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Abstract This manuscript presents an experimental effort

to directly measure contact areas and the details behind

these scaled experiments on a randomly rough model sur-

face used in the ‘‘Contact Mechanics Challenge’’ (2017).

For these experiments, the randomly rough surface model

was scaled up by a factor of 10009 to give a 100 mm

square sample that was 3D printed from opaque poly-

methylmethacrylate (PMMA). This sample was loaded

against various optically smooth and transparent samples

of PDMS that were approximately 15 mm thick and had a

range in elastic modulus from 14 kPa to 2.1 MPa. During

loading, a digital camera recorded contact locations by

imaging the scattering of light that occurs off of the PMMA

rough surface when it was in contact with the PDMS

substrate. This method of illuminating contact areas is

called frustrated total internal reflection and is performed

by creating a condition of total internal reflection within

the unperturbed PDMS samples. Contact or deformation of

the surface results in light being diffusely transmitted from

the PDMS and detected by the camera. For these experi-

ments, a range of reduced pressure (nominal pressure/

elastic modulus) from below 0.001 to over 1.0 was

examined, and the resulting relative contact area (real area

of contact/apparent area of contact) was found to increase

from below 0.1% to over 60% at the highest pressures. The

experimental uncertainties associated with experiments are

discussed, and the results are compared to the numerical

results from the simulation solution to the ‘‘Contact

Mechanics Challenge.’’ The simulation results and exper-

imental results of the relative contact areas as a function of

reduced pressure are in agreement (within experimental

uncertainties).

Keywords Contact Mechanics Challenge � Contact of

rough surfaces � Measurements of real area of contact

1 Introduction

In the December 2015 cutting edge article, Tysoe and

Spencer outlined a ‘‘Contact Mechanics Challenge’’ for the

modeling community [1]. Of importance to this manuscript

and effort was the comment:

… there have been many further attempts to describe

quantitatively the contact of rough surfaces, such as

those using fractal theory. Unfortunately, since the

direct measurement of contact area between rough

surfaces is extremely challenging, there has been no

direct experimental verification of any of these

models.

It was this thought that motivated our efforts to make

direct measurements of contact area across a model rough

surface, and to our knowledge this work represents the first

direct experimental verification and test of these models.

For the ‘‘Contact Mechanics Challenge,’’ a height profile of
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a periodic and random surface was provided [1, 2]. The

conceptual framework that we pursued was to linearly

scale the model by 1000x and perform a scaled experiment

on samples of polydimethylsiloxane (PDMS) with varying

degrees of crosslinking, which provided a range of elastic

properties and surface energies. A series of scaled 3D

printed models were prepared and examined for their

fidelity, roughness, and overall quality. The final surfaces

that were selected were found to have form errors less than

20 lm over the entire range with an uncontrolled super-

imposed RMS roughness on the order of 1 lm. All mea-

surements of contact reported here are based on a technique

known as frustrated total internal reflection (FTIR), which

for a planar surface generates diffuse scattering at the

locations of intimate contact [3–7]. FTIR methods have

found application in contact measurements in fracture

mechanics [8, 9], tactile robotics [10], elastomer defor-

mation and percolation [11, 12], and fibroblast cell orga-

nization [13]. To varying degrees of success macroscopic

measurements of contact area have been performed for

both hard [8] and soft [9] contacts, and contacts that are

either stationary [10] or in relative motion [11]. The optical

properties of the substrate enabled the surface to act as the

necessary waveguide and made FTIR the ideal technique

for these measurements.

In this manuscript, we report on the methods and results

from these scaled experiments and additionally provide the

comparison between the measured contact areas and the

simulated contact areas as a function of reduced pressure.

2 Experimental Methods and Apparatus

2.1 Sample Preparation

Contact experiments were performed with a scaled model of

the surface as provided by Müser and Dapp [14]. The sur-

face is defined as having self-affine roughness with a height

profile of mean zero and surface root-mean square gradient,

�g ¼ 1: The surface was scaled globally by a factor of 10009

to produce a computer model 100 mm 9 100 mm in area

and approximately 10 mm thick. The resulting stere-

olithography model was then 3D printed into a solid opaque

object made from polymethylmethacrylate (PMMA) using a

Stratasys Objet Eden 260V 3D printer.

