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A B S T R A C T   

The measurement of the elastic modulus of soft biomaterials via nanoindentation relies on the accurate deter-
mination of the zero-point of the tip-sample interaction on which the depth of penetration into the sample is 
based. Non-cantilever based nanoindentation systems were originally designed for hard materials, and therefore 
monitoring the zero-point contact presents a significant challenge for the characterisation of very soft bio-
materials. This study investigates the ability of non-cantilever based nanoindentation to differentiate between 
hydrogels with elastic moduli on the order of single kiloPascals (kPa) using a bespoke soft contact protocol and 
low flexural stiffness of instrument. Polyethylene glycol (PEG) hydrogels were fabricated as a model system with 
a range of elastic moduli by varying the polymer concentration and degree of crosslinking. Elastic modulus 
values were calculated using the Oliver-Pharr method, Hertzian contact model, as well as a viscoelastic model to 
account for the time-dependent behaviour of the gels. The stiffness measurements were validated by measuring 
cantilever beams with the equivalent flexural stiffness to that of the PEG hydrogels being tested. The results 
demonstrated a high repeatability of the measurements, enabling differentiation between hydrogels with elastic 
moduli in the single kPa to hundreds of kPa range.   

1. Introduction 

Hydrogels are often hydrophilic, biocompatible and biodegradable, 
which makes them promising soft biomaterials for biomedical applica-
tions such as regenerative medicine (Slaughter et al., 2009; Lin and 
Anseth, 2009), tissue engineering (Neumann et al., 2016), medical im-
plants (Haque et al., 2012; Seliktar, 2012), targeted drug delivery sys-
tem (Knop et al., 2010) and wound healing (Xue et al., 2019; Hou et al., 
2020). In general, synthetic hydrogels can bear significant stresses under 
large strains by adjusting their crosslinked structure, for example 
compressive stress up to tens of megapascals (MPa) can be accommo-
dated under strains of 90–95% (Gong, 2010). In addition, their phys-
ically/chemically crosslinked biphasic network can be tailored to 
provide an excellent environment for cell culture (Tibbitt and Anseth, 
2009). 

One of the major challenges in the field of the synthetic soft bio-
materials is the ability to precisely control the mechanical properties of 
soft biomaterials to meet specific clinical needs, for example by varying 

permeability and/or swelling ratio (Huth et al., 2019). However, 
obtaining accurate mechanical property measurements is a challenging 
undertaking due to the lack of standards for the characterisation of very 
soft materials (Rubiano et al., 2019). 

Currently, conventional techniques such as compression and tensile 
testing methods are used to characterise these materials (Burke et al., 
2019; Cao et al., 2019; Zant et al., 2015; Cha et al., 2010; Huang et al., 
2018; Khoushabi et al., 2018; Canillas et al., 2019; Fathi-Achachelouei 
et al., 2019; Wyss et al., 2020) usually performed at the macroscale, or 
atomic force microscopy (AFM) (Huth et al., 2019; Zhu et al., 2011; 
Suriano et al., 2016; Esteki et al., 2020) performed at the nano/-
submicron scale. However, the modulus values of soft materials deter-
mined by different techniques can span three orders of magnitude at 
different length scales (Huth et al., 2019; Burke et al., 2019; Cao et al., 
2019; Zant et al., 2015; Cha et al., 2010; Huang et al., 2018; Khoushabi 
et al., 2018; Canillas et al., 2019; Fathi-Achachelouei et al., 2019; Wyss 
et al., 2020; Zhu et al., 2011; Suriano et al., 2016; Esteki et al., 2020; 
Strange and Oyen, 2012; Kalcioglu et al., 2012). 
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Instrumented nanoindentation has been widely used to quantita-
tively analyse the mechanical properties of metals and thin films with 
elastic-plastic behaviour based on their force-displacement response 
(Fischer-Cripps, 2011). In contrast to macroscopic methods or 
AFM-based nanoindentation, the testing length scale can vary from the 
microns range down to the submicron/nanometre range, enabling 
assessment of both surface and bulk properties of materials, with a 
high-spatial resolution depending on the geometry of the indenter tip 
used (Tsui and Pharr, 1999). Recently, nanoindentation has been 
applied to soft materials with elastic moduli in the range below 10 kPa to 
hundreds of kPa (e.g. Optics11 indenter (Islam and Oyen, 2021), and 
others (Swain et al., 2017; Jiri et al., 2014; Carrillo et al., 2005; Eben-
stein and Pruitt, 2004)), however, differentiating soft biomaterials with 
an elastic moduli of the order of single kilopascals using non-cantilever 
based nanoindentation systems remains challenging. 

