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Abstract This study presents a novel method for high-

sensitivity measurement of the area of the real contact

between an elastomer surface and a rigid flat plane, using

the surface plasmon resonance (SPR) technique in the

Kretschmann configuration. Through numerical calcula-

tions, the sensitivity of the SPR method for determining the

real-contact area is discussed and compared to other typical

optical techniques, such as total internal reflection and

multiple beam optical interference. The wavelength

dependence of the optical reflectance is simulated, as well

as its change with the elastomer-plane gap thickness and

the optical properties of the gap material. Non-transparent

elastomers are also studied. Consequently, it was found

that the SPR method has the highest sensitivity for the

measurement of real-contact area; it can detect, for exam-

ple, an ultra-thin air gap (or water gap) formed between the

contacting surfaces from the measurement of the intensity

of reflected light from the contact region.

Keywords Real-contact area � Surface plasmon

resonance � Soft elastomer � Kretschmann configuration

List of Symbols

Ein Amplitude of the incident light electric field

Eout Amplitude of the reflected light electric field

E? Resultant electric vector of all positive-going light

waves

E- Resultant electric vector of all negative-going light

waves

N Complex refractive index

R Reflectance

DR Difference in reflectance

h Gap thickness

hmax Maximum gap thickness

ld Characteristic decay length of evanescent

electromagnetic field

m Sensitivity factor

n Refractive index

neff Effective refractive index

Dneff Difference in effective refractive index

reff Effective reflection coefficient

r Fresnel reflection coefficient

k Extinction coefficient

b Phase change

h Incident angle

k Wavelength

kSPR Resonance wavelength in the reflectance spectrum

in the SPR method

kOIF Peak wavelength in the reflectance spectrum in the

OIF method

1 Introduction

In situ and real-time measurement of the area of real

contact on a sliding surface is a powerful method for

understanding the mechanism of friction, because the total

area of real contact directly affects the magnitude of the

friction force. Over the last several decades, a number of

techniques that can determine the real-contact area have
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been developed. These are based on several different

principles, for example, optical methods based on inter-

ferometry and total internal reflection [1–8], contact

resistance measurement methods [9–11], and ultrasonic-

sensing methods [12, 13].

Among these, optical methods have been the most

widely used for observation of the dynamics at the contact

interface, because these methods can provide a direct

measurement of spatio-temporal changes of the distribution

of real-contact regions within an apparent contact area with

high space and time resolution. A number of interesting

phenomena have been discovered and closely investigated

by optical measurements, for example, the dynamic prop-

agation of precursory partial slippage that occurs prior to

the onset of global slip [14, 15], and the unique dynamics

for a sliding surface made of soft materials, resulting in

Schallamach wave propagation [16–18]. On the other hand,

optical methods have some limitations on material trans-

parency; for example, one contacting surface should be

made of a transparent material, such as glass, acrylic, or

silicon resin. However, for the simplicity of construction

and data analysis, optical methods have become one of the

most useful experimental techniques for the study of

friction.

In this study, as an alternative optical technique for the

direct observation of real-contact area, a novel method is

introduced, based on observing surface plasmon reso-

nances (SPR) in the Kretschmann configuration. As far as

the authors know, the application of SPR for real-contact

area measurement has not been previously addressed.

Numerical calculations based on multi-layer optical models

indicate that the SPR method proposed here has a high

sensitivity for detecting real-contact area distributed within

an apparent contact region, in comparison with other

optical methods based on total internal reflection (TIR) or

optical interference (OIF). It was found from the model

that SPR methods can detect an ultra-thin gap layer of a

few nanometers thickness without any special calibration

or analysis.

2 Optical Models

This study focused on three different optical methods that

can directly detect separated small real-contact regions

distributed within the apparent contact area. One is the

surface plasmon resonance method, and the others are a

total internal reflection method and an optical interference

method. As described in the introduction, this study is the

first to use the potential of the SPR method for real-contact

area observations. Optical models of these measurement

methods are schematically illustrated, as shown in Figs. 1,

2 and 3. Roughly speaking, their basic configurations are

similar, and all the methods are based on monitoring a

reflected light intensity. The basic elements are, therefore,

an incident light source, a contact interface as the measured

object, and a detector for the reflected light intensity.

