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A B S T R A C T   

The trial-and-error method currently used to create formulations with excellent printability demands consider
able time and resources, primarily due to the increasing number of variables involved. Rheology serves as a 
relatively rapid and highly beneficial method for assessing materials and evaluating their effectiveness as 3D 
constructs. However, the data obtained can be overwhelming, especially for users lacking experience in this field. 
This study examined the rheological properties of formulations of agar, hydroxypropyl methylcellulose, and the 
model drug caffeine, alongside exploring their printability as gummy formulations. The gels’ rheological prop
erties were characterized using oscillatory and rotational experiments. The correlation between these gels’ 
rheological properties and their printability was established, and three clusters were formed based on the 
rheological properties and printability of the samples using principal component analysis. Furthermore, the 
printability was predicted using the sample’s rheological property that correlated most with printability, the 
phase angle δ, and the regression models resulted in an accuracy of over 80 %. Although these relationships merit 
confirmation in later studies, this study suggests a quantitative definition of the relationship between printability 
and one rheological property and can be used for the development of formulations destined for extrusion 3D 
printing.   

1. Introduction 

Additive manufacturing, commonly referred to as 3D printing (3DP), 
is a technology that uses one or more materials to build a solid object in a 
layer-by-layer manner from a digital model using a 3D printer (Shen 
et al., 2022). These 3D printers could also be made available anywhere, 
making on-demand printing possible, and could prove useful in time- or 
resource-constrained settings such as disaster areas, during pandemics, 
in emergency or operating rooms (Bhutani et al., 2021; Hsiao et al., 
2020; Miller et al., 2022). 3D printing has unique advantages in phar
maceutics for preparing tailored dose formulations with special or 
customized shapes (Alqahtani et al., 2023; Herrada-Manchon et al., 
2020; Tracy et al., 2023), release profiles (Cailleaux et al., 2021; Tabriz 
et al., 2023) and/or personalized doses (dos Santos et al., 2023). This 
can solve the problem encountered in neonatal pharmacotherapy, where 
the administration of the right dose of drugs is required due to the dif
ferences in the physiology of neonates. These differences affect drug 

pharmacokinetics, thus, making the extrapolation of dosages from 
adults and older children inappropriate. 3D printing can thus not only 
solve the problem of dysphagia among patients (Herrada-Manchon 
et al., 2020; Karavasili et al., 2022; Panraksa et al., 2022) but also 
improve the drug’s dissolution and/or disintegration due to the porous 
nature of the printed drug (Boudriau et al., 2016; Panraksa et al., 2022) 
thereby improving medication adherence. 

In semi-solid extrusion (SSE), a 3DP technique, the material (usually 
semi-solid such as gels or pastes) is deposited in sequential layers to 
create the 3D object. Since these gels or pastes are mainly composed of 
water, print quality can ultimately be hindered, and therein lies the 
problem associated with SSE. This is especially critical for objects 
destined for pharmaceutical applications, where it is essential to pro
duce highly accurate and reproducible 3D printed constructs, thereby 
reducing dose variations, and improving the visual appearance of the 
object and ultimately its acceptance by the end-user and the regulatory 
body. To explain further, the extruded material should produce smooth 
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and uniform filaments within the range of the 3D printer’s pressure 
specification (extrudability), and, the lowest layer should be able to 
support the upper layers (shape retention) (Mu et al., 2023; Zhu et al., 
2023; Zidan et al., 2019), thus reducing dimension and weight vari
ability. One of the methods used to evaluate the print quality of objects 
semi-quantitatively is “printability”. It is defined as the ability of ma
terials to achieve extrusion and maintain shape fidelity with high 
printing accuracy, depending on the 3D printer type (Bom et al., 2022). 

Hydroxypropyl methylcellulose (HPMC) and agar are poly
saccharides that are widely implemented in the food and pharmaceu
tical field, as gelling agents (Jeong et al., 2012). HPMC is a cellulose 
derivative whose aqueous solution undergoes sol–gel transition around 
80 ◦C (Joshi, 2011) and is obtained through the substitution of hydroxyl 
groups on the cellulose chain with methoxy and hydroxypropyl groups 
(Perez-Robles et al., 2022). Agar, on the other hand, is composed of 
agarose and agaropectin with the former responsible for gelation. It is 
soluble in water at temperatures between 95 and 100 ◦C and undergoes 
sol–gel transition under 40 ◦C (Mao et al., 2016, 2017). Several studies 
have reported the use of HPMC alone (Cheng et al., 2020; Polamaplly 
et al., 2019) or combined with other materials for SSE (Heckl et al., 
2023; Tagami et al., 2019; H. S. Yang & Kim, 2023). For example in the 
study of H. S. Yang & Kim, (2023), the authors reported the use of 5 to 
20 % w/w HPMC. They observed that at room temperature (RT) and low 
pressure, the extrudability of low concentration of HPMC was good but 
the printed tablets had poor shape retention. On the contrary, high 
concentrations of HPMC resulted in better shape retention but poorer 
extrudability (even at a high printing pressure), due to the material’s 
high viscosity (H. S. Yang & Kim, 2023). The same observations were 
reported for agar gels, whose high viscosity made it difficult to be 
printed at RT (Wei et al., 2015), rendering it only extrudable at higher 
temperatures (Kamlow et al., 2021) or when mixed in small quantities 
with other polymers (Rahman et al., 2020; Wang et al., 2021). It should 
be noted that the thickening/binding function of HPMC promotes the 
formation of uniform and smooth printing filaments (Mora-Castaño 
et al., 2022), while the high viscosity of agar is beneficial in maintaining 
the shape of the extruded sample. 

One characterization technique that has often linked the extrud
ability and shape retention abilities of materials to their “printability” in 
SSE is rheology (Liu et al., 2019; Temirel et al., 2022). Although 
rheology provides valuable information about a material’s flow prop
erties, the information can be overwhelming, particularly for inexperi
enced users. As with large dimensions of data, it is challenging to discern 
patterns and would require years of experience, and to date, there is still 
misinformation and a lack of uniformity of concepts and analysis 
methodologies to be adopted. Researchers perform different rheological 
measurements, from traditional viscosity measurements to more 
advanced oscillatory amplitude shear studies (Elbadawi et al., 2020). 
Furthermore, despite the correlation of the rheological properties of 
materials to their feasibility for SSE (Bom et al., 2022), there is still a 
lack of knowledge on what limits and parameters can be set as refer
ences, and how to screen the materials (Firth et al., 2018). Studies have 
also shown that the process involved in extrusion printing requires 
materials with unique and somehow contradictory rheological perfor
mances (Ainis et al., 2023) making it imperative to have a balance be
tween the rheological requirements for extrusion and shape retention. 
For example, if a gel with low yield stress is used to help extrusion 
stages, then the extruded sample will not retain its shape. On the con
trary, if stiff gels with high yield stress and viscosity are used for 
attaining shape retention, then it will increase the required extrusion 
force, and extrusion through the nozzle will be difficult (Bom et al., 
2022). In addition, drug loading exceeds the drug solubility in high-dose 
formulations, resulting in formulations containing solid drug particles 
(Teoh et al., 2022). These solid particles (being either the drug or the 
excipients) affect the rheological and subsequently, the flow properties 
of the paste/gel (Genovese et al., 2007; Teoh et al., 2022) and the effects 
of these solid particulates on the printing process and printability have 

