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surfaces that were loaded into contact with smooth, flat, 
and elastic samples that were made from unfilled PDMS: 
(10:1) E* = 2.1 MPa Δγ = 4 mJ/m2; (20:1) E* = 0.75 MPa 
Δγ = 3 mJ/m2; (30:1) E* = 0.24 MPa Δγ = 2 mJ/m2. All 
of the loading was performed using a uniaxial load frame 
under force control. A Green’s function molecular dynam-
ics simulation assuming the small-slope approximation was 
compared to all experimental data. These measurements 
reveal that decreasing root-mean-square gradient notice-
ably increases real area of contact area under conditions of 
“equal” applied load, but variations in the root-mean-square 
gradient did not significantly alter the contact patch geom-
etry under conditions of nearly equal real area of contact. 
Including ḡ in the reduced pressure (p = P∕(E ∗ ḡ)) reduced 
the root-mean-square error between the simulation (ḡ = 1) 
and all experimental data for the relative area of contact as a 
function of reduced pressure over the entire range of surfaces, 
materials, and loads tested.

Keywords Contact mechanics of rough surfaces · Real 
area of contact · Roughness · Root-mean-square gradient

1 Introduction

In the “Contact Mechanics Challenge” presented by Müser 
and Dapp [1], the rough surface that was provided had a 
root-mean-square gradient equal to unity, ḡ = 1. Variations 
in this important surface roughness parameter were not 
explored as a part of the “Contact Mechanics Challenge” 
but is the subject of intense discussion among contact mech-
anicians [1–9]. Although many random surfaces found in 
nature and various manufacturing processes show self-affine 
fractal scaling [10–12], few (if any) have root-mean-square 
gradient as severe as ḡ = 1. While the “Contact Mechanics 

Abstract The “Contact Mechanics Challenge” posed to the 
tribology community by Müser and Dapp in 2015 detailed a 
100 µm × 100 µm randomly rough surface with a root-mean-
square gradient of unity, ḡ = 1. Many surfaces, both natural 
and synthetic, can be described as randomly rough, but rarely 
with a root-mean-square gradient as steep as ḡ = 1. The selec-
tion of such a challenging surface parameter was intentional, 
but potentially limiting for broad comparisons across existing 
models and theories which may be limited by small-slope 
approximations. In this manuscript, the root-mean-square 
gradients (ḡ) of the “Contact Mechanics Challenge” surface 
were produced on 1000 × scaled models such that there were 
three different surfaces for study with ḡ = 0.2, 0.5, and 1. 
In situ measurements of the real area of contact and con-
tact area distributions were performed using frustrated total 
internal reflectance along with surface deformation meas-
urements performed using digital image correlation. These 
optical in situ experiments used the scaled 3D-printed rough 
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Challenge” was formulated such that the small-slope approx-
imation was to be made, it is not obvious that it was justi-
fied. In an effort to broaden the applicability of the “Contact 
Mechanics Challenge” and to investigate to what extent the 
small-slope approximation matters in a self-affine, elastic 
contact with ḡ = 1, we have reproduced two different sets 
of in situ contact measurement experiments for the scaled 
problem, which uses a 3D-printed solid that has been mag-
nified by 1000× over the original 100 µm × 100 µm surface 
definition. In order to allow for comparisons across different 
root-mean-square gradient for the same fractal surface, we 
produced two additional 3D-printed parts from the same pro-
vided geometry that have reduced values of the root-mean-
square gradient by scaling normal features of the surface by 
factors of 500× and 200× and in-plane features by 1000×, 
which gives ḡ = 0.5 and ḡ = 0.2, respectively [8].

In this manuscript, we repeat previous work on in situ 
contact experiments by performing optical measurements 
of the contact area and contact area distributions via frus-
trated total internal reflectance (FTIR) [13] and surface 
deformation via digital image correlation (DIC) [14]. These 
experiments expand upon the previous work by introducing 
two identical rough surfaces that varied only in the root-
mean-square gradient by scaling of the surface features: 
ḡ = 1.0, 0.5, and 0.2.

