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An understanding of the mechanical properties of soft hydrogel materials over multiple length scales is
important for their application in many fields. Typical measurement methods provide either bulk
mechanical properties (compression, tensile, rheology) or probing of nano or microscale properties and
heterogeneity (nanoindentation, AFM). In this work we demonstrate the complementarity of
instrumented microindentation to these techniques, as it provides representative Young's moduli for soft
materials with minimal influence of the experimental parameters chosen, and allows mechanical
property mapping across macroscopic areas. To enable automated analysis of the large quantities of
data required for these measurements, we develop a new fitting algorithm to process indentation data.
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This method allows for the determination of Young's moduli from imperfect data by automatic selection
of a region of the indentation curve which does not display inelastic deformation or substrate effects.
We demonstrate the applicability of our approach with a range of hydrogels, including materials with
patterns and gradients in stiffness, and expect the techniques described here to be useful developments
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Introduction

Hydrogels and related soft materials are highly studied for their
use in tissue engineering, regenerative medicine and other
biomedical applications such as use as cell culture media.'™®
Their biocompatibility, and flexible/stretchable nature also
make hydrogels attractive candidates for use in soft
robotics.”® For both these and many other applications, an
understanding of the mechanical properties and their spatial
relationships within these materials is crucial.”'° For example,
when considering biomedical applications, mechanical proper-
ties govern a plethora of biological processes including the
regulation of stem cell fate and activity,'" cell locomotion and
growth,">"? and immune response modulation."*

Hydrogel materials exhibit features spanning length scales
from the macroscopic to the nanoscale.'” Recently, it has been
recognised that in addition to their bulk mechanical properties,
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for the mechanical analysis of a wide range of soft and biological systems.

this heterogeneity is important to many of the aforementioned
applications.’®'” Characterisation methods for hydrogels
which examine both mechanical properties and their spatial
relationships on multiple length scales will enable better
understanding of these hierarchical and heterogeneous soft
materials.

Bulk mechanical characterisation methods, such as com-
pression or tensile tests and rheology, may provide representa-
tive properties for the entire material tested. Such methods,
however, (i) are unable to provide spatial relationships of
mechanical properties within materials; (ii) may be incompa-
tible with hydrated soft material (including biological samples)
which often require immersion in aqueous media throughout
measurement; and (iii) require specific sample sizes and geo-
metries which may be inaccessible or may damage many soft or
biological materials.®

Conversely, indentation measurements probe localised
mechanical properties, allowing a high degree of spatial infor-
mation to be obtained. These techniques are also less limited
in terms of sample geometry and require only small material
quantities. Instrumented nanoindentation with a load cell and
vertical probe setup allows for minimal analytical complexity,
however, is traditionally applied predominantly to harder
materials. As such, instruments typically use probe geometries
(e.g. sharp Berkovich tips, which complicate analysis of soft
materials)'® or analytical approaches (e.g. Oliver-Pharr analysis,
which yields discrepancies for viscoelastic materials and does

This journal is © The Royal Society of Chemistry 2022
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not account for adhesion effects)*>*' that are sub-optimal for
softer materials. Alternatively, atomic force microscopes (AFMs)
with cantilevers equipped with colloidal probes (typically
<10 pm diameter) are frequently applied to study the mechan-
ical properties of soft materials. These measurements may
provide high resolutions nanoscale mapping of mechanical
properties over localised areas (typically 100 x 100 um or
smaller).>'>* However, indentation measurements conducted
with small probes and sub-micrometre indentation depths
may be significantly influenced by highly localised or surface
features.>® Furthermore, the small probes employed are more
susceptible to significant changes in contact area due to
adhesive fouling when measuring soft samples.>® This beha-
viour may result in significant discrepancies between the
nanoscale and bulk mechanical properties.

Indentation with a microscale spherical probe (with dia-
meter on the order of hundreds of micrometres) provides a
complementary approach to both extremes, capable of deter-
mining spatial relationships in mechanical properties of mate-
rial features with length scales between the nanoscale and the
bulk. Measurements carried out on this length scale should be
less affected by localised features, and may provide modulus
values in greater agreement with bulk methodologies. Like
nanoindentation, however, these measurements require careful
experimental setup, and moduli determined may exhibit signi-
ficant dependency on the indentation parameters chosen.>
Lastly, although automation of AFM nanoindentation is com-
mon and available in many commercial and open-source AFM
software packages,””*® comparable methods for microindenta-
tion are less widespread, limiting their large-scale application.

In this work, we investigate the general applicability of
microindentation measurements to soft materials. We use an
instrumented indenter with a capacitive microforce sensor
utilising Micro-Electro-Mechanical System (MEMS) technology,
with a transverse comb drive configuration.>* Compared with
traditional load cells, this sensor class is compact but provides
high sensitivity, a low noise level, and is unaffected by tem-
perature.”® To better enable the acquisition and processing of
large volumes of microindentation data, such as with macro-
scale mechanical property mapping, we developed an auto-
mated data analysis approach. We focus our study on
hydrogels as readily accessible soft materials with many appli-
cations, however, given the similarities in their mechanical
properties, findings should also be applicable to many soft
biological or biomimetic systems.

Materials and methods
Indentation measurements

Indentation measurements were made used an FT-MTAO03
“Micromechanical Testing and Assembly System’ from Femto-
Tools AG. The instrument was equipped with an FT-S2000
Microforce Sensing Probe (with a force range of + 2000 uN at
a resolution of 0.005 uN). Spherical tips were obtained by
attaching borosilicate glass microspheres (nominal diameter
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250-300 pm, BSGMS-2.2 from Cospheric) to the silicon probe
with Norland Optical Adhesive 81 and curing with a 365 nm UV
LED (Thorlabs, Inc.).

