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Comparing the rheological and 3D printing behavior of pea and soy protein 
isolate pastes 
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Section of Ingredient and Dairy Technology, Department of Food Science, Faculty of Science, University of Copenhagen, Denmark   
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A B S T R A C T   

In this study the viscoelastic properties of pea and soy protein pastes with concentrations ranging from 10 to 21% 
w/w were correlated with their ‘printability’ following extrusion 3D printing. The rheological parameters Ǵ, tanδ 
and σy were affected by the protein concentration, and a different viscoelastic behavior was observed for PPI and 
SPI pastes. At low protein concentrations (10–16%w/w) SPI presents a more elastic behavior than PPI, whereas 
at higher protein concentrations (>17%w/w) their rheological behavior was similar. No self-supporting struc-
tures could be printed for pastes with protein concentrations <15%w/w. In the protein range of 15–17%w/w, SPI 
formed more stable 3D printed objects compared to PPI. SPI shows a more elastic structure that increases sta-
bility against collapse during 3D printing. At higher protein concentrations for PPI, the increase of Ǵ, σy and K 
counteracted the importance of n and tanδ, resulting in self-supporting 3D printed products comparable to SPI. 
Industrial relevance: This work provides a better understanding of the importance of rheology of plant-protein 
food inks to printability by attempting to establish printing predictors, which is important for the develop-
ment of new inks for 3D printed foods.   

1. Introduction 

There has been an increasing demand for the utilization of plant- 
based proteins as substitute for those of animal-origin in food formula-
tions. This is mainly due to an increasing awareness of the health ben-
efits associated with plant proteins and out of environmental concerns, 
for instance reducing environmental footprint, waste and a reduced 
demand for water and energy (Chao & Aluko, 2018). The most common 
raw material for many plant-based foods is soy, and more recently pea is 
introduced as an alternative. Compared to soy, pea can be grown in more 
moderate climates and has a better image in relation to genetically 
modified organisms (GMO) concerns and allergenicity (Lam, Tyler, & 
Nickerson, 2018). Proteins from soy and pea find diverse applications in 
the market; most commonly in beverages, yogurts and meat analogues 
(Jeske, Zannini, & Arendt, 2018). 

Next to the substitution by plant-based proteins in food applications, 
customized food fabrication by three-dimensional (3D) printing is 
receiving increased attention as well. 3D printing is a layer-by-layer 
manufacturing process which can be used as a way to produce a 

product with wide customization possibilities in shape, flavor, texture, 
color, and nutritional value (Liu, Zhang, Bhandari, & Yang, 2018). 
Fundamental aspects in relation to 3D food printing are being explored 
utilizing most commonly hydrocolloids or mixed hydrocolloid/protein 
systems. The study of proteins in single systems is less common, espe-
cially those from plant sources (Chen et al., 2022; Phuhongsung, Zhang, 
& Devahastin, 2020). However, due to an increasing demand of plant 
protein-rich foods, more information is needed regarding the print-
ability of individual plant protein based ingredients in order to develop 
multicomponent products, such as meat analogues. 

The 3D printing technology places very strict requirements on the 
rheological properties of the food materials being printed, from here on 
termed ‘food inks’. Therefore, for the utilization of plant-proteins as food 
inks, a better understanding of their rheological properties is necessary 
to predict their printing performance for use in extrusion-based printing. 
To support the 3D printed structure, enough mechanical strength is 
necessary from the food ink. Materials with a higher storage modulus 
(G’) have been reported to have stronger shape retention ability in the 
extruded objects (Liu et al., 2018). However, a high G’ alone is not 

