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ARTICLE INFO ABSTRACT

Simple contact models are often used in combination with indentation measurements to determine the elastic
moduli of materials in the limits of small strain and linear-elastic deformation. However, for soft biological
samples these limits can occur at indentation forces comparable to detection noise from the instrument. Here we
describe a data analysis method for determining the moduli of soft materials when the measured forces are
comparable to the level of instrumental noise; relationships between the force and displacement autocorrelation
functions enable the elastic modulus to be determined from indentation curves with large uncertainties in the
measured force. In simulations of force-displacement indentation data using the Hertz and Winkler foundation
contact models with added noise, we find the autocorrelation analysis enables the accurate measurement of
known elastic moduli, even when the noise-to-signal ratio is large throughout an indentation experiment. We
also find that this analysis method is more accurate at measuring the modulus at high noise levels compared to
directly fitting the model curve to the data. We further validate this approach experimentally by testing a series
of polyacrylamide hydrogel slabs prepared within a wide polymer concentration range, finding the measured
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modulus to be in agreement with the moduli determined through rheological characterization.

1. Introduction

Measuring the elastic moduli of soft materials is an essential part of
numerous areas in science and engineering focused on soft and biolo-
gical matter. For example, in cellular biomechanics research, char-
acterizing the material properties of soft hydrogels, polymers, biopo-
lymers, and entire cells is necessary to guide our understanding of cell
behavior; cell motility, focal adhesion strength, and differentiation are
influenced by the elasticity of the cell's microenvironment [1-3]. To
this end, many experimental indentation techniques have been applied
to measuring the moduli of soft materials, each with varying levels of
sensitivity [4-11]. For example, micro-indentation techniques measure
forces on the order of uN with noise levels on the order of 100 nN at
indentation depths of 10-100pum [6,10]. By comparison, nano-in-
dentation techniques, such as colloidal probe AFM, will measure forces
on the range of nN with noise levels on the order of piconewtons at
indentation depths of 1-10 nm [5,8]. The effectiveness of these tech-
niques to accurately measure moduli of soft materials depends on the

quality of the data and the application of the appropriate contact model
to account for indenter geometry, sample thickness, and material be-
havior [10].

The first models to capture the relationships between indentation
force and material deformation were developed by Bousinessq and
Hertz for two linear-elastic half-spaces loaded under small strains
[12-15]. Tabor, and later Oliver and Pharr, applied these contact
models to experimentally measure the elastic modulus of hard metals
by analyzing the unloading portion of the indentation curve [16-18].
This approach separates elastic response from plastic deformation by
leveraging the material behavior of hard metals which yield at low
strains (~0.2%) and exhibit linear-elastic responses during unloading
[8,16,19]. However, soft materials are capable of undergoing large
strain deformation without yielding and often exhibit non-linear be-
havior at relatively moderate strains that is not captured by the linear
elastic contact models of Bousinessq and Hertz [20-24]. Thus, the
Oliver and Pharr method of analyzing the unloading portion of in-
dentation curves to determine a material's linear elastic modulus is not
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applicable to indentation measurements of soft materials that exhibit
large deformation without yielding.

The inability to use the Oliver and Pharr approach to determine
elastic moduli of typical soft materials suggests that indentation mea-
surements should be analyzed in the linear elastic regime. This ap-
proach has been demonstrated for measuring the material properties of
soft materials, including polymeric networks [10,25,26], silicone elas-
tomers [27,28], and biomaterials [6,29,30]. However, for even softer
materials, the small strain limit in which traditional contact models
remain valid, up to 10% for example, the noise level in the measured
forces may exceed the elastic forces. Consider the indentation of an
E* = 1kPa material with + 1 uN of random noise in the measured
force. For the elastic response force to exceed this noise level given an
R = 1000 pum radius of curvature indentation tip, the material must first
undergo approximately 9% strain. Similarly, for colloidal-probe AFM
measurements with an R = 5um indentation tip, the same material
must reach about 14% strain before the indentation force exceeds a
100 pN noise level in the measured force. In both cases, indentation
measurements in the linear regime are dominated by noise and prohibit
determining a soft material's elastic modulus. To accurately measure
the material properties of such soft materials from indentation mea-
surements in the linear-elastic regime, new data analysis techniques to
isolate indentation forces from the noise in the measurement are ne-
cessary.