also not been systemically investigated in the literature. 
A complete rheological evaluation, however, neither defines abso

lute criteria nor quantitative limits for printability as well as the 
measured rheological parameters. This could be because of the existence 
of great complexity and variety of printable materials as well as printing 
approaches and the fact that rheological evaluations display material 
properties at a defined condition (e.g., at rest, during printing, after pre- 
shear). Nevertheless, we believe that the evaluations demonstrated in 
this work can contribute to the understanding of what parameters 
govern printability and assist in the choice of the rheological test to 
perform for the effective optimisation of materials destined for use in 
semi-solid extrusion. Notably, to the best of our knowledge, there is no 
report on the combination of the thickening/binding function of HPMC 
with the high viscosity of agar to produce extrudable and self-supporting 
gels. We thus, investigated the rheological properties of agar gels (A) 
and agar-HPMC (AH) gels at increasing HPMC concentrations as well as 
samples containing sucrose and caffeine (for formulations destined for 
drug delivery purposes). We also correlated the rheological properties of 
the formulations with their 3D printing behaviour. Finally, principal 
component analysis (PCA) was performed to explain the correlation 
between the rheological properties and the printability, and prediction 
models for the printability were obtained. 

2. Material and method 

2.1. Materials 

All materials used in the different formulations were pharmaceutical 
grade: Agar (A), pulverised sucrose (S), and anhydrous caffeine (C) were 
purchased from Cooper’s Laboratory, France, and Methocel K4M 
(HPMC, H) (USP 2208 grade, 4000 cp, Controlled release (CR) Premium, 
MW = 2.1 × 105 g/mol, 8.1 % hydroxypropyl and 22 % methoxy 
substituted) was obtained as a gift from Colorcon Ltd, France. All the 
samples were prepared with deionized water obtained with Aquadem® 
water demineraliser (Veolia Waters Technology, France). 

2.2. Preparation of hydrogels 

Hydrogels were prepared by mixing A, H, S, and C in deionized water 
in the proportions (in % w/w) as shown in Table 1. Briefly, the powders 
were weighed and placed in a beaker after which, they were mixed to 
ensure proper homogenization using a stainless-steel laboratory spatula. 
While stirring, deionized water heated to 98 ◦C was slowly added to the 
homogenized powder mixture. After a lump-free paste was formed, the 
beaker containing the paste was placed in a water bath at 95 ◦C until an 
amber or white-coloured solution was formed. This solution was then 

Table 1 
Sample notation and aqueous composition (in % w/w).  

Notation A H S C 

3A 3 – – – 
3A2H 3 2 – – 
3A3H 3 3 – – 
3A4H 3 4 – – 
3A5H 3 5 – – 
4A 4 – – – 
4A2H 4 2 – – 
4A3H 4 3 – – 
4A4H 4 4 – – 
4A5H 4 5 – – 
10S0C 3 2 10 – 
10S1C 3 2 10 1 
10S2C 3 2 10 2 
10S3C 3 2 10 3 
10S5C 3 2 10 5 
10S7C 3 2 10 7 
10S10C 3 2 10 10  
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left at RT (T = 20 ◦C) overnight before rheological analysis and 3D 
printing. The concentrations of agar used (3 and 4 %) were selected 
based on preliminary assessments, these samples on their own possessed 
good shape retention but poor extrudability. Also based on preliminary 
assessments, we chose the concentrations of HPMC (2 – 5 %) to study 
their effect on the extrudability of the agar gels. For the formulations 
destined for drug loading of caffeine, 10 % sucrose was added to 
improve the palatability of the formulation as demonstrated in the study 
by Tang et al., (2017) on the improvement of the palatability of mef
loquine, a strongly bitter active pharmaceutical ingredient (API). 

2.3. Rheological analysis 

Rheological measurements can be performed using rotational or 
oscillatory tests (D. Yang et al., 2020). In oscillation measurements, the 
sample is placed in between two plates. Sinusoidal movements (of one of 
the plates) on the tested sample, provide information on the equilibrium 
structure of the sample, which can then be used to determine the 
viscoelasticity of materials. For rotational rheological measurements, 
the response of the sample to the rotational movement of one of the 
plates at defined speeds can be used to provide information on flow
ability (Cheng et al., 2022; TA Instruments, n.d.). The rheological 
behaviour of the formed gels/pastes was investigated using a Thermo
Haake RheoStress 600 (RS600) rheometer. Plate–plate geometry 
(diameter = 35 mm) was used and a gap height between 0.1 and 0.5 mm 
was set based on the sample and the test being performed. All mea
surements were performed in duplicates and conducted at 20 ◦C. 

2.3.1. Oscillation test 
Information on the viscoelastic behaviour of the samples was ob

tained through oscillatory tests. First, the linear viscoelastic region 
(LVER) was located under controlled stress mode, in this region, tests 
can be conducted without destroying the sample’s structure. Next, a 
steady stress of 30 Pa (in the LVER) was applied for 30 s, followed by an 
equilibration for 30 s to erase the sample history. The frequency sweep 
was then conducted from 0.1 to 10 Hz at 30 Pa. The exponent (m, 
dimensionless) was obtained from fitting the elastic/storage modulus 
(G’ in Pa) as a function of the frequency (f in Hz) to a power law 
equation. The phase angle (δ in ◦) is the inverse tangent of viscous 
modulus (G’’) to G’ ratio and ranges from 0◦ (elastomeric solid) and 90◦

(viscous liquid) (Baumgardner et al., 2007). The G’, G’’, and δ were 
taken at plateau values in the LVER of the oscillation sweep from 1 to 
1000 Pa at 1 Hz. The critical strain (γc, %) and yield point (τc, Pa) were 
defined as the strain and stress, respectively at the end of the LVER (±10 
% deviation; according to ASTM D7175 and DIN 51810–2). The change 
in elastic modulus (CEM) was defined as the difference between the G’ at 
the end of the LVER and the G’ at the end of the analysis (at 1000 Pa). 

