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ABSTRACT
The material properties of soft materials can be measured with rheometers and tensile testing 
instruments whenever there exist few limitations on sample volume, fixturing and general 
sample preparation, where samples often need to be prepared specifically to work with the 
hardware of a given instrument. By contrast, indentation methods are well suited for measuring 
material properties when sample preparation and geometry are highly constrained, as is the 
case with living cells, confluent cell layers, tissue samples, hydrogel coatings or soft objects with 
defined shapes like contact lenses. For example, indentation can be performed directly on cells 
grown in a Petri dish, without modifying typical cell culture protocols or materials. However, 
the low elastic modulus of these soft materials make it extremely difficult to determine when 
an indentation instrument first makes contact with a sample, which is critically important to 
know if material properties are to be determined with confidence. Here, we present an analysis 
method that eliminates the need to identify when an instrument makes contact with a sample. 
The method recasts the traditional force–displacement models of contact mechanics in 
terms of the first derivative of applied normal force with respect to indenter position, which 
automatically removes the unknown point of contact. This approach enables the selection of 
appropriate theoretical models for a given data-set and allows the measurement of sample 
material properties with the only fitting parameter being the elastic modulus.

Introduction

Nano- and microindentation measurements have long 
been used to characterise the elastic modulus and stiff-
ness of hard materials like ceramics and metals [1–4]. 
While several mechanical models have been developed 
to capture the elastic loading and unloading behaviour 
of a spherical indenter in contact with a substrate, within 
a limited range of forces they can often be reduced to 
simple power–law relationships, given by F = KdP, where 
F is the force required to indent a sample by an amount 
d; K contains material constants, and the exponent, P, 
is controlled by the system geometry [5–9]. Recently, 
these indentation experiments and models have been 
extended to the study of soft matter, where materials 
have elastic moduli between 6 and 10 orders of magni-
tude lower than typical hard materials [10–14]. While 
significant work has been conducted to characterise the 
material properties of hydrogels [15], cells [16,17] and 
cell layers [18,19], a major limitation in most measure-
ments is the difficulty of accurately determining the 
zero-displacement location, d0, of a sample surface; great 
care is often taken to determine d0 by optical means, in 
situ [11,20,21]. Very often, imaging the contact between 

a spherical indenter and a sample is not possible, so d0 
must be allowed to vary freely in curve-fitting proce-
dures, drastically decreasing confidence in determining 
P and generating large errors in fitted elastic moduli 
[22,23]. Moreover, allowing d0 to be an unconstrained 
fitting parameter can artificially produce good agree-
ment between an inappropriate theoretical model and 
experimental data. An indentation method for deter-
mining the elastic modulus and exponent, P, that does 
not rely on knowing d0 would facilitate appropriate 
model choice and would markedly increase the con-
fidence in determining the material properties of soft 
materials through indentation measurements.

Here, we present a method that does not rely on know-
ing the zero-displacement surface location, d0, for fitting 
power–law force–displacement models to experimental 
microindentation data. To demonstrate the robustness 
of our analysis method compared to a more traditional 
curve-fitting approach, we simulate indentation data 
using two commonly used contact mechanics models, 
and perform curve fits. Using traditional fitting where 
d0 is allowed to vary freely, we can achieve excellent fits 
even when the wrong model is intentionally chosen to fit 
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a simulated dataset (R2 between 0.99 and 0.995), yet we 
determine moduli that deviate from the known values 
by up to 300%. By contrast, using the method described 
below, we also achieve excellent fits (R2 between 0.95 and 
0.99), determining moduli that are within about 1% of 
the known value. We also demonstrate how the appro-
priate choice of model is unambiguous. Finally, we test 
our analysis method in real experiments by performing 
indentation measurements on polyacrylamide (pAAm) 
hydrogel samples with varying elastic moduli and thick-
ness, finding moduli comparable to those determined 
from bulk testing methods.

Results

To investigate how uncertainty in d0 enables the applica-
tion of inappropriate theoretical models to experimental 
data and leads to the determination of erroneous mate-
rial constants, we simulate indentation data of pAAm 
hydrogels based on the experiment illustrated in Figure 1  
(see Materials and Methods), and intentionally fit the 
wrong model to the simulated data. In these fits, we 
employ the Levenberg–Marquardt algorithm [24], care-
fully choosing initial parameters near the global mini-
mum of error before initiating iterations. To simulate 
indentation of a thick hydrogel, we use the Hertz contact 
model [6], given by

where F is the applied normal force, E* is the effective 
modulus, R is the radius of curvature of the hemispheri-
cal indenter tip, u is the arbitrary position of the indenter 
tip and d0 is the location of the un-indented sample sur-
face in the indenter’s arbitrary coordinate system. Here, 
when u = d0, the indenter makes contact with the sample 
and the true indentation depth, d = u – d0, equals zero. 

