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Abstract Measurements of surface deformations as part of
the “Contact Mechanics Challenge” were collected using
digital image correlation (DIC). For these experiments, a
scaled version (1000x) of the periodic and random
roughness surface provided for the “Contact Mechanics
Challenge” was used. A 100 mm x 100 mm scale replica
of the surface, approximately 10 mm thick, was 3D-printed
using an opaque polymethylmethacrylate and pressed into
contact against flat, transparent polydimethylsiloxane
(PDMS) sheets with dead weight loads. Four different
formulations of PDMS were used, and the resulting elastic
moduli ranged from 64 kPa to 2.1 MPa. The DIC tech-
nique was used in situ to measure the deformation of the
PDMS surface at each load increment from 22.5 to 450 N.
Surface deformations in and out of contact were measured
across the entire apparent area of contact and overlaid with
the measurements of contact area to provide a complete
description of the surface profile during loading. A direct
comparison between these experiments and the simulations
regarding the gap within the contact at a reduced pressure
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of 0.164 agrees to within +10% when normalized to the
maximum gap.
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1 Introduction

In the “Contact Mechanics Challenge” for the modeling
community, there is a statement regarding the complete
lack of experimental verification of the models, at least as
of 2015 [1, 2]. The motivation of the experimental efforts
reported here is focused on trying to fulfill some of the
needs from the community. In a previous study by our
group, direct measurements of contact area were performed
using frustrated total internal reflection (FTIR) to capture
the contact locations during a loading with a
100 mm x 100 mm 3D-printed solid replica of the origi-
nal model surface offered for the Challenge [3]; this rep-
resents a scaling of 1000x over the original model. The
FTIR experiments measuring relative contact areas, contact
distributions, and percolation threshold compared favor-
ably with the simulation results, despite being run on a
surface that was scaled by 1000x, non-periodic contact
conditions, and having a finite thickness of the deforming
elastic surface. The “Contacts Mechanics Challenge” had a
number of computations requested that were more complex
than simple contact area and contact patch distributions. In
our experience, the FTIR method was unable to address
these questions as the only directly measureable quantities
were contact locations.

In order to measure surface deformations, we turned to
another optical technique called digital image correlation
(DIC). DIC uses a pair of digital cameras to measure the
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full-field deformation of an object’s surface using stereo-
scopic method [4-7]. It is a well-established and well-
studied technique that requires the surface upon which
deformations are to be measured to be completely covered
with a random ensemble of black speckles [8, 9]. All of the
deformation measurements will be made by tracking the
movement of these speckles during loading. The use of a
single camera with the DIC method is capable of measur-
ing in-plane deformations on a flat surface. When one
camera is used, the 2D images enable in-plane displace-
ments on a flat surface to be measured by performing
correlations between the loaded and unloaded images. By
extension, when two cameras are used, the pair of images
for both the loaded and unloaded conditions enables the
measurement of surface deformations in 3D and is not
limited by geometry (other than being within the optical
path of the cameras). Calibration techniques are used to
determine the positions and optical path of the cameras and
to compute the uncertainties in the measurements. In these
experiments, the DIC measurements compare subset
regions in both images and use a cross-correlation function
and optimization routines to solve for the displacements.

In this manuscript, we report on the methods and rep-
resentative results from performing deformation measure-
ments using DIC on scaled experiments to measure the
deformations under the contact of randomly rough sur-
faces. Additionally, we will provide a comparison between
the experiments and simulation for the surface gap as
defined by the “Contact Mechanics Challenge”; this was
not something that could be directly measured, and we
used the experiments to find the surface deformations
which we subtract from the coordinates of the scaled rough
surface along the same line.

2 Experimental Methods and Apparatus
2.1 Sample Preparation

The samples used in this manuscript were the same sam-
ples as described by Bennett et al. [3]; briefly, a scaled
model of the surface defined by Miiser and Dapp [2] was
produced using a 3D printing technique. The model surface
was scaled globally by a uniform factor of 1000x (i.e., the
original 100 pum x 100 pm square projection of the sur-
face was fabricated at a size of 100 mm x 100 mm). This
3D-printed solid sample was made from an opaque poly-
methylmethacrylate (PMMA) print material.

The “Contact Mechanics Challenge” was designed
around the numerical challenge of computing the contact
and deformation that occurs on a smooth, soft, elastic
surface in contact with a rough surface. In the simulation,
the contact problem as posed was periodic and semi-

@ Springer

infinite. For these experiments, we produced thin, smooth,
flat, and transparent surfaces of polydimethylsiloxane
(PDMS), which were made from a two-part curing of
Sylgard® 184 at four different base/agent ratios (10:1, 20:1,
30:1, and 40:1). These PDMS samples were fabricated into
transparent cylindrical sheets (~ 15 mm in thickness) that
were bonded onto low-iron glass plates (Starphire®), which
were 6.35 mm in thickness.

