can then derive the crit
ical temperature as an indicator to determine the structural stability of
the κ-carrageenan-gelatin blend. The direct temperature monitoring

μ0 •105 (Pa s)

J1 •10−

24
9.5
4.2
2.6
1.7
1.6
0.87
2.5
0.82
0.21
0.055
88
58
28
10
5.3
2.1

0.8
1.3
2.9
8.0
15
21
26
1.8
3.2
5.9
11
0.27
0.46
0.88
0.96
2.1
3.8

4

(Pa− 1)

λret (s)

R2

12.6
10.5
18.2
28.4
21.8
14.0
13.1
13.9
17.0
19.4
29.0
13.5
10.0
16.0
10.3
11.8
7.03

0.965
0.989
0.993
0.992
0.995
0.992
0.993
0.999
0.999
1.000
1.000
0.970
0.985
0.988
0.996
0.992
0.995

using IR camera can be a complementary method to the steady-state
rheological measurements to guide HE-3DFP of hydrogels.
4.3.2. Deformation of 3D-printed processed cheese
While the material temperature primarily determines the structural
stability of hydrogels, there are also other types of food systems (e.g.
jammed dispersions) that may have different dependence on the dy
namics. Fig. 5A shows the printing time vs the cumulative deformation
of processed cheese printed with 5, 10, and 15 s cooling time per layer.
The least-cooled structure (5 s) had the highest top-layer temperature
between 33 and 34 ◦ C, compared to the longer-cooled structures (10 and
15 s). With a higher top-layer temperature, the printed processed cheese
started to deform after 6 layers of extrusion. The deformation continued
until the end of the printing process with a final 19% cumulative
deformation relative to the designed height. For the longer-cooled
structures, less than 3% of deformation was observed, Again, the cu
mulative deformation remained similar at longer cooling intervals, even
though increasing the cooling time from 10 to 15 s did further decrease
the top-layer temperature. The similar deformation patterns for the 10
and 15 s cooled structure again suggest that the deformation during
printing is driven by insufficient cooling, rather than the prolonged
printing time. A critical top-layer temperature of 33 ◦ C was found from
the thermographic observations, providing an indicator that can deter
mine the structural stability of printed processed cheese.
The creep measurements from 20 to 50 ◦ C are shown in Fig. 5B. The
creep behavior of processed cheese fits well with the Burgers model
(Table 1). The increase of the temperature reduces the zero-shear

Fig. 5. Deformation characterizations of processed cheese. A: Per-layer cumulative deformation change over printing time. A negative cumulative deformation
indicates over-extrusion of the layer. B: Creep compliance measurement between 20 and 50 ◦ C. C: time-temperature superposition master curve of creep compliance.
7

Y. Ma et al.

Innovative Food Science and Emerging Technologies 81 (2022) 103135

viscosity of processed cheese, which is in agreement with previous
studies (Kuo, Wang, & Gunasekaran, 2000; Sharma, Munro, Gillies,
Wiles, & Dessev, 2017). The creep master curve yields the time and
temperature dependance of processed cheese’s deformation behavior
(Fig. 5C). Compared to the κ-carrageenan-gelatin blend, the creep
master curve shows that, at 25 ◦ C, the processed cheese may exhibit
some deformation (up to 0.006 1/Pa) in the time frame of 1 × 104 s. The
jamming of casein particles and fat crystallizations may take longer to
occur, which make the material prone to gravitation-driven flow over
time. This creep time frame is still longer than the required printing time
for a typical food structure. However, the creep time range is already
relevant to sample storage and producing complex food structures with
long printing times. Therefore, even though the time-driven deforma
tion was not impacting the immediate printing stability (which was
driven by material temperature), storage time and consumption time
should be considered for the entire product lifecycle of printed processed
cheese.

gel structure. This is in contrast to the behavior of processed cheese
which may draw solidity from jammed fat crystals and perhaps the
micellar structure of the caseins. Therefore, printing of pure sodium
caseinate (or another similar jammed dispersion) has intrinsic material
limitations, resulting in collapsed and spreading of the printed structure
over time. The time-driven deformation of sodium caseinate is more
difficult to control than the cause of high material temperatures
observed from Figs. 4 and 5. Some elasticity is needed in printing ma
terials to ensure the material is free from time-dependent deformation
during and after printing. Therefore, pure sodium caseinate dispersions
are an extreme example demonstrating the undesirable results of
printing viscoelastic materials using HE-3DFP. Improved printability
was developed by Schutyser et al. (2018) by incorporating pectin into
the sodium caseinate dispersions, which increases the overall elasticity
of the printing material.