Abbreviations: ANOVA, Analysis Of Variance; DF, Deformation Factor; G΄, storage modulus; G΄΄, loss modulus; NaOH, sodium hydroxide; PCA, Principal 
Component Analysis; PPI, pea protein isolate; SIF, Shape Inconsistency Factor; SPI, Soy protein isolate; STL-file, stereolithography-file; tanδ, loss tangent; σy, yield 
stress; ω, frequency. 
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adequate to define good printability of inks. A certain degree of resis-
tance to external stresses (i.e. yield stress) is also necessary (Lille, Nur-
mela, Nordlund, Metsä-Kortelainen, & Sozer, 2018). In previous work 
Zhang et al. (2015) reported that hydrogels with higher G’ and yield 
stress (σy) revealed better performance in supporting additional depos-
ited layers formed during 3D printing, minimizing printing defects. High 
σy was mentioned as requirement to achieve good shape stability after 
printing, where σy reflects the ink’s performance in retaining shape 
under gravity and the forces introduced by upper material layers to 
earlier printed or lower layers (Lille et al., 2018; Liu, Bhandari, Prakash, 
Mantihal, & Zhang, 2019). Gholamipour-Shirazi, Norton, and Mills 
(2019) studied the rheological properties and printability of 
hydrocolloid-based pastes and addressed the importance of the phase 
angle and the power-law exponent in relation to printability. They re-
ported specific ranges, under which the pastes were printable, namely a 
phase angle in the range of 3◦-15◦ and the power-law exponent in the 
range of 0.03–0.13. They concluded that both parameters could be used 
to understand the solid and liquid characteristic of the paste behavior 
during the extrusion process. The importance of the rheological prop-
erties of food formulations on 3D-printing has also recently been 
reviewed and discussed by Wilms, Daffner, Kern, Gras, and Kohlus 
(2021) and Outrequin, Roland, Chaiwut, & Sreearunothai, 2023). In the 
latter review, the authors concluded that a specific range of loss tangent 
(tanδ) and G’ (tanδ ≤ 0.268 and G′ ≥ 300 Pa) is required for the for-
mation of stable 3D-printed food structures. 

Although researchers have emphasized the importance of visco-
elastic properties on 3D printing behavior, only a limited number of 
studies have reported quantitative correlations. Zhu, Stieger, Jan, Der 
Goot, and Schutyser (2019) reported that the flow stress (i.e. yield 
stress), among different rheological parameters, was the most important 
parameter in reference to printability for tomato paste and other 
aqueous-based food formulations. More recently, Zheng, Zhang, and Liu 
(2021) studied the printability of 7 food recipes in relation to rheology. 
They found a model which could predict the 3D printable height using 
the shear viscosity and Young’s modulus as predictors and the dimen-
sional stability using the G’ as predictor. To our best knowledge, the 
performance of plant protein ingredients and the effect of protein con-
tent on printability of plant based pastes have not been reported. 
Furthermore, although rheological properties are easily quantifiable 
through instrumental methods (i.e. rheometers), the definition as well as 
the quantification of the printability is not well defined and there are no 
‘standard’ methods available. This makes it challenging for researchers 
to obtain quantitative correlations between rheology and printability. 

The term ‘printability’ is defined as the ability of a food ink to be 
extruded easily from the nozzle, forming a predesigned shape that can 
support the products weight without exhibiting major changes after 
depositing via extrusion 3D printing (Pulatsu & Lin, 2021). In recent 
years, one of the methods used to define ‘printability’ quantitatively is 
based on comparing the dimensions of the printed object to the pre- 
designed expected dimensions. Azam, Zhang, Bhandari, and Yang 
(2018) assessed the printability and dimensional stability of gum blends 
by examining the deformation of 3D printed products with pre-defined 
dimensions and keeping them at ambient condition for 1 h to check 
their consolidation. The changes in dimensions were measured by a 
digital ruler. The dimensional stability of the printed object was exam-
ined by contrasting their fidelity to the target geometry and printed 
objects solidity over time. Gholamipour-Shirazi et al. (2019) quantified 
the dimensions of a printed cube, using image analysis, and subse-
quently the degree of shape irregularity of products from that of a per-
fect cube using two parameters: the Shape Inconsistency Factor (SIF) 
and the Deformation Factor (DF). They labeled the samples with a SIF <
60 and the DF > 0.4 as printable. Liu et al. (2019) used the term ‘printing 
precision’ to quantify printability by measuring the diameter of printed 
filaments and comparing it against the presupposed diameter of the 
printing nozzle. Zhu et al. (2019) quantified the printing stability based 
on weight and total printing time recorded by a video until the height of 