The particular aim of this study is to evaluate the

measurement sensitivity for real-contact area, using the

SPR method. A particular elastomer, polydimethylsiloxane

(PDMS), was chosen as the reference condition to facilitate

the comparison of numerical results for the three different

methods. In addition, it should be noted that a simplified

polarization analysis will be used for discussion purposes,

although a full polarization analysis may reveal potential

improvements in the measurement sensitivity of each

method. Therefore, a p-polarized incident light source will

be considered, as p-polarized light is necessary to trigger

surface plasmons (SPs); s-polarized light is ineffective.

Furthermore, it should also be noted, as is well known, that

SPs can be excited on only a limited number of metal

surfaces. Basically, only Au, Ag, Cu, and Al can be used

for SPs triggered by visible light. In this study, Au was

used for the model calculation, because it has the highest

SPR response compared to the other metals listed.

In the previous research, the authors discussed the

application of the SPR method to the measurement of

lubricant film thickness [19]. In that report, SPR in the Otto

configuration was considered, while in the current study,

the Kretschmann configuration was used to measure real-

contact area. In the Otto configuration [20], the surface

plasmon is excited on the surface of bulk metal, which is

separated from a glass prism by a thin gap of air or

dielectric with a thickness of a few hundred nm. In con-

trast, in the Kretschmann configuration [21], the SP is

excited on a thin metal film (thickness of several tens of

nm) deposited on a glass prism. The difference between

these two different configurations is described in many

references, for example [22]. In general, SPR measure-

ments in the Kretschmann configuration are more common

in biological studies, because the construction of the sys-

tem is relatively simple. In the case of the Otto configu-

ration, a careful adjustment of the gap thickness between

the glass prism and the metal surface is needed to trigger

the SP.

Figure 1 shows the optical model of the SPR method.

Figure 1a shows an overview of the optical system, and

Fig. 1b shows a magnified view within the apparent contact

region. This model is composed of a transparent half-

cylinder glass prism made of SF11 (a flint glass with high

refractive index n & 1.8), a Au thin film with a thickness

of 48 nm deposited on the bottom face of the prism, an

elastic hemisphere made of PDMS with a rough surface, a

gap that separates the surfaces of the Au film and the

PDMS hemisphere, and other optical components, includ-

ing a p-polarized white light source and a light detector.
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Thus, the system creates a ‘‘point’’ contact between the

PDMS hemisphere and the Au thin film, in which a number

of tiny real-contact regions are formed, as shown in

Fig. 1b. The p-polarized white light is reflected at the

bottom face of the prism, as denoted in the arrows in

Figs. 1a and b. The incidence angle of the light hSPR is set

Fig. 1 Schematics of the

optical model of the surface

plasmon resonance (SPR)

method discussed in this study:

a overview of the optical

system; b magnified view of the

real-contact regions, spatially

distributed within the apparent

contact area

Fig. 2 Schematics of the total

internal reflection (TIR)

method: a overview of the

optical system; b magnified

view of the real-contact regions
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to be larger than the critical angle for total reflection, i.e., in

this study, hSPR = 58�. An evanescent electromagnetic

wave is formed near the reflecting plane, as shown by the

hatched area in the figure. The intensity of the evanescent

field decays exponentially with increasing distance from

the reflecting plane. When the wave vector of the evanes-

cent electromagnetic field matches the SP wave vector, an

SP is excited on the surface of the Au thin film. When an

SP is triggered, some of the light energy is transformed into

SP energy. Therefore, the light reflectance spectrum has a

minimum at the resonance wavelength kSPR, as illustrated
in Fig. 1a.