4.3.3. Deformation of 3D-printed sodium caseinate dispersion
While the deformation of κ-carrageenan-gelatin blend and processed
cheese was driven by high material temperatures during printing, the
observations made with the sodium caseinate dispersion appeared to
show a different trend. Fig. 6A shows the cumulative deformation over
printing time for the structures cooled with 5, 10, and 15 s per layer. All
3 structures started to deform from the first layer, and regardless the
cooling times, more than 20% of cumulative deformation were observed
for the finished structures. Even with lower top-layer temperatures, the
structures with longer cooling time (10 and 15 s per layer) still deformed
to a similar degree (~ 20%), suggesting that the deformation of printed
sodium caseinate dispersion was driven by both time and temperature,
instead of only temperature.
The thermographic observations shown in Fig. 6A were supported by
the creep results in Fig. 6B and C. As shown in Fig. 6B, the creep
compliance was much greater than with the κ-carrageenan-gelatin blend
and the processed cheese (Fig. 4B and 5B). At 35 ◦ C, the creep compli
ance after 300 s already exceeds 0.05 1/Pa, indicating probable defor
mation during printing. The deformations at higher temperature were
further connected with time effects by creating the creep master curve
(Fig. 6C). Even with just 1000 s, at 25 ◦ C, the creep of the sodium
caseinate dispersion can get up to 0.01 1/Pa. The creep master curve
suggests that shortly after printing, even when the printed material is
cooled close to room temperature, there can still be some material
deformation of the final printed structure. Meanwhile, the good agree
ment between the experimental data and the Burgers model (as indi
cated by the high R2) indicates a classical viscoelastic creep behavior of
sodium caseinate dispersion (Table 1). Our results are in agreement with
the conclusion by Loveday et al. (2010), suggesting that sodium
caseinate dispersions behave as a viscoelastic liquid, without crosslinked

Thermographic analysis provides real-time observation of material
cooling and deformation during HE-3DFP. This study provides direct
experimental support to quantitatively evaluate materials’ printing be
haviors that could not be easily derived from rheological measurements
alone. While the thermographic and rheological measurements com
plement each other, they have different purposes in relation to 3D food
printing. Rheological measurements are crucial for understanding the
material’s properties and connecting food ingredient functionality to
food ink formulations (Liu et al., 2019; Ma & Zhang, 2022). However,
standard rheological measurements are limited to off-line in
strumentations and can only provide information about the material at
steady state, which cannot fully represent the dynamic material
behavior during HE-3DFP, where several simultaneous changes occur.
An implementation of a nozzle heater can offer a better control of heat
transfer during extrusion, which may lead to an more accurate estima
tion of material properties based on off-line rheological measurements.
Thermographic imaging is an non-destructive and in-situ measure
ment, which provides direct monitoring during HE-3DFP. Real-time
temperature and deformation measurements may be integrated as a part
of the printer control system to guide printing parameters for more ac
curate printing results. For example, if the thermal imaging indicates
that the deformation exceeds a threshold, a feedback loop control could
slow or pause the printing to reduce the material temperature before
printing the subsequent layers. Alternatively, active cooling such as
convection air from a fan of the printed structure can also be added to
the printer set up. The convection cooling can reduce the temperature of
the printed structure without compensating the printing speed, which
can subsequently improve the printing efficiency, although the active
cooling will need to be carefully controlled to avoid poor fusion between
printed layers. These feedback loop controls and hardware additions can

4.4. General discussions and recommendations

Fig. 6. Deformation characterizations of sodium caseinate (30% w/w). A: Per-layer cumulative deformation change over printing time. A negative cumulative
deformation indicates over-extrusion of the layer. B: Creep compliance measurement between 20 and 35 ◦ C. C: time-temperature superposition master curve of
creep compliance.
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be very effective in ensuring more successful and robust printing, but it
is also costly and difficult to implement due to the thermal camera set up
and the limitation of 3D printer control systems. Also, here we printed a
simple thin wall structure, and we assumed the surface temperature
captured by IR camera was sufficient in describing the temperature of
the material. However, when printing more complicated structures,
monitoring only the surface temperature by IR camera may underesti
mate the actual temperature of the printed material. In that case, adding
a top-view IR camera might be handy to monitor the overall temperature
distribution over the printed objects. Nevertheless, while thermal im
aging may be further optimized and integrated as an in-situ monitoring
tool, it cannot reveal the detailed material properties that rheological
measurements can achieve.
Both rheological and thermographic measurements can only give
parts of the relevant dynamic properties during HE-3DFP, but we can
still combine and use their data to guide future applications via HE3DFP. We therefore have several recommendations based on the cur
rent work: (1) A key parameter for all thermoreversible materials is the
gelation temperature, which should be measured prior to printing. (2)
Our observations show that a printing material should have a G′ greater
than 5000 Pa at room temperature to retain structural stability. (3)
Further, conduct creep tests below the gelation temperature can char
acterize the material deformation over time. If the material is missing
essential elasticity (i.e. creeps within the required printing time), one
may consider modifying the formulation to improve the material elas
ticity before printing. For printing cross-linked hydrogels, we suggest to
set the syringe temperature just above the gelation temperature to avoid
severe material spreading. For jammed dispersions, the syringe tem
peratures also should be above the gelation temperature, but they can be
further increased to soften the materials for smoother extrusion.
Meanwhile, the material cooling time is co-determined by the printing
speed and the layer length. One can empirically determine the minimal
cooling time by printing simple test structures with short layer lengths
(e.g. the wall structure used in this study) and observing the layer
deformation at various printing speeds. The minimal cooling time can
then be used as a guide to determine the printing speed of complex
structures. With proper setting of the syringe temperature and printing
speed, one can expect much more successful printing of a given material
for HE-3DFP.
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