The ‘‘Contact Mechanics Challenge’’ was based on the

pressing of a rough surface onto a smooth, flat, low mod-

ulus, and semi-infinite surface. For these experiments, we

produced flat, transparent, and smooth surfaces by curing a

two-part Sylgard� 184 polydimethylsiloxane (PDMS) on

top of a low-iron glass (Starphire�) plate (6.35 mm thick).

These PDMS samples were cured in a clean room into

transparent cylindrical sheets roughly 200 mm in diameter

and approximately 15 mm thick with the resulting free

surface being optically flat to an RMS roughness better

than 20 nm. Five unique countersurfaces were made from

five different base/agent ratios (10:1, 20:1, 30:1, 40:1, and

50:1), which resulted in differing moduli and surface

energies.

The elastic modulus of each PDMS sample was mea-

sured using classical indentation techniques, and the

loading curves were fit to a JKR model of contact radius

versus applied normal force (Fig. 1). For these measure-

ments, a polished 6.35 mm diameter PMMA sphere was

pressed into contact with the corresponding PDMS samples

on a microindentation instrument described by Schulze

et al. and Krick et al. [15, 16]. Indentation measurements

were performed over 2000 s to similar contact areas

(contact radius[0.5 mm). Five indents were performed on

each PDMS formulation in order to provide statistics on

modulus and work of adhesion values, and contact was

continuously imaged during experiments. The modulus, E,

and work of adhesion, Dc, were then calculated using the

JKR contact model fitted to the loading curve [17]. The

modulus and work of adhesion values were taken as the

average of the JKR fit of the five indents done for each

PDMS sample, and the reported error is the standard

deviation of the fits [18].

2.2 A Frustrated Total Internal Reflection Method

for Imaging Contact Area and Apparatus

The frustrated total internal reflection (FTIR) method used

in this manuscript is illustrated in Fig. 2. In this experi-

mental setup, an initially diffuse light source enters the

transparent elastomeric sample by illumination wrapped

around the edges of the sheet. At a sufficient distance from

the light source, a condition of total internal reflection is

achieved; for a 15 mm thick sample, this is achieved well

before the contact zone. The PDMS/air critical angle,

beyond which light is totally internally reflected, is &40�
[5, 6, 19]. At a location of contact or extreme surface slope

change, exist the conditions necessary for total internal

reflection. In the case of contact, light is scattered diffusely

from the contacting area, while in the case of a surface

slope change (from deformation) a portion of the light may

escape the surface resulting in a slight increase in illumi-

nation near the contact areas. Careful selection of cutoff

criteria based on intensity can discriminate between contact

and surface deformation. After filtering, areas outside of

contact remain dark, and areas in contact are illuminated.

For these experiments, a blue electroluminescent wire

was found to provide a bright and diffuse light source

through the PDMS sample that was sensitive to contact (as

well as surface dust). This electroluminescent wire was

wrapped tightly about the outer diameter of the PDMS
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cylinder and was secured with a black adhesive tape that

was also used as a mask to prevent stray light in the

experimental setup. The entire apparatus was covered with

blackout fabric to ensure maximum sensitivity to contact

detection and eliminate artifacts associated with stray light

sources.

The PDMS sample and glass base were mounted above

a digital camera (Nikon D800 with 36.3 megapixel CMOS

sensor) that was focused on the undeformed contacting

surface of the PDMS sample. The orientation of the camera

was normal to the PDMS surface and looked into contact

from the bottom of the assembly. The scaling of the surface

and the selection of optics and pixel resolution were based

on the short-wavelength cutoff (k), which describes the

smallest feature to be considered in the ‘‘Contact

Mechanics Challenge.’’ Scaling the surface by a factor of

10009 gave an experimental surface short-wavelength

cutoff of 100 lm, which was over 59 larger than the

measurement pixel resolution of 17 lm.