Here, we present a data analysis approach for measuring the elastic
moduli of soft materials within the linear deformation regime using
autocorrelation functions of the displacements and applied forces
measured from an indenting instrument during a typical normal loading
experiment. This method isolates the indentation force from the in-
strumental noise, allowing modulus measurements to be performed
when the indentation force is comparable to the uncertainty in the
measured force. To explore the limits of this analysis approach, we si-
mulate indentation curves with increasing levels of Gaussian noise and
compute the force and displacement autocorrelation functions. With
this analysis method we can accurately measure the elastic moduli from
noisy data, even when the noise-to-signal ratio is large throughout an
indentation experiment. In addition, we investigate the effects of a force
offset and uncertainty in the point of contact on the measured modulus.
We further validate this approach through micro-indentation experi-
ments on polyacrylamide (pAAm) hydrogel samples and find measured
moduli that agree with rheological characterization within a factor of
two.

2. Materials and methods
2.1. Simulated indentation curves

Simulated force-displacement indentation curves are produced
using custom written MATLAB scripts. Here, we model a hemispherical
indentation tip (R = 1000 um) pressing against a flat, elastic substrate
having a composite modulus of E* = 25 kPa. To simulate the displace-
ment of the indentation tip, we create an array of points from zero to a
final indentation depth with step size of 0.01 um. This step size corre-
sponds to a displacement rate of 1um/s with sampling frequency of
100 Hz. At each displacement location, we determine the indentation
force by applying either the Hertz or Winkler foundation contact model
for a sphere on flat contact. A normal distribution of random numbers
with zero mean and standard deviation o, is superimposed on the in-
dentation force to simulate experimental noise in the measurement.

2.2. Hydrogel sample preparation

To prepare hydrogel samples, solutions of acrylamide monomer
(AAm) containing N,N’-methylenebisacrylamide (BIS) as a crosslinking
agent, ammonium persulfate (APS) as an initiator, and tetra-
methylethylenediamine (TEMED) as an accelerant are prepared in
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Table 1

Constituents of pAAm hydrogel samples and the fully swollen polymer con-
centrations for each sample after swelling to equilibrium in ultrapure water for
24 h. Values presented as weight percent of the solution or gel.

Sample no. AAm BIS APS TEMED Fully swollen concentration
1 3.75 0.15 0.15 0.15 2.85
2 5.00 0.20 0.15 0.15 4.23
3 7.50 0.30 0.15 0.15 6.72
4 10.00 0.40 0.15 0.15 8.86

ultrapure water (18.2 MQ). Samples are prepared at the concentrations
described in Table 1.

Hydrogel samples swell to equilibrium over 24h before experi-
mental characterization. Final polymer concentrations are determined
by comparing the measured mass of hydrogels immediately after
polymerization and after swelling for 24 h in ultrapure water.

2.3. Micro indentation measurements

Micro-indentation measurements are performed using a Bruker
BioSoft indenter equipped with a 1 mm radius of curvature hemi-
spherical glass borosilicate indentation tip. Indentation samples with a
thickness of h = 100 um are prepared on glass cover slips and allowed
to swell in ultrapure water for 24h to reach equilibrium conditions.
Prior to indentations, the indentation tip is plasma cleaned and coated
with 0.1 wt% F-127 Pluronic to mitigate the effects of adhesion.
Samples are submerged in water and indentations are performed by
vertically displacing the indentation tip at a rate of 1 um/s to a final
depth of d = 10pum into the sample. The measured force and dis-
placement of the indentation tip are captured at data acquisition rates
of 100 Hz.

2.4. Rheological characterization

Rheological characterization of hydrogel samples are performed
using an Anton Paar MCR 702 rheometer equipped with a 25 mm
roughened plate-on-plate configuration with a 1 mm working gap.
1 mm thick pAAM samples are cast between glass microscope slides and
allowed to swell for 24 h in ultrapure water to reach equilibrium con-
ditions. Samples are subsequently loaded between the rheometer plates
and trimmed to size. Small amplitude frequency sweeps are performed
at 1% strain across a frequency range of 10'-10"2Hz.

2.5. Data analysis

All data analysis was performed using custom written MATLAB
scripts. Autocorrelation functions were computed by employing
MATLAB's FFT functions to compute the Fourier transforms of the data.