The accuracy of nanoindentation relies on the system’s ability to 
correctly determine the area of contact between the tip and the material 
during the indentation cycle. This in turn relies on the determination of 
the zero-point, or the point at which the tip contacts the sample surface, 
so the depth of penetration can be accurately determined. In all 
commercially available non-cantilever based systems, movement of the 
tip requires some form of actuation, with the resistance to this move-
ment coming from the deformation of the supporting springs between 
the frame and the tip holder. The flexural stiffness of the system derives 
from the stiffness of these springs, with the load vs. deformation of the 
springs normally determined through calibrations and removed from the 
indentation data during the analysis. For soft materials with modulus 
values in the kPa range, it can be difficult to determine the zero-point as 
the flexural stiffness of the measurement system (~100–167 N/m (Huan 
et al., 2010; Keysight Technologies, n.d.; Wang et al., 2015)) is much 
higher than the contact stiffness of tip-sample interaction (~1 N/m). 
Other techniques are in development such as microelectromechanical 
systems based scanning probe microscope (MEMS-SPM) which offer 
lower flexural stiffness values in the region of 13 N/m (Zhi Li et al., 
2019). 

The issue with high flexural stiffness when testing soft materials is 
that the system relies on being able to detect when additional resistance 
to the tip movement begins, over and above the resistance due to the 
spring deformation. When the flexural stiffness is high and the sample 
modulus is low, the initial contact and the change in resistance may not 
be discernible until the tip has penetrated many microns into the sur-
face. This causes two issues; the first is the registration of the surface 
location during the pre-indentation setup and the second is the regis-
tration of the surface required for determination of the zero-point. The 
first can result in the additional penetration of the tip into the material 
surface which after sample positioning can result in the tip already being 
in contact with the surface when the indentation starts. The second can 
result in the false registration of the zero-point, with the tip having 
penetrated into the surface before the zero-point is assigned, resulting in 
a false area of contact and subsequent incorrect measures of the modulus 
and hardness values. 

Apart from the zero-point determination, there are additional chal-
lenges in the nanoindentation testing of extremely soft biomaterials. The 
first is that there is no standard model for data processing of soft bio-
materials; so far, the Oliver-Pharr method (Drira and Yadavalli, 2013) 
and Hertzian analysis (Swain et al., 2017) have been used in different 
studies, and these may produce inconsistent results. Furthermore, soft 
biomaterials show time-dependent mechanical behaviours (i.e. visco-
elasticity and poroelasticity), which require dynamic mechanical anal-
ysis and more sophisticated data analysis techniques (Lai and Hu, 2018; 
Nagy et al., 2004; Feng and Ngan, 2002). The second is a lack of a 
standard soft material with known mechanical properties for calibration 
and verification. Standard reference materials such as fused silica have 
been commonly used for the calibration of hard materials. Although 
there are commercially available hydrogel samples for calibration (e.g. 
Petrisoft™ 35 mm Dish Easy Coat hydrogel), there is batch-to-batch 

variability in soft materials, which would affect the repeatability of 
the calibration process (Ebenstein and Pruitt, 2004). In addition, the 
determination of elastic modulus of Petrisoft™ gels was obtained using 
the Hertz model with an assumed Poisson’s ratio value. The Hertz model 
suffers from the limitations, for example, the time-dependent behaviour 
of the hydrogel is not considered. The Poisson’s ratio can vary with 
hydrogel composition, which results in variability in the stiffness cali-
bration. Therefore, alternative calibration techniques are still required 
for the stiffness calibration in low stiffness range. 

This study investigates the ability of a non-cantilever based nano-
indentation system to determine the elastic moduli of hydrogels with 
elastic moduli in the single kPa range by utilising a ‘soft contact proto-
col’. To verify these findings, a new calibration procedure is presented 
that uses cantilever beams of equivalent stiffness to the hydrogels under 
investigation. The nanoindentation results are examined using the 
Oliver-Pharr method, Hertzian model, as well as an elastic-viscoelastic 
model to account for the time-dependent behaviour of the hydrogels. 

2. Materials 

Pre-polymerised mixtures were produced using a combination of 
poly[(ethylene glycol) methacrylate] (PEG-MA, Mn = 360 Da, Sigma- 
Aldrich Co.) as a monomer, and poly(ethylene glycol) dimethacrylate 
(PEG-DMA, Mn = 550 Da, Sigma-Aldrich Co.) as a cross-linking agent. 
To determine the effect of cross-linking level on modulus value, PEG 
mixtures were prepared with 5, 10, 20 wt% of the cross-linking agent. 
PEG hydrogel samples were fabricated from 10, 20, 40 wt% PEG mix-
tures in phosphate buffered saline (PBS) in a climate chamber at 70 ◦C 
and 98% humidity for 2 h. The thermal free-radical polymerisation was 
initiated by ammonium persulfate (APS, Sigma-Aldrich Co.) with a 
molecular weight and purity of 228.20 g/mol and ≥99.99%, respec-
tively. The code name of each specimen denotes the mass fraction of PEG 
mixture (wt%) in PBS, followed by the PEGMA:PEGDMA ratio. For 
example, “10.95.5” denotes the mass fraction of the PEG mixture in PBS 
is dissolved at 10 wt% where 95 wt% of PEGMA is mixed with 5 wt% of 
PEGDMA prior to polymerisation. The hydrated samples were around 7 
mm in diameter and 2 mm thick. The formulations and mass swelling 
ratio of PEG-based hydrogel samples are listed in Table 1. 

