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The design and characterisation of sinusoidal toolpaths using sub-zero 
bioprinting of polyvinyl alcohol 
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A B S T R A C T   

Sub-zero (◦C) additive manufacturing (AM) systems present a promising solution for the fabrication of hydrogel 
structures with complex external geometry or a heterogeneous internal structure. Polyvinyl alcohol cryogels 
(PVA-C) are promising tissue-mimicking materials, with mechanical properties that can be designed to satisfy a 
wide variety of soft tissues. However, the design of more complex mechanical properties into additively man
ufactured PVA-C samples, which can be enabled using the toolpath, is a largely unstudied area. This research 
project will investigate the effect of toolpath variation on the elastic and viscoelastic properties of PVA-C samples 
fabricated using a sinusoidal toolpath. Samples were fabricated using parametric variation of a sinusoidal 
toolpath, whilst retaining the same overall cross-sectional area, using a sub-zero AM system. To mechanically 
characterise the samples, they were tested under tension in uniaxial ramp tests, and through dynamic mechanical 
analysis (DMA). The elastic and viscoelastic moduli of the samples are presented. No correlations between the 
parametric variation of the design and the Young’s modulus were observed. Analysis of the data shows high 
intra-sample repeatability, demonstrated robust testing protocols, and variable inter-sample repeatability, 
indicating differences in the printability and consistency of fabrication between sample sets. DMA of the 
wavelength samples, show a frequency-dependent loss moduli. The storage modulus demonstrates frequency 
independence, and a large increase in magnitude as the sample increases to 3 wavelengths.   

1. Introduction 

Soft tissue damage is a growing issue worldwide (Marrella et al., 
2018), with their poor self-repair properties often leading to the devel
opment of life-long conditions, significantly reducing patient quality of 
life (Krafts, 2010; Dell’accio et al., 2010; Wong et al., 2017). Prevalent 
examples include osteoarthritis, a prominent cause of disability world
wide (Liu et al., 2022), and cardiovascular disease, which is culpable for 
25 % of deaths in England each year (BHF, 2023). Ongoing challenges 
with understanding and then replicating the hierarchal and inter-related 
structural, mechanical and biological functionality of soft tissues, mean 
that treatment options for such conditions are limited (Chanda and 
Callaway, 2018; Nasircilar et al., 2022). As such, the fabrication of 
materials that mimic the intrinsic complexity of material properties and 
mechanical behaviour of tissue, remains an active area of research. 
Polyvinyl alcohol (PVA) cryogels are promising tissue-mimicking ma
terials, namely due to their mechanical properties akin to those of nat
ural tissues (Su et al., 2019; Butylina et al., 2016), and the ability to alter 
their mechanical properties during fabrication. The extensive 

biomedical applications of cryogels, including PVA, are outlined in the 
review by Memic et al. (2019). Physical crosslinking of PVA cryogels 
(PVA-C) can be accomplished through freeze-thaw cycles (FTCs). During 
freezing, crystal nuclei form, which then grow into crystals during 
thawing; these crystals act as the polymer cross-links (Chu and Rutt, 
1997). The number and duration of FTCs greatly affect the stiffness of 
the resultant cryogel (Gupta et al., 2012; Abdel-Mottaleb et al., 2009), 
where additional cycles create more cross-links forming a rubber-like gel 
(Chu and Rutt, 1997). 

Traditional forming methods, such as casting, can limit the design of 
tissue mimicking materials, in terms of the complexity of the mould and 
the inherent isotropic properties. Additive manufacturing (AM) presents 
a promising technique to enable the fabrication of hydrogel structures 
with greater degrees of complexity (Weems et al., 2021). 
Extrusion-based AM systems achieve three-dimensional (3D) objects by 
building up layers of extruded material and offer a unique opportunity 
for the directional control of toolpaths in 3D (Uribe-Lam et al., 2021). 
Previous studies investigating the printability, have highlighted 
perpetuating challenges associated with fabricating hydrogel scaffolds 
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using AM (Murphy and Atala, 2014). Namely, the low stiffness and 
viscous nature of hydrogels results in spreading upon deposition and an 
increased likelihood of 3D constructs collapsing under their own weight 
(Uribe-Lam et al., 2021). As such, further research is required to enable 
increased design complexity and retain high shape fidelity of hydrogel 
structures fabricated using AM. 

The development of sub-zero (◦C) AM systems has enhanced the 
printability of PVA hydrogels by achieving physical crosslinking, and 
forming PVA-C, upon deposition. Despite various studies reporting the 
success of using such sub-zero AM systems for fabricating hydrogel 
structures (Crolla et al., 2021a; Fischer et al., 2016), very limited work 
has been conducted to investigate the effect of toolpath on the resultant 
structural mechanical properties. Crolla et al. (2021a) studied the 
orthotropic characterisation of additively manufactured PVA-C using 
toolpaths parallel and perpendicular to the loading direction. However, 
the toolpath is not limited to commercial computer-aided 
manufacturing software and can customised manually or through 
computer aided design (CAD). Ji and Guvendiren (2019) report that 
compared to orthogonal scaffolds, wavy scaffolds of poly(caprolactone), 
result in significantly enhanced osteogenesis (Ji and Guvendiren, 2019). 
Gómez-Castañeda et al. (2023) explored the geometric parametrization 
of sinusoidal-based lattice polylactic acid (PLA) structures and subse
quent tensile mechanical properties (Gómez-Castañeda et al., 2023). 
Both studies exploit the design freedom afforded by the parametric 
variation of wavelength and amplitude in the context of the scaffold or 
lattice function (Ji and Guvendiren, 2019; Gómez-Castañeda et al., 
2023). 