F =
4

3
E
∗
R

1

2 (u − d
0
)

3

2 ≡ K
H
d

3

2 ,

Similarly, to simulate a thin hydrogel, we use the Winkler 
model [7], given by

where the parameters are the same as in the Hertz 
model apart from h, which is the slab thickness. For 
these simulations of thin slab hydrogels h = 100 μm; h is 
assumed infinite for the thick slab case. The uncertainty 
in knowing h and R can be accounted for in determin-
ing a confidence interval for E*; here, we focus on the 
case where uncertainties in h and R are negligible, deter-
mining confidence intervals for E* directly from curve 
fits. In simulations of both thick and thin hydrogels, we 
use an indenter radius of R = 1 mm and a modulus of 
E* = 10  kPa. In generating initial model data, we set 
d0 = 0 but we allow d0 to vary freely in fitting the data. 
To generate data that resembles real experimental data, 
we add  ±5 μN of white noise to the simulated force, 
which is a typical level observed using our piezo-driven, 
quasi-static transducer indentation system (see Methods 
and Materials).

Fitting the Winkler model to simulated data generated 
by the Hertz model (Figure 2(a)), we find a modulus of 
0.79 ± 0.01 kPa with an R2 value of 0.997 (± corresponds 
to 95% confidence interval from non-linear least squares 
fitting). This modulus is less than one tenth the known 
modulus. Similarly, fitting the Hertz model to simulated 
data generated by the Winkler model (Figure 2(b)), we 
find a modulus of 39.9 ± 1.2 kPa with an R2 value of 
0.99, nearly four times the known modulus. In both 
cases, the best fit d0 is relatively small: –28.4 ± 1.2 μm 
for the Hertz data and 2.8 μm ± 0.3 μm for the Winkler 
data were found. In practice, the experimentalist might 
dismiss these small offsets as having negligible effects 
on the results. To test one example where d0 is simu-
lated to be large, corresponding to a measurement in 
which the instrument is not ‘zeroed’ anywhere near the 
contacting configuration, data are generated using the 
Winkler model with d0 = 100 μm (Figure 2(c)). We find 
E* = 36.2 ± 1.8 kPa and d0 = 102.0 ± 0.4 μm with an 
value of 0.99. These results demonstrate the significant 
pitfalls of using uncontrolled fitting approaches to deter-
mine material properties from indentation experiments. 
Moreover, unconstrained fits to each data-set using the 
correct corresponding model, allowing all parameters to 
vary, results in R2 of 0.995 (both models), extremely close 
to those found when fitting the wrong model. We note 
here that allowing P to vary freely in either model results 
in E* having unphysical units which will vary from fit 
to fit, muddying comparisons of E* between different 
fits and different fitting methods. Of course, good fits 
are achieved with a priori knowledge of the appropriate 
model by fixing P to its known value, yielding R2 of 1 
for Hertz data and 0.992 for Winkler data; the correct 
E* is determined to within 3% for the Winkler data and 
less than 1% for the Hertz data. It is not surprising that 

F = �E
∗R

h
(u − d

0
)2 ≡ K

W
d
2
,

Figure 1. Indentation measurements are performed by bringing 
a borosilicate glass hemisphere into contact with a pAAm 
hydrogel substrate and measuring the force–displacement (F–
u) relationship. By taking the derivative of the force with respect 
to displacement, the elastic modulus can be determined 
independently of d0 by fitting a power law to the F′–F data.
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model data is well fit by the right model; more surprising 
is that the wrong model fits very well too. Finally, one 
can see that using the known E* in combination with the 
wrong model produces F–u curves that strongly diverge 
from the simulated data (Figure 2, dashed lines).

To improve the process of fitting experimental inden-
tation data by any simple physical model that relates 
F and d through a power law, we developed a strategy 
that eliminates the need to know d0. By differentiating 
the F–u power law that includes the unknown offset, 
d0, a simple relationship between F� = dF∕du and F is 
given by

where KG = PK1/P is a generalised coefficient and n = (P 
– 1)/P. Here, K can be KH, KW or the coefficient of any 
F–u power–law relationship. With this procedure, the 
number of independent fitting parameters is reduced to 
two; if the appropriate model is known, n can be fixed 
and the only fitting parameter is the effective modulus, 
E*. For the Hertz model, p = 3/2 and n = 1/3; for the 
Winkler model, p = 2 and n = 1/2.