The elastic modulus of each PDMS sample was
measured through in situ optical micro-indentation, and
these data are published in the manuscript by Bennett
et al. [3]. The modulus, E, and work of adhesion, Ay,
were calculated by fitting the Johnson—Kendall-Roberts
(JKR) contact model to the loading curve, which plots
the measured contact diameter as a function of the
applied load [10]. The results of these experiments for
the different formations were: (10:1) E = 2.1 MPa
Ay = 4 mJ/m*; (20:1) E =0.75MPa Ay = 3 mJ/m?%
(30:1) E=024MPa Ay=2ml/m* and (40:1)
E =0.06 MPa Ay =3 mJ/m’. The contribution of
adhesion to these contact mechanics experiments is
minimal for a number of reasons—the scaling of the
model essentially ensures that the effect of adhesion is
negligible almost regardless of any adhesion from the
PDMS [11, 12], which were found to be small during the
monotonic loading curves measured by JKR, and finally
all contact experiments were performed by monotoni-
cally increasing load, and no unloading measurements
were performed. This lack of adhesion in the experi-
mental work is not a major deviation from the simula-
tions, which revealed a minimal contribution from the
adhesion in the contact area computations [13].

2.2 Measurements of the Surface Deformation
Using Digital Image Correlation (DIC)

As briefly discussed in the Introduction section, DIC is an
established measurement technique that is capable of
quantitatively measuring deformations in 3D using
stereoscopic imaging. The DIC method uses a pair of
digital cameras to simultaneously capture a 2D image of a
random pattern of surface features (speckles) as they
undergo strain and deformation. A schematic of the DIC
setup is shown in Fig. la, along with the random speckle
pattern that was applied to the PDMS surface as shown in
Fig. 1b. The black speckles are intentionally randomly
shaped with characteristic length scales on the order of
50-500 pm. The random nature of the shape of an indi-
vidual speckle and the positioning of the speckles relative
to one another allow a pair of 2D images to be used to track
full-field deformations in 3D [14]. A representative line
scan which results from the DIC measurements showing
both in-plane and out-of-plane deformations and an
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Fig. 1 Digital Image Correlation. a Stereoscopic placement of
cameras focused on top surface of PDMS sample. b Speckle pattern
at x1 (left) and x240 (right). ¢ Line scan of deformation data for 30:1
PDMS at x = 50 mm and 0 mm < y < 100 mm

associated line scan through the model surface is shown in
Fig. lc.

2.3 Experimental Procedure

The scaled 3D-printed surface was placed into contact with
the speckled surface of the PDMS without any applied
load, and the loading procedure used specific increments of
4.5 N until 45 N was achieved, and then 22.5 N increments
until 450 N was achieved. These loads were applied by
gently placing weights onto the flat back surface of the 3D-
printed model. The loading was performed using a quasi-

static method and a sequential method, where the DIC
images were taken at each load. The time between the
loading of the contact and imaging varied but was gener-
ally under 100 s. Over this time period, the measurements
of contact area did not noticeably vary for the four PDMS
samples used, although this was not a parameter that was
investigated. The manual loading method was identical to
the approach described by Bennett et al. [3].

3 Results and Discussion

The 3D deformation field of the PDMS samples is shown
for the four different samples, at five different loads (from
22.5 to 450 N) in Fig. 2. The maximum deformation was
on the order of 2.5 mm and was found on the softest PDMS
sample at the highest load. Considering that the PDMS
thickness was only 15 mm, this represents a significant
strain and a considerable difference between the setup of
the simulations and these experiments. A full 3D defor-
mation field was not part of the “Contact Mechanics
Challenge,” and therefore a direct comparison is not
available, but the patterns in the graphs are striking. As the
reduced pressure increases, so too do the overall area and
magnitude of deformation, along with the maximum depth
of penetration. One of the most intriguing results from
these measurements is the degree of negative deformation,
which in these measurements represents a surface feature
moving up (i.e., the opposite direction from the indentation
motion). In Fig. 1c, the deformation along the centerline is
shown at a reduced pressure of 0.5. It is readily apparent
that the deformation at the edge of contact is negative and
roughly symmetric, which is not the expected profile for a
punch against a semi-infinite half-space [15]. This defor-
mation profile is a result of the finite thickness of the
elastomer sample and suggests that comparisons between
these experiments and simulations may not be appropriate.
However, the simulations have a computationally efficient
and elegant approach that uses a periodic indentation sur-
face (i.e., there is no edge of contact) for the elastic half-
space. Therefore, as a most simple possible explanation,
conservation rules predict that both the experimental
approach and the numerical simulations will produce both
positive and negative deformation within the contacts.