The aim of this study is to characterise solid additively manufactured 
PVA-C samples with sinusoidal toolpaths and explore the change in the 
elastic and viscoelastic mechanical response with the parametric vari
ation of the wavelength and amplitude. The samples will be mechani
cally characterised, with respect to toolpath design, using uniaxial ramp 
testing and dynamic mechanical analysis (DMA). 

2. Methods 

2.1. Sample design 

In this study, the toolpath was constrained by creating a CAD of the 
waves, with respect to the distance between the resolution of the 
deposited material and the distance between the filament lines. The 
samples were designed using SolidWorks (Dassault Systèmes, Solid
Works Corporation, Massachusetts, United States), based on a sinusoidal 
waveform with the variation of the amplitude (Testing Group 1) of 2 

mm, 3 mm and 4 mm and number of wavelengths (Testing Group 2) of 1, 
2 and 3. Fig. 1 shows examples of the design for each group of samples; 
where the height of the wave peaks are equivalent on each side of the 
sample. The dimensions labelled in black in the figure remained con
stant between samples as the sine wave amplitudes (marked as blue) and 
wavelengths were varied. The width of the samples (12.3 mm) was 
chosen to align with the width of the mechanical testing clamps. The 
additional 10 mm straight sections on either end of the samples provided 
clamping surfaces for the mechanical testing. Table 1 details the sine 
wave parameters of each sample and their respective sample numbers. 
Four samples of each type were manufactured, and were printed in one 
batch, as shown in Fig. 2(b). The samples were two layers (of 0.4 mm 
height) thick to ensure that the samples provided adequate thickness for 
gripping during testing whilst retaining the temperature accuracy 
perpendicular to the build platform. 

2.2. Sample fabrication 

An 11 % w/w PVA solution was prepared by dissolving powdered 
PVA, with a hydrolysis of 99+ % and molecular weight of 146–186 kDa 
(Sigma-Aldrich, Missouri, USA), in deionised (DI) water through auto
claving (1 h at 121 ◦C), and continuous mechanical stirring of the so
lution for 2 h – 1 h on a hotplate at 50 ◦C, followed by 1 h with the 
hotplate removed, allowing the solution to gradually return to ambient 
temperature. 

To fabricate the samples, a REGEMAT Bio V1 bioprinter (REGEMAT, 
Granada, Spain) fitted with a 0.58 mm diameter nozzle was used (Fig. 2 
(a)). The temperature of the glass bioprinter bed was maintained at − 9.5 
± 0.5 ◦C during printing, to enable physical cross-linking of the PVA-C to 
occur upon deposition. 

An .STL file exported from SolidWorks, was sliced using the REGE
MAT3D Designer (REGEMAT, Granada, Spain) software to generate the 
G-code for the manufacture of the samples. Table 2 shows the process 
parameters used for the fabrication of the samples. These parameters 
were tailored during preliminary research to achieve printability for the 
specified material and toolpath design, with the intention of creating a 
solid sample. 

To ensure the samples were sufficiently cross-linked to retain their 
structure, they were left on the printer bed for an additional 15 min after 
the completion of printing. The printed samples were then subjected to 
three further FTCs consisting of: 12 h in a freezer at − 20 ◦C, 4 h in the 
freezer turned off and 8 h at ambient temperature. Upon the completion 
of the FTCs, the samples were stored in DI water at ambient temperature. 
The samples were mechanically tested after four days (uniaxial tensile 

Fig. 1. Final sample designs.  

Table 1 
Sinusoidal parameters of the samples, and respective identifiers.  

Testing Group Sample Numbers Amplitude (mm) Number of wavelengths in 20 mm wavey portion 

1 2.1, 2.2, 2.3, 2.4 2.00 1 
1 3.1, 3.2, 3.3, 3.4 3.00 1 
1 4.1, 4.2, 4.3, 4.4 4.00 1 
2 λ1.1, λ1.2, λ1.3, λ1.4 3.00 1 
2 λ2.1, λ2.2, λ2.3, λ2.4 3.00 2 
2 λ3.1, λ3.2, λ3.3, λ3.4 3.00 3  
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ramp testing) and then seven days (DMA) of being stored in DI water. 

2.3. Mechanical testing 

All samples were mechanically tested using a Bose Electroforce 3200 
(TA Instruments, Delaware, USA) and 250 g load cell (TA Instruments, 
Delaware, USA); the set-up is shown in Fig. 3. The mechanical properties 
of the samples were tested through a uniaxial tensile ramp test and DMA, 
with each test being repeated three times for each sample. Prior to 
mechanical testing, the width (taken across the portion to be clamped in 
the gripper) and thickness of each sample was measured using vernier 
callipers (Appendix A, Table A1). 

To ensure the distance between the clamps remained constant across 
all samples, the clamps were set at 20 mm apart. The alignment of the 
clamps was checked to ensure only uniaxial tension was applied to the 
samples. When clamping the samples, care was taken to ensure that the 
clamps were not over-tightened (evidenced by the presence of bulging in 
the sample around the clamp jaws). 

2.3.1. Uniaxial tensile ramp testing 
The samples were tested under tension to 20 % engineering strain 

(ε), at a rate of 0.25 mm/s. The required actuator displacement (d) to 
achieve 20 % engineering strain was calculated to be 4 mm (Equation 
(1)), where L is the sample length (20 mm). The engineering strain (ε) 
and stress (σ) for each sample and repeat were calculated using Equa
tions (1) and (2), respectively, from the raw force (F) and displacement 
(d) data. The area (A) that the force was applied to was calculated using 
the thickness (Tc) and width (Wc) of the clamped portion of the samples 
(Equation (3)). 

