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ABSTRACT

Instrumented indentation is a common technique for measuring the elastic properties of bulk materials as well as
thin films on substrates. However, in traditional indentation, it can be difficult to determine the true deformation
of a specimen due to the effects of machine compliance and thermal drift. In the present work, a method is de-
veloped to track the in-plane and out-of-plane deformation of a specimen during indentation tests using fluorescent
microparticles. Bead tracking and quantitative defocusing methods are used to track the in-plane and out-of plane
displacements of the beads, respectively. Here, we describe the calibration of the system and assess the effects of
particle size and magnification on the accuracy and resolution of the system. In addition, results from preliminary
indentation tests performed on bulk polydimethylsiloxane specimens are reported. An analysis algorithm was de-
veloped to extract the elastic properties by measuring the displacements on the surface as a function of applied
indentation force. Results are compared to traditional indentation measurements in which load and displacement
are only measured at the indenter.
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Introduction

Instrumented indentation is a common method for characterizing the mechanical properties of bulk materials. This
technique is capable of testing small volumes of material at low loads and small displacements and allows for simple
sample preparation compared to traditional tension or compression tests. Oliver and Pharr [1] describe a widely
accepted method based on Sneddon’s solution [2] for axisymmetric indentation of an elastic halfspace for determining
a specimen’s effective modulus (E.fy = E/(1—1?)) from the measured applied load and displacement of the indenter.
However, Young’s modulus, E/, and Poisson’s ratio, v, which are commonly used in engineering applications, cannot
be independently determined using this analysis. To find FE, it is necessary to guess or estimate v, which is difficult
to measure directly on small volumes of material with established techniques.

The Oliver-Pharr method is also affected by the sensitivity of measured stiffness to errors in the measurement of the
true deformation of a specimen. These errors are commonly due to machine compliance and thermal drift. Machine
compliance is commonly calculated by indenting a material with known elastic properties, such as fused silica, and
subtracting the theoretical compliance of the material from the experimentally measured compliance [3, 4]. While
this method provides an estimate for the machine compliance, it relies on an accurate measurement of the contact
area and the ability to accurately detect the initial contact between the indenter and specimen, which is challenging
when testing soft materials [5, 6]. Thermal drift, or the change in position of the sample relative to the indenter due
to small changes in temperature, is often minimized by either conducting indentation tests in a closed environment
in which the temperature is stable or performing indentation tests quickly [7].

In the present work, the displacement of the surface of the sample is measured independently of the indenter.
Specifically, the displacement of fluorescent microparticles near the surface of the specimen during an indentation
test are measured. In-plane motion is measured by tracking the particle center and out-of-plane motion is measured
using the quantitative defocusing method. Measuring the displacement of the specimen surface at multiple locations
in the vicinity of the indenter allows mechanics models that relate both in-plane and out-of-plane displacements
to the applied load to extract elastic properties. The use of both in-plane and out-of-plane displacement permits
both E and v to be obtained. In addition, separating the displacement measurements from the indenter allows the
deformation to be measured independently of machine compliance and drift.

The purpose of the present work is to assess the accuracy and precision of the in-plane and out-of-plane displacement
measurements using particle tracking and quantitative defocusing, respectively. The accuracy of these techniques
depend on experimental conditions including optical properties of the microscope and specimen, thus the effect of
magnification and particle size on the accuracy and resolution of the technique are investigated for particles on
PDMS. Preliminary cylindrical flat punch indentation tests are performed on PDMS specimens and the in-plane and
out-of-plane displacements are used along with load data to identify ' and v. These results are compared with E,z
calculated using standard indentation analysis.