2.3 Experimental Procedure

The 3D printed PMMA part was placed into contact with

the free surface of the PDMS, and dead-weight loads were

applied onto the flat back side of the printed part. Loading

was achieved by carefully balancing weights in 4.5 N

increments from 0 to 45 N, and in 22.5 N increments from

45 to 450 N. Digital images were collected at each load

and analyzed using algorithms coded into MATLAB� and

ImageJ to perform filtering, and quantitatively determine

Fig. 1 Indentation experiments

were performed in order to

estimate the Young’s modulus

of each of the PDMS samples.

Plots of the contact radius

versus force reveal strongly

hysteretic behavior against the

lower modulus samples. A

weighted nonlinear least squares

method was used to fit the JKR

model (orange points) to the

loading portions (closed colored

points) of the experimental data.

Open points indicate the

unloading portions of each

experiment. Experiments were

performed over a ramped

loading and unloading profile

that was symmetric and 2000 s

in duration (Color figure online)

Fig. 2 Experimental setup for the frustrated total internal reflection

method for imaging contact area. A high-resolution digital camera is

mounted beneath an aluminum frame which supports a transparent,

cylindrical PDMS sample, and the glass atop which it was molded.

An electroluminescent (EL) wire is wrapped around the

countersample and masked to reduce light pollution. A portion of

the light emitted by the wire is totally internally reflected within the

PDMS sample. As a 3D printed surface is brought into contact with

the free surface of the PDMS, internally reflected light is scattered at

the points of contact, which may then be imaged
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contact area and contact patch distributions at each applied

load. The relative contact area, ar, is defined as the ratio of

the real area of contact to the nominal area of contact. The

nominal area of contact is the projected area of the printed

surface (100 mm 9 100 mm), while the real area of con-

tact is the summation of all of the individual contact areas,

which are identified and quantified using the algorithms

coded into MATLAB� and ImageJ.

3 Results and Discussion

Measurements of contact were found to be robust over a

wide range of threshold selection values to discriminate

between contact and surface deformation. The measured

values of relative contact area are shown in Fig. 3 and

plotted against the reduced pressure, which spans four

orders of magnitude over the range of materials used and

the applied loads. Consistent with most theories of rough

surface contact mechanics, the real area of contact

increased linearly with load up until approximately 15%

of the surface was in intimate contact. In these experi-

ments, the percolation of contact area [20] was estimated

to occur at a relative contact area of approximately 42%,

which is in excellent agreement with the simulations

(although the percolation condition was not a criterion of

the ‘‘Contact Mechanics Challenge.’’) For the range of

loads and material available, the maximum value of rel-

ative contact area achieved was 65%, and it is

notable that there was a dramatic slope change in the

relative contact area versus reduced pressure above values

on the order of 0.1. In Fig. 3, the large white open circles

are five data points of relative contact area versus reduced

pressure that were provided by the authors of the ‘‘Con-

tact Mechanics Challenge’’ to the participants. The

agreement between the simulations and the numerical

solution is excellent, despite a number of notable differ-

ences between the experiments and simulation, namely

the experiments were finite thickness, uncontrolled and

unmatched surface energy and adhesion, nonperiodic, and

scaled by a factor of 10009. For these experiments, a

combined standard uncertainty analysis was used to

compute the uncertainty for relative contact area and

reduced pressure and shown in the associated figures as

uncertainty intervals. Uncertainties that arise from the

selection of the threshold values and the discretization

from the digital imaging were included in the analysis.

For uncertainties that arise from the discretization of the

contact area, Sawyer and Fregly studied a similar problem

in contact mechanics [21] and established a critical con-

tributor was the ratio of the perimeter pixel area of con-

tacts to the total area of contact. For small real areas of

contact, this was the dominant factor in the experimental

uncertainties associated with the measurement of contact

area. A series of color images from the FTIR experiment

and the corresponding filtered data of contact are shown

in Fig. 4.

All loads were converted to a reduced pressure, ~p,

defined in Eq. (1), where p is the nominal contact pressure,

E* is the composite modulus, and �g is the surface root-

mean square gradient and is equal to unity.