Hydrogel samples were prepared (as described below) in a
bespoke aluminium sample holder, composed of a 4 x 4 array
of circular sample wells (depth 8 mm, diameter 5 mm) with
threaded walls to minimise sample movement. Unless other-
wise specified, all measurements were carried out with a layer
(approximately 1 mm thick) of aqueous medium covering the
sample, with the spherical component of the probe fully sub-
merged within the liquid medium for the entire measurement.
During measurements a constant sample temperature of 25 °C
was maintained using a bespoke environmental chamber
equipped with a recirculating 600 W air heating system.

To obtain indentation data, the instrument was operated
using the stick-slip actuator (29 mm vertical range, 1 nm
positional resolution) in a stepped operating mode, with
0.5 pm increments. The hydrogel surface was found by applying
a force threshold of between 5 and 30 uN, depending on the
stiffness of the sample, before retracting the probe a distance of
approximately 50 um from the surface to allow the acquisition
of baseline data. Unless otherwise specified, experimental
parameters were selected such that a maximum indentation
depth of approximately 50 pm was reached during each
measurement, and movement speed and wait time were set
to 10 pm s ' and 0.1 s, respectively. Data were collected
throughout the approach and indentation into the material
(loading) and retraction back to the initial probe position
(unloading). The sensor and probe were calibrated prior to
each set of experiments on a stiff surface, and the integrated
instrument software package used to correct acquired data
accordingly.

Compression measurements

Hydrogel samples were tested using displacement control in
quasi-static uniaxial compression (Shimadzu AGS-X, Japan)
with a 500 N load cell. Samples were removed from solution
shortly before testing, all tests were performed under atmo-
spheric conditions. The cross-bar head was displaced at a speed
of 0.2 mm min~" for each sample, until a maximum compres-
sive strain of 0.15 was reached. ‘Trapezium X' software was
connected to the Shimadzu to control displacement and
acquire data. Two smooth and circular compressive plates were
used to transfer compressive force from load cell to sample.
The compressive plates were wiped down between each test to
remove any residues. Stress-strain curves were obtained from
the force and displacement data using the initial sample
dimensions. Finally, the Young’s modulus was calculated from
the approximately linear region between 0-0.10 strain as
described by Kingsley et al. for agarose hydrogels.*°

Theoretical models

Within our analysis application, we applied both the Hertz*!
and the Johnson-Kendall-Roberts®*> (JKR) contact mechanics
models to fit indentation data. In the vast majority of hydrogel
indentation data analysed, the JKR model provided a superior
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fit of the data, likely due to the presence of minor adhesive
interactions between sample and probe even when sample were
submerged in aqueous media. As such, all analysis in this work
was carried out by fitting force-displacement data to the JKR
model, described by eqn (1) and (2).>***

a4 [aFq
=R 3\ R ®
a= {/Rig(VFua+ VF T Fua)’ 2)

Where d is the indentation depth (m), R is the radius of the
spherical probe (m), X is the elastic constant of the sample (Pa),
F is the force (N), and F,q is the adhesive force (N m™*). Both K
and F,q are fitting parameters obtained using nonlinear regres-
sion with the Levenberg-Marquardt algorithm (from the SciPy
Python library). With the assumption that the Young’s modulus
of the sample (E;) is much smaller than that of the probe (E,)
(a reasonable expectation for the soft materials studied), the
following approximation is then used to obtain the sample’s
Young’s modulus (in Pa):

401—v2 1—v2\ "
K =— ~ — 3
( E] + Ez 31—\112 ()

3

Where v, and v, are the Poisson’s ratios of the sample and
probe, respectively. Finally, eqn (4) is used to calculate the
interfacial energy (N m™>), y, from the adhesive force obtained
from fitting.

Fu = JmR (@)

Hydrogel preparation

Agarose. For a 2% w/v gel, a vial containing 50 mg agarose
(Sigma Aldrich) in 2.5 mL 1x Phosphate-Buffered Saline (PBS)
(137 mM NacCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,,
pH 7.4) was heated to 80 °C for 30 minutes. The resulting
solution was added to a well within the aluminium sample
holder (preheated to 80 °C), covered with a glass slide, allowed
to cool to room temperature, then allowed to gelate for a further
1 hour. After removal of the glass slide, the gel was immersed in
1x PBS until measurement. To prepare a 1% w/v hydrogel, the
mixture was diluted two-fold with 1x PBS prior to heating.

For compression testing samples, a heated 2% w/v solution
of agarose in 1x PBS was poured into cylindrical moulds
(diameter 20 mm) to heights of approximately 15 mm. Samples
were allowed to cool for 60 minutes, then the resulting gels
removed from their moulds and immersed in 1x PBS until
testing.

Alginate. 1% and 2% w/v solutions of sodium alginate
(Sigma Aldrich) were prepared by dissolving either 50 or
100 mg of sodium alginate in 5 mL of ultrapure water, respectively.
A 100 mM solution of calcium chloride was prepared by dissolving
55.5 mg in 5 mL of ultrapure water. Equal volumes of alginate and
calcium chloride solutions were mixed within a well of a cooled
sample holder then allowed to gelate for 1 hour, resulting in

8304 | Soft Matter, 2022, 18, 8302-8314

View Article Online

Paper

hydrogels with final alginate concentrations of 0.5 and 1% w/v.
Excess solution was removed by blotting with a medical tissue.