ε= d
L

Eq.1  

σ =
F
A

Eq.2  

A= TC × WC Eq.3 

The inter and intra variability of samples with the same sine wave 
parameters was investigated. Moreover, to explore the linearity of the 
data, the Young’s Modulus was extracted at four different strain ranges: 
4.5 %–5.5 %, 7.5 %–8.5 %, 11.5 %–12.5 % and 15.5 %–16.5 %. 

2.3.2. Dynamic mechanical analysis 
DMA was set-up in an identical manner to the tensile ramp tests, and 

a sinusoidal tensile load (dynamic amplitude 0.4 mm) with nine 
different frequency conditions (0.5–10 Hz) was applied to the samples. 
These frequencies were chosen as they align with previous studies on 
DMA of PVA-hydrogels (Crolla et al., 2021b; Crolla, 2022), and to 
simulate strain rates experienced by various soft tissues (Burton et al., 
2016; Sadeghi et al., 2015; Schwartz and Bahadur, 2007). The strain 
range to test the samples between was selected based on the linear re
gions of the stress-strain curves, obtained from the ramp tests. The 
samples were tested between 13 % and 17 % strain (mean level = 3 mm, 
dynamic amplitude = 0.4 mm) as this was within the elastic region for 
the majority of samples (discussed further in Section 3.2.4). To limit 
sample dehydration, which could potentially alter the mechanical 
properties of the PVA-Cs (Li et al., 2020), the three repeats for each 
sample were not conducted consecutively. DMA was performed once for 
each sample, before moving onto the second repeat for each sample, 
then finally moving onto the third repeats. The samples remained in DI 
water when not being tested. 

The method for characterising biomaterial viscoelastic properties, 
outlined by Lawless (2019) was used as the basis to analyse the DMA test 
data (Lawless, 2019). The dynamic stiffness (K∗), was obtained from a 
Fast Fourier Transform of the displacement (d) and load (F) data, 
Equation (4). The phase relationship between F and d (δ) yielded from 
the Fourier analysis was used to calculate the storage and loss stiffnesses 
(K′ and K″), Equations (5) and (6). Each sample’s shape factor (S) was 
calculated using their respective dimensions (width (WC), thickness (TC) 
and height (H)) and Equation (7). Finally, the storage and loss moduli (E′ 

and E″) were calculated using Equations (8) and (9) respectively 

Fig. 2. Additive manufacture of PVA-hydrogel samples using a REGEMAT Bio V1 bioprinter (a) during printing, (b) after printing.  

Table 2 
Printing parameters used in conjunction with the REGEMAT Bio V1 bioprinter to 
manufacture the hydrogel samples.  

Parameter Value 

Nozzle Diameter (mm) 0.58 
Layer Height (mm) 0.40 
Infill (%) 0 
Flow Speed (mm/s) 0.6 
Printing Speed (Extruding material) (mm/s) 2.0 
Travel Speed (No material being extruded) (mm/s) 30.0 
Retract Speed (mm/s) 30.0  

Fig. 3. Testing set-up for uniaxial tensile ramp testing on a Bose Electroforce 
3200 mechanical testing machine. 
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(Lawless, 2019). 

K∗ =
F
d

Eq.4  

K′ =K(cos(δ)) Eq.5  

K″=K(sin(δ)) Eq.6  

S=
WCTC

H
Eq.7  

E′=
K′

S
Eq.8  

E″=
K″

S
Eq.9  

2.4. Statistical analysis 

One-way ANOVA tests at 95 % confidence level were conducted 
(Minitab, MINITAB, Pennsylvania, USA (Minitab, 2020)) to ascertain 
whether the differences between the mean mechanical properties of the 
samples or testing repetitions were statistically significant. Prior to DMA 
analysis, the linearity of the data was assessed using, two different sta
tistical methods. Firstly, to ascertain if the Young’s Modulus varied with 
strain, one-way ANOVA tests were carried out to test for statistical dif
ference between the mean Young’s Modulus for each sample type at the 
four strain ranges, performed at a 95 % confidence level. Additionally, 
linear and quadratic regression models were fitted to each sample for 
each repeat, and the resultant R2 values were used to evaluate the fit of 
the models. 

3. Results 

3.1. Printability 

A total of 24 samples were printed during this project. Despite the 
same printing parameters being used for all samples, the visual quality 
of the prints varied. It is hypothesised that this was due to fluctuations in 
the ambient temperature of the laboratory, further research is required 
to confirm this. Figures A1 to A24 in Appendix A show all the samples 
after the completion of the three FTCs. Out of the 24 samples, eight 
(Sample 2.1 to 3.4) had some separation between strands. One sample 
(Sample λ3.4) was discarded due to the nozzle clogging during printing 
(see Figure A24, Appendix A). The raw stress-strain graphs for each 
ramp test can be found in the supplementary data (SD), Figs. S1–S23. 

3.2. Uniaxial tensile ramp testing results 

3.2.1. Effect of toolpath variations on Young’s modulus 
The Young’s Moduli were obtained from the gradients of the best-fit 

lines through a linear region (8 %–12 %) strain of the stress-strain 
curves. Fig. 4 shows the mean Young’s Modulus for each sample type, 
calculated using the intra-repeats of the four specimens for each sample 
type. No correlation was identifiable between Young’s Modulus and 
variation in amplitude or wavelengths. Samples with an amplitude of 3 
mm and 1 wavelength, are equivalent designs (see Table 1) between 
testing group 1 and 2, yet have a notable different Young’s Moduli; 3 A 
= 48,453 ± 3043 Pa and 1λ = 79,243 ± 10,507 Pa. 