the entire 3D printed object structure collapsed. 
The aim of this study was to gain a better understanding of the 

importance of the rheological behavior of plant protein food inks on 
their ‘printability’ following extrusion 3D printing. In order to reach our 
aim we compared the viscoelastic properties of commercial pea protein 
isolate to soy protein isolate pastes in the concentration range of 
10–21%w/w. Subsequently, we used similar definitions as Gholami-
pour-Shirazi et al. (2019) and Liu, Yun, et al. (2019) to quantify print-
ability and correlate them to the measured viscoelastic properties using 
principal component analysis. 

2. Materials and methods 

2.1. Proteins 

Soy protein isolate (SPI; SUPRO® Soy Protein) with a protein content 
of 90% (dry basis), was kindly provided by IFF (Brabrand, Denmark) and 
pea protein isolate (PPI; Nutralys ® F85M) with 83% protein (dry basis), 
was purchased from Roquette (Leutrem, France). 

PPI and SPI were dispersed in 50 mM 3-(N-morpholino)-propane-
sulfonic acid (MOPS) buffer (pH 7.00) to prepare protein dispersions 
(‘food inks’) with different protein concentrations (10–21%w/w). 
Samples were stored at 4 ◦C overnight and equilibrated for 3 h in a 
temperature controlled room (~25 ◦C) before rheological measurements 
or 3D printing. 

The chemicals used, such as sodium hydroxide (NaOH) and MOPS 
were of analytical grade and supplied from Sigma Aldrich (Brøndby, 
Denmark). Milli-Q water (Millipore, Bedford, MA, USA) was used in the 
preparation of the MOPS solution. 

2.2. Rheological measurements 

Rheological measurements were performed using a Kinexus rheom-
eter (Kinexus Pro+, Malvern Instruments Ltd., UK). The 20 mm parallel 
plate geometry (PU20 SR1421 SS) with a gap of 1 mm was used. Samples 
were loaded onto the surface of the lower plate and the upper plate was 
lowered until the gap distance (1 mm) was reached. Prior to running the 
measurement, excessive material flowing outside of the plate was scra-
ped off with a spoon. The sample was held for 5 min before running the 
measurement to allow stress relaxation. All measurements were per-
formed in triplicate and conducted at 25 ◦C. 

Stress sweep tests were carried out with a logarithmically increasing 
shear stress in the range of 0.1-1000 Pa and at a constant frequency (ω) 
of 0.1 Hz. The G΄ and tanδ were determined by taking the average of the 
first 10 data points from the stress sweep which corresponds to a stress 
range of 0.1–0.34 Pa. The σy was determined from the stress at the cross- 
over point of G΄ and the loss modulus (G΄΄) (Özkan, Xin, & Chen, 2002). 

Frequency sweep tests were performed in the range 10–0.1 Hz and at 
a constant shear strain of 0.1%. The rheological data was fitted by the 
power-law model (G΄ = K⋅ωn), where ω is the angular frequency, K is the 
power-law constant and n is the frequency index, which reflects the 
viscoelasticity frequency dependence of samples (Bi et al., 2018; Quin-
chia et al., 2011). Indexes K and n were initially given random values for 
G΄ calculation, and the SOLVER function in excel was used to minimize 
the sum of the squares of the differences between the predicted G΄ and 
measured G΄ by adjusting the values of K and n. The determination co-
efficient (R2) was calculated to check if the model fits the data well. For 
protein concentrations above 11%w/w the data were described by the 
power-law model to a high degree (R2 > 0.99). 