3. Results and discussion
3.1. Autocorrelation analysis approach

To analyze the indentation curves within the linear regime and in
which a sample's elastic restoring force is comparable to the noise in the
measured force, we consider an infinitely stiff hemispherical indenta-
tion tip brought into contact with a soft, flat substrate (Fig. 1a). In the
case when the contact width is less than the thickness of the sample
(2a < h), the Hertz contact model describes the relationship between
the indentation force and the tip displacement, given by

Fir (1) = TRV () = Knd¥2(0),

where E* = E/(1 — 1?) is the composite modulus, E and v are the
Young's modulus and Poisson's ratio of the substrate, R is the radius of
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Fig. 1. Experimental motivation: a) The measured force of a
hemispherical indenter tip in contact with an elastic substrate
can be modeled by the general power law expression F
(®) = Ko(t) + n(t) + Fo, where ¢(t) captures the displacement
of the indentation tip, K is a constant dependent on the con-
tact model being applied, and Fj is the offset in the measured
force. b) For thin samples, the Hertz contact regime is limited
to the initial portion of the indentation curve in which the
contact width is less than the sample thickness (2a < h);
however, the indentation forces may be comparable to the
noise in the measurement for soft, thin samples. Application
of Winkler contact model in the higher force regime when the
contact width exceeds the sample thickness (2a > h) requires

Winkler

2a>h

curvature of indentation tip, and d is the displacement of the indenta-
tion tip [13]. Although the linear elastic contact models are in-
dependent of time, the displacement of the indentation tip and corre-
sponding indentation force are recorded as functions of time in
experimental measurements. Here, we express Fy and d explicitly as
functions of time to emphasize this temporal relationship, which we
leverage below in our analysis.

For cases where the contact width is greater than the thickness of
the sample (2a > h), the Winkler elastic foundation contact model
predicts a different relationship between the indentation force and the
tip displacement, given by

Fy () = nE*%dz(t) = Ky d?(0),

where h is the thickness of the substrate [31]. For soft, thin, biological
samples, the transition from the Hertz regime to the Winkler regime can
occur when the indentation force is comparable to the noise in the
measured force (Fig. 1b). To develop a formalism that includes the ef-
fects of noise and that can be used for either contact model, we in-
troduce a generalized variable, ¢(t), where ¢(t) = d*?(t) in the Hertz
regime and ¢(t) = d?(®) in the Winkler regime. Substituting ¢(t) into
either contact model provides a general expression for the indentation
force, given by

F(t) = Kp(t) + n(t) + Fo,

where K is either Kj; or Ky, n(t) is the noise in the measured force, and
F, accounts for offset errors in zeroing an instrument before measuring.

While autocorrelation functions are often used to identify periodic
patterns in stationary random data, they may also be used to compare
trends in non-stationary data. Here, we compare the trends of the
measured force and displacement functions to isolate the indentation
force from the noise in the measurement. The autocorrelation function
of the time dependent force, F(t), is given by

Crr (D) = (F(OF (t + D)),

where angle brackets indicate an average over experimental time, t, and
7 is the shifting time variable. Similarly, the autocorrelation function of
the entire right-hand side of our generalized force-displacement re-
lationship is given by

([Kp(t) + n(t) + Fy][Ke(t + 1) + n(t + 7) + Fy]);-

Expanding the product and performing the averages yields a com-
bination of nine auto- and cross-correlation functions given by

K2Cypy (1) + KCyy (1) + KCg (T) + Cpn
(T) + KCFogJ + KC(PFQ + CVlFo + CFO" + CFOFO’

where C,,(7) is the autocorrelation function of @(t), Cyn(7) and Cyy(7)
are the cross correlation functions of @(t) and n(t), C,,(z) is the auto-
correlation function of n(t). The noise in the system is random, thus the
noise autocorrelation function should instantly de-correlate at lag times

displacement, d

prior knowledge of sample thickness to accurately measure E*.

|z] > 0. Similarly, treating the noise function as a zero-mean random
variable, the n-p and ¢-n cross-correlation functions are expected to be
negligible, as will all other terms involving random noise. The re-
maining cross-correlation functions involving F, integrate to constant
values because F, itself is a constant that factors out of the correlation
integrals. We therefore group all these constants and represent them by
a single variable, 3, which we treat as a free fitting variable in our
analysis below. Incorporating all these simplifications results in a linear
relationship between Crr(z) and Cy,(7), given by

Crr (1) = K2Cpy (7) + B.

The composite modulus E* can be measured by fitting a line to the
Crr Vs Cy,, curve; the slope of the linear fit corresponds to the square of
the constant K, in which E* is implicit.