Poly(ethylene glycol) diacrylate (PEGDA). A 10% w/v solution
was prepared by dissolving 50 mg PEGDA (M, 3400 g mol *,
Alfa Aesar) in 0.5 mL of ultrapure water. A 300 mg mL ™'
solution of 2,2-dimethoxy-2-phenylacetophenone (DMPA, Sigma
Aldrich) was prepared by dissolving 15 mg in 50 uL of 1-vinyl-2-
pyrrolidinone. The PEGDA and photoinitiator solutions were
mixed in a 100:1 volume ratio, pipetted into a sample holder
well, then irradiated from above with a 365 nm, 76 mW cm™ 2,
UV LED (Thorlabs) from a distance of 2.5 cm for 3 minutes.

Polyacrylamide. A 10% w/w ammonium persulfate (APS)
solution was prepared by dissolving 10 mg ammonium per-
sulfate (Sigma Aldrich) in 90 pL ultrapure water. 16 mg N,N'-
methylenebisacrylamide (Alfa Aesar) and 214 mg acrylamide
(Sigma Aldrich) were dissolved in 2.3 mL ultrapure water to give
a 10% w/v solution with a 29:1 acrylamide:bisacrylamide
molar ratio. This mixture was diluted two-fold with ultrapure
water to give a 5% w/v solution. 7.5 uL of APS solution and
2.5 pL N,N,N’,N'-tetramethylethlyenediamine (TEMED, GE
Healthcare) were added to 500 pL of each monomer solution,
briefly mixed by vortex, then pipetted into sample holder wells.
Samples were allowed to gelate for 1 hour prior to measurement.

For thin-film samples, 50 pL of a 7.5% w/v monomer mixture
(as described above) was added to a taut section of Parafilm,
followed by 0.74 pL of APS solution (10% ag.). TEMED (0.74 pL)
was added and the 3 solutions mixed briefly by pipetting.
A glass coverslip (22 x 22 mm), treated with 3-(trimethoxy-
silyl)propyl methacrylate (Thermo Fisher),* was placed over
the droplet, and left for 30 minutes to allow gelation. Careful
removal of the Parafilm left a thin film of hydrogel adhered to
the glass coverslip, which was stored in ultrapure water until
testing.

For compression testing samples, a 7.5% monomer solution
(71.7 mL) was mixed with a 10% APS solution (1.07 mL) and
TEMED (1.03 mL) and the mixture poured into cylindrical
moulds (diameter 28 mm) to heights of approximately
25 mm. Samples were allowed to react for 60 minutes, then
the resulting gels removed from their moulds and immersed in
ultrapure water until testing.

Patterned PEGDA hydrogels. 15% w/v and 7.5% w/v aqueous
PEGDA monomer solutions were prepared following the proce-
dure described above. A 300 mg mL~" photoinitiator solution
was prepared by dissolving 14.7 mg of DMPA in 50 pL of 1-vinyl-
2-pyrrolidinone.

Photolithographic masks were created by printing geometric
designs on to acetate sheets with a commercial laser printer.
A 2 mm thick poly(methyl methacryate) (PMMA) mould with
a 5 x 5 mm square opening was positioned over the acetate
mask. Each monomer solution was mixed in a 100:1 volume
ratio with the photoinitiator solution. 200 puL of the 15% w/v
monomer/initiator solution was added to the mould, the
solution carefully covered with a glass slide, and the apparatus
sealed with binder clips. The apparatus was inverted then
irradiated with a UV LED (365 nm, 76 mW cm ™ ~) at a distance
of 2.5 cm for 2 minutes. The acetate sheet was carefully

This journal is © The Royal Society of Chemistry 2022
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removed. Excess monomer/initiator solution was removed with
a medical tissue, and the cured hydrogel shape washed 3 times
with ultrapure water then dried again with medical tissue.
200 pL of the 7.5% w/v monomer/initiator solution was added
to the mould and carefully covered with a second glass slide.
The sample was irradiated again for a further 2 minutes then
removed from the mould prior to mechanical testing.

Gradient PEGDA hydrogels. A 15% w/v aqueous PEGDA
monomer and a 300 mg mL~ " photoinitiator solution were
prepared following the procedure described above. A photo-
lithographic mask was created by printing a linear greyscale
gradient on to an acetate sheet with a commercial laser printer.
A 2 mm thick PMMA mould with a 5 x 5 mm square opening
was positioned over the acetate mask. The monomer solution
was mixed in a 100:1 volume ratio with the photoinitiator
solution, then 50 pL of the mixture added to the mould. The
solution was carefully covered with a glass slide, sealed with
binder clips, then the apparatus was inverted then irradiated
with a UV LED (365 nm, 76 mW cm ™) at a distance of 2.5 cm
for 2 minutes. The transparency was carefully removed.
Excess monomer/initiator solution was removed with a medical
tissue, and the cured hydrogel shape washed 3 times with
ultrapure water then dried with medical tissue. After removal
from the mould, the gel was stored in water prior to and during
indentation.