To implement this analysis method, experimental 
force data must be differentiated with respect to indenter 
position. Random noise in indentation measurements 
creates challenges in differentiating experimental data; 
instantaneous jumps between data points, even if small, 
produce derivatives that dominantly measure noise 
behaviour rather than the rate of change of force with 
displacement. To overcome this challenge, we bin the 
raw F–u data points using the estimated noise statistics 

F
� = K

G
F
n
,

to choose a bin size. For the simulated data described 
above, we choose force bins of 10 μN, computing the 
mean force and the corresponding mean indenter posi-
tion within each bin. These averaged data are then differ-
entiated discretely by taking the difference in sequential 
mean forces and dividing by the difference in sequen-
tial mean indenter positions. The resulting F′–F data are 
smooth enough to allow fitting theoretical F′–F curves 
(Figure 3(a)–(c)). Unconstrained fitting of the simulated 
data, where n (or equivalently, P) freely varies demon-
strates the ability to choose the appropriate model for a 
given data-set; p = 1.5 ± 0.02 for simulated data produced 
by the Hertz model; p = 2.1 ± 0.18 and 2.18 ± 0.14 for 
simulated data produced by the Winkler model. Thus, 
fixing p = 3/2 for the Hertz model data, we determine  
E* = 9.94 ± 0.05 kPa, very close to the known 10 kPa 
value. Likewise, fixing p = 2 for the Winkler model data, 
we determine E* = 10.0 ± 0.3 kPa and 9.95 ± 0.25 kPa. We 
note that even in the extreme case where d0 = 100 μm, 
the error in E* is about 1%. Applying these fitting results 
to the models in F–u space produces curves that lay on 
top of the unprocessed simulated data (Figure 3(d)–(f)).

To verify that this analysis method can be applied 
to experimental data, we create hydrogel samples of 
differing thickness and elastic modulus and test their 
properties with a Hysitron BioSoft indentation instru-
ment equipped with an R = 1 mm hemispherical boro-
silicate glass indenter tip (see Materials and Methods). 
To reduce the effects of instrumental noise on the deriv-
ative of experimental data, we choose a force bin size 
larger than the amplitude of random force fluctuations 

Figure 2. Simulated indentation data generated by the Hertz model (a,d), Winkler model (b,e) and Winkler model with a large d0 
value (c,f ) are intentionally fit with the wrong theoretical model (points: simulated data; solid lines: fits of wrong model; dashed lines: 
prediction of wrong model using correct modulus). We re-plot the data and fits on a log–log scale to show how shifts in power laws 
produce curved line shapes (d: Hertz; e: Winkler; f: Winkler with 100 μm shift). In curve fitting with d0 and E* as free parameters, fits 
with high R2 values yield large errors in E*.
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simple theoretical models of contact mechanics. This 
method is especially useful when the point of contact 
is difficult to determine empirically or an appropriate 
theoretical model is not known. Many different types 
of robust indentation instruments with precise motion 
control and low-noise sensing have been developed 
for decades, yet the experimentalist still faces signifi-
cant data analysis challenges [25,26]. The simulations 
and analyses described here illustrate these challenges; 
with traditional fitting methods, erroneous results 
can be found even when raw data follow nearly per-
fect trends and good fits are achieved. Accordingly, 
the quality of a model fit to experimental data is not 
a sufficient post hoc standard for justifying the use 
of a particular theoretical model. We hope that the 
approach described here will help researchers to ana-
lyse indentation data without significant limitations 
on instrumentation or analysis software packages. 
Moving forward, this method can be improved by 
eliminating the need to perform least-squares fitting; 
once an appropriate theoretical model is chosen with 
confidence, the data can be directly processed and 
E* can be determined through statistical analysis by 
computing simple means and standard deviations. 
However, to establish confidence with such a process, 
this endeavour requires more careful accounting for 
sources of uncertainty and propagating them through 
the various calculation steps. In future work, we plan 
to systematically investigate how random noise, sam-
ple material properties and the unknown location of 
the sample surface each contribute to uncertainties in 
characterising materials using the method presented 
here.

reported by the unloaded instrument. Additionally, the 
bin size must be small enough to maintain an adequate 
number of points to facilitate curve fitting. We find that 
1-mm thick gels exhibit a mechanical response pre-
dicted by the Hertz theory; F′ is proportional to F1/3 as 
expected, corresponding to p = 3/2 (Figure 4(a)). Fitting 
the Hertz model to data collected from a 5% pAAm gel 
and a 7.5% pAAm gel, we determine E* = 5.7 ± 0.1 kPa 
and E* = 23.6 ± 0.2 kPa, respectively. Similarly, we find 
that 100-μm thick gels exhibit a mechanical response 
predicted by the Winkler model; F′ is proportional to F1/2 
as expected, corresponding to p = 2 (Figure 4(b)). Fitting 
the Winkler model to data collected from the 5% pAAm 
and 7.5% pAAm gels, we determine E* = 3.9 ± 0.1 kPa 
and E* = 19.8 ± 0.7 kPa, respectively, close to the val-
ues obtained from measurements on thicker samples 
made at the same composition. These moduli are also 
comparable with measurements made on a rheometer, 
where we find E* = 4.4 kPa for the 5% pAAm gel and 
E* = 14.4 kPa for the 7.5% pAAm (see Materials and 
Methods). In our experience, it is infrequent to find close 
agreement between moduli determined by rheology and 
indentation testing, so we consider these results promis-
ing. Finally, examining the data without fitting, it can be 
observed visually that slabs of different thickness, made 
from the same material, exhibit different F′–F scaling 
laws (Figure 4(c) and (d)).