Background

Instrumented Indentation

Instrumented indentation is a frequently used technique for evaluating mechanical properties of soft materials, in-
cluding polymers and biological tissues [8]. This method is capable of testing at low loads and displacements and
sample preparation is simple compared to traditional tension or compression tests. Here, we consider flat punch
indentation in which a force, P, is applied to a cylindrical flat punch with radius, a, indenting it into an elastic
halfspace with Young’s modulus, E, and Poisson’s ratio, v. The origin of the Cartesian coordinate system used in
the present work is located on the surface of the specimen and along the centerline of the indenter. z is positive into
the material, such that a compressive force deforms the specimen in the positive z direction. For rigid cylindrical
flat punch indentation, E.j relates to the stiffness measured during an indentation test as follows [1, 2]:
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where FE is the Young’s modulus, v is the Poisson’s ratio, k is the stiffness, and a is the contact radius.

The in-plane and out-of-plane displacements of a point on the surface of an elastic halfspace that is being indented
with a cylindrical flat punch are a function of E, v, a, in-plane position, z and y, and applied load, P [9]. The



relationships were transformed to Cartesian coordinates to better facilitate experimental data from the camera.
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Quantitative Defocusing Method

Discrete micrometer-scale particles are widely used as markers to measure displacements in both fluids and soft
solids, including gels and biological materials [10]. Scanning confocal microscopy is a popular tool for quantifying
the position of micrometer-scale particles in three dimensional space because the spatial resolution is superior to
many other techniques [11]. However, because scanning confocal microscopes scan the specimen point by point, the
data acquisition rates are generally slow [12], which becomes problematic when high acquisition rates are required
to quantify time-dependent material properties.

An alternative method called quantitative defocusing [13], has lower resolution than scanning confocal microscopy,
but can achieve higher acquisition rates. This method uses wide-field fluorescence microscopy to image micron-scale
fluorescent particles. Unlike confocal microscopy which restricts out-of-focus light, in wide-field microscopy, out-of-
focus particles appear along with particles in the focal plane. Due to spherical lens aberration, a ring pattern forms
around the out-of-focus particles. The radius of the ring is a function of the distance of the particle from the focal
plane [13, 14]. This method is advantageous because the entire field-of-view is captured in one image, allowing for
data acquisition rates faster than conventional confocal microscopy. In addition, wide-field fluorescence microscopes
are often less expensive than confocal microscopes.

Non-ideal optical conditions typically limit the use of diffraction models, thus a commonly used approach is to compare
the aberration rings measured during experiments to an experimentally developed calibration curve. The calibration
curve is created by collecting images of a stationary particle of the same size as those used in the experiment at known
z displacements from the focal plane. The ring shape is measured to correlate ring size with out-of-plane displacement
[15]. While the calibration curve depends on the objective, particle size, and the optical properties of the system
and cannot be used universally, this method allows displacement to be measured in situations in which the optical
properties of the system are not ideal. Zhang and Menq [16] developed a method in which the in-plane location of
a particle is found using a weighted centroid method. The intensity of the particle and ring aberration is found as
a function of radial distance from the centroid. This intensity profile is compared to those of calibration images to
determine the out-of-plane displacement. Using this analysis technique with 4.5 pym particles and a magnification
of 60x, an in-plane standard deviation of 0.35 nm and an out-of-plane standard deviation of 0.9 nm was reported.
Because applying quantitative defocusing to indentation tests requires viewing the particles through the specimen,
which can be several millimeters thick, a similar approach in which calibration curves are created experimentally
prior to testing is pursued in the present work.



Experimental Setup

PDMS is prepared by mixing a 10:1 weight ratio of Sylgard 184 base elastomer to Sylgard 184 curing agent (Dow
Corning Corporation, Midland, MI). After degassing for 1 hr, the PDMS is cast on a silicon wafer to ensure a smooth
surface for indentation. The PDMS is cured on a hot plate at 85° C for 4 hr. Fluorescent polystyrene microspheres
(Bangs Laboratories, Inc, Fishers, IN) are used for surface motion markers. The microspheres have an excitation
wavelength of 480 nm and an emission wavelength of 520 nm. 1 pL of microbead solution is diluted in 1 mL of
isopropanol. This bead mixture was placed on the surface of PDMS in 1.5 uL drops. Specimens were allowed to sit
for at least 12 hrs to ensure the isopropanol had completely evaporated.