2.3.2. Rotation test 
Flow curves were obtained through rotational tests in which the 

shear rate was reduced stepwise from 1 to 10e−02 s−1 on a logarithmic 
scale with 10 s per data point. The samples were also pre-sheared at 10 
s−1 for 30 s and equilibrated for 30 s before all measurements were 
taken. Since all samples were solids at RT, their true yield stress (τy, in 
Pa) could not be measured, but instead, they were quantified, together 
with other rheological parameters (plastic viscosity - μp in Pa.s, consis
tency index - K in Pa.sn and flow index - n unitless), using Casson and 
Ostwald-de Waele Power Law model (equations (1) and (2) respectively) 

τ0.5 = τy
0.5 +

(
μpγ̇

)0.5 (1)  

τ = Kγ̇n (2)  

2.4. Printability assessment 

In this study, we used the semi-quantitative method developed by 

Ouyang et al., (2016) to evaluate the printability based on the gelation 
degree. This parameter is influenced by pre-printing (rheological and 
nozzle features), printing (e.g., object design, pressure, temperature, 
flow rate, environmental conditions), and post-printing parameters (e. 
g., crosslinking or drying techniques) (Bom et al., 2022). The printability 
assessment of the gels was performed at RT. A pneumatic 3D Printer 
(Delta WASP 2040, Italy) was used to print a 4.6 mm x 4.6 mm square 
grid with 4 layers using a 0.8 mm nozzle diameter. The printing speed 
was set at 20 mm/s and the extrusion pressure was between 4 and 5 bar. 
To determine the printability, (Pr, unitless) value of each sample, optical 
images of printed squares were analysed in ImageJ to determine their 
perimeter, L, and area, A (n = 5). The Pr was calculated using equation 
(3). In ideal conditions, the Pr is equal to 1, representing proper gelation 
conditions, smooth and uniform filaments are extruded continuously 
with clearly distinguished layers. However, the printing of under-gelled 
samples (Pr < 1) results in fused layers with poor mechanical strength 
whereas the printing of over-gelled samples (Pr > 1) results in irregular 
filaments with fractured morphology. For extrusion purposes, Pr values 
between 0.9 and 1.1 have been demonstrated to have good extrudability 
and shape retention ability (Ouyang et al., 2016). However, in this 
study, we considered the range for good printability to be between 0.94 
and 1.14. Samples with printability lower than 0.94 had poorer shape 
fidelity and required post-treatment (“Under-gelled”) whereas samples 
with Pr > 1.14 were hard to extrude and had poor ductility (“Over- 
gelled”). 

Pr =
L2

16A
(3)  

2.5. Data analysis 

Spearman rank-order correlation matrix and the linkage according to 
hierarchical cluster analysis of Spearman’s correlations were built to 
understand the relationship between rheological parameters and print
ability of A and AH gels. Next, principal component analysis (PCA) was 
used to identify clusters based on the sample’s rheological properties. 
The rheological data were first mean-centred and scaled to the variance. 
The matrix was then decomposed into principal components (PCs) by 
applying singular vector decomposition (SVD). The evaluation was 
performed by plotting the matrix of the factor loadings and plotting all 
the scores of the components whose variance is greater than the average 
variance of all the PCs. It should be highlighted that the scores of the 
samples containing caffeine and sucrose were determined using the 
coefficient obtained from the SVD. Non-linear predictive models were 
built with the printability and the rheological parameter(s) that had the 
best correlation with the printability. The predictive performance was 
evaluated using the regression coefficient (R2Y) and the residual pre
diction deviation (RPD) from the regression model and the actual 3D 
printing data (equations (4) and (5). An R2Y value between 0.66 and 
0.81 indicates that the model can be used for screening, values between 
0.83 and 0.90 indicate that the model is usable with caution for most 
applications, whereas values between 0.92 and 0.96 indicate that the 
model is usable in quality assurance. A RPD value between 2.5 and 2.9 
indicates that the model can be used for screening while values between 
3.0 and 3.4 indicate that the model can be used for quality control 
(Onsawai et al., 2021). 

R2Y =

∑N
i=1(ŷi − y)

2

∑N
i=1(yi − y)

2 (4)  

RPD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑N
i=1(yi−y)

2

∑N
i=1(ŷi − yi)

2

√

(5)  
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3. Results 

3.1. Oscillation frequency sweep 

Fig. 1 shows the dynamic moduli for all considered material com
positions at RT as a function of frequency. All samples presented clear 
viscoelastic behaviour with the G’ and G’’ suggesting solid-like (elastic) 
and fluid-like (viscous) properties, respectively (Cheng et al., 2022; 
Cofelice et al., 2023). The G’ of AH gels increased with the oscillation 
frequency, indicating that the samples were weak gels at 20 ◦C, but the A 
gels displayed lower dependence, and could thus be classified as phys
ical gels with well-structured systems (Gu et al., 2017; Nobile et al., 
2008). Furthermore, at any oscillation frequency, the A gels exhibited 
more elastic properties than the AH gels, suggesting that the A gels 
present a more solid-like behaviour at a high deformation rate, which 
may hinder the flowability of the materials during the printing process 
(Tejada-Ortigoza & Cuan-Urquizo, 2022). In addition, the G“ of A gels 
decreased with increasing frequency, whereas the addition of HPMC to 
the A gels resulted in a higher G” that increased with increasing fre
quency. This implies that while all the samples behave as a viscoelastic 
solid during printing (fast event/high frequency), the AH gels had more 
tendency to flow like a viscoelastic liquid at rest (slow event/very low 
frequency) (Rheology Testing Services, n.d.). 

Results also show that the phase angles of A gels decreased greatly 
with increasing frequency compared to AH gels, which showed smaller 
variations with frequency. Similarly, the addition of 2H to the A gels 
resulted in an increase of over 40 % in the phase angle, after which the 
addition of more HPMC only resulted in a slight increase, further 
demonstrating an increase in the viscous properties of the AH gels. It was 
also observed that the response of samples containing sucrose and dis
solved caffeine (e.g. 10S10C) to a frequency sweep was more like the AH 
gels than to the A gels. In contrast, samples containing undissolved 
caffeine (10S3C and above) exhibited responses that were more like A 
gels than AH gels. These samples also displayed a more frequency- 
dependent behaviour, commonly observed in suspensions (Nasu & 
Otsubo, 2006), with the G’ and G’’ possibly approaching a cross-over 
point at lower frequencies (more tendency to flow as a viscoelastic 
liquid at rest than the AH gels). 