As will be discussed in following sections, the resonance

wavelength kSPR shows great sensitivity to small changes

in the gap h. For the light path ‘‘A’’ in Fig. 1b, at a real-

contact point, where h = 0, all the evanescent light fields

are located in the bulk region of the elastomer. On the other

hand, in non-contact regions, e.g., light path ‘‘C’’, where

h = 0, the evanescent light field is localized in the gap. In

the case of a region with a sufficiently small gap thickness,

e.g., light path ‘‘B’’, there is an evanescent field in the gap

medium, and also in the bulk elastomer. The resonance

wavelength kSPR strongly depends on the effective

refractive index in the evanescent field [23]. The depen-

dence of kSPR is illustrated in the spectrum in Fig. 1a; kSPR
for ‘‘C’’ is smaller than for ‘‘B’’ or ‘‘A.’’ Thus, kSPR
decreases with increasing gap thickness h. The h depen-

dence of kSPR means that the spatial distributions of the

real-contact area regions can be visualized by monitoring

the reflected light intensity profile. It should be noted that

the magnitude of the h dependence of kSPR is a function of

the refractive index discrepancy between the gap material

and the elastomer, as explained in a latter section.

Figure 2 illustrates the optical model of a typical total

internal reflection method. From a comparison of Figs. 1a

and 2a, it is clear that the optical configurations for these

methods are quite similar. In the case of TIR, there is no

Au thin film (as used in the SPR method), because exci-

tation of an SP is not required. It should be noted that a

typical optical glass (BK7, a borosilicate crown glass with

n & 1.5) is used for the prism in the TIR model. The

remainder of the TIR configuration is the same as for the

SPR method.

In the TIR method, as with SPR, the intensity of the

reflected light depends on h, and the spatial distribution of

the real-contact regions can be observed by monitoring the

Fig. 3 Schematics of the

optical interferometry (OIF)

method: a overview of the

optical system; b magnified

view of the real-contact regions
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reflected light profile. The mechanism of the h dependence

of the reflected light intensity is schematically shown in

Fig. 2b, which indicates that the spatial distribution of real-

contact regions formed within the apparent contact region.

In a real-contact region (i.e., h = 0, illustrated by path

‘‘A’’ in the figure), there is little internal reflection, because

the difference of the refractive indexes of BK7 glass and

PDMS elastomer, n & 1.4, is quite small. In contrast, in

regions, where a large enough gap h is formed, there is a

relatively large reflection (illustrated by line ‘‘C’’ in the

figure), because the BK7-gap refractive index difference is

larger than for BK7 elastomer. In the other regions, where

the gap layer is of an intermediate thickness, some light is

reflected and the remainder is transmitted into the bulk of

the PDMS hemisphere, (illustrated by line ‘‘B’’ in the fig-

ure). Therefore, the intensity of the reflected light depends

on the magnitude of h. The h dependence of the reflectance

spectrum is also illustrated in the spectra in Fig. 2a. Note

that in this study, the incident angle hTIR is set to 58�,
which is larger than the total internal reflection.

The optical configuration for the optical interference

(OIF) method is shown in Fig. 3, and again is similar to the

above two methods. The figure illustrates the beam paths

for two-beam interference for simplicity; however, in the

calculation that follows, multiple beam interference is

considered. For both the two-beam and multiple beam

models, the basic principle for detecting and measuring the

existence and thickness of the gap thickness is identical. As

illustrated in Fig. 3, the optical model for the OIF method

consists of a transparent rectangular prism of BK7 glass, a

Cr thin film with a thickness of 8 nm deposited on the

bottom face of the prism (i.e., a semi-reflecting layer), an

SiO2 spacer layer, a PDMS elastic hemisphere with a rough

surface, a gap layer between the bottom face of the SiO2

layer and the PDMS hemisphere, and other optical com-

ponents, including a p-polarized white light source and a

light detector. The beam-splitting Cr layer is needed to

create optical interference between two different beam

paths, as shown in the figure.

Similar to the other cases, the intensity of the reflected

light depends on h in this case, because it affects the

interference pattern. A white light beam is shone onto the

contact region. The beam is split by the semi-reflective

layer, some light being reflected, and some passing through

the spacer and gap layers, and then being reflected from the

top face of the PDMS surface. The reflected beams are

recombined, with the path difference depending on the sum

of the optical path lengths through the spacer layer and the

gap. Because the spacer layer thickness is known in

advance, changes in the gap thickness can be determined

by the measured shift of the peak position kOIF in the

interference spectrum. The h dependence of the beam paths

is schematically illustrated in Fig. 3a. Note that, in this

study, the incident angle hOIF is set to zero.