3.2.2. Inter-sample variability 
The Young’s Moduli data for each specimen of each sample type, 

including all repeats, is shown in Fig. 5. Samples 2.4 (Fig. 5(a)) and λ1.4 
(Fig. 5(d)) yielded consistently lower and higher Young’s Moduli 
(respectively) than the other specimens of the same sample type at each 
strain range. As such, these samples were assumed to be anomalous and 
removed from the ensuing analysis (discussed further in section 4.2.2). 

A one-way ANOVA test was used to statistically assess the inter- 
sample variability, within the same strain range (Appendix B, 
Table B1). This analysis highlighted further differences between samples 
of the same type, although not at every strain range. Notably, three 
sample types (3 mm and 4 mm amplitude and 3λ) demonstrated statis
tically significant differences between samples at selected strain ranges. 

3.2.3. Intra-sample variability 
The Young’s Modulus data for each repetition, was grouped by 

sample type (Fig. 6). From Fig. 6(f), Sample λ3.1 Rep 1 was identified as 
anomalous and was removed from further analysis, as it yielded a 
significantly lower Young’s Modulus and a significantly greater standard 
deviation than the other repetitions for this sample type. This was 
confirmed by the stress-strain data, which shows that the sample slipped 
at approximately 15 % strain. Otherwise, Fig. 6 shows no identifiable 
between variations in the Young’s Modulus and an increase in testing 
repetitions. A one-way ANOVA analysis was used to test the difference 
between the repeats of all sample types, at each strain region. Only one 
sample type showed a statistical difference between repeats: the 2λ 
samples at 4.5 %–5.5 % strain, where Rep 1 was found to be statistically 
different to Rep 3. 

3.2.4. Linearity of stress-strain data 
Fig. 7 and Table 3 show an example of the results from the performed 

statistical analyses, of all repeats, for one sample type (2 mm amplitude). 
The full statistical test results can be found in Tables B2 and B3 (Ap
pendix B). From the one-way ANOVA tests, only two sample types were 
found to have a statistical difference between the Young’s Moduli at the 

Fig. 4. Young’s Modulus at 8 %–12 % strain for each sample type. Error bars show the deviation between samples within each sample type (three repetitions 
per sample). 
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four strain ranges: 2 A and 3 A. The regression analysis yielded linear 
model R2 values of >99 % for all samples, except for Sample λ3.1 (linear 
model R2 = 97.83 %). 

3.3. Dynamic mechanical analysis results 

DMA was performed on all samples. However, the ambiguity and 
consistency around the linearity of the stress-strain data (Section 3.2.4) 
should be acknowledged when viewing the data or generalising the 
conclusions of the study. For Sample 2.1 only the first repetition is 
included in the data analysis, due to sample dehydration. Fig. 8 shows 
the storage and loss moduli for all sample types. Similarly to the Young’s 
Moduli data (Section 3.2.1), there is no clear trend of storage and loss 
modulus behaviour relative to amplitude or wavelength. All samples 
demonstrated an increase in loss modulus with increasing frequency. 
Predominately, the storage modulus appears independent of frequency, 
the exception being the 3 mm amplitude samples which demonstrate an 
increase in storage modulus across the frequency range. Similarly to the 
Young’s moduli data (Section 3.2.1) the 3 mm amplitude samples yiel
ded both the lowest storage and loss moduli. However, there was very 
little variation between the loss moduli with amplitude. For variation in 
wavelength, the 3λ samples yielded a significantly higher storage and 
loss moduli than the 1λ and 2λ samples. Less conclusive variation be
tween sample types was observed for the loss modulus. 

4. Discussion 

4.1. Printability 

It is hypothesised that the difference in sample print quality was due 
to variation in the ambient laboratory temperature, influenced largely 

by atmospheric temperature changes. As the viscosity of hydrogels is 
dependent on temperature (Etxabide et al., 2019; Kimbell et al., 2021), 
the degree of creep they exhibit post-extrusion varies with temperature. 
Consequently, the strand offset distances (identified in preliminary 
work) may only be optimised for the environmental conditions on that 
specific day. The 2 A and 3 A samples were printed on the same day and 
were the only samples to exhibit separation between strands, suggesting 
that ambient temperature was the cause. This hypothesis requires 
further research to confirm. Crolla et al. (2021a) reported that sub-zero 
AM introduces challenges with weak boundaries between extruded 
filament strands (Crolla et al., 2021a), which is in agreement with the 
visual observations made between filament strands in this research. The 
separation between strands for sample sets 2 A and 3 A may have 
affected the mechanical properties of the samples. This hypothesis is 
supported by the difference in average Young’s moduli between sample 
groups 3 A and 1λ; whilst they have identical designs, they have sig
nificant different Young’s Moduli. These sample sets were fabricated on 
different days, and have appreciably different print qualities, with the 3 
A samples displaying separation between strands and consequently a 
lower stiffness. 