3.2. Simulated indentation curves

To investigate the capability of this analysis approach to determine
elastic moduli from indentation measurements, we simulate force-dis-
placement curves that correspond to a hemispherical indentation tip
(R = 1000 um) pressing against an elastic substrate with a composite
modulus of E* = 25kPa. The indentation curve is simulated using the
Hertz contact model to a depth of d = 10 um corresponding to a max-
imum load of F = 33.33 puN; noise in the measured force is simulated by
adding normally distributed random numbers to the indentation force
having zero mean and a standard deviation, o, (Fig. 2a). As o0, increases,
it becomes increasingly challenging to visually discern the elastic force-
displacement trend from the noise (Fig. 2a). In these initial simulations,
we set Fy = 0; we explore the role of F, later. For each indentation
curve, we calculate the autocorrelation functions of force and dis-
placement, finding that Crr and C,,, appear to have the same shape as
they decrease with increasing lag time (Fig. 2b,c). One notable differ-
ence between the curves is seen at ¢ = 0, where we observe a dramatic
spike in the force autocorrelation function, corresponding to the in-
stantly de-correlating noise contribution. We measure the composite
modulus E* by plotting Cpr versus C,, and fitting a line through the
linear portion of the curve while allowing for a vertical offset; the slope
of the linear fit corresponds to the square of the constant K (Fig. 2d).

We repeat this process over a wide range of noise levels, simulating
100 indentation curves at each o, finding the average value of E* to be
very close to the known value of 25 kPa (Fig. 3a). Even when the noise
level is > 150% the maximum elastic force in the F-d curves, the
average measured values of E* are within 2% of the known value with a
standard deviation within 20% of the known value. Furthermore, we
find the average E* values determined through the autocorrelation ap-
proach are closer to the known value of 25kPa and have a smaller
variance than those determined by directly fitting the Hertz contact
model to the F-d indentation curve; direct model fitting of indentation
curves with noise levels of 150% the maximum force result in a 25%
error in E* with over a 30% standard deviation (Fig. 3a). Furthermore,
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Fig. 2. Indentation simulations and autocorrelation analysis: a) Simulated indentation curves of samples having a composite modulus E* = 25 kPa. Data are si-
mulated using the Hertz contact model with added Gaussian noise at levels between o0;,, = 0 uN and 50 pN. b) Force autocorrelation function (Cgy) of a simulated Hertz
indentation with added random noise (0, = 15 pN). c) The corresponding displacement autocorrelation function (Cy) in which @(t) = d*?(t) for the Hertz contact
model. d) The composite modulus E* is measured by plotting Cgr vs Cy,, and fitting a line to the linear portion of the curve.
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Fig. 3. Comparison between the autocorrelation analysis approach and a direct
fit of the contact model: a) Measured E* from F-d indentation curves simulated
using the Hertz contact model with increasing levels of noise (0, relative to the
maximum indentation force (Fpq). b) R? values demonstrate a higher con-
fidence in the measured E* values using the autocorrelation approach compared
to directly fitting data with the Hertz model. ¢) Measured E* values from F-d
indentation curves simulated using the Winkler foundation contact model with
increasing levels of noise. d) R? values demonstrate a higher confidence in the
measured E* values for the autocorrelation approach compared to directly fit-
ting data with the Winkler foundation model.

we consistently find that this autocorrelation analysis produces elastic
moduli with higher levels of confidence than when directly fitting
model curves to noisy indentation data; R? values in fitting auto-
correlation functions are found to be much larger than those produced
when directly fitting data with a model curve (Fig. 3b). Indentation
curves simulated using the Winkler foundation contact model under the
same experimental conditions and with a sample thickness of
h = 200 um produce similar results; at noise levels > 150% the max-
imum indentation force, we can measure the moduli very close to the
known value with standard deviations within 20% (Fig. 3c). Likewise,
the E* values determined using the autocorrelation approach were
closer to the known value than those measured using a direct fit of the
model and produced higher R? values (Fig. 3c,d). Thus, the auto-
correlation method is suitable for analyzing data at extremely low

levels of applied force where noise dominates the measurement.