3 Model Calculations

3.1 Multiple Beam Interference Model

As illustrated in Figs. 1, 2 and 3, in all the methods dis-

cussed in this study, the sensitivity for the measurement of

real-contact area is determined by the sensitivity of the

reflected light intensity to changes in h. This section shows

the theoretical techniques for calculating the wavelength

dependence of the reflectance. The derivation of the fol-

lowing equations is found in many references [e.g., 24–26].

Figure 4 illustrates a basic model of multiple beam

interference in multi-layered dielectric films. Figure 4a

shows a schematic diagram of the multiple beam paths.

Here, the optical properties of the layers are described

using a complex refractive index N:

Ni ¼ ni � iki; ð1Þ

where ni and ki are the real refractive index and the

extinction coefficient of the ith layer, respectively. For

optically transparent materials, e.g., transparent glass, the

extinction coefficient k is zero.

As shown in Fig. 4b, all the transmitted light in the ith

layer and the reflected light at the interface between the ith

and i ? 1th layers are represented by Eþ
i and E�

i , respec-

tively [27]. The arrows in Fig. 4b represent the direction of

the electric field vectors. Here, Eþ
i ¼

P
Ein
i and

E�
i ¼

P
Eout
i . Therefore, the effective reflection coefficient

at the interface between the ith and i ? 1th layers reffi can

be written as

reffi ¼ E�
i =E

þ
i ð2Þ

From the boundary conditions of continuity of electric

and magnetic vectors at the interface of different layers, reffi

can be formulated as follows [24–26]:

reffi�1 ¼
ri�1 þ reffi e�i2bi

1þ ri�1r
eff
i e�i2bi

; ð3Þ

where bi = 2pnihicoshi/k, hi is the thickness of the ith

layer, and k is the wavelength of the incident light. In

addition, ri-1 included in Eq. (3) is the Fresnel reflection

coefficient, which is determined by

ri�1 ¼
Ni�1 cos hi�1 � Ni cos hi
Ni�1 cos hi�1 þ Ni cos hi

ð4Þ

From Snell’s law, i.e., n0sin h0 = n1sin h1 = n2
sin h2 = , … = nisinhi, the incident angle at the interface

hi can be written as
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cos hi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� n0

ni
sin h0

� �2
s

; ð5Þ

where n0 and h0 are the refractive index of the top layer of

material and the incident angle at the interface between the

top and second layers, respectively. From Eqs. (3)–(5),

considering that the total reflectance R is described by the

effective reflection coefficient at the top interface, i.e.,

R ¼ reff0

�
�

�
�2, we can formulate the total reflectance R for the

optical systems, as shown in Figs. 1, 2 and 3.

For example, in the case of the SPR method, which is

described by a four-layer model, the reflectance RSPR is

given by

RSPR ¼ reff0

�
�

�
�2¼ r0 þ reff1 e�i2b1

1þ r0r
eff
1 e�i2b1

�
�
�
�

�
�
�
�

2

; ð6Þ

where

reff1 ¼ r1 þ reff2 e�i2b2

1þ r1r
eff
2 e�i2b2

and reff2 ¼ r2:

Here, layers 0–3 correspond to the SF11 prism, Au film,

gap layer, and PDMS medium, respectively, and N0, N1,

N2, and N3 correspond to the complex refractive indexes of

those layers. N are included in the reflectance RSPR (Eq. 6)

via Eq. (4). In addition, the gap thickness h corresponds to

the thickness of the 2nd layer, i.e., h2.

Similarly, the total reflectances RTIR and ROIF of the TIR

and OIF methods can be formulated using Eqs. (3)–(5). As

illustrated in Figs. 2 and 3, the TIR model has three layers,

while the OIF model has five.

3.2 Calculation Conditions

Table 1 and Fig. 5 show the materials used in the calcu-

lations, and their real refractive index n and extinction

coefficient k. The wavelength dependence of the optical

properties of SF11, BK7, Au, Cr, and SiO2 shown in Fig. 5

is based on [28]. As a reference condition, an air gap was

considered. In addition, the following two cases are con-

sidered: contact between the flat surface and a PDMS

elastomer, with a water gap; contact between the flat sur-

face and an optically non-transparent (k = 0.1) elastomer,

with an air gap. The water gap results are presented in

Figs. 10, 11 and 12, and the non-transparent elastomer

results in Figs. 13, 14 and 15.