The exponent, m varies between 0 (elastomeric solid) and 2 (classical 
liquid) and can be used to distinguish between formulations containing 
different concentrations of the same polymer from formulations con
taining different polymers (Gholamipour-Shirazi et al., 2019). Fig. 2a 
shows that the power law exponent of A gels was lower than 0.1, indi
cating the existence of a cross-linked elastomer (Chile et al., 2017). The 
m of AH gels ranged from 0.1 to 0.2, increasing with the concentration of 
HPMC added. This can be explained by the less dense network formed by 
the hydration shells around the HPMC molecules during its dissolution 
in water (Georgopoulos et al., 2004; Liu et al., 2008). Gels with an m- 
index between 0.03 and 0.13 show good shape retention after printing 
(Gholamipour-Shirazi et al., 2019), it can thus be inferred that A and AH 

gels containing 2H should display good shape retention abilities as well 
as good extrudability. Furthermore, we expected an increase in rheo
logical parameters (e.g. m-index) after the addition of 10 % sucrose (the 
taste masking agent) and caffeine (the active). It was therefore more 
prudent to use the 3A2H gel for drug loading as it was more pertinent for 
us to be able to conduct printability studies of the drug-loaded formu
lations. Results of the m index on adding sucrose to 3A2H gels (10S0C) 
and loading caffeine to 10S0C gels are presented in Fig. 2b. Here we see 
that the 10S0C gel resulted in a slightly lower m index when compared 
to 3A2H gels (0.09 vs 0.11) whereas the addition of caffeine to 10S0C gel 
resulted in a slight change until the addition of 3 % caffeine, after which 
a greater increase of the m index was observed. This could be attributed 
to the insoluble caffeine aggregates (solubility of caffeine is about 2.2 % 
at RT (Spiller, 1997) acting as inactive fillers and weakening the gel 
structure as well as fluidifying the gel (Dille et al., 2015; Klost et al., 
2020). In these samples, G’ was more dependent on frequency because 
of the relaxation processes that occurred at short time scales, charac
teristic of a less gelled system (Lizarraga et al., 2006). 

3.2. Oscillation amplitude sweep 

Generally, the mechanical strength of materials is reflected by the G’ 
and materials with good mechanical strength possess better resistance to 
deformation and can therefore be considered to exhibit good self- 
supporting properties (Liu et al., 2020). However, as highlighted in 
the study by Townsend et al., (2019) materials with a higher viscous 
flow will flow until their mechanical energy is fully dissipated whereas 
those that are strongly elastic will show brittle fracture during flow. It is 
therefore preferable for printable gels to possess an adequate balance 
between elastic and viscous behaviour. The G’ and G’’ of selected 
samples as a function of the imposed stress is shown in Fig. 3. We 
observed that all samples (e.g. 3A, 3A2H and 10S2C) showed similar 
curves (except samples containing 3C and above), displaying the 
behaviour of a weak strain overshoot of G’’ (Type III network) (Bi et al., 
2017; Hyun et al., 2002). For this type of network, the loss term becomes 
dominant at larger strain amplitudes leading to the strain thinning and 
the overshoot may be regarded as the result of the balance between the 
formation and the destruction of network junctions (Sim et al., 2003). 
This overshoot, however, decreased with the addition of other polymers 
(as observed for 3A2H and 10S2C samples) possibly due to the addition 
of more interaction sites which aided in the formation of anisotropic 
structures (Feroz & Dias, 2021). On the other hand, samples containing 
undissolved caffeine (e.g. 10S10C) displayed strain-thinning behaviour 
(Type I network) which is commonly observed in suspensions. In sys
tems like this, the polymer chains disentangle and flow more readily as 
the strain increases (Hyun et al., 2002). 

Fig. 4a and b show that G’ and G’’ increased with the agar concen
tration and the values of 4AH gels were always higher than those of 3AH 
gels. The G’ of AH gels, however, decreased with the increase of H while 
the G’’ increased. From Fig. 4c, δ was observed to steadily increase with 

Fig. 1. G’, G’’ and δ as a function of frequency at 20 ◦C of selected samples.  
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increasing HPMC concentration. On the other hand, CEM decreased 
with increasing HPMC concentration showing a similar trend for AH gels 
containing 3A and 4A (Fig. 4d). From Fig. 4e & f, γc and τc generally 
increased with the addition of H. These observations could be a result of 
the thickening as well as the binding ability of HPMC (R. Varges et al., 
2019; Vandevivere et al., 2020). The lower G’ indicates that the cross- 

linking density of the hydrogel network exhibits an order from high to 
low with increasing HPMC concentration, leading to a decrease in 
supporting ability. The higher G’’ and δ, in contrast, translate to samples 
with better extrudability (GhavamiNejad et al., 2020). Furthermore, 
brittle fracturing (commonly observed in stiff materials) is associated 
with a sharp drop of the G’ (higher CEM) whereas a gradual change or 

Fig. 2. Power law exponent m of the frequency sweep for (a) A and AH gels (b) 10S gels of different caffeine concentrations. Error bars are standard deviations based 
on duplicate experiments. 

Fig. 3. G’ and G’’ as a function of oscillation stress showing the end of the LVER of selected samples.  

Fig. 4. (a) G’, (b) G’’ and (c) δ in the LVER, (d) CEM (e) γc (f) τc of A and AH gels. Error bars are standard deviations based on duplicate experiments.  

Fig. 5. (a) G’, (b) G’’ and (c) δ in the LVER, (d) CEM (e) γc (f) τc of 10S gels of different caffeine concentrations. Error bars are standard deviations based on duplicate 
experiments. 
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decrease indicates a ductile fracture (Anton Paar, n.d.), it can, thus be 
said that AH gels have better ductility than A gels. Regarding τc and γc, 
higher values are mostly desirable since that translates to better shape 
retention and ductility, respectively (Mouser et al., 2016). 

From Fig. 5a-f, G’, G’’, δ and CEM only increased after the addition of 
3C or more whereas a decrease of γc and τc was observed with increasing 
caffeine concentration. These results demonstrate that the network 
synergy between the polymers is not purely additive. For 10S10C, whose 
G’ is the highest, the greater number of particles in the gels likely pro
duced an increased resistance to flow and increased particle–particle 
interaction which led to higher mechanical strength (Teoh et al., 2022). 
However, their higher phase angle suggests a less gelled network, 
possibly through the inhibition of the interactions of the gelling systems 
(agar and HPMC) by the large number of caffeine particles present. 
Furthermore, it can be inferred that formulations containing 3C and 
above, deviated from solid gels to colloidal suspensions (Deb et al., 
2018) since increasing caffeine concentration reduced the γc to the order 
of 10−2 % (El Bitouri, 2023) as well as increased fluid-like properties 
(increase in δ). In addition, γc has been reported to be inversely pro
portional to the solid character of the sample (Herrada-Manchón et al., 
2022) where samples with lower G’ permit the elongation of the struc
tural network under continually increasing straining force before 
eventually deforming and reaching the limit of linearity (as observed in 
A and AH gels). On the contrary, for samples containing 3C and above, 
the higher G’ did not permit the elongation of the structural network, 
and the yield point was observed to be inversely proportional to the solid 
character of the sample. Interestingly, the CEM for the colloidal sus
pensions was observed to be much higher even though the samples had 
greater ductility. We believe that the end of the LVER observed in these 
samples, highlights minute changes in the particle-particle contacts such 
as the breakage of small range interparticle bonds, and therefore, does 
not mean that the system starts to flow. In contrast, the values observed 
for A and AH gels are more related to the actual reorganization of the 
particle network at flow onset and correspond to large structural 
changes. 