2.3. Three-dimensional printing 

Cartridges were filled with the protein pastes and inserted in the 
cartridge-holder of the 3D printer (byFlow B.V., Netherlands). 3D shapes 
were designed using open-source software. Cuboid-shaped objects were 
created using TinkerCad (www.tinkercad.com, Autodesk, USA) with 
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specific dimensions (L x W x H = 20 × 20 × 30 mm) and the files from 
the program were saved as a stereolithography-file (STL-file). These 
STL-files were transferred into a G-code file using the slicing software 
(Slic3r, V.1.2.9, www.slicer.org) and the G-code file was transferred to 
the 3D printer software. Printing was carried out at room temperature 
using the ‘olive-green’ extrusion nozzles (1.6 mm diameter; byFlow B.V., 
Netherlands). The printing speed was pre-selected based on the printing 
requirements for the olive-green extrusion nozzle. The protein pastes 
during printing were deposited onto a black sheet of thick paper (mass 
130 g⋅m− 2; to facilitate imaging contrasts) with dimensions larger than 
that of the printed sample. 

2.4. Printability evaluation 

Immediately after the 3D printing process, each product was 
analyzed for its dimensions using a digital caliper and imaged with a 
camera within a standardized time-frame. The images taken by the 
camera were subsequently used to perform image analysis as described 
below. 

2.5. Digital caliper 

The dimensions of the printed objects were measured using a digital 
caliper (500–196-30 AOS Absolute Caliper 0–6′′, Mitutoyo, Japan). The 
caliper was calibrated each time before measurement, according to the 
instructions of the manufacturer. Each measurement was done in trip-
licate. The length and width of the top and bottom faces (as well as the 
height), were recorded to calculate the Deformation Factor defined as 
the ratio of the area of the top (At = Lt x Wt) to the bottom (Ab) faces 
(Gholamipour-Shirazi et al., 2019): 

Deformation Factor = At/Ab (1)  

2.6. Image analysis 

Images of the printed objects were taken right after 3D printing using 
a camera on a tripod with a fixed position in order to maintain the same 
distance between sample and camera for each recording. In order to 
maintain analogous illumination, the printed objects were placed inside 
a photo light box (50 × 50 × 50 cm, PKL–D500, ESDDI) with a black 
background, at a fixed position. A 10 mm scale-bar was marked on the 
black paper sheet, where the printed material was deposited, below the 
printed object. The images were analyzed using ImageJ 1.52a (USA). For 
each image the scale-bar was used for size adjustment and all images 
were converted to 8-bit intensity. After adjusting the threshold, the di-
mensions (H and W) of the objects could be determined using the 
‘Straight Line’ tool (Fig. 1). The analysis was performed in triplicate. The 

area A = W x H (mm2) of one side-face of the freshly printed cuboid was 
referenced to the design specifications (600mm2) via the Precision 
Factor: 

Precision Factor = A
/

600 mm2 (2)  

2.7. Statistical analysis 

Principal Component Analysis was used to visualize the relationships 
between the measured rheological parameters and the recipe difference 
(protein source and concentration). For this, in-house routines were 
used in Matlab (Mathworks). The data were auto scaled to equal unit 
variances and column-wise centered around zero before modeling. 
Multiple Linear Regression and Analysis Of Variance (ANOVA) were 
used to predict Deformation Factor and Precision Factor from the 
rheological parameters extracted from the different food inks. The 
software program JMP 15 (SAS institute) was employed. 

3. Results and discussion 

3.1. Rheological characterization of soy and pea protein inks 

The rheological properties of the protein suspensions were obtained 
through dynamic oscillatory tests. The rheological parameters Ǵ, tanδ 
and σy, of PPI and SPI are plotted as a function of the protein concen-
tration in Fig. 2. In terms of viscoelasticity, represented by the tanδ 
(Fig. 2B), PPI and SPI showed different behavior. At low protein con-
centrations (10–16%w/w) PPI displayed larger values than SPI, indi-
cating that SPI is more elastic and is dominated more strongly by solid- 
like contributions for the same protein level, whereas at higher protein 
concentrations the two protein sources started to follow each other more 
closely. For both protein systems, the tanδ was only slightly affected by 
the protein concentration and both systems can be characterized as 
solid/elastic-like (tanδ < 1). The Ǵ and σy for both protein systems were 
lower at low protein concentrations, meaning lower mechanical 
strength and higher sensitivity under deformation. Both the Ǵ and σy 
increased as a function of the protein concentration and the behavior of 
both SPI and PPI was similar. Nevertheless, the data for PPI was more 
scattered as a function of the protein concentration which may indicate 
that the structure of PPI paste is more inhomogeneous than SPI. It is 
relevant to note that the isolates used in this investigation contained 
83% and 90% protein respectively, and this difference in protein con-
centration consequently leads to a differentiation in other components 
that may affect the stability of the protein paste structure. 