4.2. Uniaxial tensile ramp testing results 

4.2.1. Effect of toolpath variations on Young’s modulus 
As shown in Fig. 4, variations to the toolpath did not lead to an 

identifiable trend in the Young’s moduli. For both Testing Groups, the 
middle sample type (3 A and 2λ) had the lowest Young’s Modulus. 
Intuitively, it would be expected that increasing the amplitude and 
wavelength, would results in either an increase or decrease of Young’s 
Moduli, neither of which were seen. To date, there is no literature on the 
fabrication and characterisation of wavey samples using sub-zero 

Fig. 5. Young’s Modulus for different strain ranges (4.5 %–5.5 %, 7.5 %–8.5 %, 11.5 %–12.5 % and 15.5 %–16.5 %), for each sample (mean average of the three 
repeats) to show inter-sample variability. Error bars show the standard deviation of the three repeats. 
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bioprinting and comparison to similar studies is challenging to differ
ences in methodology. Crolla et al. (2021a) and Chen et al. (2019) both 
found that directional dependent mechanical properties can be incor
porated into PVA-hydrogel samples, although these studies used 
different sample designs and fabrication techniques (Crolla et al., 2021a; 
Chen et al., 2019). Gómez-Castañeda et al., 2023 explored the tensile 
response of sinusoidal-based lattice structures and found that the 
apparent Young’s Modulus decreased non-linearly with increasing 
amplitude, however these were fabricated from thermoplastic PLA as 
opposed to a croygel (Gómez-Castañeda et al., 2023). 

With reference to Fig. 9, increasing the amplitude and wavelength 
changes the sample in two ways; it increases the length of each toolpath/ 
filament, it also increases the proportion of filament which is perpen
dicular to the loading direction. When the load is applied, because the 
composition of the sample is not isotropic, the change in the overall 
shape cannot be predicted. Whether such a load leads to straightening of 
the filament and/or elongation of the filament, or stretching and/or 
separation across the filament width is unknown. A combination of each 

behaviour is probable, depending on the vector decomposition of the 
load and the strength of the polymer bonds, within and between the 
filaments. Since the mechanical properties of PVA-C’s are highly 
dependent on the physical cross-links formed through freezing, and 
there are differences in print quality (reported in Section 4.1), this would 
also depend on process parameters and environmental conditions. 
Further analysis is required through high-speed imaging of the defor
mation characteristics. 

4.2.2. Inter-sample and intra-sample variability 
The inter-sample and intra-sample variabilities were investigated to 

ascertain information about the repeatability of the testing and 
manufacturing processes. Splitting the data out by sample (Fig. 5) and 
repeat (Fig. 6) allowed anomalous results to be identified, and samples 
2.4 and λ1.4, and Sample λ3.1 Rep 1 were removed from the subsequent 
sample variability analyses. The anomalous nature of Samples 2.4 and 
λ1.4 were caused by defects in the samples generated during fabrication; 
sample 2.4 displayed complete delamination of centre strands following 

Fig. 6. Young’s Modulus for different strain ranges (4.5 %–5.5 %, 7.5 %–8.5 %, 11.5 %–12.5 % and 15. %-16.5 %), for each repeat (mean average of the four 
samples) to show intra-sample variability. Error bars show the standard deviation of the four samples for each repeat. 

L. Gale et al.                                                                                                                                                                                                                                     



Journal of the Mechanical Behavior of Biomedical Materials 152 (2024) 106402

7

printing and sample λ1.4 experienced partial delamination of the first 
and second print layers when it was removed from the print bed 
(Figures A4 and A16, Appendix A). Reviewing the stress-strain curve for 
Sample λ3.1 Rep 1 (see SD Fig. S21), showed a significant decrease in the 
stress at approximately 15 % strain, indicating that this sample slipped 
in the clamps during testing. 

The analysis of the inter-sample variability, showed some statisti
cally significant differences between the means of some sample types at 
a fixed strain. These differences were isolated to 3 sample types (3 mm 
and 4 mm amplitude and 3λ) which suggests that the cause of these 
differences was between batches as opposed to within the same batch. 
As previously discussed, this is likely to be caused environmental pa
rameters during the fabrication of these sets. To ascertain whether 

performing multiple testing repetitions resulted in plastic deformation 
or sample damage, the intra-sample variability was investigated. The 
lack of intra-sample variability suggests that the samples were not 
damaged/deformed due to testing and that the data for all testing re
peats can be considered reliable and comparable. 

4.2.3. Linearity of stress-strain data 
Assessing linearity of the data between strain ranges, using ANOVA 

tests and regression analysis, yielded different conclusions, and thus the 
linearity of the data obtained in this study remains ambiguous. It is 
important to acknowledge this, when considering the validity of the 
DMA data for the sample sets that demonstrate non-linear characteris
tics. Predominately linear stress-strain data, between 0 and 20 %, strain 

Fig. 7. Different statistical tests were employed to determine the linearity of the stress-strain data.  

Table 3 
Statistical analysis results for the 2 mm Amplitude samples.  

Statistical Test Result Significance for determination of linearity 

Regression analysis (Sample 
2.1) 

Linear Model R2 value: 
99.75 % 
Quadratic Model R2 

value: 99.97 % 

The R2 value for the quadratic model is greater than that for the linear model, suggesting that the quadratic model is a 
better fit for the data. However, the linear model still has an R2 value above 99 %, showing that a linear model can also 
be considered a good fit for the data. 

One-Way ANOVA (Sample 2.1, 
2.2 and 2.3) 

p < 0.001 p < 0.05, meaning that there are statistical differences between means:  
• 15.5 %–16.5 % strain is statistically different to 4.5 %–5.5 %, 7.5 %–8.5 % and 11.5 %–12.5 % strain.  
• 4.5 %–5.5 % is statistically different to 11.5 %–12.5 % strain. 
The one-way ANOVA test suggests that the data is not linear as there are statistical differences between the Young’s 
Moduli at different strains along the stress-strain curve.  
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for PVA-C samples has also been reported in other studies (Chen et al., 
2019; Millon and Wan, 2006; Stammen et al., 2001; Wan et al., 2002), 
thus verifying the observations made about the data linearity. However, 
after approximately 20 % strain, these studies also reported a decrease in 
linearity with an increase in strain (Chen et al., 2019; Millon and Wan, 
2006; Stammen et al., 2001; Wan et al., 2002). This divergence from 
linearity after a critical strain, is reported to be caused by the 
strain-stiffening behaviour of PVA-Cs, which occurs at relatively low 
strains, similar to many natural tissues (Millon and Wan, 2006; Wan 
et al., 2002; Destrade et al., 2009). 