3. Methodology for nanoindentation testing 

3.1. Nanoindentation test setup 

The nanoindentation experiments were performed using a NanoTest 
Vantage system (MicroMaterials Ltd., Wrexham). A 500 μm radius 
spherical diamond tip was used as this allows for a large area of contact 
even at shallow indentation depths to overcome the discrepancies in 
measurements due to the surface roughness and heterogeneity in the 
hydrogel materials. A schematic of the indenter interacting with the 
hydrogel is shown in Fig. 1. 

The test system is a pendulum based nanoindentation system and it 
provides a low flexural stiffness (~8 N/m). Prior to testing, a fully 
swollen PEG hydrogel specimen was adhered to the sample stub using a 
cyanoacrylate adhesive. A liquid cell set up allowed the hydrogels to be 
fully immersed in PBS solution, ensuring they were in a fully hydrated 
state before and during testing (MicroMaterials, n.d.). All tests were run 
in a temperature-controlled environment (20 ± 1 ◦C). 

3.2. Soft contact protocol 

Traditionally, non-cantilever nanoindentation systems identify the 
location of the sample’s surface prior to testing by bringing the tip and 
the surface into contact, with the system determining the contact when a 
load of 10 μN is detected. Once detected, the system moves both the tip 
and the sample into a predefined measurement position which maxi-
mises the indentation depth measurable and places the tip 500 nm from 
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the detected ‘surface position’. However, for materials with moduli in 
the kPa range, the tip may penetrate multiple microns into the surface 
prior to a 10 μN load being detected, resulting in the tip remaining in 
contact with the surface at the predefined measurement position. 

The soft contact protocol attempted to address two issues: (i) finding 
the surface position during the pre-indentation setup and (ii) finding the 
zero-point to determine the accurate indentation depth. 

This protocol allows the user to define a new measurement position, 
up to 50 μm from the detected ‘surface position’ (called initial tip- 
surface offset distance), ensuring the tip is clear of the sample surface 
prior to indentation. To enhance the accuracy of the zero-point deter-
mination, the protocol removes the 10 μN load based automatic zero- 
point determination and acquires load vs depth data collection from 
the onset of the indenter approach to the sample. This allows the user to 
determine the zero-point manually post-test. When the tip is travelling 
in the liquid before the tip-sample contact, the test force and the tip 
displacement are coupled by the supporting springs. 

The flexural stiffness of the system derives from the stiffness of the 
supporting springs, with the load vs. deformation of the springs nor-
mally determined through calibrations post-indentation and removed 
from the raw indentation data during the analysis. The evolution of the 
contact stiffness S can be obtained from the test force vs. tip displace-
ment post-indentation (S = dF/dh) when the flexural stiffness is 
removed from the raw load and displacement data (Fig. 2). The removal 
of the flexural stiffness flattens the contact stiffness curve before the 
initial tip-sample contact. The new zero-point is determined manually 
by detecting the start point of the continuous increase in the contact 
stiffness of the tip-sample interaction (Fig. 2). 

3.3. Experimental setup 

The nanoindentation tests were performed in load control to a 
maximum load (between 300 and 500 μN), with a 120 s hold at 
maximum load; loading and unloading rates were set at 1 μN/s and 5 
μN/s respectively. This process of slow loading, more rapid unloading 
and long hold period was implemented to account for the viscoelastic 
and poroelastic behaviour of the hydrogels (Bush et al., 2015). The 

indentation loading was set to terminate at either the maximum load or 
28 μm indentation depth (which is slightly less than the full measure-
ment range of 28.9 μm for the NanoTest Vantage system). Thirty in-
dentations were performed on each of the hydrogel samples (3 samples 
for each PEG composition) with a minimum indent spacing of 300 μm, 
giving a total of 90 indents for each PEG composition. 

3.4. Data analysis 

3.4.1. Oliver-Pharr method 
The system outputs a value known as the reduced modulus Er, which 

takes into account the Young’s modulus of the diamond indenter and the 
specimen, as expressed in equation (1) 

1
Er

=
1 − υ2

i

Ei
+

1 − υ2
s

Es
(1)  

where, Er denotes the reduced modulus, Ei is the Young’s modulus of the 
indenter (1141 GPa for diamond indenter), Es is the Young’s modulus of 
the specimen, υi is the Poisson’s ratio of the indenter (0.07) and υs is the 
Poisson’s ratio of the specimen. For soft materials, the indenter term in 
Equation (1) can be neglected as the compliance of the indenter is much 
less than the compliance of the soft materials, which leaves the reduced 
modulus (also called the effective modulus) Er= Es/(1- υs

2). Accurate 
values of the Poisson’s ratio for these hydrogels were not known and 
would have varied with the composition as well as the level of cross-
linking of the materials, thus, the reduced modulus values are reported 
in this study. 