3.3. Rotation shear ramp 

The flow curves of all samples were observed to have a good fit to the 
two models used for curve fitting with their correlation coefficients (R2)

greater than 0.99. The Casson model is a two-parameter model that is 
commonly used to predict the τy and μp of different types of materials 
more precisely at low shear rates (Herrada-Manchón et al., 2023). In this 
study, the plastic viscosity was observed to increase with the quantity of 
H added to the A gels whereas, it decreased after the addition of caffeine 
to the formulation. The μp however, stayed constant before again 
decreasing in the formulations containing undissolved caffeine (Fig. 6a 
& e). Roussel (2018) stated that the pressure required for printing is 
related to the τy and μp depending on whether the bulk material was pre- 
sheared or not before getting to the nozzle. Furthermore, when only the 
printing pressure is considered, the local pressure gradient (therefore, 
extrudability) is mostly related to the plastic viscosity of the printable 
material,and the contribution of yield stress could be neglected. We can 
thus, infer that a higher printing pressure would be required to extrude 
samples containing higher H, or the suspensions. However, since the 3D 
printer used in this study possessed both a pneumatic system as well as 
an extruder screw, the printing pressure would not only depend on the 
μp but also on the τy. Furthermore, high shape retention has been 
associated with the yield stress, and it can be used as an indirect indi
cation of the ink’s ability to support subsequent stacked layers (Bom 
et al., 2022). 

It should be noted that the yield stress values determined by model 
fitting are frequently termed dynamic yield stresses and are defined as 
the minimum stress needed for maintaining flow, whereas the static 
yield stress is determined from the crossover point of a stress ramp 
measurement and is defined as the stress needed for initiating flow and is 
frequently higher in value (Malvern Instruments Limited, 2012; Qian & 
Kawashima, 2018). It is generally considered better to measure the static 
yield stress when looking at initiating flow in a material, like in the case 
of pushing the material through the feeding tube to the nozzle. The 
dynamic yield stress, on the other hand, is more suitable in applications 
involving stopping or maintaining flow after initiation, like in the case of 
shape retention after printing. Even though we were unable to measure 
the static stress of the samples in this study (no cross-over point was 
observed), interesting trends were observed from the estimation of the 
dynamic yield stress,τy. From Fig. 6b, the τy was observed to be mostly 
lower for AH gels than for pure gels (except for 4A2H) whereas for 
samples containing caffeine and sucrose (Fig. 6f), the yield stress was 
observed to increase with increasing caffeine concentration for 

Fig. 6. μp, τy, n and K of A and AH gels of different HPMC concentrations (a-d) and 10S of different caffeine concentrations (e-h). Error bars are standard deviations 
based on duplicate experiments. 
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formulations containing greater than 3 % of the model drug. Thus, 
concerning the pressure, τy and μp have opposite effects on the pressure 
with increase in HPMC and Caffeine. This antagonism could lead to a 
reduction or no difference in the printing pressure based on the 
magnitude of both parameters. In addition, higher values of these two 
parameters could result in better shape retention, but could also lead to 
poorer extrudability due to the need for higher extrusion force (or 
pressure) during printing (Martínez-Monzó et al., 2019; Zidan et al., 
2019). 

The Ostwald-de Waele, or Power-law model, is the most used 
mathematical model for describing the behaviour of pseudoplastic fluids 
because of its simplicity. While it is a good fit for fluids when measured 
at low shear rates, care should be taken with the parameters obtained 
from the model. The model assumes a non-linear relationship between 
the shear stress and the shear rate, it however, neglects the viscosity at 
rest and the viscosity as the shear rate approaches infinity. Nevertheless, 
it offers a good description of fluid behaviour across the range of shear 
rates to which the coefficients were fitted in this study (R2 was greater 
than 0.9). As shown in Fig. 6c & g, all samples presented shear thinning 
properties (n < 1) that decreased with an increase in HPMC concen
tration and increased with the caffeine contained in the formulation. 
The consistency index of AH gels did not follow an obvious trend 
(Fig. 6d), whereas it increased with caffeine concentration (Fig. 6h). A 
high value of K has been used as an indication of the poor extrudability 
of mashed potatoes in the study by Liu et al., (2018) whereas a smaller 
value of n, indicates a more pronounced shear-thinning behaviour 
(Wilson et al., 2017). This shear-thinning ability makes materials 
extrudable since it allows the shear forces to align the macromolecules 
along the flow direction, thereby decreasing the viscosity (Bercea, 
2023). Since the n and K are related to how easily materials are extruded 
through the printer’s nozzle, samples containing HPMC, and caffeine 
might display poorer extrudability as highly viscous materials might 
block the nozzle and stick on the extruder walls. However, a higher 
consistency index could also mean the material possesses more 

mechanical strength to support extruded layers (Karyappa & Hashimoto, 
2019). 

3.4. Printability studies 

From Fig. 7, it was observed that the A gels exhibited poor print
ability (Pr > 1.14), as evidenced by the deposition of irregular filaments 
during printing and the poor visual appearance of the printed shape. 
This could be due to their higher G’, K and τy, thereby resulting in poor 
extrudability and hence poor printability. In contrast, AH gels had a 
statistically significant difference (p < 0.05) in printability when 
compared to the A gels. Their printability was found to be better (Pr <
1.14) with increasing HPMC concentration Thus, confirming our hy
pothesis that the addition of HPMC could improve the printability 
(extrudability) of agar gels. However, the addition of 4H and 5H resulted 
in the printability being less than 0.94. These samples had lower yield 
stresses when compared to the A gels, which could explain their poorer 
shape fidelities (Pr < 0.94). In general, 3D printing requires materials 
with low yield stress to make the material flow out of the nozzle, but if 
the yield stress is too low, the material collapses at the weight of added 
layers and thus, is not self-supporting. The lower Pr for A4H and A5H 
gels could also be because of their higher phase angles, resulting in 
squares with rounded corners that flowed over time and hence, poorer 
shape retention abilities. These samples were also very sticky and were 
difficult to remove from the printing plate, highlighting the need for 
post-processing. However, samples with intermediate rheological pa
rameters, such as 3A2H, showed good extrudability and better shape 
retention capabilities. This could be due to its rheological property being 
within the acceptable range as reported by other studies (del-Mazo- 
Barbara & Ginebra, 2021; Karyappa & Hashimoto, 2019; Lille et al., 
2018; Liu et al., 2018). 