In this study, we used the power-law model to characterize the 
progression of the Ǵ as a function of the frequency, per each protein 
concentration, retrieving the fitting parameters K and n (Fig. 3). The 
value of n is associated with the frequency dependence extent of elas-
ticity while K is related to the strength and elastic properties of a ma-
terial (Bi et al., 2018). For a perfectly cross-linked gel with covalent 
interactions, n = 0, while for a physical gel with weak interactions, n >
0 (Tunick, 2011). To our knowledge, these fitting parameters from the 
power-law model have not been used before in understanding the 
relationship between rheology and printability. As shown in Fig. 3, K 
values of both PPI and SPI increased comparably with increasing protein 
concentration and followed very similar trends as Ǵ shown in Fig. 2A. 
On the other hand, both proteins showed distinct behavior in relation to 
n with PPI displaying larger values throughout the whole range of pro-
tein concentration, especially at low concentrations, indicating that the 
elastic behavior (Ǵ) of PPI was more dependent on frequency compared 
to SPI. Furthermore, the value of n for PPI did not change as a function of 
protein concentration, whereas the value of n for SPI increased expo-
nentially. The frequency dependency of elasticity in relation to protein 
concentration was thus dependent on the type of protein. 

Fig. 1. Representative example of determining the Precision Factor of a printed 
object via image analysis (side-view). 
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3.2. Printability of soy protein and pea protein inks 

The printability of SPI and PPI pastes as a function of their protein 
concentration was evaluated qualitatively via visual observation on the 
behavior of the 3D printed products and quantitatively by dimension 
analysis of the printed objects using Eqs. 1 and 2. A visual impression of 
the 3D specimens from our study can be seen in Fig. 4, while the per-
formance, expressed as Deformation Factor and Precision Factor, are 
drawn in Fig. 5. All the printed specimens were designed to produce a 
perfect cuboid shape following the extrusion process. Nevertheless, 
depending on the protein concentration, some pastes collapsed imme-
diately, while others formed cuboids with irregular shapes. It was not 
possible to create self-supporting 3D printed matrices below 15% pro-
tein content, so only the results on and above this level are used in this 
section. 

As shown in Figs. 4 and 5, at protein concentration range of 15–17% 
w/w, SPI formed more stable objects compared to PPI which could not 
maintain shape. This can be attributed to the more elastic nature of SPI, 
reflected by the lower tanδ (Fig. 2B) as well as to its lower sensitivity to 

frequency (i.e. mechanical vibrations) reflected by the lower frequency 
index (Fig. 3B). The more elastic structure allowed SPI to possess higher 
flexibility and resilience under the extrusion 3D printing process, 
resulting in an increased stability against collapse during the formation 
of the 3D printed object. At higher protein concentrations (>17%w/w) 
for PPI, the increase in paste strength reflected by a higher value of Ǵ, σy 
and K is enough to create a self-supporting 3D printed objects compa-
rable to SPI. Furthermore, with the increase of protein concentration 
(19–21%w/w) it can be seen that the samples were not smoothly 
extruded out of the nozzle as reflected by the imperfections and in-
homogeneity in the surface structure. These results are very well aligned 
with previous studies (Chen et al., 2022; Liu, Yun, et al., 2019) that 
showed the effect of protein concentration for respectively SPI pastes 
and milk protein gels. These authors reported that at high protein con-
centrations coarse structures are formed and only at intermediate con-
centrations self-supporting objects with a smooth structure can be 
produced. Considering that n and tanδ are only slightly affected by high 
protein concentrations the inhomogeneity in the printed objects 
observed may be attributed to the rapid increase in Ǵ/K or σy under 

Fig. 2. (A) Storage modulus (G΄), (B) loss tangent (tanδ) and (C) yield stress (σy) of PPI and SPI as a function of protein concentration. Whiskers mark the standard 
deviations of replicate measurements. 