A cylindrical flat punch indentation experiment was developed to validate the technique proposed in this work.
A wide-field fluorescence inverted microscope was built to image the particles from beneath the specimen during
indentation tests. Images were collected from the microscope with a CMOS (1024 x 1280) camera (Pixelink A741,
Ottawa, Ontario). The specimen is placed on a closed-loop nanopositioning stage (nPoint, Middleton, WI) which
has a 100 pm in-plane and out-of-plane displacement range. To facilitate the inverted microscope, the stage has
an opening in the center, giving the microscope access to the specimen. This stage is mounted on a tip-tilt stage
to allow proper alignment between the sample and the indenter. A schematic of the experiment setup is shown in
Figure 1. The cylindrical flat punch indenter is made from a 0.5 mm diameter glass rod. Force is measured with a
10 g load cell (Cooper Instruments and Systems, Warrenton, VA).
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Figure 1: Schematic of the indenter. A translation stage moves the load cell and indenter into and out of contact
with the specimen which is mounted over an opening. The opening allows the inverted microscope to view the
displacement of the microparticles during the indentation test.

Particle Tracking Procedure

In the present work, the x coordinate was defined in the 1280 pixel direction of the camera and the y coordinate was
defined along the 1024 pixel direction. Preprocessing consists of background subtraction, image contrast adjustment,
and median filtering. The background image is created by averaging 5 images of the specimen taken at a sufficient
distance from the focal plane such that the particles are not identifiable from the background. The image contrast
is adjusted to increase the brightness of the particles relative to the background noise. Lastly, a 3x3 median filter is
applied to remove salt and pepper noise.

To identify peaks, the first image in an image sequence is converted to binary. Bright regions are then identified as
potential particle locations. These are then filtered based on area and minimum peak height to exclude areas not
associated with particles. Minimum area, maximum area, and peak height are adjustable parameters meant to allow



the user to sort out particles of interest from surface contamination or noise that may not have been removed during
image preprocessing.

The particles that meet these criteria are located in the grayscale image and fit with the first 30 axisymmetric Zernike
polynomials. While the definition of Zernike polynomials is beyond the scope of this work, additional information can
be found here [17]. Zernike polynomials were chosen because the axisymmetric mode shapes resemble the intensity
distribution of both in-focus and out-of-focus fluorescent particles. A bounding box around each particle is created.
The center of a bounding box created around a particle, which corresponds to the origin of the axisymmetric Zernike
polynomials, is allowed to vary to minimize the error between the axisymmetric Zernike polynomial fit and the
grayscale values inside the bounding box. If the error is below a threshold value set by the user, the region is
considered a valid particle. The center of the bounding boxes of valid particles are then used as initial guesses for
the in-plane particle locations in all images. These regions are then fit in each image using the Zernike polynomial
algorithm to determine the particle centers.

To determine the out-of-plane location of the particles, the intensity of the Zernike polynomial fits for each particle
are normalized such that the peak is 1. The ring radius of the particle is determined by finding the radius of the
smallest circle that will enclose the points on the Zernike polynomial in which the height is greater than or equal to
0.5. This threshold was chosen because it exceeds the noise in the fitted surface that sometimes appears along the
boundaries of the bounding box.