2  Experimental Methods

The rough surfaces used in these experiments were prepared 
by 3D printing a solid part based on the tessellation of the 
provided surface as described in Bennett et al., which in 
the original experiments used an isotropic scaling factor 
of 1000× (i.e., this scaling reproduced a 100 µm × 100 µm 
surface into a 100 mm × 100 mm solid part and maintained 
a ḡ = 1.0) [13, 15]. The ḡ = 0.5 and 0.2 surfaces were pre-
pared by scaling the in-plane dimensions by 1000× and the 
surface normal direction by 500× and 200×, respectively (as 
shown in Fig. 1). All three of these model rough surfaces 
were manufactured out of a transparent polymethylmeth-
acrylate (PMMA) 3D printing material. We found through 
experimentation that the application of a thin, white, aero-
solized paint layer on the PMMA printing material greatly 
enhanced the contrast of contact during FTIR experiments.

The smooth, flat, elastic surfaces were made from unfilled 
polydimethylsiloxane (PDMS), Sylgard 184®, at concen-
trations of 10:1, 20:1, and 30:1 [base: curing agent ratios] 
following the methods detailed in Bennett et al. [13]. For 
all experiments, large cylindrical flat samples of PDMS 
roughly 200 mm in diameter and 15 mm in thickness were 
cured directly onto flat glass plates. The cylindrical PDMS 
specimen was loaded onto a testing apparatus as outlined in 
Rohde et al. [14]. The elastic modulus and surface energies 

of the PDMS samples were taken from Bennett et al. [13, 
15] and determined from indentation measurements that 
were fit to the Johnson–Kendall–Roberts (JKR) indenta-
tion model for a sphere on flat; briefly, the results were: 
(10:1) E* = 2.1 MPa Δγ = 4 mJ/m2; (20:1) E* = 0.75 MPa 
Δγ = 3 mJ/m2; (30:1) E* = 0.24 MPa Δγ = 2 mJ/m2. These 
data represent the composite modulus and surface energy 
of the PDMS/PMMA material pair. The PMMA used in the 
indentation experiments is an acrylic of the same family 
as that used in the 3D-printed surface. As we limited our 
FTIR and DIC analysis to only the loading portion of the 
indent, we also limited our mechanical property analysis of 
the PDMS to the loading portion of the indent.

Measurements of contact area and contact area distribu-
tions were made using the FTIR method, which as discussed 

Fig. 1  a The randomly rough surface described in the “Contact 
Mechanics Challenge” by Müser and Dapp [1] is shown as a full-field 
contour map. A line scan of the numerical rough surface from points 
S1 to S2 is highlighted and crosses the highest and lowest features of 
the rough surface. b The shaded area depicts the cross section of the 
surface for three different root-mean-square gradient (ḡ = 1.0, 0.5, 
and 0.2) which are set to the same scale to depict the dramatic effect 
of reducing ḡ on the contact geometry
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earlier is described in more detail in Bennett et al. [13]. 
The approach uses a digital camera to directly image the 
contacting flat surface of the PDMS sample. The PDMS 
is illuminated from the perimeter, and after a distance of 
approximately 1 thickness (15 mm) away from the perim-
eter, the remaining light within the PDMS is under a con-
dition of total internal reflection. By judicious masking of 
the perimeter areas and enclosing the entire experimental 
assembly within a dark room, imaging of the clean exposed 
PDMS surface is essentially entirely devoid of illumination. 
At any points of contact (or even contamination), the condi-
tions of total internal reflection are violated, and the inter-
nally reflected light will frustrate or diffusely scatter off of 
these contact locations. The image collection method allows 
for filtering and separating areas of contact from areas of 
deformation; the deformation and changes in slope result 
in a much lower fraction of light to reflect off of the sur-
face which is easily filtered out using digital thresholding 
of the images. As the solid models of the rough surfaces 
are loaded against the smooth, flat, and elastic PDMS sam-
ple, the real area of contact can be continuously monitored. 
The resulting discretized images have a pixel width that 
has a physical spacing of approximately ~ 25 µm (i.e., for 
a 100 mm × 100 mm apparent area of contact the point 
sampling is 16 mega pixels). Sensitivity analysis on the 
selection of threshold intensity was used to define the uncer-
tainties associated with the selection criteria (uncertainties 

associated with threshold selection are the dominant source 
of uncertainty in the area measurements and are included in 
the data shown in Fig. 2).