From Fig. 8, the 10S0C and formulations containing caffeine all 
displayed a Pr index that was within the acceptable range. Furthermore, 
the Pr of samples containing greater than 3C (suspensions) was 

Fig. 7. Printability values of A and AH gels. Error bars are standard deviations based on four replicates.  
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significantly different (p < 0.05) from samples containing 1C and 2C 
(gels). Other samples that had proper gelation (0.94 < Pr < 1.14) dis
played intermediate G’, τy and CEM values and especially, in the case of 
the suspensions containing undissolved caffeine, they displayed proper 
gelation even though they had remarkably high values of these 3 pa
rameters. One would have expected that the samples containing greater 
than 3 % caffeine to be too hard to extrude and therefore have poor 
printability, but aside from the slight increase in pressure from 4 to 4.6 
bar, all the samples displayed good extrudability as well as good shape 
retention. These findings demonstrate that τc at which the G’ reduces 
rapidly as well as low values of n (as observed for the suspensions) result 
in good extrudability of otherwise hard-to-extrude samples. This 
observation further demonstrates that one rheological parameter alone 
is not capable of describing the behaviour of printed materials especially 
once they start flowing (Maldonado-Rosas et al., 2022) but instead, the 
gels appeared printable within a broad range of conditions i.e., at low τc 

and high τy. We would also like to state that although good extrudability 
and ductile deformation were observed at high CEM for the suspensions, 
this was not the case for A gels that showed brittle deformation and poor 
extrudability. We attributed the ductile extrusion of the suspensions to 
their higher phase angles. These high phase angles might translate to 
poor shape retention, but this was not the case because as already stated, 
the samples also possessed high G’ and τy. There are thus, certain limits 
within which the rheological properties of a sample must exist, to 
facilitate both extrusion and shape retention (Corker et al., 2019). 

It should also be highlighted that the extrusion of materials with high 
or low G′ is dependent on the type of printer used. For example, in the 
study by Lille et al., the authors reported that pastes with τy and G’ 
greater than 20 and 1000 Pa, respectively, were able to retain the 
printed shape after extrusion. However, samples with τy and G’ lesser 
than 10 and 300 Pa, respectively, could not retain the printed shape, and 
the samples with G′ greater than 36 kPa had poor extrudability (Lille 
et al., 2018). Indeed, it would have been difficult if not impossible to 

extrude the 10S10C formulation (thus, regarded as hard to extrude) for 
some printers like the one used by Lille et al., (2018). However, with the 
printer used in this study, we were able to achieve the extrusion due to 
the extrusion pressure being within the range of the materials require
ment as well as the pre-shearing of the materials that was performed at 
the nozzle and before deposition. Certainly, this also means that mate
rials that others have reported printable (Cheng et al., 2020), were 
considered to be unprintable using our 3D printer due to their low vis
cosity, yield stress and elastic modulus of the samples. Furthermore, 
there is also the matter of whether the material forms or not a lubrica
tion layer during the feeding of the nozzle. For example, during a pre
liminary study using 12 % HPMC, we observed that the extrusion was 
only possible when the extruder screw was turned off. This could be 
because of the lubrication layer that was destroyed during the shearing 
and the laminar condition for shear localization thus not being fulfilled, 
thereby, leading to the loss of the plug flow zone that might otherwise be 
needed for the extrusion of the samples (Roussel, 2018). This further 
highlight that the dependence of printability is not only on the rheo
logical properties but also on the specifications of the 3D printer used. 

3.5. Correlation test 

Performing 3D printing tests and evaluating the printability of 
samples can be time-consuming. It would be promising if these print
ability studies could be assessed more quickly using rheological tests and 
choose one or two pertinent rheological parameters that show strong 
correlations with printability. Several authors have sought to correlate 
rheological attributes to several print assessment criteria (Bom et al., 
2022; Gao et al., 2018; Nadernezhad & Groll, 2022). For example, Gao 
et al., (2018) studied the effect of G’, G’’ and tan δ on the structural 
integrity and extrusion uniformity using alginate/gelatine-based gels. 
They concluded that G’ and G” were related more to the printing pres
sure whereas tan δ correlated more with the shape fidelity and extrusion 

Fig. 8. Printability values of 10S gels of different caffeine concentrations. Error bars are standard deviations based on four replicates.  
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uniformity. Nadernezhad & Groll, (2022) also evaluated the print 
quality of formulations using rheological parameters, such as the G’, tan 
δ, K, n and τy. Based on the Spearman rank-order correlation matrix and 
their linkage based on hierarchical cluster analysis, they identified that 
K and n belonged to the same cluster and described the ease of flow 
whereas, the other parameters belonged to the second cluster, 
describing the viscoelasticity of the formulations, their resistance 
against the flow and the extent of their viscous deformation afterwards. 
The model predicts that from a statistical point of view, a formulation 
becomes printable when it shows a high yield viscosity and a low degree 
of plasticity before the flow. Higher elastic materials also tended to be 
more printable when they possess more elasticity at a lower range of 
frequencies and a highly viscous nature at a higher range. 

To the best of our knowledge, there have not been studies that 
correlated the semi-quantitative method to access printability, as 
developed by Ouyang et al., (2016), to rheological properties of gels 
intended for pharmaceutical purposes. We therefore sought to explore 
and understand the correlations between the rheological attributes of 
the seventeen samples studied as well as the correlation of their rheo
logical attributes to their printability using Spearman rank-order cor
relation matrix and the linkage based on hierarchical cluster analysis of 
Spearman’s correlations. From Fig. 9, three main clusters of features 
(red, green, and blue dendrograms) with distinct linkage distances from 
each other can be identified. The first cluster (in red) involves τc, γc,

n and μp and they all describe correlations between the ease of the flow of 
the samples into the nozzle and the force requirements to sustain the 
flow during printing. The second cluster (in green) describes the ho
mogeneity of the extrusion and the ability of the material to support its 
weight since it includes m, δ, K and G’’. In this study, low values of these 
parameters were attributes of samples that showed over-gelation and 
had high printability. Since materials with good shape retention possess 
high τy and G’ (thus, high CEM), the third cluster, describes the 
comportment after printing. Furthermore, regarding the monotonic 
relationship of the sample’s rheological parameters to their 
printability,m and δ displayed the most significant monotonic relation
ship with Pr (p < 0.05). 