Results and discussion
Data acquisition and analysis

To develop our analysis approach, we investigated the mechan-
ical properties of several model hydrogel systems, particularly
the well-studied gels formed by agarose.>**® We used a micro-
indenter with a force sensor based on MEMS technology to
acquire force-displacement curves from the materials tested.?
To minimise plastic deformation and penetration of the gels,
we used large spherical probes with diameters of 250-300 pm.*”**
The raw indentation data obtained comprised time-indexed text
data of recorded parameters including probe position and force.
To process and analyse these data we developed a python-
based application called ‘“ALIAS”. The overall process applied
by this application is summarised in Fig. 1a. A baseline is firstly
determined by linear regression of a user-defined portion
(typically 10% to 20%) of the loading data, then subtracted
from both loading and unloading curves (Fig. 1b and c). The
point of contact is then determined as the position at which the
force measured differs from the baseline by the standard
deviation of the baseline data multiplied by a user-defined
factor (usually between 10-30). The corrected indentation data
are then fit to an appropriate contact mechanics model, giving
both material properties and accompanying fitting errors (pre-
sented as the RMSD, ie. the standard deviation of residuals).
Initially, the entire indentation curve is fit according to the
chosen model (Fig. 1d), and with an input value of the Pois-
son’s ratio for the sample (assumed here to be 0.5 for soft
hydrogel materials), values for the Young’s modulus (Ygc) and
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associated fitting error (Ergc) are determined. An alternative
fitting approach, termed the ‘“automatic fitting algorithm”
(AFA), is then applied to the same indentation data to minimise
the fitting error in indentation curves that exhibit problems
(sample fracture, plastic deformation etc.) by automatic selec-
tion of the data which best comply with the chosen model. With
this AFA method, an indentation curve segment that starts
from the point of contact and includes a user-defined number
of datapoints is fit to the chosen model. Subsequently, the
same number of user-defined datapoints is added to the first
indentation curve segment and the new, longer segment is fit.
This iterative fitting process continues until the entire indenta-
tion curve has been fitted (Fig. 1e). Each fitting process pro-
vides a value for the Young’s modulus (Y;,) and a fitting error
(Ery). The algorithm then selects the indentation curve segment
which results in the smallest fitting error (Erags), and provides
the corresponding Young’s modulus value (Yg,s) (Fig. 1f). From
each fitting method, a value for the Young’s modulus, and
other model dependent parameters including the adhesion
force and interfacial energy, are output with their corres-
ponding fitting errors.

It should be noted, however, that given only elastic contact
mechanics models are incorporated within this application,
this analysis method may only be applied to materials exhibiting
predominantly elastic responses to applied strain. For example,
hydrogels and other hydrated materials often display viscoelastic
or poroelastic behaviour.*® These phenomena may result in a
significant dependence of mechanical properties on the strain
rate applied, unusual indentation curves, and other experi-
mental irregularities.’”*! Reliable analysis of such materials
via indentation measurements requires the use of appropriate
viscoelastic models.*

Comparison of fitting methodologies

To test the suitability of our fitting algorithm for the automated
analysis of microindentation data, we initially carried out
measurements of 2% agarose hydrogels. Indentation data were
obtained from this hydrogel system using experimental para-
meters which resulted in predominantly elastic deformation.
Measurements were made in 25 different locations within a
single hydrogel sample to enable comparison of the distribu-
tion of Young’s moduli (Y) and fitting errors (Er) values
obtained. Fig. 2a shows a summary of Y and corresponding
Er obtained by applying either full curve or AFA fitting to these
data. When comparing loading and unloading data, although
fitting the entire curve results in similar Y values for each
dataset, fitting errors obtained from unloading data are
approximately 4-fold greater than those from the loading data.
The cause of this discrepancy is clear when examining typical
indentation curves, as shown in Fig. 2b; although the best fit
for both sets of data is a curve of similar overall trajectory,
unloading data deviate significantly from the model applied
due to the inelastic response of the material, resulting in larger
error values. Although smaller errors can be obtained from the
unloading data by applying the AFA, this method results in only
an unrepresentatively small portion of data being selected and

Soft Matter, 2022, 18, 8302-8314 | 8305
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(a) Flow chart showing the data processing and fitting procedure applied by ALIAS. (b)-(f) Illustrations of fitting process: (b) raw data displaying

baseline drift and force/displacement prior to contact point correction; (c) data after baseline subtraction and contact point (CP) determination (force/
displacement are set to 0 at the contact point); (d) full curve fitting to give Young's modulus (Yrc) and fitting error (Ergc); (e) automatic fitting algorithm
(AFA) is applied. Fitting of segments of indentation data give a range of moduli (Y;_,) and errors (Er;_,); (f) Young's moduli and corresponding errors from
(e) plotted as a function of indentation depth d. The software selects the Young's modulus (Yara) associated with the smallest fitting error (Erara).

consequently to much smaller Y values (Fig. 2c). Although
fitting loading data is clearly preferable, it is worth noting that
should this data be unusable, full curve fitting of the unloading
data may provide a comparable modulus value.

For modulus values determined from loading data, fitting
both the entire curve, or the AFA-selected portion of data both
yield similar modulus values. Examining typical curves
obtained under optimal indentation conditions, as shown in
Fig. 2c, reveals the algorithm selects almost the entirety of the
data in most cases. This behaviour indicates data which largely
comply with the chosen contact mechanics model, and there-
fore suitably selected experimental parameters (i.e., minimal
non-elastic deformation of the sample). In these cases, the AFA
gives modulus values that are not significantly different to
those obtained from fitting the entire curve, albeit with lower
fitting errors.