4.3. Dynamic mechanical analysis 

DMA needs to be performed within the linear elastic region of a 
material to ensure that permanent deformation does not occur whilst the 
repeated sinusoidal load is applied (Patra et al., 2020). The samples 

were tested between 13 % and 17 % strain as during the experimental 
testing period, this strain range was nominally identified to be within 
the elastic region of the stress-strain curves for most samples. Following 
the further analysis of the linearity of the stress-strain data, the linearity 
of data for the 2 A and 3 A samples and Sample λ3.1 was inconclusive. 
Further to these, sample types 3 A, 4 A and 3λ were shown to have 
significant difference between the means at fixed strain. It was 
concluded that drawing any trends across Testing Group 1, would be 
unreliable. Within Testing group 2, sample set 3λ showed some differ
ence between the means of 4.5 %–5.5 % and 7.5 %–8.5 %, and regres
sion analysis was R2 = 97.83 for a linear fit. Since DMA was conducted at 
13 %–17 %, this was considered to be acceptable to proceed. 

There was negligible variation between the storage moduli for the 1λ 
and 2λ samples. The 3λ samples yielded much high storage moduli 
across all frequencies, meaning that more input energy was required to 
distort these samples. This may be due to the presence of more wave
lengths in the sample leading to a higher strain per wavelength, greater 
resistance to distortion and a greater ability to store elastic energy. Less 
variability was observed for the loss moduli between the wavelength 
samples, showing that the samples all displayed similar viscous prop
erties, despite their different toolpath parameters. 

All samples exhibited a marginal increase in the storage moduli 
(average increase of 2.6 % ± 0.3 %) and a significant increase in the loss 
moduli (average increase of 181.6 %± 7.9 %) across the frequency 
range. These trends agree with those found by Crolla et al. (2021a) when 
performing DMA on 10 % w/w additively manufactured sub-zero PVA-C 
samples (Crolla et al., 2021a). The storage moduli values for the samples 
in Testing Group 2 were greater than those reported for rectangular 
specimens with toolpaths parallel and perpendicular to the loading di
rection (Crolla et al., 2021a). This observed difference may be due to the 
differences in the fabrication methodology, or they could suggest that 
samples with sinusoidal toolpaths may yield a greater resistance to 
distortion. 

Fig. 8. Storage and the loss modulus for the samples with varying amplitudes, (a) and (b), and with varying wavelengths, (c) and (d). The error bars show the 
deviation between the samples within the respective sample type (all three repetitions per sample). 

Fig. 9. Diagrams showing all the sine wave parameter variations (i.e. the 
different amplitude and number of wavelengths used) for each sample type, 
with respect to the 4 mm tensile ramp test displacement distance. 
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4.4. Study limitations 

There are many challenges with the AM of hydrogels which are 
associated with the low stiffness, variable viscosity and subsequent lack 
of shape fidelity; this study utilised a sub-zero AM platform to enable the 
PVA to physically crosslink (and thus retain its shape) upon deposition. 
It should be noted that whilst the printing platform was maintained at 
− 9.5 ± 0.5 ◦C, any distance above the platform would be subject to 
interactions with the ambient temperature, which would influence the 
rate of the initial gelation process. This study characterised the me
chanical properties of additively manufactured PVA-C with sinusoidal 
toolpaths which were designed manually, however there are other 
automated approaches to enable the customisation of toolpaths such as 
FullControl GCode Designer (Gleadall, 2021). 

With respect to the aim, the Youngs, storage and loss moduli 
demonstrated no identifiable trend with amplitude or wavelength, the 
loss modulus showed a dependence on frequency. In this study, only 
three values of each parameter were studied, which is not sufficient to 
identify more complicated trends (such as parabolic) which may exist. 
To identify the source of the changes in the mechanical response, the 
internal behaviour of the polymer network, as a result of the fabrication 
technique, sample design and characterisation methodology requires 
further investigation. The change in the molecular structure of the PVA 
and arrangement of the water molecules, post-fabrication and pre and 
post mechanical characterisation, could be investigated through the 
Raman Spectra (Kudo et al., 2014). 

In this study, the samples were only tested to 20 % strain. It is 
hypothesised that this was not a high enough strain for the differing 
toolpaths to demonstrate a significant effect. A displacement of 4 mm, 
and that distance relative to the design of the samples is shown in Fig. 9. 
Previous studies have found that the stress-strain relationship for PVA- 
Cs increases exponentially after approximately 20 % strain (Chen 
et al., 2019; Millon and Wan, 2006; Stammen et al., 2001; Wan et al., 
2002). Additionally, Crolla et al. (2021a) found that differences in me
chanical properties with varying toolpaths were greater with smaller 
nozzle sizes (Crolla et al., 2021a). This project used a nozzle diameter of 
0.58 mm, potentially reducing the directional dependency of the sam
ples’ mechanical properties. During the uniaxial ramp tests, to ascertain 
the repeatability of the testing and manufacturing processes, the 
deformation needed to remain in the elastic region, as such the samples 
could not be tested to yield or ultimate strength. 