Based on the Oliver-Pharr method (Oliver and Pharr, 1992), for the 
spherical indenter, the reduced modulus can be calculated from the 
contact stiffness and the contact area at the penetration depth 

Er =

̅̅̅
π

√

2
S
̅̅̅
A

√ (2)  

where S is the contact stiffness between the tip and the sample, which 
can be obtained by fitting the upper portion of the unloading curve with 

Table 1 
PEG-based hydrogel material properties with varying concentration and crosslinking degree.  

Code 10.95.5 10.90.10 10.80.20 20.95.5 20.90.10 20.80.20 40.95.5 40.90.10 40.80.20 

PEG content (wt%) 10 10 10 20 20 20 40 40 40 
PEGMA/PEGDMA Ratio 95:5 90:10 80:20 95:5 90:10 80:20 95:5 90:10 80:20 
Mass swelling ratio (%) 97 ± 0.47 95 ± 0.06 94 ± 36 89 ± 0.02 88 ± 0.00 88 ± 0.14 78 ± 0.05 74 ± 0.00 75 ± 0.13  

Fig. 1. A schematic representation of a spherical indenter contacting with 
hydrogel specimen, adapted from reference (Ding et al., 2018). The applied 
load is P, the radius of the spherical indenter is R, the radius of the circle of 
contact is a, the total penetration depth is d, and the thickness of hydrogel 
specimen h. 

Fig. 2. Contact stiffness evolution during the tip movement.  
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a linear fit; A is the area of contact between the indenter and the sample. 

3.4.2. Hertz model 
Another widely used model for analysing the nanoindentation 

measurements of soft materials is the Hertz model. When using a 
spherical tip with a radius of R, the force-displacement data during the 
loading response are fitted to the Hertzian elastic loading response 
(Kontomaris and Malamou, 2020), as expressed in equation (3) 

P=
4
3

ErR1/2d3/2 (3)  

where P is the applied load, d is the displacement. 
The Hertz model or the Oliver-Pharr analysis is based on the same 

underlying contact mechanics theory and can be applied for soft bio-
materials with the following assumptions (Kontomaris and Malamou, 
2020), (Long et al., 2011). Firstly, the samples can be regarded as 
isotropic and homogeneous materials presenting a linear elastic 
response. Secondly, the sample can be considered as an infinite half 
space. This means the sample thickness is large in comparison to other 
length scales (e.g. the indenter radius or contact depth). Thirdly, it is 
assumed that there is no adhesion and friction between the contacting 
surfaces. 

3.4.3. Elastic-viscoelastic model 
To account for the time-dependent mechanical behaviour of the 

hydrogels, the creep-displacement-time data were analysed using the 
analytical solutions for the elastic-viscoelastic correspondence previ-
ously developed by Oyen (2005) and Mattice et al. (2006), to obtain 
equilibrium modulus values. 

The hydrogel viscoelasticity in the time domain was expressed by 
using an empirical Prony series, for example the creep compliance of 
hydrogel materials in load-controlled creep can be expressed using 
equation (4) 

J(t)=C0 −
∑j

i=1
Ci exp( − t / τi) (4)  

where J is the creep compliance in shear (J = 1/G), C0, Ci are constants 
and C0 = 2 G∞, τi denotes the viscoelastic relaxation time. 

For spherical indentation creep following the ramp load, the 
displacement-time function during the hold period can be given by 
equation (5) 

h3/2(t)=
3Pmax(1 − υ)

4
̅̅̅
R

√ {C0 −
∑j

i=1
Ci exp( − t / τi)RCFi} (5)  

where RCFi is the “ramp correction factor”, and can be expressed by 
equation (6) 

RCFi =
τi

tR
[exp(tR / τi) − 1] (6)  

where tR is the ramp loading time. The final displacement h(∞) can be 
estimated using the empirical creep displacement function h(∞) = a(1-e- 

bt) which can be interpreted from the Kelvin-Voigt viscoelastic model (a, 
b are fitted constants) (Hackney et al., 2012). Thus, the equilibrium 
shear modulus G∞ and reduced modulus Er,∞ = 2 G∞/(1-ν) can be 
determined based on equation (5). 

3.5. Statistical analysis 

Statistical analysis was performed on each sample and each pene-
tration depth to determine the mean and standard deviation values. To 
identify if there is a statistically significant difference in two group 
comparisons, one-way ANOVA with Tukey’s HSD post hoc test was 
employed between the groups. Statistical significance was achieved 
when p-values were less than 0.05. 