Calibration

Procedure

To understand the effects of particle size and magnification on the accuracy and precision of displacement mea-
surements, displacement calibration and noise data were collected for 1.9 um and 6.3 pm diameter particles on a 3
mm thick PDMS sample using a 10x Zeiss EC Epiplan-Neofluar objective with a 9 mm working distance and 0.25
numerical aperture and a 20x Zeiss LD EC Epiplan-Neofluar objective with a 12.1 mm working distance and 0.22
numerical aperture. These objectives were chosen because the relatively long working distance is necessary to view
the particles through thick specimens. For thin specimens, an objective with a shorter working distance would be
advantageous because it would have a higher numerical aperture, which increases the light intensity of the particles
and decrease the depth of field. In-plane displacements are calibrated by translating an undeformed specimen with
the piezoelectric stage in the stage’s x, y, and z directions and measuring the motion of the particle center and
radius. For z calibration the specimen is translated 100 gm in 1 um increments. For both x and y directions, the
specimen is moved 5um in 0.1 pgm increments. After each step, the stage is allowed to settle for 1 second, at which
point an image is captured.

Results

Figure 2 shows 1.9 pym and 6.3 pm particles at 10x and 20x at different distances from the focal plane. For the
cases shown, as the particle moves out of focus, the observed area increases and the observed intensity decreases.
Because of this effect, it is necessary to choose a particle size that will allow the particle to be seen over the desired
out-of-plane displacement range. At a 20x magnification, the 1.9 pm particle is not visible at 20 pm or 40 um. The
1.9 pm particle at 10x magnification begins to fade after moving more than 20 pm from the focal plane.

It is possible to increase the out-of-plane range of this method by using an objective with a higher numerical aperture
or increasing light intensity [13]. While the long working distance needed to view the particles through a specimen
limits the numerical aperture that can be used, the light intensity can be increased by using larger particles. As
shown in Figure 2, at both magnifications, the 6.3 um particles have a higher intensity and the edge of the bead is
better defined than than the 1.9 ym beads at the off-focus distances examined.

Figure 3 shows the relationship between the change in measured radius relative to the in-focus particle radius and
distance from the focal plane for three 1.9 pm and 6.3 pm particles with the 10x objective. The radius of the 1.9 ym
particles are shown from 0 to 30 um away from the focal plane in Figure 3a. Beyond this distance, the algorithm
was unable to distinguish the particles from the background noise. In Figure 3b, the algorithm was able to track the
particle radius from 0 to 100 pm from the focal plane. The discontinuities in the measured change in radius that
occur between stage displacements of 50 pm to 70 pm are currently being investigated. These results suggest that



6.3 pum particles are better suited for these experimental conditions because the increase in light intensity allows
them to be identified and tracked farther from the focal plane.

The in-plane motion of 1.9 pm and 6.3 um particles were calibrated with the respect to the displacement of the
stage for magnifications of 10x and 20x. The results of x and y calibrations for 6.3 um particles at 10x and 20x
magnification are shown in Figure 4. As expected, the in-plane displacement of the particles are linearly related
to the applied displacement from the piezoelectric stage. The slope of the pixel displacement - stage displacement
relationship was found using linear least squares.

The mean and standard deviation of the slopes for all particles tracked for each case are shown in Table 1. The mean
slopes agree reasonably well with an independent microscope calibration which used a 0.02 mm optical calibration
standard. For the 10x objective, the z calibration was 613 nm/pixel and the y calibration was 612 nm/pixel. Using
the 20x objective, the x calibration is 303 nm/pixel and the y calibration is 305 nm/pixel.

Table 1: Mean and standard deviation = and y calibration relationships for all particles at 10x and 20x magnification

x calibration y calibration
Mean Std Dev Mean Std Dev
(nm/pixel) (nm/pixel) (nm/pixel) (nm/pixel)

1.9 pum particle, 576 183 548 184
Mag. 10x
1.9 pum particle, 307 13 311 4
Mag. 20x
6.3 um particle, 606 4 637 26
Mag. 10x
6.3 pm particle, 316 2 294 3
Mag. 20x

Uncertainty Measurement

Procedure

To quantify the in-plane noise in the image analysis, 50 images were collected for a stationary specimen over a period
of 128 seconds. Using the algorithm described previously, the center of each particle is tracked in each image. The
motion of the particle center can then be correlated with the displacement of stage.