~p ¼ p

E��g
ð1Þ

The composite moduli for these experiments were dictated

by the PDMS, which as discussed previously were deter-

mined from a separate set of contact experiments using a

sphere-on-flat configuration. Additionally, because the

defined surface had a root-mean square gradient of unity,

all of these data are simply reported as the ratio of nominal

contact pressure over composite modulus. It is important to

note that the surface energy and adhesion effects on contact

area were negligible in these experiments and represent an

additional and important difference between the simula-

tions and experiments. Interestingly, the comparisons

between the simulation and experiments were still within

the experimental uncertainties largely because of the

selection of a relatively low value of surface energy for the

posed problem.

Fig. 3 Relative contact area (ar) and associated uncertainty is plotted

against the reduced pressure and is compared to the results of Martin

Müser’s ‘‘Contact Mechanics Challenge’’ simulation. The images

collected using the frustrated total internal reflection method were

converted to binary images using MATLAB�. Relative contact area

was measured after calibration and image analysis. a The data from

the test against the 30:1 PDMS sample span most of the range of, and

agrees with, the points provided by the simulation (open white

circles). b Results from all of the contact experiments are overlaid
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Fig. 4 a Collected images of

contact using a frustrated total

internal reflection imaging

method. b Digital analysis using

a thresholding algorithm to

produce binary images of

contact for analysis
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Of great importance to contact problems are the size and

spatial distribution of contact areas, which are responsible

for contact resistance (both electrical and thermal) and the

stress distribution across the interface. Due to practical

limitations associated with the loads that could be applied,

we chose to use a range of PDMS samples in order to span

approximately four orders of magnitude. One check for the

validity of this approach is to compare the size and spatial

distribution of contact patches across the entire surface. As

shown in Fig. 3, the overlay of the relative contact area

with the simulation was within the experimental uncer-

tainty. Figure 5 tests the agreement between the local

contact patches under the same value of reduced pressure,

~p ¼ 2:6�10�2; for the five different PDMS samples. These

data are presented without any adjustments or modifica-

tions, but are manually aligned as there was no special care

taken to align or register the surfaces in a repeatable man-

ner between different experiments. Although not shown in

this manuscript, these contact patch distributions compared

favorably with the numerical results from the ‘‘Contact

Mechanics Challenge’’ and are discussed in the final

manuscript by Müser outlining the results of the Challenge

[22].

Finally, the evolution of the shape and distribution in

contact patches from first contact through percolation

remains an interesting topic of discussion and is particu-

larly important for sealing applications. In this context,

percolation is a condition in which a particle could not

traverse the nominal contact area without encountering a

contact patch (i.e., percolation refers to a contiguous path

of contact that spans at least one set of opposing faces

across the nominal contact area). Figure 6 shows the evo-

lution of contact for the mid-range 30:1 PDMS sample over

the entire range of reduced pressure explored on this

sample. It is clear from the overlay of these data that both

new contact areas are formed and existing contact patches

extend as the loads are increased. Consistent with the

results from the simulation, the percolation threshold is

roughly at a normalized contact area of 42% and a reduced

pressure of ~p = 0.2, which is also the same point at which

the slope of relative contact area versus reduced pressure

flattens out considerably.

Fig. 5 For the same

approximate value of reduced

pressure, the measured contact

areas (outlines) are similar for

all PDMS samples
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4 Closing Remarks

In this manuscript, we present direct measurements of the

real area of contact that were performed using a method of

imaging via frustrated total internal reflection. This method

appears to be ideally suited for measuring contact areas of

samples that have a smooth interface that is optically

transparent and should be adaptable to any rough surface

topography of the opaque contacting surface. Despite dif-

ferences between the experimental system and the posed

problem, the agreement between the experiments and the

simulations was within the experimental uncertainties for

measurements of the normalized contact area as a function

of the reduced pressure. Additionally, the simulations and

experiments were in close agreement on the distribution of

the contact areas and size of the contact spots as well as the

occurrence of the percolation of contact.
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