3.3. Force and displacement error analysis

In general, uncertainty in the initial point of contact of the in-
dentation tip and offsets in the measured force can lead to substantial
errors when measuring E* of soft materials [10]. Thus, we explore how
these uncertainties in the force and displacement can produce errors in
the measured modulus when applying our autocorrelation analysis
method. The analysis described above indicates that the unknown force
offset, Fy, does not interfere with determining E*; F, only changes the
offset, 8. To test this hypothesis, we repeat the simulations described
above where the noise level is set to 0, = 5 uN, while imposing a 20 uN
offset in the measured force (Fig. 4a). Force autocorrelation functions
are determined for both the initial indentation curve (Cgr) and the in-
dentation curve with an imposed offset (Cp) (Fig. 4b). As expected,
Crr and Cp- exhibit identical behavior and are separated by an offset in
their magnitude; the full analysis using either F or F’ finds the com-
posite modulus to be E* = 25.4 kPa. These results confirm that an offset
in the measured force has no effect on measured modulus when using
the autocorrelation analysis approach.

Unlike a force offset, an error in determining the initial point of
contact of the indentation tip is expected to produce an error in the
measured modulus. Uncertainties in determining the initial point of
contact can arise from noise in the measured force. For example, one
extreme method for estimating the initial point of contact is to de-
termine the location when the measured force exceeds the noise level
(Fig. 4c) [32]. However, this approach will overestimate the initial
point of contact; for an R = 1000 um indentation tip brought into
contact with a E* = 25 kPa substrate and = 5N of noise in the mea-
sured force, one would overestimate the initial point of contact by
approximately 3 pm. Previous investigations have found that this un-
certainty in the point of contact enabled the fitting of the wrong contact
model to data and produced errors in E* up to 300% greater than the
expected value [10].

To explore how uncertainties in the initial point of contact con-
tribute to errors in the measured moduli using autocorrelation analysis,
we simulate indentation curves using the Hertz contact model with an
imposed offset in the displacement (dy'), described by the relationship
F(t) = Ky (d(t) — dy')*?. Here we omit random noise from the simu-
lated indentation data to isolate the contribution of a displacement
offset on the measured moduli. For a given indentation depth, d;qy, We
determine the fractional error in the measured composite modulus,
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e(E*), for a given error in the initial contact location, dy — dy’, where
do = d(0) and d,’ is the true point of contact (Fig. 4d). When the de-
tected contact point is assumed to occur prior to the true contact point
(dy < dy'), we find the measured modulus is underestimated. Likewise,
the composite modulus is overestimated when the initial contact point
is chosen after the true point of contact (dy > dy'). Since E* is found by
analyzing data along the entire indentation curve, the magnitude of
error in determining E* is dependent on both the error in the initial
point of contact and the depth of the indentation (d,.); the error in
sured modulus can be reduced by decreasing the uncertainty in the
initial point of contact or by increasing the indentation depth being
analyzed. In the case analyzed here, < 10% error in E* can be achieved
if errors in d,' relative to dpya, are < 10%. For example, a 1 ym un-
certainty in the initial point of contact for a maximum indentation
depth of 3 pm results in a 28% error in the measured modulus; the same
uncertainty for a d;;;q,, = 10 um indent would only produce a 10% error
in the measured modulus.

3.4. Experimental investigation

To test this autocorrelation analysis method on real indentation
data, we perform indentation measurements on pAAm hydrogel slabs
prepared at varying polymer concentrations, ¢, and with a thicknesses
of h = 100 um using a R = 1000 um radius of curvature hemispherical
glass indentation tip. If this hydrogel slab was much thicker we would
estimate the linear regime of the indentation curve to be the first 10 pm.
However, for such a thin slab, the transition from the Hertz contact
regime to the Winkler contact regime is expected occur at d = 2.5 um,
where the full contact width becomes comparable to the 100 um gel
thickness. We therefore test the capabilities of our method by analyzing
the first 2.5 um of the indent on the thin slabs that should be described
by the Hertz model, in principle. To estimate the initial point of contact
of the indentation tip, we fit a line to a sub-set of data points beyond the
point where the force first exceeds the noise in the measurement; the
initial point of contact is taken to be the y-intercept of the fitted line.
While the force-displacement indentation curves of relatively high
polymer concentration samples within this regime have a low signal to
noise ratio and may resemble a typical indentation curve (Fig. 5a), the
indentation curves of lower polymer concentration samples have no
discernable shape and resemble random noise (Fig. 5b). However, by
computing the autocorrelation functions of the force and displacement
function and plotting Cgr vs C,,, We are able to isolate the indentation
data from the noise and measure the E* of the samples (Fig. 5c).