Discussion

The method described in this manuscript for ana-
lysing force–displacement indentation data facilitates 
the reliable characterisation of soft materials using 

Figure 3.  Simulated indentation data generated by the Hertz model (a), Winkler model (b) and Winkler model with a large d0 value 
(c) are differentiated with respect to u, producing F′–F curves, which eliminates the unknown contact position, d0. The data (symbols) 
are well fit by the corresponding model (solid lines) and follow scaling laws that can be seen to differ from the competing models 
(dashed lines). After fitting in F′–F space, the model curves lay on top of the original data in F–u space (d,e,f ).
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surface monotonically, touches the surface and indents at 
a constant piezo displacement rate (10 nm/s for 100-μm 
specimens and 1 μm/s for 1000-μm specimens). Thinner 
samples (Winkler governed indentations) are sensitive to 
indentation speeds and great care must be taken when 
choosing an appropriate indentation velocity otherwise a 
force response much stronger than expected (p > 2) will 
be observed, likely dominated by the resistance to fluid 
flow through the thin slab. The system loads and unloads 
to a specified z-displacement (20 and 80 μm) in a dis-
placement-controlled configuration. Force response and 
position is measured simultaneously by the quasi-static 
transducer at a rate of 125 Hz.

The indentation probe is a hemispherical borosili-
cate glass lens (R = 1 mm) attached to the indentation 
system. The probe is plasma cleaned and coated with 
F-127 Pluronic between each experiment set to reduce 
adhesion between probe and surface.

Rheology

The 5 and 7.5% pAAm hydrogel samples are cast as 1-
mm thin slabs between two roughened parallel plates 
on a Malvern Kinexus rheometer. The hydrogel precur-
sor solutions are allowed to gel for 40 minutes before 
commencing rheological testing. Once samples have 
fully gelled we measure the elastic shear moduli, G′, by 
applying 1% strain at an oscillatory frequency of 1 Hz. 

Methods and materials

Hydrogel Preparation

Polyacrylamide (pAAm) hydrogel samples are made 
with different polymer concentrations and sample 
thicknesses. 5% (w/w) and 7.5% (w/w) pAAm sheets 
are prepared using the protocols from Urueña et al. [27] 
and allowed to equilibrate in ultrapure water (18.2 MΩ) 
for 24 hours. The samples thickness is controlled dur-
ing polymerisation by casting the hydrogel between two 
22 × 22 mm2 glass cover slips separated using 100- and 
1000-μm thick spacers. The top coverslip is removed 
before indentation either spontaneously through the 
swelling process or by gentle mechanical agitation.

Indentation

Indentation occurs near the centre of the hydrogel sam-
ple to minimise any possible edge effects. Estimates for 
the maximum contact width (2a) for the 100- and 1000-
μm samples is 465 and 565 μm, respectively which are 10 
times below the typical sample diameter. The hydrogel 
sample is submerged in ultrapure water and indented 
with a piezo-driven, quasi-static transducer indentation 
system (Hysitron BioSoft) with a hemispherical probe 
following a typical loading and unloading curve. The 
probe, which is also submerged in water, begins at some 
unknown distance from the surface, d0, approaches the 

Figure 4. Indentation measurements are performed on pAAm substrates with varying composition (5.0 and 7.5 wt-% pAAm) and 
thickness (100 and 1000 µm). (a, b) Power law fits of the F′–F data for the 1000-µm-thick samples find P = 1.5, as predicted by 
Hertz contact theory, whereas 100-µm-thick samples find P = 2, characteristic of Winkler contact theory. The separation in data-sets 
reflects the different moduli of the 5 and 7.5 % pAAm samples. (c,d) Differences in these scaling laws are noticeable when comparing 
gels with the same moduli but different thicknesses. Measured elastic moduli are consistent across substrate thicknesses and are 
comparable with rheological measurements. Data points are mean values from multiple indentation measurements with error bars 
corresponding to ± one standard deviation.
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