Unfortunately, the FTIR method of detecting contact is 
not suitable for measuring 3D deformations of the PDMS 
surface. A method that we have found suitable for in situ 
detection of deformation within the contacting interface is 
digital image correlation (DIC). DIC is an optical method 
that uses a random speckle pattern that decorates the entire 
measurement area of the elastic surface in order to track 
surface deformations over a sequence of images: two of the 
foundational references for this field of research are Sutton 
et al. [16] and Chu et al. [17]. For these DIC experiments, 
applying the speckle pattern to the surface does change the 
Δ� between the PMMA and the contact surface by ~ 25%; 
however, this change in Δ� should not have an appreciable 
contribution to the surface deformation. In DIC experiments, 
measurements of 3D surface deformations were made from 
simultaneous images using two digital cameras arranged in 
a stereoscopic configuration [18]. In order to capture 3D 
deformation resulting from contact, we changed the lighting 
conditions and introduced a speckle pattern to the PDMS 
sample in order to effectively employ the DIC method on 
the same physical apparatus, following the methods in Ben-
nett et al. [15] and Rohde et al. [14]. The application of the 
speckle patterns and the differences in illumination make 
it impossible to perform DIC and FTIR measurements 

Fig. 2  a A log–log plot of the relative contact area (real area of 
contact divided by projected area) ar measured by FTIR versus the 
reduced pressure for all ḡ surfaces (ḡ = 1.0, 0.5, and 0.2) compared 
to the “Contact Mechanics Challenge” solution using Green’s func-
tion molecular dynamics (GFMD) for ḡ = 1 (solid gray line) [9]. Each 

ḡ plot is separated into b ḡ = 1.0, c ḡ = 0.5, and d ḡ = 0.2 to show 
each result independently with the GFMD simulation for reference. 
Comparing the results in (b–d), the relative contact area increases for 
a given reduced pressure as ḡ decreases
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simultaneously. Illumination challenges and calibration 
methods are extremely important to minimize uncertainties 
associated with tracking the deformation during experi-
ments, and this is discussed in detail in Rohde et al. [14]. 
For this experimental setup, we found that the best approach 
was bright but diffuse light and meticulous masking for the 
experimental setup to eliminate stray light. Images of the 
deformation were analyzed using Correlated Solutions VIC 
3D™. The DIC analysis subset size (which defines the size 
of the tracking window) was 25 × 25 pixels, with a step 
resolution of 2 pixels for all samples; the resolution of the 
deformation data was ~ 150 µm per pixel.

The major difference between the experimental setup 
used here and the earlier studies by Bennett et al. [13, 15] 
and Rohde et al. [14] is the use of an Instron™ Universal 
Testing System to apply the loads; these earlier experiments 
used dead-weight loads which had greater uncertainties and 
coarser increments in loads between images. The mounting 
of the PDMS sample and glass plates provide precise opti-
cal access for both the DIC and FTIR measurements, and 
all of the loads were applied normally through the back and 

geometric center of the 100 mm × 100 mm 3D-printed rough 
surface model. The load frame maintained a steady ramped 
load of 6 N/s for both experiments up to a maximum load 
of 1000 N. Uncertainties in force were ± 2 N over the entire 
range from 50 to 1000 N. All imaging was done through the 
bottom of the PDMS/glass surface. Every 2 s during loading 
(12 N), images collected for FTIR analysis were captured 
with an exposure time of 1.5 s, and thus, each data point was 
the average over 8 N and DIC images were captured with a 
50 ms exposure time every 2 s. One additional piece of data 
that were available from these new measurements on the 
load frame was the crosshead displacement, which was used 
to minimize uncertainties in the surface deformation plots.

3  Results and Discussion

A plot of the relative contact area, ar (real area of con-
tact divided by the apparent area of contact), versus the 
reduced pressure, P/E* (nominal pressure divided by the 
composite modulus), is shown in Fig. 2a for the three 