3.6. Calibration of a cantilever beam 

The calibration procedure for the soft contact protocol of nano-
indentation used a cantilever beam made of thin polypropylene plastic 
film with the film thickness of 0.45 mm (RS Components Ltd.). The 
cantilever beam has a rectangular cross-sectional area with the width 
(W) of 1 mm and the height (H) of 0.45 mm (Fig. 3). To be fixed at a 
sloped end sample stub, the cantilever beam was glued to a flat end 
surface with the width of ~1 mm. To generate cantilever beams with 
different flexural stiffness, the length (L) of cantilever beam was 
changed to 20 mm, 25 mm, 30 mm, 35 mm, and 40 mm, as measured 
from the fixed end to the loading point. The spherical indenter tip with a 
radius of 50 μm was brought into contact with the cantilever at the free 
end under load control using the soft contact protocol, with both loading 
and unloading rates set to 5 μN/s. The deflection of the cantilever beam δ 
under the load P is given by equation (7) (Holbery et al., 2000): 

δ=
4PL3

EWH3 (7)  

where E is the Young’s modulus of the polypropylene plastic film, E =
1.67 GPa. Rearranging Equation (7), the flexural stiffness k (or the 
“spring constant”) of the cantilever beam can be determined by equation 
(8) 

k=
EWH3

4L3 (8) 

Three tests were carried out at each length of cantilever beam, and 
the flexural stiffness of the cantilever beams was obtained by a linear 
fitting to the load-displacement data. 

4. Results 

Typical force-displacement curves for one of the hydrogel samples 
(40.90.10) are shown in Fig. 4a. Repeatable indentation curves were 
obtained when the protocol was applied at different locations on spec-
imen. Fig. 4b shows typical force-displacement curves for three of the 
PEG hydrogels, with the indenter tip travelling a distance of ≈11–12 μm 
before contact was detected. The average Er values were determined to 
be 3.28 kPa, 12.28 kPa and 154.59 kPa using the Oliver-Pharr (O–P) 
method for 10.90.10, 20.90.10 and 40.90.10 respectively. 

4.1. Effect of PEG hydrogel mixture concentration 

The average Er values obtained from the O–P method were plotted 

Fig. 3. A schematic of the cantilever beam with the length of L fixed at one end 
to a sample stub applied by the load P. 
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against the PEG concentrations (Fig. 5). The average Er values for the 10 
wt% PEG hydrogels were in the single kPa range (2.7–5.3 kPa), while 
significantly higher Er values were found for the 40 wt% PEG hydrogels 
(28–205 kPa). For each PEGMA:PEGDMA ratio, the Er values of the PEG 
hydrogels increased with increasing PEG concentration. The overall best 
fit for the Er values with the PEG concentration without regard of various 
PEGMA:PEGDMA ratios had a corresponding power law of 2.2 (i.e. Er∝ 
cb, c denotes the total polymer concentration), with all differences being 
statistically significant between groups (p < 0.001). No statistically 
significant differences (p > 0.05) were found between samples of the 
same PEG composition indicating good repeatability in the measure-
ment and protocol. 

4.2. Effect of crosslinking 

For all three models, the average Er values increased with increasing 
concentrations of the cross-linker PEGDMA (5, 10, 20 wt%), with all 
differences between groups being statistically significant (p < 0.001) 
(Fig. 6). The trendlines of best fit for Er with the crosslinker PEGDMA 
concentration were found to correspond to power laws for different PEG 
polymer concentrations, except for the 40.90.10 PEG samples deviating 
from the fit. The trend became steeper as the PEG polymer concentra-
tions increased. 

4.3. Effect of data analysis techniques 

The O–P method predicted between 4% and 37% higher moduli 
values than the Hertz and viscoelastic models for all cases (Fig. 6). 
However, no statistically significant difference was found for the Er 
values of the 10.95.5, 10.80.20, 20.80.20 PEG samples (p > 0.05) be-
tween the O–P method and the Hertz model. The equilibrium reduced 
modulus values (Er,∞) obtained from the viscoelastic model were 
consistently lower than the Er values from the Hertzian model. Overall, 
the Er,∞ data showed higher standard deviations compared to those from 
the O–P method and Hertzian elastic analysis. However, the trendlines 
of best fit for Er with the crosslinker PEGDMA concentration had similar 
power laws for all three models (Fig. 6). 

4.4. Stiffness measurements of the cantilever beam 

A range of stiffness values k (k = 0.59 N/m, 1.42 N/m, 2.45 N/m) 
were generated and compared with the nanoindentation results in 
Fig. 7a. Linear fitting of the load-displacement indentation curves gave 
flexural stiffnesses of km = 0.56 ± 0.03 N/m, 1.42 ± 0.06 N/m, 2.37 ±
0.1 N/m, respectively. The stiffness was calculated and plotted as a 
function of the length of the cantilever beam and compared with the 
measured stiffness (Fig. 7b). The measured stiffness showed a good 
agreement with the calculated values as the errors were less than 10% in 
all tests, and the standard deviations of measurements were less than 5% 
of the average values. 