(I) 20 40
/d,. (%)

max

Treating the hydrogel as incompressible with v = 0.5 [33], we de-

termine the Young's modulus of each sample, finding
E =212 * 0.22kPa, 7.80 = 0.81kPa, 28.55 = 4.52kPa, and
70.36 = 5.28kPa for the ¢ = 2.85wt%, 4.23wt%, 6.72wt%, and

8.86 wt% hydrogel samples, respectively.

We compare the results of our autocorrelation analysis approach to
moduli values determined using oscillatory shear rheology on pAAM
hydrogels prepared at the corresponding polymer concentrations. Small
amplitude frequency sweeps are performed at 1% strain and the elastic
shear modulus (G”) is measured across a frequency range of
10'-10~2Hz (Fig. 5d). Consistent with the behavior of an elastic solid,
we find G’ to remain relatively flat across all frequencies tested. We
relate the Young's modulus to the elastic shear modulus through the
expression E = 2G(1 + v), where we again assume the pAAm hydrogel
samples are incompressible, having a Poisson's ratio of v = 0.5. From
the rheological data, we determine the Young's modulus to be
E=1.66 + 0.22kPa, 6.24 + 0.16kPa, 19.58 *+ 4.37kPa, and
47.16 = 4.21kPa for the ¢ = 2.85wt%, 4.23wt%, 6.72wt%, and
8.86 wt% pAAm hydrogel samples, respectively. We find these rheolo-
gical results agree to within a factor of 2 with the indentation moduli
values determined using the autocorrelation analysis approach for all
concentration ranges explored (Fig. 5e). We note that the moduli values
determined from indentation measurements appear to be consistently
higher than those obtained from shear rheology. This discrepancy be-
tween the indentation and rheological measurements could arise from
slight differences in sample preparation and fixturing, or uncertainties
in the initial point of contact of the indentation measurements.

4. Conclusion

The Oliver and Pharr technique for analyzing indentation curves
provides an elegant solution to decoupling elastic deformation from
plastic flow and has become the standard for characterizing the mate-
rial properties of hard materials [16,17]. In contrast to traditional en-
gineering materials like metals, soft solids often do not yield or flow
even at high strains and instead smoothly transition back and forth
between linear and nonlinear elastic regimes of response [14,15,17].
Therefore, following the Oliver-Pharr method of analyzing the un-
loading portion of a force-indentation curve at large indentation depths,
treating it as the residual linear elastic response, is not appropriate for
characterizing many soft materials like crosslinked hydrogels. Thus, as
we continue to characterize the material properties of soft, biological
materials through indentation, new techniques and data analysis
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Fig. 5. Characterization of pAAm samples: a) Representative indentation curves of ¢ = 6.72 wt% pAAm samples in the Hertz regime; measured force is approximately
an order of magnitude higher than the noise. b) Representative indentation curve of ¢ = 2.85 wt% pAAm sample in the Hertz regime; measured force is comparable to
the noise. ¢) The composite modulus is determined by fitting a line to the linear portion of the Cgr vs Cy,, plot. d) The elastic shear modulus (G’) of pAAm samples are
measured using small amplitude frequency sweeps across a wide range of frequencies. ) Moduli values from autocorrelation analysis of indentation data is in good
agreement with shear rheology measurements; measured moduli are within a factor of 2 for all polymer concentrations tested.

approaches will be necessary to overcome the unique challenges asso-
ciated with materials having moduli several orders of magnitude lower
than traditional engineering materials. The application of contact
models that don't accurately capture the complex behavior of the ma-
terial, the difficulties in accurately determining the surface location,
and the challenge of analyzing data with large noise to signal ratios can
lead to large uncertainties in accurately determining the material
properties [10]. Here, we have presented a data analysis technique for
decoupling the indentation force from the noise in the measured force
using autocorrelation functions of the measured force and displace-
ment. We find that this analysis approach is capable of accurately
measuring moduli from indentation curves even in the extreme condi-
tions where the uncertainty in the force exceeds the elastic response
force. The ability to accurately measure material properties at high
noise to signal ratios is beneficial for indentations measurements of soft
biopolymer networks, living tissues, thin polymer coatings, soft poly-
meric gels, and other low moduli materials. Although we have focused
our investigation on the contact of a hemispherical indentation tip, this
analysis approach remains valid for any indentation tip geometry in
which the indentation force and displacement can be related through a
power law, including flat punches and conical indentation tips.
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