3.6. Dimensionality reduction using principal component analysis 

There exists little literature on the discrimination of 3D printing 
performance based on rheological data of gels containing pharmaceu
tical ingredients using PCA. For food products, there was however, a 
study by Liu et al., (2020) where PCA was used to classify attributes of 
mashed potatoes based on the G’, G’’, G*, K, and n. PC1 and PC2 
respectively accounted for 97.90 and 1.59 % of the total variance. In 
their study, all the tested parameters were close to each other on the 
right side of the PC1 axis. In addition, the authors identified three 
clusters that were representative of the printing performance of the 
samples (evaluated in terms of achieved printing percentage). The first 
cluster corresponded to samples that were self-supporting but not 
extrudable and were at the very right of the score plot. The second 
cluster corresponded to samples that were self-supporting and extrud
able and were in the middle of the score plot. The last cluster corre
sponded to samples that were extrudable but not self-supporting and 
were at the left of the score plot. The authors further indicated PCA to be 
a useful tool for identifying clusters based on samples’ rheological 
properties and actual 3D printing performance (Liu et al., 2020). 

Fig. 10 shows the loadings and score plot of the measured responses 
in space for the PCA analysis conducted in this study. Using Kaiser’s rule, 
we kept the first three components since they had eigenvalues that were 
greater than 1. Like the study described above, there was a clear sepa
ration between the samples based on their printability. Principal 
Component 1 (PC 1) described parameters related to the mechanical 
strength of the formulation to hold the printed structures and the 
magnitude of force necessary to extrude samples. It corresponded to 
55.8 % of the total sample variance; G’, YS (τy), CEM, K, and G’’ 
correlated positively with these axes whereas, YP (τc), γc, n and μp 

correlated negatively. Regarding PC 1, samples that had higher values of 
the rheological parameters (e.g. 10S10C) required higher extrusion 
force (or pressure) to print, whereas samples with lower values and 
requiring lower extrusion force, were at the bottom. Principal Compo
nent 2 (PC 2) corresponded to 26.2 % of the total variance, it described 
the ease of flow of the material and the viscosity during printing since μp,

δ, m, γc, K and n were predominant on this axis. Samples that we clas
sified as under-gelled (yellow markers) had higher values of these pa
rameters, correlated more positively with PC 2, and were therefore at 

Fig. 9. Spearman rank-order correlation matrix and the linkage according to hierarchical cluster analysis of Spearman’s correlations.  
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the left. Though these under-gelled samples had good ductility they 
could, however, result in poor extrudability during printing due to their 
very viscous nature (high μp). Samples that were properly gelled and had 
intermediate values of the parameters that were predominant in PC 2 
and were at the middle whereas, samples that were over-gelled and had 
the lowest values of all the samples were at the right. Lastly, principal 
component 3 (PC 3) corresponded to 11.3 % of the explained variance. 
K, YP (τc) and YS (τy)) were predominant in this axis. Higher values of 
these parameters have been correlated to improved mechanical strength 
to support extruded layers (Herrada-Manchón et al., 2023; Karyappa & 
Hashimoto, 2019; Mouser et al., 2016). Thus, PC 1 represented the 
extrusion force necessary to extrude the gels, PC 2 the sample’s 
extrudability, and PC 3 the shape retention ability of the extruded 
samples. Furthermore, two parameters correlated with all three PCs: m 
and δ. Both parameters describe the relationship between the viscous 
and elastic parts of viscoelastic materials. It is therefore apt to see that 
they had correlations with the three PCs. Since a material that is too 
solid (low m and δ) would have good shape retention but would require 

higher extrusion force and display poor extrudability. Whereas a ma
terial that is too liquid (high m and δ), would display better extrudability 
and would require lower extrusion force but poor good shape retention. 

3.7. Prediction of printability using regression models 

The prediction of print quality (evaluated using the precision factor, 
the pressure needed for extrusion, shape fidelity, etc.) using rheological 
attributes has been reported in the literature (Ainis et al., 2023; Gao 
et al., 2018; Gillispie et al., 2023). These studies all highlight that one 
rheological parameter can designated as the primary physicochemical 
parameter affecting print quality, but it does not by itself reflect the 
complex behaviour of hydrogel-based inks during the 3D printing pro
cess. For example in the study by Gillispie et al., (2023), it was high
lighted that the shape fidelity of samples with high tan δ would be 
underestimated if it was used to predict the shape fidelity. This is most 
likely due to a low tan δ being considered a good predictor for high 
shape fidelity whereas other parameters such as yield stress could also 

Fig. 10. PCA score and loading plot.  

Fig. 11. Scatter plot of phase angle vs printability showing the fitted curves: (a) exponential model (b) power model and their prediction bounds.  
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contribute to a sample’s shape fidelity. Ribeiro et al., (2017) also pro
posed a model using yield stress to predict filament deformation and 
estimate shape fidelity. However, Amorim et al., (2021) highlighted that 
the measurement of the yield stress alone is not an indicator of good 
printability instead, other parameters are needed to infer from this 
parameter. Nevertheless, we sought to further explore the prediction of 
the sample’s printability using their rheological attributes(s). We have 
already ascertained from previous sections that m and δ both had sta
tistically significant negative monotonic relationships with printability. 
We also showed the strong covariance (seen in the PCA model) between 
m and δ, which meant a near-equal regression model could be con
structed with either of the parameters as independent variables. We 
therefore chose to model the printability using only the δ. R2Y and RPD 
were used to evaluate the predictive performance of the two models 
selected. 

The scatter plot of the data for the samples (Fig 11) shows the 
printability approaching an asymptote and was thus fitted in linear 
regression by including the reciprocal (1/X) of the phase angle in the 
model. Furthermore, since the Pr decreases as the phase angle increases 
(clusters observed at higher phase angle), the plots appear to also be 
compatible with a power-law model, approaching an asymptote some
where around 1. The printability prediction equations as well as the 
evaluation parameters (R2Y and RPD) of both models are presented in 
Table 2. R2Y values greater than 0.83 were observed for both models and 
their RPD values were greater than 2.5, suggesting a good predictive 
performance of the exponential and power regression models of gel 
printability using the phase angle. It should be noted that the prediction 
power of the power regression model was superior to that of the inverse 
linear regression as indicated by the higher R2Y and RPD. However, the 
estimation of the printability of samples with δ could be over or 
underestimated, so care should be taken with the use of the values ob
tained from using these models. Nevertheless, comparative values can 
be determined, and estimations of printability can be proposed using the 
models presented below. 