The force-displacement curves for a cantilever with a nominal flex-
ural stiffness of 0.59 N/m and a hydrogel (40.90.10) with a measured 
stiffness of 0.56 N/m (corresponding to a measured modulus of 3.28 
kPa) were very similar (Fig. 8). 

5. Discussion 

This study has demonstrated the ability of nanoindentation to 
differentiate between hydrogels with elastic moduli on the order of 
single kPa and has verified this through measurements on cantilever 
beams of equivalent stiffness to the tested PEG hydrogels. 

5.1. Calibration of the stiffness measurements 

There is a lack of standard soft materials with known mechanical 
properties for calibrating indentation measurements on soft bio-
materials. Firstly, although some commercial hydrogel materials with 
known stiffness are available (e.g. Petrisoft™ 35 mm Dish Easy Coat 
hydrogel), there is batch-to-batch variability which would affect the 
repeatability of the calibration process for super soft materials in the 
single kPa range. Secondly, the stiffness calibration of the commercial 
hydrogels was performed by applying Hertz’s model with assumed 

Fig. 4. Typical indent curves of PEG hydrogels (a) Ten indent curves obtained from different locations within one PEG hydrogel specimen of 40.90.10; (b) 
indentation curves from PEG specimen of 10.90.10, 20.90.10 and 40.90.10. 

Fig. 5. Reduced moduli predicted by the O–P method as a function of PEG 
hydrogel concentrations (10, 20, 40 wt%). The black, blue and red circles 
denote the average Er values of different crosslinker PEGDMA concentrations 
(5, 10, 20 wt %) in PEG polymer, and the error bars represent the standard 
deviation from 90 indentations for each PEG composition. 
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Poisson’s ratio values. There are limitations of the Hertz’s model on soft 
biomaterials which has been mentioned in Section 3.4.2. The Poisson’s 
ratio can vary with the hydrogel compositions, which may cause the 
uncertainty in the stiffness calibration. In addition, the achieved stiff-
ness calibration may not be reliable as the measured stiffness can be 
affected by the length scale of the measurements. 

This study proposes a new calibration procedure that measured a 
range of flexural stiffnesses of cantilever beams, enabling the validation 
of nanoindentation measurements at low stiffness levels. This stiffness 
calibration method does not require the manufacture of hydrogels with a 
range of stiffness values. It can provide a range of stiffness levels by 
simply changing the length of cantilever beams. This method demon-
strated high repeatability and results matched the analytically predicted 
stiffnesses well as both the errors and standard deviations were small 
(Fig. 7b). In addition, the calibration procedure also demonstrated the 
measured flexural stiffness of beams equivalent to the contact stiffness of 
the investigated hydrogels with elastic moduli at the single kPa level 
(Fig. 8). The hysteresis in the load-deflection curve is due to the small 
amount of creep when holding the load for 10 s after ramp loading. 

5.2. Comparison with other testing methods 

The elastic moduli of PEG-based hydrogels have been widely inves-
tigated using conventional macroscopic testing methods complied to 
compression and tension, microindentation and AFM, with the reported 
values of elasticity of PEG-based hydrogels in a broad range varying 
from 4 kPa to 1 MPa (Burke et al., 2019), (Khoushabi et al., 2018; 
Canillas et al., 2019), (Mignon et al., 2019; Rice and Anseth, 2004; 
Kolewe et al., 2018; Shapiro and Oyen, 2014; Gäbler et al., 2009; Lau 
et al., 2020). The Er values presented in this study are of the same order 
of magnitude as the elastic moduli measured by compression/tensile 
tests reported in the literature for similar PEG hydrogel systems (Zant 
et al., 2015; Rice and Anseth, 2004; Mignon et al., 2019) (Fig. 9). As an 
example, at 10 wt% PEG concentration, the new protocol recorded Er 
values of this study were between 2 and 7 kPa, compared to compressive 
modulus values of 4–12 kPa observed for compression tests on PEGDMA 
hydrogels (Rice and Anseth, 2004). As the compliance of the indenter is 
much less than the compliance of the soft materials, the indenter term 
contributing to the reduced modulus can be neglected. The reduced 

Fig. 6. Reduced moduli as a function of crosslinker PEGDMA concentrations in PEG polymer: (a) 5 wt %, (b)10 wt %, (c) 20 wt %. The circles denote the average Er 
values and the error bars represent the standard deviations (90 indentations for each PEG composition). 