However, in cases where indentation data are imperfect, the
AFA analysis approach appears to be advantageous. Two exam-
ples of this behaviour are shown in Fig. 2d and e. Fig. 2d shows

8306 | Soft Matter, 2022,18, 8302-8314

a sample which displays plastic deformation in addition to
elasticity, as evidenced by a transition from positive to negative
curvature in the force displacement plot.** In this case fitting
the entire data gives an underestimate of the Y (Ygc: 19.9 & 0.3 kPa)
but fitting with the AFA allows for the automatic selection of
the elastic deformation regime (Yaga: 25.2 + 0.2 kPa). Conver-
sely, Fig. 2e shows the indentation of an agarose hydrogel with
a thickness of approximately 500 pm tested on a glass sub-
strate. In this case, a sharp increase in the force required to
indent the gel is observed partway through indentation, a result
of the influence of the substantially harder underlying sub-
strate. The full curve fit results in an overestimate of the
material’s Young’s modulus (Ygc: 54.7 £ 1.3 kPa), whereas
the AFA is able to automatically select the portion of data
without significant effect from the substrate (Yapa: 40.9 +
0.1 kPa).

To further demonstrate this substrate-dependent behaviour
and the value of the fitting algorithm, we carried out measure-
ments with systematic errors in the indentation parameters

This journal is © The Royal Society of Chemistry 2022
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indentation curves: (d) plastic deformation of sample, and (e) substrate effects. In each case, the fit obtained from both the entire curve, and the portion
of the curve selected by the automatic fitting algorithm are shown for the loading data. (f) Box plot showing Young's modulus values obtained by
mechanical analysis of 7.5% polyacrylamide hydrogels: data show the fitting method used (AFA or FC) and measurement method (indentation of a thin
film to a specified depth, e.g. “Ind. 12 pm", or uniaxial compression of a bulk sample, “Comp.").

used, and compared both fitting methods. Specifically, Fig. 2f
shows Y values from fitting curves obtained by indenting
hydrogel (polyacrylamide 7.5%) thin films (150-200 um thick-
ness, covalently adhered to glass cover slips) to a range of
depths, from approximately 8 to 12 um. To enable meaningful
comparison, 25 measurements at different locations were made
at each indentation depth. Like the previous example (Fig. 2e),
a significant influence of the underlying substrate is seen, with
strong dependence of the obtained Y value on the depth of
indentation when full indentation curves were analysed. Greater
depth resulted in a larger contribution from the stiffer glass
substrate and therefore a higher Y, with mean values ranging
from 36-22 kPa. Conversely, when analysed using the AFA,
comparable Y values of between 15-17 kPa were obtained regard-
less of indentation depth. Values obtained using the AFA were
also notably more narrowly distributed than those from full curve
fitting. To validate the obtained moduli from the algorithm, bulk
samples with the same hydrogel composition were also analysed
by uniaxial compression testing. Analysis of stress—strain curves
from these samples (shown in Fig. S1, ESIt) resulted in a Y value
(mean 14.1 kPa, yellow box) in excellent agreement with those
generated by the fitting algorithm from thin-film sample data.
Overall, it appears the AFA approach offers several advan-
tages over fitting the entirety of the data and should allow for a

This journal is © The Royal Society of Chemistry 2022

robust method to automatically analyse large volumes of
indentation data, given such measurements often yield non-
ideal curves in practice. This algorithm is particularly advanta-
geous when measuring heterogeneous materials where one set
of experimental indentation parameters are often unsuitable
for all mechanical domains.

Optimisation of experimental parameters for indentation of
agarose hydrogels

In order to test the suitability of our experimental setup to
analyse hydrogel materials, we carried out further optimisation
studies with 2% w/v agarose hydrogels. In terms of experi-
mental variables, we investigated: (1) the effects of measure-
ments carried out either in liquid medium or air; (2) the
predominant sources of error within these measurements;
and (3) the effect of various indentation parameters on the Y
values obtained. To avoid influencing data analysis with the
fitting algorithm described, in this section we consider only the
Y values obtained by fitting the entire indentation curves.
Hydrogels are comprised largely of water and therefore should
ideally be measured under equilibrium conditions (ie., fully
submerged in aqueous media). However, capillary forces
between the liquid medium and probe may give rise to difficul-
ties in detecting the contact point and other potential issues.**
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Fig. 3 (a) Box plots comparing measurements of the Young's modulus of 2% agarose hydrogels performed in air and in aqueous media. (b) Typical

sources of error in indentation measurements of an agarose hydrogel: Young's modulus values determined by 8 repeated measures in 3 locations (left),
and values determined by single measurements in 24 locations (right). (c) Mean modulus values and mean error sizes from data shown in (b). Box plots
showing the effects of: (d) indentation depth, (e) indentation speed (using continuous piezoscanner actuation) and (f) indentation speed (using stepped
stick-slip actuation), on the Young's modulus values and fitting errors obtained.

These practicalities have led to a number of alternative appro-
aches being explored, including measuring samples shortly after
removal from aqueous media,*” or using hydrated foams or
alternative means to maintain sample hydration state.*® Modulus
values obtained by indenting 2% w/v agarose hydrogels either
submerged in or directly after removal from an aqueous medium
are shown in Fig. 3a, along with their corresponding fitting errors.
The data show that measurements carried out in air result in
substantially higher Y values and fitting errors than those acquired
in aqueous media. This can be attributed to the fact that indenta-
tion curves acquired in air display a marked jump to contact
feature compared to indentation curves acquired in aqueous
media, which instead display a typical Hertzian trend (see Fig S2,
ESIY). In particular, the jump to contact feature obscures the initial
part of the indentation curve leading therefore to steeper fitted
curves, higher moduli and greater fitting errors. Moreover, the
broader moduli distribution observed for samples measured in air
can be ascribed to different local hydration states of the hydrogel
due to partial and inhomogeneous drying of the surface. Overall,
it is clear that for these hydrogels, measurements conducted
in aqueous media are highly preferable to measurements in air.
All other measurements presented in this study are therefore
carried out on hydrogels immersed in aqueous media.