Fig. 3  A 38 mm × 38 mm 
region of the full-field contour 
map shown in a as a red 
square generated from FTIR 
on the 10:1 PDMS sample 
(E* = 2.1 MPa, Δ� = 4 mJ/m2)  
was chosen for its recogniz-
able features and large surface 
variation. The outline of the 
real area of contact for the ḡ = 1 
experimental data overlays the 
topograph of the GFMD simula-
tion for nearly equal reduced 
area of contact (ar).  
The real area of contact for 
three root-mean-square gradient 
(ḡ = 1.0, 0.5, 0.2) are super-
imposed with ḡ = 0.2 in the 
background and shaded blue; 
ḡ = 0.5 in the foreground and 
shaded beige, and ḡ = 1.0 is 
shown as a solid green outline. 
c For a constant relative area 
(ar ~ 0.10), the contact geom-
etries for all three ḡ are similar; 
however, as ḡ decreases, addi-
tional islands of contact emerge. 
d For a constant reduced 
pressure (P/E* ~ 0.02), there is 
both a uniform increase in the 
number of islands of contact 
and an increase in the size of all 
contact patches as ḡ decreases 
(Color figure online)
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different PDMS samples and the three different root-
mean-square gradients. These data are all collected using 
the FTIR method and compared against the results of the 
Green’s function molecular dynamics (GFMD) simula-
tion for ḡ = 1 [9], shown as a solid gray line through the 
measurements. The simulations assumed the small-slope 
approximation to be valid, since the “Contact Mechanics 
Challenge” assigned the formulated problem to be solved 
in the small-slope approximation; however, the only direct 
comparison that can be made between experimental and 
theoretical data is for the ḡ = 1 case. The agreement for 
the ḡ = 1 between the scaled model system and the simula-
tion was excellent and consistent with the previous results 
using dead-weight loads. Under matched experimental 
conditions, decreasing root-mean-square gradient was 
shown to significantly increase the real area of contact, 
which can be readily observed in the graphs broken out 
by ḡ and shown in Fig. 2b–d. Consistent with the predic-
tions and theories of rough surface contact, it is also clear 
that these data should be shifted along the x-axis, which 
is the reduced pressure (i.e., decreasing the root-mean-
square gradient increases the effective reduced pressure, 
p = P∕(E ∗ ḡ) [1, 9]).

In an effort to explore the differences between these con-
tact area distributions and to better understand the impact 
of ḡ on the real area of contact, two different contact top-
ographic images were produced from a subset (shown in 
Fig. 3a as a 38 mm × 38 mm red box) of the FTIR data from 
the scaled experiments. The GFMD contact topography for 
ḡ = 1 is compared to the experimental data under matched 
relative area of contact and shown in Fig. 3b. The agreement 
between theoretical and experimental data is generally very 
good; however, there is some discrepancy. Under conditions 
of equal relative area of contact (Fig. 3c), the topographs 
for all 3 of the different model systems of ḡ = 1.0, 0.5, and 
0.2 overlay beautifully with only small differences between 
small isolated islands of contact being observed outside of 
the primary contact zones; these data are all from the same 
PDMS sample, (10:1) E* = 2.1 MPa Δγ = 4 mJ/m2. This is 
in stark contrast to the topographs at the same reduced pres-
sure (P/E*) (Fig. 3d), which reveal both a uniform increased 
number of islands outside of the primary contact patch and 
an increase in the size of contact zones along the contact 
perimeter. The origin of this effect is twofold: (1) the lowest 
ḡ surface has surface features that are closer in vertical sepa-
ration and therefore can be brought into contact more easily 
from vertical displacements of the PDMS surface into areas 
that are nominally above the PDMS surface plane, and (2) 
the lower surface normal strains that result from indentation 
with the lower ḡ surface increases the relative contribution 
of adhesion in the balance between surface energy and strain 
energy. 

The contribution of the surface deformation above the 
original plane of the PDMS is directly measured and veri-
fied using the DIC method. This is shown in Fig. 4a, which 
is a 2D contour map of the 3D surface deformation meas-
ured from DIC with a superimposed contact outline contour 
from FTIR for the ḡ = 1 surface at a reduced pressure of 
P/E* = 0.275. The deformation above the original surface 
is plotted as a negative deformation (i.e., indentation is posi-
tive). For both the simulations and the experiments, simple 
considerations of conservation of volume predict this nega-
tive deformation to occur: for the simulations, the boundary 

Fig. 4  a A topograph of the surface deformation from DIC of the 
30:1 PDMS (E* = 0.24 MPa, Δ� = 2 mJ/m2) is overlaid with contact 
outlines from the FTIR analysis. Positive z-values indicate surface 
deformations in the direction of load (the color red represents regions 
of the deepest penetration). A line scan (point S1 to S2) incorporates 
large peaks and valleys within the surface deformation field. b Line 
scans of the surface deformation for five reduced pressure (P/E*) val-
ues are overlaid on their corresponding rough surface (solid gray) for 
ḡ = 1.0, 0.5, and 0.2. All line scans of the surface deformation are 
drawn to scale and are anchored to the highest peak. Negative defor-
mations resulting from conservation of volume increase with larger 
reduced pressures, thereby increasing the real area of contact. As the 
root-mean-square gradient decreases, the reduced pressure required to 
achieve full conformity decreases
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conditions are periodic on a semi-infinite half-space, and 
for the experiments, the PDMS layer is thin relative to the 
characteristic width of the contact experiment.