Fig. 7. The stiffness measurements of the cantilever 
beams using the soft contact protocol, compared to 
the stiffness values obtained using Equation (8). (a) 
Load versus tip displacement for variations in the 
cantilever length (red: 40 mm, blue: 30 mm, black: 
25 mm); Solid, dot and dash lines were from three 
repeating tests and lines with circle markers were 
from calculations based on Equation (8); (b) Stiffness 
versus length of cantilever beams measured by 
nanoindentation in comparison with stiffness values 
obtained using Equation (8), the circle being the 
average values with error bars denoting standard 
deviations.   
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modulus will be very close to the elastic modulus of the soft materials. 
While the Er values were reported instead of Young’s modulus values as 
the Poisson’s ratio for these hydrogels were not known, the Er value can 
still be used for comparing the relative stiffnesses of different hydrogel 
materials. 

While macroscopic compressive and tensile mechanical tests can 
measure moduli down to the single kPa scale, they are subject to a 
number of limitations. As the load and displacement resolution is rela-
tively low, a large volume of material is often required at length scales of 
the order of millimetres. In addition, the specimen would be unusable 
after a single test. Secondly, specific size and the shape requirements 
present challenges in manufacturing accurately sized samples free from 
damage. Perhaps of most relevance to the current study, tensile tests 
present difficulties with ‘gripping’ soft specimens (Oyen, 2014). 

Shapiro and Owen used microindentation to obtain shear modulus 

values for PEGDMA hydrogels (Shapiro and Oyen, 2014). They found 
elastic moduli comparable to this and other studies (Fig. 9), however, 
the standard deviations observed (~60%) were much higher than those 
values in this study (~25%, 40%, 32% for the three different cross-
linking levels, respectively). Nanoindentation was also performed on the 
same 10 wt% PEGDMA gels by Shapiro and Oyen (2014), where they 
found much higher shear modulus values and standard deviations (14.6 
± 9.2 kPa) than those presented here. 

The indenter tip used in microindentation is often of the order of 
several millimetres, which results in a contact area much larger than the 
length scale of the underlying hydrogel microstructure; thus, micro-
indentation is not suitable for characterising heterogeneity within the 
materials. In addition, the size of the indenter tip used, restricts micro-
indentation to a shallow depths of penetration and small strains 
(Rubiano et al., 2019). 

In contrast to the macro and microscopic techniques mentioned 
above, nanoindentation techniques enable characterisation of soft bio-
materials down nano-/micro-newton force and nanometre depth scale. 
In addition, there is no need for special preparation before testing and 
the sample volumes for testing are minimal. 

AFM-based nanoindentation has the finest spatial resolution as it 
uses small probe sizes with radii ranging from tens of nm to several μm. 
However, the results can vary widely due to the surface characteristics 
(e.g. surface topography and roughness) (Huth et al., 2019). Young’s 
modulus values from AFM-based nanoindentation tended to be higher 
than those measured by other techniques, especially for low modulus 
PEG hydrogels (Fig. 9). Similarly, soft PDMS samples can present 
Young’s moduli up to two orders of magnitudes higher than those from 
microindentation and tensile tests (Megone et al., 2018). One of the 
origins for the discrepancy between local (nanoscale) and bulk proper-
ties has been attributed to the surface adhesion between the AFM tip and 
the samples surfaces (Megone et al., 2018). In addition, the penetration 
depth of the AFM probe into soft materials is very limited by the 
deflection of the cantilever (up to 10 μm (Markert et al., 2013)), and the 
inclination angle of the cantilever can cause an additional shearing force 
between the tip and the samples at deeper indentation depths (Huth 
et al., 2019). These factors limit AFM-based nanoindentation to char-
acterisation of the surface and not bulk properties of samples. 
AFM-based nanoindentation is further complicated by the so-called 
“jump-in” effect. As the AFM probe approaches the sample, if the stiff-
ness of the cantilever is much lower than the stiffness of the tip-sample 
interaction, the cantilever spontaneously jumps into contact with the 
sample. This results in a false detection of the initial contact point and 
consequent inaccuracy in the determination of the contact area (Sheiko 
and Magonov, 2012). This is a particular issue when assessing low 
modulus gels as low stiffness cantilevers must be used if they are to flex 
in contact. 

In this study, the full measurement range of the indentation depth 
can be up to 28.9 μm, allowing the effects of surface properties to be 
obviated and enabling the assessment of the bulk properties of thick 
hydrogels. Note that no “jump into contact” phenomenon or adhesion 
effects were observed in the nanoindentation curves (Fig. 4). 

5.3. Effect of crosslinking and polymer concentration on the elastic 
moduli 

Selby et al. (2014) found a simple linear relationship between the 
elastic modulus and the concentration of crosslinker for poly(hydrox-
yethyl methacrylate) (pHEMA) specimens as the crosslinker concentra-
tion increased from 0.2 to 5%. This study found the relationship was 
more complex and dependent on both the crosslinker and total polymer 
concentration. The crosslinker concentration was observed to have a 
smaller effect on Er than the PEG polymer concentration (Figs. 5 and 6), 
in agreement with a previous study (Oyen, 2014). Oyen (2014) used 
data from multiple studies on swollen gels to determine a power law 
relationship (Er∝c2.25) between the elastic moduli and the total polymer 

Fig. 8. Comparison of the nanoindentation curves from the cantilever beam 
with the flexural stiffness of 0.59 N/m and the 40.90.10 hydrogel with the 
contact stiffness of 0.56 N/m. 