Results

A summary of the mean and standard deviation of the measured in-plane displacements for magnifications of 10x
and 20x and particle sizes of 1.9 um and 6.3 pum are shown in Table 2. The nonzero mean values may be due to drift
in the sample. The standard deviations show that for both particle sizes, the 20x objective has a higher precision.
This suggests that there is a trade-off between precision of the in-plane measurement and the field-of-view of the
experiment.

Indentation Experiments

Ezperimental Procedure

Preliminary indentation tests on a PDMS specimen with 6.3 pm beads on the surface was completed using the
indentation system described previously fitted with a 20x objective. The piezoelectric stage was initially moved to
15 pum above the focal plane. The indenter was positioned such that it was within a few micrometers, but not in
contact, with the specimen. The stage is then moved 40 um toward the indenter over 10 s. The maximum stage
displacement is then held for 10 s. The stage was then moved -55 pm. The additional unloading displacement is
added to account for adhesion between the indenter and specimen. The measured stiffness is calculated by fitting
the unloading portion of the force-displacement data from 90% of the maximum compressive load to 10% of the
maximum compressive load with a linear relationship and calculating the slope.
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Figure 2: 1.9 ym and 6.3 pm diameter polystyrene fluorescent particles shown at 10x and 20x magnification at 0
pm, 20 pm, and 40 pm from the focal plane.
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Figure 3: Change in radius of the particle as a function of out-of-plane displacement for a 10x objective and a) 1.9
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Figure 4: a)10x magnification x calibration, b) 10x magnification y calibration, c) 20x magnification z calibration,
and d) 20x magnification y calibration for 6.3 pum particles.

Table 2: Mean and standard deviation z and y noise measurements for all particles at 10x and 20x magnification

x displacement

y displacement

Mean Std Dev  Mean Std Dev
(nm) (nm) (nm) (nm)
1.9 pum particle, 125 232 -37 201
Mag. 10x
1.9 pm particle, -237 82 -0.25 76
Mag. 20x
6.3 pm particle, -242 248 -232 294
Mag. 10x
6.3 pm particle, -166 91 17 65

Mag. 20x




Analysis

An optimization routine was developed to extract E and v from displacement data for discrete particles. This model
requires in-plane positions of the particles, z, y, and z displacements at the particle locations, the measured force,
and the indenter radius to be known. F and v are found using a nonlinear least squares algorithm, which varies F
and v to minimize the error between experimental displacement data and theoretical displacements calculated from
eqs. 2 and 3. The identification of E and v has not been optimized to reduce the effect of noise on the displacement
measurements. This will be addressed in future work.

To validate the results from the optimization routine, E.s is calculated using the Oliver and Pharr method [1] using
stage displacement and load cell measurements. To calculate the specimen stiffness, it is necessary to account for
machine compliance. Following the method proposed by Oliver and Pharr [1], the measured compliance is modeled
as two springs combined in series as follows:

Cmeasured = Cspecimen + Cmachine» (4)

where Cricasureds Cspecimen, ad Ciachine are the measured compliance, specimen compliance, and machine compli-
ance respectively. For flat punch indentation, Cspecimen is

1
Cs ecimen — o514 * 5
P 2Eeff(l ( )

Cimachine Was determined using a 6.35 mm thick fused silica specimen (E = 72 GPa, v=0.17 [1]). Using the fused
silica properties and Ceqsured from 11 indentation tests in eq. 4, the mean Chachine is 880 pm/N with a standard
deviation of 4.76 um/N. The large compliance in the system is predominately due to the compliance of the 10g load
cell. Because Ciachine is a property of the instrument, it can be used along with Ceqsureq from indentation tests
in eq. 4 to find Cypecimen for materials with unknown properties. The effective modulus can then be calculated from
eq. b.