Figure 4a shows a representative surface deformation plot 
of the PDMS surface, measured by DIC, and overlaid by 
the contact patches measured by FTIR. Line scans of the 
deformation, aligned with the indenting surface, are shown 
for a selected vector (S1 to S2) that crosses both the highest 
and lowest features of the rough surface. These line scans 
from Fig. 4b are overlaid atop a cross section of the rough 
surface, shown in solid gray, and are anchored to the highest 
peak (located near x = 49 mm, y = 42 mm in the topograph 
of Fig. 4a) which represents the location of deepest penetra-
tion. All line scans of the surface deformation are drawn to 
scale and plotted over five different loads given as reduced 
pressure (P/E*).

The line scans reveal that the distance between the sur-
faces of the PDMS and the PMMA during indentation, 
called the gap height [1, 9], was highly dependent on the 
surface roughness parameter (ḡ) and the reduced pressure 
(P/E*). At ḡ of unity, the PDMS was never able to achieve 
full contact with the indenting rough surface; even at the 
highest reduced pressure of 0.3, there was still a signifi-
cant gap height. Decreasing ḡ enabled greater conformity 
between the PMMA and the elastomer; at ḡ of 0.2 and a 
reduced pressure greater than or equal to 0.11, the surface 
profile of the elastomer nearly achieved a fully conformal 
contact with the PMMA. The DIC line scans at the end-
points S1 and S2 highlight the experimental discrepancies 
that are likely the result of minor decorrelation errors from 
registration.

As previously discussed, the parameters that describe 
rough surface contact incorporate the root-mean-square gra-
dient, ḡ, in the reduced pressure term to collapse the data to 
a single curve [1, 9]. Figure 5 shows the result of six differ-
ent experiments (open symbols) that varied both the elastic 

modulus of the PDMS sample and the root-mean-squared 
gradient, ḡ, of the rough surface. These results are compared 
against the GFMD simulation for ḡ = 1 (gray line), which is 
regarded as the exact (small-slope) solution by Müser et al. 
[9]. In Fig. 5, the experimentally determined relative con-
tact area, ar, is plotted as a function of the reduced pressure 
including ḡ. The effect of including ḡ in the reduced pressure 
decreases the root-mean-square error between the GFMD 
simulation and the experimental data.

4  Closing Remarks

The experiments reported in this manuscript performed 
in situ measurements of both the real area of contact (includ-
ing the distribution of contact area) and the 3D contact 
deformations within the PDMS/PMMA interface for a series 
of 3D-printed PMMA surfaces based on a scaled model 
of the “Contact Mechanics Challenge” surface definition. 
These experiments included variations in root-mean-square 
gradient, ḡ = 0.2, 0.5, and 1.0. The results were entirely 
consistent with the theoretical arguments for including ḡ in 
the reduced pressure for scaling the real area of contact area 
as a function of applied pressure. Detailed examination of 
the contact patch distributions reveals two likely sources for 
increasing contact area with decreasing root-mean-square 
gradient: (1) increasing locations in contact as a result of 
negative surface deformation into asperities that are nomi-
nally above the original surface level, and (2) increased 
contributions from surface adhesion as a result of reduced 
normal strains within the contact. The root-mean-square 
error between these experimental results and the compu-
tational simulations for ḡ = 1 were decreased without any 
additional corrections or fitting of the experimental data to 
the simulation data.

Fig. 5  A log–log plot showing 
the relative contact area, ar, 
versus the reduced pressure, 
(P∕E ∗ ḡ) for the experimental 
FTIR data (open symbols) for 
three different PDMS samples 
and three different ḡ values 
(ḡ = 1.0, 0.5, 0.2), compared to 
the Green’s function molecular 
dynamics (GFMD) simula-
tion for ḡ = 1.0 (gray line) 
[9]. Including ḡ in the reduced 
pressure term collapses all of 
the experimental data to a good 
approximation of the GFMD 
simulation results
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