During this study, samples were stored in DI water when not being 
tested. However, the effect of repeated sample dehydration and rehy
dration was not fully explored and requires further investigation in the 
context of the repeated mechanical characterisation. Kudo et al. (2014) 
demonstrate the use of Raman Spectroscopy to identify the changes in 
the polymer network and behaviour of water with cross-linking method, 
dehydration and reswelling (Kudo et al., 2014). The application of 
repeated strain may induce changes to the polymer network, which in 
the context of variable (an unknown dehydration rate during testing) 
and repeated water saturation (storage in DI water and subsequent 
reswelling), could influence the mechanical response of the sample. 
Furthermore, in future research a temperature and humidity-controlled 

environment should be used to investigate the impact of ambient con
ditions on printability and testing. 

5. Conclusion 

This research demonstrates how varying sinusoidal toolpath design, 
changes the mechanical properties of additively manufactured PVA-C. 
To achieve different toolpaths to fabricate samples of the same overall 
profile, sine wave toolpaths of differing amplitudes and wavelengths 
were designed. The mean Young’s moduli with wavelength and ampli
tude are presented, from which the statistical significance between the 
inter- and intra-sample means are explored. Intra-sample differences 
demonstrated repeatable testing protocols. The inter-sample differences 
highlight sample sets, within which, statistically significant differences 
could be seen. Since the samples sets were printed in one batch on the 
same day, the effect of environmental changes needs to be explored in 
future research. The linearity of the data was explored across the strain 
range; whilst the samples with varying amplitude (testing group 1) gave 
ambiguous results, the majority of the data sets from samples with 
varying wavelength (testing group 2), showed linear characteristics. The 
DMA results of testing group 2, showed that whilst the loss moduli 
demonstrated frequency dependence, the storage moduli did not. The 
samples with 3λ, showed a large increase in storage moduli above those 
for the samples with 1λ and 2λ. 
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Appendix A1  

Table A1 
Mean and standard deviation measurement data of three measurements taken from the same sample, and the mean and standard deviation of 
all measurements of all samples of the same design.  

Sample Number(s) Thickness (mm) Width (mm) 

Mean Standard Deviation Mean Standard Deviation 

Testing Group 1 – Differing Amplitudes 
2.1 0.93 0.01 10.97 0.03 
2.2 0.91 0.01 11.03 0.04 
2.3 0.97 0.02 10.57 0.05 
2.4 0.98 0.02 11.09 0.04 
2.1–2.4 0.95 0.03 10.92 0.21 
3.1 1.09 0.03 12.06 0.06 
3.2 0.99 0.02 11.11 0.02 
3.3 0.98 0.03 10.99 0.02 
3.4 0.99 0.02 11.14 0.05 
3.1–3.4 1.01 0.05 11.33 0.43 
4.1 0.97 0.01 11.35 0.10 
4.2 0.96 0.02 12.11 0.10 
4.3 0.97 0.01 11.14 0.04 
4.4 0.93 0.02 11.18 0.08 
4.1–4.4 0.96 0.02 11.45 0.40 
Testing Group 2 – Differing Wavelengths 
λ1.1 0.92 0.00 11.17 0.06 
λ1.2 0.90 0.01 11.10 0.06 
λ1.3 0.87 0.02 10.92 0.02 
λ1.4 0.82 0.02 11.11 0.03 
λ1.1 - λ1.4 0.88 0.04 11.07 0.11 
λ2.1 1.00 0.02 10.86 0.01 
λ2.2 0.96 0.00 11.04 0.08 
λ2.3 1.00 0.05 10.99 0.02 
λ2.4 0.98 0.01 11.30 0.04 
λ2.1 - λ2.4 0.98 0.03 11.05 0.17 
λ3.1 1.01 0.02 11.46 0.03 
λ3.2 1.00 0.03 11.06 0.02 
λ3.3 1.05 0.02 11.38 0.05 
λ3.4 N/A N/A N/A N/A 
λ3.1 - λ3.3 1.02 0.03 11.30 0.18  

Fig. A1. Sample 2.1.  

Fig. A2. Sample 2.2.   
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Fig. A3. Sample 2.3.  

Fig. A4. Sample 2.4.  

Fig. A5. Sample 3.1.  

Fig. A6. Sample 3.2.  

Fig. A7. Sample 3.3.  

Fig. A8. Sample 3.4.   
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Fig. A9. Sample 4.1.  

Fig. A10. Sample 4.2.  

Fig. A11. Sample 4.3.  

Fig. A12. Sample 4.4.  

Fig. A13. Sample λ1.1.  

Fig. A14. Sample λ1.2.   
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Fig. A15. Sample λ1.3.  

Fig. A16. Sample λ1.4.  

Fig. A17. Sample λ2.1.  

Fig. A18. Sample λ2.2.  

Fig. A19. Sample λ2.3.  

Fig. A20. Sample λ2.4.   
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Fig. A21. Sample λ3.1.  

Fig. A22. Sample λ3.2.  

Fig. A23. Sample λ3.3.  

Fig. A24. Sample λ3.4 had to be discarded after printing due to the printer nozzle clogging during printing. All samples were imaged after 3FTCs.  

Appendix B  

Table B1 
Results from one-way ANOVA tests (95 % confidence level) investigating inter-sample variability.  