W.N. Ainis et al.                                                                                                                                                                                                                                



Innovative Food Science and Emerging Technologies 84 (2023) 103307

5

which the other rheological parameters were only slightly affected by 
the protein concentration. This indicates a specific threshold range for 
these rheological parameters is required to enable print textures with a 
more uniform and smooth appearance where irregularities are 
minimized. 

The quantitative printing performance of the protein suspensions 
was determined based on the degree of the dimensional irregularities 
compared to that of a perfect cuboid using the Precision Factor and 
Deformation Factor; values equal to 1, for both factors, corresponds to 
the ideal printing performance. Quantitative evaluation of SPI was 
possible for protein concentrations of 15–21%w/w, while for PPI the 
quantification lower-levels were 15%w/w (Precision Factor) and 16% 
w/w (Deformation Factor). Samples with lower levels of protein are 

omitted from Fig. 5. The Precision Factor – area-conformity seen from 
the side of the objects - is close to a perfect cuboid at the lower protein 
concentrations, especially for SPI which started to deviate strongly only 
at protein concentrations >19%w/w. This is correlated with the pro-
nounced irregularities seen in the images at 19 and 21%w/w (Fig. 4). 
This deviation from the perfect cuboid is also seen for PPI where the data 
as a function of the protein concentration are again more scattered, 
similarly to the results from rheology, indicating that PPI is naturally 
more inhomogeneous than SPI. On the contrary, the Deformation Factor 
– comparing the upper- and lower-plane of the printed objects - was 
overall closer to a perfect cuboid at higher protein concentrations. At 
these high protein concentrations, although the printed objects show 
more irregularities, their ability to self-support is stronger which is 
related to the increase in stiffness. This in turn may also dictate an in-
crease in the Deformation Factor towards a perfect shape by allowing an 
improvement in the uniformity between both ends of the cuboid. 

3.3. Relationship between rheology and printability 

To explore the relationship among rheological parameters measured 
a PCA model for the rheological data block is visualized in Fig. 6. As can 
be seen the pea and soy isolates cluster distinctly in the rheological 
measurement data and both isolates show a protein concentration 
gradient over the range selected in the score 2 v. score 1 scatter-plot. 
Also in Fig. 6, a clear grouping of the rheological numbers is seen. SPI 
has a high positive correlation with the σy, G’ and K parameter set in the 
second principal direction while tanδ and n shows an opposite connec-
tion for the PPI protein source. 

To further explore the correlation between what can be consider food 
ink ‘dependents’ (rheological measurement values and protein isolate 
source as nominal variable) and product ‘independents’ (Deformation 
Factor and Precision Factor) ANOVA was used to estimate regression 
models. The procedure was to start with all main effects and to ‘peel of’ 
(remove one by one) insignificant dependents, one at the time, until only 
significant factors were included in the model. Based on the printing 
performance (see Fig. 5) we further restricted the models to objects with 
≥14%w/w protein to eliminate most of the missing entries in the data 
set. Deformation Factor could not be predicted from the rheological 
measurements with statistical reliability. This is in agreement with the 
random nature observed in Fig. 5B. For Precision Factor a tentative 
model can be suggested using G’ as the only statistically significant 
dependent; the resulting model is seen in Fig. 7. It is concluded that 
protein isolate source as independent in the model is statistically non- 
significant in our collected data (an unexpected observation looking at 

Fig. 3. (A) Power-law constant K and (B) frequency index n for Ǵ of PPI and SPI 
as a function of protein concentration. Whiskers mark the standard deviations 
of replicate measurements. 