A combined image of contact area and deforma-
tion (mm) at a reduced pressure of 0.16 and a relative
contact area that was just beyond the percolation threshold
is shown in Fig. 3a. This plot was made by overlaying the
contact area measurements obtained by using the FTIR
technique by Bennett et al. [3] at the same experimental
conditions (the data sets were aligned using the largest
peaks as intrinsic fiducials).
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Fig. 2 Deformation maps for each PDMS sample at characteristic millimeters for these experiments. The topographic plots are for the
loads. The PDMS has both positive and negative deformations. The entire apparent area of contact 100 mm x 100 mm
units associated with the deformation in the figure are all in
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Fig. 3 Processed deformation map. a Contact area overlay from the
FTIR method (black lines) overlaid with the DIC measurement of
surface deformation. b Line scans depicting the deformation in the z-
direction at x = 63 depicted as line [S;—S,]. Line scans represent the
z-direction deformation at 22.5 N (0.01 p/E), 45.0 N (0.02 p/E),

Each applied normal load was converted using Eq. (1)
to a reduced pressure, p, which is equal to the nominal
contact pressure, p, divided by the product of the composite
modulus, E*, and the surface root-mean-square gradient, g.
In this model, g was equal to unity.

p=p/(Exg) (1)

The elastic moduli of these samples were measured with
a sphere-on-flat indentation experiment as discussed pre-
viously, and the composite moduli were entirely driven by
the elastomer. A single line scan through the x = 63 mm
position (S;—S;) is shown in Fig. 3b, and this line was
selected because it passes through a range of high peaks
and deep valleys in the surface topography. In Fig. 3b, the
deformation of the PDMS surface is shown against the
backdrop of the rough surface. In this representation, the
rough surface is shown as the stationary feature, and as the
load increases it is as if the PDMS is being pressed further
into the rough surface. In this representation, the best ref-
erence point is the highest peak on the rough surface (lo-
cated at roughly Y = 0.4, through which all of the lines
pass and which represents the deepest penetration). This
method of visualizing the surface deformation was found to
be very useful during calibration, but is often confusing in
terms of defining measurements of the surface deformation.
With DIC, there is an absolute reference associated with
the undeformed surface, which can be defined as zero
deformation. As previously discussed, changes in the sur-
face positions relative to this initial reference are given as
surface deformation, and this is plotted for the same line
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112.5 N (0.04 p/E), 225 N (0.10 p/E), 450 N (0.18 p/E) for the 30:1
PDMS sample. Lines are shifted from absolute zero to show relative
deformation at various reduced pressures. ¢ Line scans as shown in
b with z-direction deformations referenced from absolute zero

and loads in Fig. 3c. As discussed for the edge of contact,
there are also significant regions of deformation up from
the initial surface within the contact, and some of these
regions are then involved in contacts that would not be
predicted to occur from simple bearing area methods (this
is one reason that the bearing area methods may under-
predict contact areas as high relative pressure).

Both sealing [16, 17] and mixed lubrication [18-20]
studies focus on regions on intimate contact and gaps
within the contact. The gap height, as defined by Miiser
et al. [2], is a measure of the distance in the indenting
direction between the indenting surface and the indented
sample, and as defined by Carbone et al., it indicates the
ability to conform to roughness of various intensities [21].
Unfortunately, gap height is not something that we can
directly measure using the DIC method, as only the
deformation of the contact surface is measured and the
location of the indenting surface is not. However, for these
experiments the surface profile is known (the surface itself
is 3D printed), and by matching the profiles within contact
the rough surface can be registered to the deformed surface
(this is the method used to create Fig. 3b). As can be seen
in Fig. 3b, the registration between the rough surface and
the PDMS deformation remains a significant uncertainty
contributor. For comparison to the simulation results from
the “Contact Mechanics Challenge” [13], the surface gap
at the mid-line (X = 50 mm following the convention
defined in Fig. 3a) is plotted and compared as shown in
Fig. 4a for a reduced pressure of 0.16. Despite all the
difference between the simulation and experiment (scaled
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Fig. 4 a Digital image correlation (experiment) measurement of the
gap compared to the gap computed through Green’s function
molecular dynamics for x = 50 mm and reduced pressure of 0.16.
b The percent error between the Green’s function molecular dynamics
(GFMD) solution (which was considered the exact solution) [13] to
the “Contact Mechanics Challenge” and the experimental results

1000 %, non-periodic, low adhesion, and finite thickness),
the agreement between them is within about 10% variation
[13]. As shown in Fig. 4b, the errors (defined by the dif-
ferences divided by the maximum gap) are within +10%.
This result is undoubtedly somewhat fortuitous given all of
the differences, but also extremely encouraging and
promising for applications that need simulations of rough
surface contact for prediction of performance, as in the
case of seals and bearings.

4 Closing Remarks

The implementation of digital image correlation (DIC) to
experimentally determine surface deformations under a
scaled rough surface contact was shown to be a robust
method of following the evolution deformation as a func-
tion of reduced pressure. These experiments were per-
formed over a wide range of conditions, which was
possible in part by a selection of four different PDMS
substrate thicknesses. The production of a scaled model
rough surface, which was 1000x larger than the model
used in the “Contact Mechanics Challenge,” was used in
these experiments and compared favorably to the
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predictions of gap within the surface contact (£10%).
Together with the measurements of contact areas, these
data provide a nearly complete description of the surface
deformations for the randomly rough surface used in the
“Contact Mechanics Challenge.”
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