4. Conclusion 

The suitability of A and AH gels for 3D extrusion printing was 
investigated using their rheological properties and principal component 
analysis. Using principal component analysis, three components 
accounted for over 90 % of the variances of the rheological data and they 
were correlated to the extrudability, extrusion force, and shape fidelity 
of the samples. Furthermore, three clusters were highlighted according 
to the sample’s printability, and we observed that adding HPMC 
contributed to the formulation extrudability, whereas agar and caffeine 
contributed to the shape retention. Although, adding the model drug, 
caffeine into the formulation resulted in higher G’ and τ0, the samples 
still demonstrated better extrudability due to the higher phase angles 
and the deviation from true gels to suspensions with paste-like texture. 
Furthermore, the regression models in this study provided a good pre
diction of the printability values using the phase angle. Thus, one 
rheological parameter would seem to be appropriate to characterize the 
printability of formulations for extrusion 3D printing. As a complement 
to this information, either the G’ or the τy could be used to evaluate the 
sample’s flow behaviour and mechanical strength. It should be noted 
that the estimated models are based on the 3D printing process pa
rameters and the rheological measurements protocol and that no abso
lute printability values can be determined with the prediction models in 
general. Nevertheless, comparative values can be determined, and 

estimations of printability can be proposed with the models presented in 
this study. Further investigations and additional prediction models using 
other polymers and other printability measurements would need to be 
performed in the future to further confirm these results. In addition, an 
investigation of the different formulations on the drug release properties 
of the gels should be conducted to consider any possible effect on the 
dissolution properties of the drug matrix. 
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Corker, A., Ng, H., Poole, R., García-Tuñón, E., 2019. 3D printing with 2D colloids: 
designing rheology protocols to predict ‘printability’ of soft-materials. Soft Matter 
15. https://doi.org/10.1039/C8SM01936C. 

Deb, P.K., Abed, S.N., Jaber, A.M.Y., Tekade, R.K., 2018. Chapter 5—Particulate level 
properties and its implications on product performance and processing. In: 
Tekade, R.K. (Ed.), Dosage Form Design Parameters. Academic Press, pp. 155–220. 
https://doi.org/10.1016/B978-0-12-814421-3.00005-1. 

del-Mazo-Barbara, L., Ginebra, M.P., 2021. Rheological characterisation of ceramic inks 
for 3D direct ink writing: a review. J. Eur. Ceram. Soc. 41 (16), 18–33. https://doi. 
org/10.1016/j.jeurceramsoc.2021.08.031. 

Dille, M. J., Draget, K. I., & Hattrem, M. N. (2015). The effect of filler particles on the 
texture of food gels. In Modifying Food Texture: Novel Ingredients and Processing 
Techniques (pp. 183–200). Scopus. https://doi.org/10.1016/B978-1-78242-333- 
1.00009-7. 

dos Santos, J., Balbinot, G. de S., Buchner, S., Collares, F.M., Windbergs, M., Deon, M., 
Beck, R.C.R., 2023. 3D printed matrix solid forms: can the drug solubility and dose 
customisation affect their controlled release behaviour? Int. J. Pharmaceutics: X 5, 
100153. https://doi.org/10.1016/j.ijpx.2022.100153. 

El Bitouri, Y., 2023. Rheological behavior of cement paste: a phenomenological state of 
the art. Eng 4 (3), Article 3. https://doi.org/10.3390/eng4030107. 

Elbadawi, M., Gustaffson, T., Gaisford, S., Basit, A.W., 2020. 3D printing tablets: 
predicting printability and drug dissolution from rheological data. Int. J. Pharm. 
590, 119868 https://doi.org/10.1016/j.ijpharm.2020.119868. 

Feroz, S., Dias, G., 2021. Hydroxypropylmethyl cellulose (HPMC) crosslinked keratin/ 
hydroxyapatite (HA) scaffold fabrication, characterization and in vitro 
biocompatibility assessment as a bone graft for alveolar bone regeneration. Heliyon 
7 (11), e08294. 

Firth, J., Basit, A. W., & Gaisford, S. (2018). The Role of Semi-Solid Extrusion Printing in 
Clinical Practice. In A. Basit & S. Gaisford (Eds.), 3D Printing of Pharmaceuticals (Vol. 
31, pp. 133–151). https://doi.org/10.1007/978-3-319-90755-0_7. 

Gao, T., Gillispie, G.J., Copus, J.S., Asari, A.K.P.R., Seol, Y.-J., Atala, A., Yoo, J.J., Lee, S. 
J., 2018. Optimization of gelatin-alginate composite bioink printability using 
rheological parameters: a systematic approach. Biofabrication 10 (3), 034106. 
https://doi.org/10.1088/1758-5090/aacdc7. 

Genovese, D.B., Lozano, J.E., Rao, M.A., 2007. The rheology of colloidal and noncolloidal 
food dispersions. J. Food Sci. 72 (2), R11–R20. https://doi.org/10.1111/j.1750- 
3841.2006.00253.x. 

Georgopoulos, T., Larsson, H., Eliasson, A.-C., 2004. A comparison of the rheological 
properties of wheat flour dough and its gluten prepared by ultracentrifugation. Food 
Hydrocoll. 18 (1), 143–151. https://doi.org/10.1016/S0268-005X(03)00059-6. 

GhavamiNejad, A., Ashammakhi, N., Wu, X.Y., Khademhosseini, A., 2020. Crosslinking 
strategies for three-dimensional bioprinting of polymeric hydrogels. Small 16 (35), 
e2002931. 

Gholamipour-Shirazi, A., Norton, I.T., Mills, T., 2019. Designing hydrocolloid based 
food-ink formulations for extrusion 3D printing. Food Hydrocoll. 95, 161–167. 
https://doi.org/10.1016/j.foodhyd.2019.04.011. 

Gillispie, G.J., Copus, J., Uzun-Per, M., Yoo, J.J., Atala, A., Niazi, M.K.K., Lee, S.J., 2023. 
The correlation between rheological properties and extrusion-based printability in 
bioink artifact quantification. Mater. Des. 233, 112237 https://doi.org/10.1016/j. 
matdes.2023.112237. 

Gu, S., Cheng, G., Yang, T., Ren, X., Gao, G., 2017. Mechanical and rheological behavior 
of hybrid cross-linked polyacrylamide/cationic micelle hydrogels. Macromol. Mater. 
Eng. 302 (12), 1700402. https://doi.org/10.1002/mame.201700402. 

Heckl, M.P., Korber, M., Jekle, M., Becker, T., 2023. Relation between deformation and 
relaxation of hydrocolloids-starch based bio-inks and 3D printing accuracy. Food 
Hydrocoll. 137, 108326 https://doi.org/10.1016/j.foodhyd.2022.108326. 
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