Results

Images of the particles outside the contact area from the experiment are shown in Figure 5. Figure 5a show the
particles when they are 15 ym away from the focal plane and the indenter is not in contact with the specimen. In
Figure 5b, the specimen is moved 40 pm from it’s initial position. As expected, the radius of all particles except
particle 2 increase. It is not understood why particle 2 does not appear in Figure 5b. The out-of-plane calibration
was completed by fitting a 6" order polynomial to out-of-plane calibration data taken for these particles over a stage
displacement range of 0 to 55 um, which corresponds with the displacement range of the experiment. Because the
polynomial fit does not describe the relationship between particle radius and stage displacement well for particles
1 and 6, only data from particles 3, 4, and 5 are included in this analysis. Stage displacement and measured bead
displacement of particles 3, 4 and 5 are shown in Figure 6a and the measured load corresponding to each image
is shown in Figure 6b. The surface deformation, which is needed for the analysis, is the difference between stage
displacement and particle displacement at a given time.

Force measurements, indenter radius, in-plane particle location, and z, y, and z particle displacements measured from
images captured when the stage was at the maximum displacement were input into the analysis algorithm and E and
v were calculated for each image. v was bounded between 0 and 0.5. F and v were determined to be 1.98 4+ 0.16 MPa
and 0.5 respectively, leading to an E.¢ of 2.64 + 0.21 MPa. While PDMS is expected to have a Poisson’s ratio near
0.5, the algorithm may be reaching the upper bound due to errors in the in-plane measurements. For comparison, Fe
was calculated from the compliance measured during the unloading portion of the force-displacement relationship.
After correcting for machine compliance, Feg is 3.23 MPa. While the particle tracking analysis and the traditional
analysis do not agree, they are similar. Errors in the measured machine compliance effect the modulus calculated
using the traditional analysis. There are also sources of error in the bead tracking technique. While the analytical
model assumes the contact between the indenter and specimen is frictionless, there are friction and adhesive effects
that may be influencing the in-plane displacements. Only three particles were tracked in the present work. A previous
numerical study of this system suggested that at least 36 particles are required to find E and v within +5% of the
true value [18]. Future work includes addressing the in-plane measurement errors and increasing the particle density
to improve the accuracy and precision of E' and v calculated from the particle tracking method.
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Figure 5: Images of beads outside of the contact region from the experiment a) 15 pm out-of-focus b) 55 pum
out-of-focus. The white region is the portion of the contact region visible during the experiment
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Figure 6: a) The measured out-of-plane displacement as a function of time for an indentation test on PDMS. Data
points show the out-of-plane displacement in each image as a function of time. The solid line in a) shows the
displacement of the stage. The displacement of the surface at the particle locations is the difference between the
stage displacement and measured bead location. b) The measured load corresponding to each image as a function
of time.

Conclusion

A technique for measuring the in-plane and out-of-plane displacements along the surface of a transparent specimen
during a flat punch indentation test was designed. An algorithm was developed to track the in-plane and out-of-plane
motion of discrete particles by fitting images of the particles with axisymmetric Zernike polynomials. The viability
of this method was assessed by applying the algorithm to in-plane and out-of-plane calibrations and in-plane noise
measurement of fluorescent particles on PDMS. For the optical system used in the present work, it was found that
6.3 pm particles provide sufficient light intensity to be tracked over 100 pum of out-of-plane displacement. The noise
assessment suggests that the precision of the in-plane measurements improved at higher magnification. However, as
the field-of-view decreases, less particles can be tracked, which may affect the performance of the analysis algorithm.
A preliminary indentation test was completed to demonstrate the feasibility of the technique. An optimization
routine was used to extract F and v from load, particle location, particle displacement, and contact radius data.
Discrepancies between E.z calculated from the particle tracking method and the Oliver and Pharr method may be
due to errors in machine compliance measurements, having insufficient particles within the field-of-view, and friction
and adhesive effects not accounted for in the analytical model. These errors will be investigated in the future.
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