In the SPR model, a high-refractive-index prism (SF11)

is needed to trigger the occurrence of SP. In the other two

methods, a typical lower index optical material (BK7) was

used for the glass prisms. As is well known, the thickness

of the Au layer strongly affects the SPR curve [22]. In this

study, the thickness of the Au (48 nm) was determined, so

that a large SPR response associated with the gap thickness

h was indicated in the calculation. In addition, as pointed

out in [27, 29], the optical properties and the thickness of

the semi-reflective layer (i.e., the Cr layer) strongly affect

the sensitivity of the OIF measurements. Therefore, the

most frequently used material (Cr) was adopted, and the

thickness of the Cr layer was determined in preliminary

calculations.

4 Results

Figure 6 shows the model calculation results for the con-

tact interface between a PDMS elastomer and a flat plane

with air gaps. In the figure, calculated spectra of the

reflected light for three methods, i.e., RSPR, RTIF, and ROIF,

are shown. It is found that the shape of the spectrum

strongly depends on the thickness of the air gap h. It should

be noted that the range of the air gap thickness h in the SPR

calculation in Fig. 6a is smaller than in the other two

methods (Fig. 6b, c).

Fig. 4 Simplified multiple beam interference theory: a schematic

illustration of the beam paths in multiple beam interference; two

incoming beams represent a wavefront; multiple outgoing beams

indicate multiple reflections; b effective model including the resultant

electric vector of all positive-going and negative-going light waves,

i.e., Eþ
i and E�

i . In a and b, arrows represent the direction of light

propagation, while the E parameters represent the amplitudes of

electric field vectors (in an appropriate direction, not shown)
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For the SPR method, Fig. 6a, the position of kSPR (de-

noted by the arrows in the figure) shifts to lower wave-

lengths with increasing h. The shift is typical in SPR

measurements. The shift of kSPR is characterized by the

changes in the effective refractive index on the evanescent

field. Thus, different values of h work to vary the effective

Table 1 Optical properties

used in model calculations
Material n k h

SF11 Shown in Fig. 5 Shown in Fig. 5 –

BK7 Shown in Fig. 5 Shown in Fig. 5 –

Au Shown in Fig. 5 Shown in Fig. 5 48 nm

Cr Shown in Fig. 5 Shown in Fig. 5 8 nm

SiO2 Shown in Fig. 5 Shown in Fig. 5 –

Air 1.00 0 h

Water 1.33 0 h

PDMS 1.41 0 –

Elastomer (nontransparent) 1.41 0.1 –

Fig. 5 Optical characteristics

of materials used for

calculations: a real refractive

index; b extinction coefficient

Fig. 6 air gap results:

wavelength dependence of

RSPR, RTIR, and ROIF for contact

between the PDMS elastomer

and the flat plane with an air gap

h: a SPR method; b TIR

method; c OIF method. Arrows

indicate a resonance or broad

maximum in the response curve

Tribol Lett (2016) 64:7 Page 7 of 13 7

123



refractive index at the contact region, leading to a shift in

the position of kSPR. The relationship between the shift of

kSPR and the air gap thickness h governs the sensitivity for

the measurement of the real-contact area, which will be

discussed in the following sections.

For the TIR method, Fig. 6b, the reflectance RTIR at all

wavelengths increases with increasing h. The mechanism

of the change in RTIR has already been explained in con-

nection with Fig. 2b: when the gap h is relatively small,

most of the incident light goes into the PDMS medium;

when h is larger than the penetration depth of the evanes-

cent wave, most of the incident light is reflected.

For OIF, the reflectance spectrum ROIF also depends on

h. In this case, the position of kOIF (which is defined as a

broad maximum, and denoted by arrows in Fig. 6c) shifts

to higher wavelengths with increased interfering path

length differences. Furthermore, it is seen that the ampli-

tude of the fluctuations in ROIF also increases with h.