8308 | Soft Matter, 2022, 18, 8302-8314

To compare sources of error within microindentation mea-
surements of hydrogels, two series of measurements were
obtained from the same agarose sample; firstly, sets of 8
repeated measurements were carried out in 3 different loca-
tions within the sample, and secondly, single measurements
were carried out in 24 different locations within the sample.
Data from these experiments are shown in Fig. 3b, and allow
comparison between three sources of error: (1) the fitting error
from the chosen model (the standard deviation of residuals
from the fit or RMSE, shown by the green error bars); (2) error
caused by non-elastic deformation upon repeated measure-
ments in one position (shown by the variation in grey data-
points); and (3) error due to inhomogeneity in the sample
demonstrated by measurements in different positions (shown
by the blue datapoints).

Mean modulus and error values for these comparisons are
shown in Fig. 3c. Fitting errors are comparatively small with a
mean value of £0.2 kPa across all measurements of the agarose
hydrogel tested. A monotonic increase and larger differences
in modulus (Fig. 3b) are observed during repeated measure-
ments in a single location, typically attributed to non-elastic
deformation of the material, with a mean standard deviation
of £0.7 kPa for the 8 measurements conducted in each of

This journal is © The Royal Society of Chemistry 2022
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3 positions. Finally, error due to sample inhomogeneity is
substantially larger, with a standard deviation of +2.4 kPa
determined for the 24 locations measured. Given that by far
the greatest source of error within these measurements is the
inhomogeneous nature of the sample, in order to achieve a
reliable modulus value for hydrogel samples, microindentation
measurement procedures should be designed to maximise the
number of different locations tested within a sample.

The parameters chosen for indentation (depth, rate) have
been often reported to have significant effects on modulus
values obtained from both nanoscale and microscale indenta-
tion measurements.”®*” To investigate how these factors
impacted modulus values obtained with the described experi-
mental setup, we carried out further analysis of agarose hydro-
gels whilst systematically varying the depth and rate of
indentation. Data from these investigations are shown in
Fig. 3d-f. When considering the rate of indentation, we inves-
tigated both actuation methods possible with our instrument: a
piezoscanner capable of continuous sample movement over
short (<50 um) distances, and a stick-slip actuator capable of
stepped probe movement over greater distances (up to 7 mm).
Indentation rate with the piezoscanner is controlled by a single
variable (indentation speed), however with the stick-slip actua-
tor it is also affected by an additional parameter (wait time)
governing the delay between actuation increments.

With a fixed indentation rate, indentation depth had a
considerable impact on the modulus values obtained, as shown
in Fig. 3d. At the shallowest depth of 12.5 um, significantly
higher moduli (mean value of 25.5 kPa) were observed than at
greater depths (mean values 18-20 kPa), accompanied by a
broadening of the distribution of values and larger fitting
errors. At the remaining indentation depths of between 25 and
100 pm, neither modulus values nor fitting errors change sub-
stantially. These observations likely indicate a difference in the
hydrogel composition at the interface between liquid medium and
gel, where effects such as surface roughness may lead to less
consistent measurements. Given the apparent plateau at depths
greater than 25 pm, measurements should be conducted with an
indentation depth that is not below this value.

Data acquired using the piezoscanner operating at different
indentation speeds are presented in Fig. 3e. Modulus values
obtained in this mode show significant dependence on the
indentation speed, with an increase of approximately 12 kPa
from 2.5 to 40 pm s~ . Such behaviour is typical in indentation
or AFM testing of hydrogels and is indicative of a viscoelastic
material response,*® > therefore necessitating careful selection
and reporting of indentation parameters. By contrast, indenta-
tion measurements of the same sample to identical depth
(30 pm) made using the stick-slip actuator (Fig. 3f) showed
no dependence of Young’s moduli on indentation speed, with
values at all speeds comparable to those obtained at 2.5 pm s~ *
with the piezoscanner. This apparent lack of viscoelastic beha-
viour is likely a consequence of the stepped actuation mode,
where viscoelastic relaxation may occur between actuation
increments. When using the stick-slip actuator, independent
changes to the wait time parameter (Fig. S3, ESIt) resulted in no

This journal is © The Royal Society of Chemistry 2022
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obvious trends in the mean moduli obtained. At the shortest
wait time (0.02 s) a broader distribution was observed, which
we attribute to an increase in experimental noise, however,
using wait times greater than 0.08 s both moduli and fitting
errors were almost identical.

To assess the generality of these findings, similar measure-
ments were made on a synthetic PEGDA hydrogel (Fig. S4,
ESIT). Comparable trends were observed, with a plateau in
modulus observed at indentation depths greater than 50 pm,
and indentation speed showing no clear effect on moduli.
Overall, we therefore suggest that for this experimental setup,
a depth of approximately 50 pm should be used as a guideline
for indentation measurements. Utilising a stepped actuation
mode, parameters affecting indentation speed have only limited
effect on modulus values and should therefore be chosen largely
on experimental practicalities: slower indentation yields data with
less noise; however faster indentation may be preferable when
many measurements are required.