Fig. 4. Representative images of the 3D printed objects of Pea Protein Isolate (top row) and Soy Protein Isolate (bottom row) for varying protein concentrations. The 
images were taken immediately following the 3D printing process. 

W.N. Ainis et al.                                                                                                                                                                                                                                



Innovative Food Science and Emerging Technologies 84 (2023) 103307

6

Fig. 6). It should further be noted that a near-equal regression model 
could be constructed using K instead of G’ as independent (as can be 
anticipated from the strong covariance seen in the PCA model in Fig. 6 
for these two parameters). 

Zhu et al. (2019), reported that the σy (which they defined in their 
case as the Flow Stress) was the most important parameter in relation to 
printing stability as it was found to always correlate linearly with both 
measured printing parameters, the stress at collapse (related to the 
printing stability) and the extrusion force, among different aqueous food 
materials. In the case of the rheological moduli G’ and G", they reported 
that although a linear correlation can exist with the stress at collapse, it 
is more material dependent and hence may not be used as a general 
indicator for printing stability. Zheng et al. (2021) reported that both the 
zero shear viscosity and the Young’s Modulus of food inks were linearly 
related only to the 3D printable height, while the G′ was linearly 
correlated only to the shape stability of printed foods (defined as the 
ability of the printed material to hold its diameter as a function of time). 
In our study we found the Printing Precision can be modestly predicted 
only by the G’, while the Deformation Factor was not easily predicted by 
any rheological parameter measured. It should be noted that each 
author uses very different expressions to define printability and 
depending on the definition different rheological properties can be used 
as predictors. This highlights the importance of establishing common 
and well defined printing parameters in order to asses and conclude 
universally the relationships between rheology and printability, among 

different papers. 

4. Conclusions 

The rheological properties of commercial pea (PPI) and soy protein 
isolates (SPI) pastes at protein concentrations ranging from 14 to 21%w/ 
w were correlated with their ‘printability’ following extrusion 3D 
printing. 

The rheological parameters Ǵ, tanδ and σy, of PPI and SPI pastes were 
affected by the protein concentration, and a different viscoelastic 
behavior was observed between PPI and SPI. At low protein concen-
trations (10–16%w/w) PPI displayed larger values for tanδ than SPI, 
indicating that SPI is more elastic and more strongly dominated by solid- 
like contributions at same protein level. However, at high protein con-
centrations (>17%w/w) the rheological behavior for the two protein 
raw material sources was similar. 

At the protein concentration range of 15–17%w/w SPI formed more 
stable 3D printed products than PPI, which could not maintain their 
shape, as observed visually and quantified by the precision and defor-
mation factors. This can be attributed to the more elastic nature of SPI 
paste, reflected by the lower tanδ, which increased their stability against 
collapse during the 3D printing process. At higher protein concentra-
tions (>17%w/w) PPI produced stable 3D printed shapes, as the in-
crease in the paste strength, reflected by higher values of Ǵ, σy and K, 
was enough to create a self-supporting 3D printed object comparable to 
SPI. However, at higher protein concentrations (>17%w/w) the pastes 
were not smoothly extruded out of the nozzle, observed as imperfections 
and inhomogeneity in the surface structure of the 3D printed object, 
likely due to a (too) high value of Ǵ/K, or σy. This indicates certain 
threshold boundaries of these rheological parameters must be met to 
enable printed textures with a more uniform and smooth texture where 

Fig. 5. Quantitative 3D printing parameters (A) Precision Factor and (B) 
Deformation Factor, of PPI and SPI as a function of protein concentration. 
Whiskers show standard deviations of replicate measurements. The dashed line 
corresponds to a perfect cuboid in the case of the Precision and Deformation 
Factor is equal to 1. 

Fig. 6. Principal Component Analysis (PCA) bi-plot for rheological data.  
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irregularities are minimized. 
Although a clear multivariate relationship between the different 

rheological parameters of the food inks was present in PCA analysis, 
correlations of the product quality parameter Deformation Factor could 
not be established while a weak quantitative model could be identified 
for Precision Factor using Ǵ as predictor. 
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