Fig. 9. The reported reduced moduli or Young’s moduli of PEG-based hydrogel 
measured with different experimental techniques, compared with the values 
reported in this study. Data compiled from: Macroscopic testing method (Zant 
et al., 2015; Rice and Anseth, 2004; Mignon et al., 2019); AFM-based nano-
indentation (Kolewe et al., 2018); Microindentation testing method (Shapiro 
and Oyen, 2014). 
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concentration similar to that observed in this study (Er∝ c2.2). Although 
there is a difference in the Er values obtained from different data analysis 
techniques, the relationship between the elastic moduli and the cross-
linker concentration was not affected according to the models, as evi-
denced by the parallel trendlines (Fig. 6). 

5.4. Elastic and elastic-viscoelastic analyses 

The Oliver-Pharr and Hertz models have been commonly used in the 
analyses of biological samples. For both models, the samples are 
approximately considered as homogeneous and isotropic materials and 
assumed as an infinite elastic half space. As such, the sample should be 
thick (i.e. h ≫

̅̅̅̅̅̅
Rd

√
), and the indentation depth should be small (i.e. the 

maximum indentation depth should not exceed 10% of the sample 
thickness according to Bückle’s rule (Clifford and Seah, 2006)). 

The Hertz model analyses the loading curve, while the Oliver-Pharr 
method uses the initial portion of the unloading curve and assumes only 
elastic recovery occurs during this phase. If the biological samples are 
isotropic, homogeneous, and purely elastic material, the loading and 
unloading curve will be identical and both models will yield the same 
results (Kontomaris and Malamou, 2020). However, the comparison 
between the Er datasets derived from both models showed that the O–P 
model produces higher moduli values in all cases (Fig. 6). This 
discrepancy is comparable to that reported in literature (Kontomaris and 
Malamou, 2020). 

It should be noted that there are limitations of Oliver-Pharr method 
for the soft biomaterials. Firstly, the unloading curve can be affected by 
the adhesion between the tip and the sample, which can influence the 
results. For this, the models such as Johnson-Kendall-Roberts (JKR) 
(Johnson et al., 1971) and Derjaguin-Muller-Toporov (DMT) (Derjaguin 
et al., 1975) should be considered. Secondly, the soft biomaterials show 
time-dependent behaviour (i.e. the creep behaviour), which results in a 
vertical or negative slope in the initial portion of unloading. Thus, high 
unloading rates and long hold periods are required to overcome this 
issue. In addition, some corrections on the unloading data have been 
applied for the Oliver-Pharr method to include the creep effect. Feng and 
Ngan (2002) presented a method by which the measured elastic 
modulus can be corrected for the effects of creep and thermal drift. 
Lower elastic modulus values were also obtained after the creep cor-
rections. In this study, the displacement rate to the unloading rate ratio 
at the end of 120s holding time was very small (<2.15E-4 μm/μN) 
compared to the apparent contact compliance (~0.1 μm/μN for the 
stiffest gel investigated), which means the effects of creep and thermal 
drift on the apparent contact stiffness can be neglected. 

The Er values using the Hertzian model were closer to the equilib-
rium elastic moduli (Er,∞) obtained by the viscoelastic model (Fig. 6), 
while the Er values produced by Hertz model were consistently higher 
than the Er,∞ values by taking into account the creep behaviour of the 
hydrogels. 

The poroelastic behaviour of the hydrogels was not considered here, 
but this will not affect the output of the equilibrium elastic moduli using 
Equation (5), as the poroelastic effect on the contact stiffness would be 
zero at final creep displacement. However, for indentation on thin 
hydrogel layers, the substrate effect will significant increase the 
measured reduced modulus values. When large strains are performed, 
the linear elastic models cannot be used. Furthermore, the influence of 
the poroelasticity on the contact stiffness will increase with the strains 
(Degen et al., 2020), and thus, the poroelastic mechanical properties (i. 
e. diffusivity and permeability) should also be considered, especially for 
large strains on thin hydrogel layers. Future studies could look at those 
phenomena. 

6. Conclusion 

This study has demonstrated the ability of a non-cantilever based 

nanoindentation system to determine the elastic moduli of materials 
which are in the order of single kPa, providing a repeatability that en-
ables differentiation between materials with stiffnesses of this magni-
tude. The Oliver-Pharr method produced statistically higher moduli 
values compared to the Hertz and viscoelastic models, while the rela-
tionship between the elastic moduli and the crosslinker concentration 
was not influenced by the analysis methods. In addition, the study has 
demonstrated a cantilever calibration method, to enable the validation 
of measurements at these low stiffness levels. 
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