Young’s moduli of other hydrogel systems

To explore the general applicability of the instrumental setup
and analytical method described we further applied our
approach to a broad range of common hydrogel systems. In
all cases, we carried out indentation measurements following
the optimised experimental protocol determined for agarose
hydrogels (indentation depth of approximately 50 pm, using
the stick-slip actuator at a speed of 10 um s~ with a 0.1 s wait
time) and automatically analysed the raw data using the ALIAS
application.

Moduli and corresponding errors obtained by analysing
loading data for each hydrogel using both fitting methods
(full curve and AFA) are shown in Fig. 4. For all hydrogel
systems studied, Y values obtained by both methods are highly
comparable. This similarity indicates that force-displacement
curves acquired are likely fitted well by the JKR model, with
fitting of partial curves not significantly altering calculated
moduli values. In all cases, fitting errors are reduced substan-
tially with the AFA fit compared with the corresponding full
curve fit. Typical indentation data for each hydrogel system,
along with the corresponding fitting by both methods are
presented in Fig. S5-S11 (ESIt).

To validate our experimental and analytical approach, we
carried out additional uniaxial compression testing on bulk
samples of 2% w/v agarose hydrogels. Data obtained from these
tests are shown in Fig. S12 (ESIT), and show a reasonably good
match between both measurement methods with mean (+SD)
values of 27 + 3 and 40 + 5 kPa for indentation (AFA)
and compression tests, respectively. We believe the modest
discrepancies observed between methods are likely a result of
different cooling rates during gel formation due to the notably
different sample size and geometry in each method. Such thermal
effects have been demonstrated have significantly impact the final
properties of agarose hydrogels.>® For all materials studied, we
also compare our modulus values to those reported in the
literature for each hydrogel system.**>*'””> This comparison is
summarised in Fig. 5. The literature values shown are collected
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using a wide range of techniques including both bulk measure-
ments such as compression or tensile tests, rheology, macroscale
indentation, and AFM indentation. Moreover, given differences in
measurement geometry, analysis, and assumptions such as the
Poisson’s ratio of materials, no attempt is made to correct
individual reported values, with values presented as originally
reported. As such, reported modulus values vary significantly, in
some cases spanning more than an order of magnitude for the
same hydrogel system. Differences in materials (e.g., molecular
weights, purity, etc., of polymers used), preparation methods, and
hydration states of the hydrogels during measurement are also
likely contributing factors to the wide range of moduli observed
for this class of materials. Nevertheless, modulus values obtained
by microindentation and analysed using the AFA approach are
generally in strong agreement with literature values for compar-
able hydrogel systems. Importantly, the relationships between the
moduli of different concentrations of hydrogels (e.g, 1 and 2% w/v
agarose) are highly consistent with those reported elsewhere.

2D mapping of hydrogel mechanical properties

As demonstrated by the high degree of variability in modulus at
different measurement locations, the mechanical properties of
hydrogels are highly heterogeneous on multiple length scales.
Quantification of this heterogeneity is crucial to aid our under-
standing of these materials, and is important when considering
their behaviour at biological interfaces."” Furthermore, techni-
ques applicable to hydrogels are likely also able to map the
mechanical properties of soft biological systems, and could, for
example, be used to differentiate different cellular regions or to
distinguish cancerous and normal cells.”* Although nanoscale
mapping of soft material mechanical properties is common-
place through the use of AFM measurements,”>”® investiga-
tions of their heterogeneity on larger length scales remains
uncommon. Boots et al. recently demonstrated the instrumen-
ted microindentation of patterned PDMS samples, thereby
showing how the moduli varied over a range of approximately
2 to 16 MPa across mm-scale material features.”® Subsequent
work by the same authors sought to deconvolute mechanical
behaviour of individual domains within such measurements.*
However, mechanical mapping of soft hydrogel materials
(with kPa range moduli) over macroscopic length scales
remains challenging.

To further test the capacity of our experimental setup and
fitting algorithm to map large areas of soft materials and
process large volumes of data, we carried out mapping indenta-
tion measurements covering macroscopic areas (up to 1 cm?) of
hydrogel systems. Hydrogels with spatial patterns of mechan-
ical properties were obtained by a multi-step photolithographic
approach detailed in the Materials and methods section, and
comprised of distinct regions of differing concentrations of
polymerised PEGDA. Indentation data were acquired by auto-
mated array measurements of the hydrogels using the inbuilt
indenter software package. Measurements were conducted with
the gel immersed in water throughout, and an indentation
depth of 50 um or greater. However, given the negligible effects
of indentation rate on the modulus values, measurements were

This journal is © The Royal Society of Chemistry 2022
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conducted with a higher indentation speed (50 um s~ ') and a
shorter wait time (0.05 s), allowing the acquisition of data at a
rate of approximately 100 indentation curves per hour. Using
the ALIAS application, data analysis was considerably faster,
with a personal computer (3.2 GHz processor, 8§ GB RAM)
capable of analysing 2000+ curves per hour.

Data obtained by array measurements with different sam-
pling intervals (10 x 10, 20 x 20, and 40 x 40) of the same
patterned PEGDA hydrogel (with dimensions of 5 x 5 mm) are
shown in Fig. 6a. In all cases, a core area with higher Y'is clearly
visible, corresponding to a triangular region of 15% w/v PEGDA,
surrounded by a lower Young’s modulus region of 7.5% w/v
PEGDA. Data obtained from these measurements may be
further analysed to determine the mechanical properties of
individual constituents within a composite material. By this
method Young’s moduli of 3.8 and 41.9 kPa were determined
for 7.5 and 15% w/v PEGDA, respectively, values consistent with
the modulus of 9.1 kPa described for the equivalent 10% w/v
hydrogel.