5 Discussion

5.1 Sensitivity for Detecting Real-Contact Regions

From the calculation results in Fig. 6, it was found that the

magnitude and shape of the reflectance spectrum R depend

on h for all three methods. In this study, the sensitivity for

detecting the real-contact regions distributed within the

apparent contact region is determined from the relationship

between R and h.

Figure 7 shows the change of the reflectance with h,

relative to the h = 0 nm case. Thus, for example,

DRSPR(725 nm) means DRSPR ¼ RSPR hð Þ �
RSPR h ¼ 0nmð Þ at the wavelength of 725 nm. From Fig. 7,

the sensitivity of R associated with the change in h under

the SPR method is much larger than that under the other

two methods, because the slope of the DRSPR (725 nm)

around h = 0 nm, which is denoted as SSPR in Fig. 7, is

much larger than that under the other methods. It means

that the SPR method can detect the boundary between real-

contact and non-contact regions more clearly. Thus, a large

change in the reflectance can be observed, even if the

thickness of the air gap is only a few nm. In contrast, in the

case for TIR and OIF methods, it is relatively difficult to

define the boundary between real-contact and non-contact

regions from the measurement of reflected light intensity.

The high sensitivity of the SPR model is clearly seen in

the model calculation (Fig. 8). The figure shows the spatial

intensity profiles of DRSPR(725 nm), DRTIR(500 nm), and

DROIF(700 nm) for a rough-contact surface, including

regions of real contact and non-contact (upper illustrations

in Fig. 8). Figures 8a, b differ in the maximum gap

thickness hmax they portray; hmax = 80 nm in the former

and 2 nm in the latter. It is clearly seen that the SPR

method has the highest sensitivity to detect the real-contact

regions. For hmax = 80 nm (Fig. 8a), the boundary

between the real-contact and non-contact regions is clearly

distinguishable from the reflected light intensity profile.

For hmax = 2 nm (Fig. 8b), the SPR method can detect the

non-contact regions, even if the thickness of the air gap is

only on the order of a few nm. Thus, the model numerical

calculations indicate that SPR provides a highly feasible

method for distinguishing non-contact from contact

regions.

It should be noted from Fig. 7 that DRSPR(725 nm)

linearly increases for small h, and then saturates. On the

other hand, DRTIR(500 nm) and DROIF(700 nm) linearly

increase with h through the calculation range. Therefore, as

shown in Fig. 8a, from the wide linear relationships

between DRTIR(500) or DROIF(700 nm) and h, the gap

thickness distribution can be measured by the profile of

DRTIR(500 nm) and DROIF(700 nm). However, for a much

smaller h (Figs. 7, 8b), the profile of DRSPR(725 nm) cor-

responds to the thickness distribution of the air gap because

of the linear relationship with h.

As is well known, the change in DkSPR or DR is char-

acterized by a change in the effective refractive index. As

described above, the evanescent electromagnetic field

decays exponentially into the bulk elastomer with a char-

acteristic decay length, ld, which is typically estimated as

half of the light wavelength [23]; in the SPR model, ld is

thus approximately 350 nm. It should be noted that strictly

speaking, ld is not a constant value, it depends on the value

of refractive index in the contact region and h. However, as

shown in the following discussion, in this study, the rela-

tionship between DRSPR and h under small h is analyzed. In

this case, the h dependence of ld is quite small. Therefore,

in this study, it is assumed that ld has a constant value, i.e.,

ld = 350 nm. The effective refractive index in the contact

region can be found [23] by averaging the refractive index

Fig. 7 Reflectance changes DRSPR(725 nm), DRTIR(500 nm), and

DROIF(700 nm), associated with the gap size h for contact between

the PDMS and flat plane via an air gap. The line SSPR indicates the

initial slope of DRSPR
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over the evanescent field, using the field as weighting

factor. Assuming a bilayer structure involving an air- or

water-gap with thickness h (Fig. 9), neff can be written as

neff ¼ ð2=ldÞ r
1

0

n zð Þ expð�2z=ldÞdz; ð7Þ

where n(z) is the reflective index at depth z in Fig. 9. The

refractive index is defined as n(z) = ngap in the air gap

layer (i.e., 0\ z\ h), and n(z) = nelastomer in the bulk

elastomer (i.e., h B z\?). Therefore, Eq. (7) can be

reduced to

neff ¼ ngap 1� exp(� 2h=ldÞ½ � þ nelastomerexp(� 2h=ldÞ
ð8Þ

and further simplified:

neff ¼ nelastomer þ ngap � nelastomer

� �
1� exp �2h=ldð Þ½ �:

ð9Þ

The SPR response for a small change in the effective

refractive index is described as a following relationship

[30]:

DRSPR ¼ mDneff ; ð10Þ

where m is a sensitivity factor that depends on the system

used, and Dneff is the change in neff. Considering that Dneff
is the difference of the refractive indexes between the

contact and non-contact conditions (gap thickness h),

Dneff = neff (h = 0)-neff (h = 0 nm ) and Eq. (10)

becomes

DRSPR ¼ m ngap � nelastomer

� �
1� exp �2h=ldð Þ½ �: ð11Þ

For small values of h/ld, Eq. (11) becomes

DRSPR ¼ m ngap � nelastomer

� �
2h=ld; ð12Þ

and the initial slope SSPR in Fig. 7 can now be formulated

as SSPR = 2 m(ngap–nelastomer)/ld. This shows that for small

values of h/ld, there is a linear relationship between DRSPR

and h. Thus, the thickness of an ultra-thin gap can be

monitored using the reflected light intensity, as shown in

Fig. 8a.

5.2 Sensitivity Under Water Lubrication Condition

As described in Eq. (12), the SPR sensitivity for deter-

mining non-contact regions is determined by the refractive

index difference between the elastomer and the gap

material, i.e., ngap - nelastomer. Figure 10 shows the wave-

length dependence of RSPR(725 nm), RTIR(500 nm), and

Fig. 8 Results of model calculations of the spatial distribution of

DRSPR, DRTIR, and DROIF when the rough surface of an optically

transparent PDMS elastomer is in contact with a flat rigid plane via air

gaps: a maximum gap between the flat and the elastomer surfaces is

80 nm; b maximum gap is 2 nm

Fig. 9 Schematic diagram of a bilayer structure involving an air gap

or water gap with thickness h
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ROIF(700 nm) for a water film in the gap between the flat

plane and the rough PDMS surface. These should be

compared to Fig. 6, where an air gap was considered.

Figures 11 and 12 show the relationship between DR and

h and the model calculations, respectively, for a water gap.

These correspond to Figs. 7 and 8, respectively, for the air

gap.

Froma comparison betweenFigs. 7 and 11, it is found that

the sensitivity of the SPR method for a water gap is lower

than for an air gap; in addition, the slope SSPR in Fig. 11 is

much smaller than in Fig. 7. This is a consequence of

the effective refractive index appearing in Eq. (12): for an

air gap, ngap - nelastomer = 1.0 - 1.41 = -0.41, while for

a water gap, ngap - nelastomer = 1.33 - 1.41 = -0.08. For

water lubrication conditions, Fig. 12 shows that it is rela-

tively difficult to detect small gaps distributed within the

apparent contact region. However, this study emphasizes

that the sensitivity of the SPR method is nonetheless much

higher than the other two methods, even when a water gap is

formed in the apparent contact region.

5.3 Sensitivity When a Non-transparent Elastomer

is Used

Figures 13, 14 and 15 show the calculations when a non-

transparent elastomer (k = 0.1) is used. These are similar

to Figs. 6, 7 and 8 in assuming an air gap. From a com-

parison of Figs. 6 and 13, it is found that the spectrum of

RSPR for k = 0.1 is quite different from that for k = 0. The

sharp minima observed in the typical SPR spectra shown in

Fig. 6 are not observed in Fig. 13. On the other hand, for

the TIR and OIF methods, there is not a large difference

between the spectra of Figs. 6 and 13. Focusing on the

difference between the slopes of DRSPR in Figs. 7 and 14,

the sensitivity of the SPR method with a non-transparent

material is much lower than with transparent material.

From the results, it was found that the SPR method will be

effective in experiments only when an optically transparent

elastomer is used. When a non-transparent elastomer must

be used, the TIR method is the most effective for mea-

surement of real-contact area.