Strain Range p-value Test for a statistical difference between sample means 

Inter-Sample Variability of 2 mm Amplitude Samples (2.1, 2.2 and 2.3) 
4.5 %–5.5 % 0.907 p > 0.05, therefore no statistical differences between means. 
7.5 %–8.5 % 0.884 p > 0.05, therefore no statistical differences between means. 
11.5 %–12.5 % 0.075 p > 0.05, therefore no statistical differences between means. 
15.5 %–16.5 % 0.143 p > 0.05, therefore no statistical differences between means. 
Inter-Sample Variability of 3 mm Amplitude Samples (3.1, 3.2, 3.3 and 3.4) 
4.5 %–5.5 % 0.018 p < 0.05, there are statistical differences between means:  

• Sample 3.2 is statistically different to Samples 3.1 and 3.3 
7.5 %–8.5 % 0.015 p < 0.05, there are statistical differences between means:  

• Sample 3.2 is statistically different to Samples 3.1, 3.2 and 3.3 
11.5 %–12.5 % 0.137 p > 0.05, therefore no statistical differences between means. 
15.5 %–16.5 % 0.029 p < 0.05, there are statistical differences between means:  

• Sample 3.2 is statistically different to Sample 3.1 
Inter-Sample Variability of 4 mm Amplitude Samples (4.1, 4.2, 4.3 and 4.4) 
4.5 %–5.5 % 0.008 p < 0.05, there are statistical differences between means:  

• Sample 4.1 is statistically different to Sample 4.4  
• Sample 4.2 is statistically different to Samples 4.3 and 4.4 

7.5 %–8.5 % 0.008 p < 0.05, there are statistical differences between means: 

(continued on next page) 
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Table B1 (continued ) 

Strain Range p-value Test for a statistical difference between sample means  

• Sample 4.1 is statistically different to Sample 4.4 
11.5 %–12.5 % 0.069 p > 0.05, therefore no statistical differences between means. 
15.5 %–16.5 % 0.147 p > 0.05, therefore no statistical differences between means. 
Inter-Sample Variability of 1 Wavelength Samples (λ1.1, λ1.2 and λ1.3) 
4.5 %–5.5 % 0.063 p > 0.05, therefore no statistical differences between means. 
7.5 %–8.5 % 0.391 p > 0.05, therefore no statistical differences between means. 
11.5 %–12.5 % 0.418 p > 0.05, therefore no statistical differences between means. 
15.5 %–16.5 % 0.582 p > 0.05, therefore no statistical differences between means. 
Inter-Sample Variability of 2 Wavelengths Samples (λ2.1, λ2.2, λ2.3 and λ2.4) 
4.5 %–5.5 % 0.403 p > 0.05, therefore no statistical differences between means. 
7.5 %–8.5 % 0.873 p > 0.05, therefore no statistical differences between means. 
11.5 %–12.5 % 0.798 p > 0.05, therefore no statistical differences between means. 
15.5 %–16.5 % 0.514 p > 0.05, therefore no statistical differences between means. 
Inter-Sample Variability of 3 Wavelengths Samples (λ3.1, λ3.2 and λ3.3) 
4.5 %–5.5 % 0.050 p < 0.05, there are statistical differences between means:  

• Sample λ3.2 is statistically different to Samples λ3.1 and λ3.3 
7.5 %–8.5 % 0.026 p < 0.05, there are statistical differences between means:  

• Sample λ3.2 is statistically different to Sample λ3.3 
11.5 %–12.5 % 0.057 p > 0.05, therefore no statistical differences between means. 
15.5 %–16.5 % 0.196 p > 0.05, therefore no statistical differences between means.   

Table B2 
Results from one-way ANOVA tests (95 % confidence level) investigating data linearity by checking for a statistical difference between the Young’s Modulus values 
at the different strain ranges (4.5–5.5 %, 7.5 %–8.5 %, 11.5 %–12.5 % and 15.5 %–16.5 %).  

Sample Type p-value Statistical Difference Between Young’s Modulus Means at Different Strain Ranges? 

2 mm Amplitude p < 0.001 p < 0.05, there are statistical differences between means:  
• 15.5 %–16.5 % strain is statistically different to 4.5 %–5.5 %, 7.5 %–8.5 % and 11.5 %–12.5 % % strain.  
• 4.5 %–5.5 % is statistically different to 11.5 %–12.5 % strain. 

3 mm Amplitude p < 0.001 p < 0.05, there are statistical differences between means:  
• 15.5 %–16.5 % strain is statistically different to 4.5 %–5.5 % and 7.5 %–8.5 % strain. 

4 mm Amplitude 0.798 p > 0.05, therefore no statistical differences between means. 
1 Wavelength 0.953 p > 0.05, therefore no statistical differences between means. 
2 Wavelengths 0.350 p > 0.05, therefore no statistical differences between means. 
3 Wavelengths 0.644 p > 0.05, therefore no statistical differences between means.   

Table B3 
Linear and quadratic R2 values for the average stress-strain data (average of Reps 1 to 3) for each 
sample.  

Sample Linear Model R2 Value (%) Quadratic Model R2 Value (%) 

2.1 99.75 99.97 
2.2 99.77 99.99 
2.3 99.76 99.99 
2.4 99.77 99.98 
3.1 99.77 99.99 
3.2 99.79 99.93 
3.3 99.79 99.93 
3.4 99.93 99.99 
4.1 99.94 99.96 
4.2 99.98 99.98 
4.3 99.85 99.86 
4.4 99.99 99.99 
λ1.1 99.93 99.98 
λ1.2 99.76 99.88 
λ1.3 99.97 99.98 
λ1.4 99.99 99.99 
λ2.1 99.48 99.8 
λ2.2 99.98 99.98 
λ2.3 99.98 99.99 
λ2.4 99.98 99.99 
λ3.1 97.83 99.09 
λ3.2 99.99 99.99 
λ3.3 99.98 99.99  
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