The spatial resolution attainable with these measurements
is limited largely by the size of the spherical tip attached to the
probe. For example, applying a common approximation for
contact radius (¢ = V/dR, where a is the contact radius, d the
indentation depth, and R the probe radius),®" a probe with a
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radius of 150 um indented 50 um into a sample results in a
contact area with a radius of approximately 120 pm. Although a
clear improvement in the resolution of the pattern is visible
upon increasing the sampling coverage from 10 x 10 to 40 x
40, individual features smaller than the contact area are likely
to be overlooked. The benefit of the larger contact area,
however, is that the mechanical properties of materials can
be reliably measured over macroscopic areas. Typical mechan-
ical property mapping with an AFM is limited by the scan
range of commercial instruments to regions smaller than
80 x 80 um.>” Furthermore, the vertical movement range may
be < 10 pm, leading to data acquisition issues for uneven
biological samples.®> With the larger experimental setup and
probe applied here, samples with lateral dimensions of multi-
ple centimetres, and height fluctuations of hundreds of micro-
metres can be conveniently mapped.

Finally, we investigated the minimum difference in Young’s
moduli that could be reliably differentiated with the experi-
mental and analytical approach described. A hydrogel with a
gradient in stiffness was prepared from a PEGDA precursor by
irradiation through a mask with a gradient of translucency.
From the entire array measurement of this gel (shown in
Fig. S13, ESI{), a central region with a linear gradient in Y
was selected. Y from this selection are presented in Fig. 6c, as a
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(a) Heatmaps displaying Young's moduli obtained from analysis of 10 x 10 (upper left), 20 x 20 (upper right) and 40 x 40 (lower) array

measurements carried out on a patterned PEGDA hydrogel (core region: 15% w/v PEGDA, outer region: 7.5% w/v PEGDA). (b) Distribution of Young's
moduli from 40 x 40 array in (a), with corresponding Gaussian fits for each constituent material. (c) Young's modulus values obtained by analysis of an
array measurement of a PEGDA hydrogel with linear modulus gradient. A linear fit of the data is shown, with a corresponding 99.7% prediction band (grey
band) equivalent to 3 standard deviations (red arrows). The minimum difference in Young's moduli to enable unequivocal distinguishing of two materials
is given by six times the standard deviation of residuals, corresponding to 3.6 kPa.
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function of distance along the direction parallel with the
stiffness gradient. At each distance along this axis, modulus
values vary considerably, leading to substantial overlap in the
distributions of adjacent datasets. By applying a linear fit to the
entire data in this figure, the RMSE (standard deviation of
the residuals) may be obtained, enabling quantification of
variability in the modulus values. The fitted value £3 SD should
encompass 99.7% of any individual datapoints, and is indi-
cated by the corresponding prediction bands in Fig. 6c.
A difference of 6 SD between the moduli of two materials
should therefore be sufficient to enable unequivocal differen-
tiation.®* From the dataset studied, a difference of 3.6 kPa
should be adequate to allow this distinction. Although this
analysis does not provide a universal Y resolution limit, as such
a property would depend on many factors including the hetero-
geneity and stiffness of the materials in question, it should
enable a reasonable approximation for similar hydrogel
materials.

Conclusions

We present a comprehensive study on the application of
microindentation measurements with a MEMS-based force
sensor to study hydrogel materials utilising a newly developed
algorithm to enhance the data analysis process. This experi-
mental technique appears to be well suited to the investigation
of these soft materials and results in Young’s modulus values
which are highly comparable with both values determined
by compression measurements of the same gels and those
reported in the literature for a wide range of natural and
synthetic hydrogel systems. Significantly, provided a sufficient
indentation depth is reached, modulus values obtained appear
to be largely unaffected by the rate of indentation, giving
greater reliability to values determined. We attribute this
behaviour to the stepped operating mode employed by the
stick-slip actuator in our experimental setup, which minimises
viscoelastic effects.

The automatic fitting algorithm developed was found to be a
valuable alternative to current fitting methodologies for elastic
contact mechanics models. The stepwise nature of the fitting
process applied by this algorithm is highly complementary to
indentation measurements, with many typical issues in this
class of experiments arising from indenting too far into a
sample. Data from measurements exhibiting these complica-
tions (including influence of the underlying substrate, and non-
elastic deformation of the sample) may be successfully analysed
by applying the algorithm described, giving modulus values
automatically determined from only the elastic section of each
curve. For example, the AFA is demonstrated to extract Young’s
moduli in excellent agreement with independent compression
measurements from hydrogel thin films, where full curve
fitting gives substantial overestimates. Overall, this analysis
approach facilitates both the acquisition of indentation data,
by limiting the effect of imperfect experimental parameters on
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the modulus values obtained, and its analysis, by allowing a
greater degree of automation.

We demonstrate the applicability of this methodology to
process large volumes of indentation data by conducting and
analysing mechanical property mapping of soft materials.
Although inherently lower in spatial resolution than compar-
able AFM studies, these measurements allow the acquisition of
data over far greater areas, spanning multiple centimetres in
length and width, offering a unique perspective on the micro-
scale and macroscale heterogeneity of the mechanical proper-
ties of soft materials. The methodologies described here will
enable better understanding of macroscopic soft materials or
biological and biomimetic systems, including tissues and
organs, providing mechanical information not attainable from
measuring smaller structures in isolation, or from bulk char-
acterisation methods. High-throughput automation could also
enable the collection of large datasets, providing opportunities
for the implementation of artificial intelligence methods in
micromechanical analysis.
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