Fig. 10 Water gap results: the

wavelength dependence of

RSPR, RTIR, and ROIF for contact

between the PDMS and a flat

plane via a water gap: a SPR

method; b TIR method; c OIF

method

Fig. 11 Changes in DRSPR(725 nm), DRTIR(500 nm), and

DROIF(700 nm), associated with values of h for contact between the

PDMS and the flat plane via a water gap
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5.4 Feasibility of the SPR Method

The high sensitivity of the SPR method for detecting non-

contact regions separated by a small air gap (or water gap)

was demonstrated through numerical simulations. The

high-sensitivity results from the SPR response’s high

sensitivity to a small change in the effective refractive

index near the reflection plane. For example, a typical

SPR sensor can measure a refractive index change smaller

than 10-5. In general, the limit of detection for a

dielectric layer on a metal surface is approximately

0.1 nm thickness [31].

Fig. 12 Model calculations for the spatial distribution of DRSPR,

DRTIR, and DROIF when the rough surface of an optically transparent

elastomer is in contact with a flat rigid plane via a water gap:

a maximum gap of 80 nm between the flat and the elastomer surfaces;

b maximum gap is 2 nm

Fig. 13 Non-transparent

elastomer: wavelength

dependence of RSPR, RTIR, and

ROIF for contact between an

optically non-transparent

elastomer (k = 0.1) and a flat

plane via an air gap: a SPR

method; b TIR method; c OIF

method
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As far as the authors know, this study is the first to

consider applying the SPR method to direct the observation

of a real-contact area. From the model calculations, a high

feasibility was demonstrated; the SPR method can detect

non-contact regions with an air gap as small as a few nm

thickness. It can provide temporal and spatial observations

of real-contact distributions without complicated calibra-

tions or analysis. Here, the horizontal space resolution

depends on the optical system used. In addition, it should

be noted that the SPR method has high scalability; for

example, the two-color SPR method [32], the multi-solvent

SPR method [33], SPR-enhanced Raman measurement

[34], and SPR-enhanced ellipsometry [35], have been

developed to acquire more accurate and complete infor-

mation. Therefore, the application of these SPR techniques

to contact surface observation can provide a fruitful

direction for studying the mechanisms at play in the contact

dynamics and friction of soft materials.

It should be noted that the results presented in this study

are based on model calculations for assumed material and

geometric conditions. For example, the sensibility of the

SPR method strongly depends on the incident angle h and

the optical properties of the prism. Of course, the optical

properties of the elastic materials are among the most

important parameters that determine the sensitivity of these

methods. There are additional variations for all the optical

methods to improve their sensitivity, e.g., polarization

analysis. Therefore, to make a more thorough quantitative

comparison, more calculation and analysis are required.

However, the aim of this study was to demonstrate a high

feasibility for developing a method based on SPR. There-

fore, further calculations would be outside the main scope

of this study, but a next step in developing an SPR

microscope for the investigation of contact phenomena.

6 Conclusion

This study presented a novel method for distinguishing

contact and non-contact areas distributed within a region of

apparent contact between a rough elastomer surface and a

rigid flat plane. The method focuses on the observation of

surface plasmon resonances (SPR), using the Kretschmann

Fig. 14 Changes in reflectance DRSPR(725 nm), DRTIR(500 nm), and

DROIF(700 nm), associated with the gap size h, for contact between

the optically non-transparent elastomer (k = 0.1) and the flat plane

via an air gap

Fig. 15 Model calculations for the spatial distribution of DRSPR,

DRTIR, and DROIF when the rough surface of an optically non-

transparent elastomer is contacting on a flat rigid plane with an air

gap: a maximum gap between the flat and the elastomer surfaces is

80 nm; b maximum gap is 2 nm
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configuration. Through numerical calculations, it is shown

that the SPR method can detect air gap (or water gap) with

a few nm thickness in the apparent contact area by the

measurement of reflected light intensity. Thus, the SPR

method can provide the visualization of the spatial distri-

bution of real-contact regions within the apparent contact

area without complicated calibrations. Although the SPR

method has some limitations as described in this report, the

direct measurement of the area of real contact and the gap

thickness will provide a fruitful information for studying

the mechanisms of contact dynamics and friction for soft

materials.
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