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Abstract: A method for measuring contact pressures based on the measurement of irreversible changes in a surface microrelief by the 
speckle photography technique is presented. The analytic dependence between the change in the contrast of the carrying Young's fringes and 
the relative area of change in the microrelief is considered. An example of a contact interaction between a cylinder end and a flat slab, the 
latter with a specially produced regular roughness on its contact surface, is used to experimentally verify the relation between the 
irreversible change in the roughness, the change in the contrast of the holographic interference fringes, and the change in the contrast of the 
carrying Young's fringes. It is shown that the sensitivity of correlation speckle photography is higher than the sensitivity of the correlation 
holographic interferometry technique. 
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1. Introduction 
 
The decrease in the fringe contrast in the speckle photography 
method that is caused by an irreversible change in the surface 
microrelief of an object can be used to solve various problems of 
contact-interaction mechanics [1-3], among which the possibility of 
contact-pressure measurements should be distinguished. To solve 
this problem, as a rule, intermediate bodies that are introduced 
directly into the contact zone of two bodies are currently used. The 
values of the contact pressures are estimated by measuring the 
hardness in the contact zone of the plastically strained spacer [4]. A 
film of a liquid-crystal substance is sometimes used as the spacer, 
and the contact pressures are evaluated by changes in the colors of 
the spacer's regions [5, 6]. However, the presence of bodies in the 
contact zone leads to modification of the conditions of the contact 
interaction and, as a result, to an increased error in contact-pressure 
measurements. Below, we consider a method of contact-pressure 
measurements based on the recording of irreversible changes in the 
surface microrelief of a body using the speckle photography 
technique. A theoretical dependence between the change in the 
contrast of the carrying Young's fringes and the relative area of 
change in the microrelief is established. This relation is 
experimentally verified using the example of the contact between an 
end of a hard cylinder and a flat slab. 
 
2. Principle of the method 
 
Let a speckle structure of an image of a studied flat surface of a 
body illuminated by coherent light be recorded on a photographic 
plate during the first exposure. Subsequently, contact interaction of 
the bodies under investigation is effected. The photographic plate is 
then displaced in its plane by a value equal to a few average cross-
sectional dimensions of a speckle. Then, another speckle structure 
of the body's surface image is recorded (the second exposure). 
When the resulting twice-exposed speckle photograph is 
illuminated with a nonexpanded laser beam, parallel fringes are 
observed in the frequency plane. The period and orientation of these 
fringes are determined by the vector of displacement of the 
photographic plate between the exposures. However, for those 
regions of the speckle photographs that correspond to the body's 
surface areas, where, as a consequence of the contact interaction, 
irreversible changes in the microrelief have occurred, the contrast of 
fringes decreases. Thus, plastic strain of elements of the microrelief 
of the body's surface leads to a decorrelation of the speckle 
structures of the body's surface images and, consequently, to a 
reduced contrast of the interference fringes. An example of a 
contact interaction between a cylinder end and a flat slab, the latter 
with a specially produced regular roughness on its contact surface, 

is used to experimentally verify the relation between the irreversible 
change in the roughness, the change in the contrast of the 
holographic interference fringes, and the change in the contrast of 
the carrying Young's fringes. It is shown that the sensitivity of 
correlation speckle photography is higher than the sensitivity of the 
correlation holographic interferometry technique [5]. 

Let  ( )ωE be the light intensity in the frequency plane and  

( ) ( )ωω FE
2

= ,                                                                (1) 

where  ω  is the radius vector in the frequency plane, ( )ωF  is 

the complex amplitude of the field in the frequency plane, and  
...  is the averaging operation. Assuming the photorecording 

process to be linear up to a constant, we can write that  

( ) ( ) ( )[ ] rωrrω diIF exp∫= ,                                             (2) 

where r  is the radius vector in the plane of the speckle 

photography, ( ) ( ) ( )rrr 21 III += , and ( )r1I  and 

( )r2I  are the light intensities in the plane of the photographic 

plate during the first and second exposures, respectively. The 
integration in (2) is performed over the area of the photographic 
plate illuminated by the laser beam. Substituting expression (2) into 
(1), we obtain 

( ) ( ) ( ) ( )[ ] 212121 exp rrrrωrrω ddiIIE −∫= .            (3) 

The correlation of the intensities in (3) can be written as 

( ) ( ) ( ) ( ) += 211121 rrrr IIII ( ) ( ) +2211 rr II

( ) ( ) ++ 2112 rr II ( ) ( )2212 rr II ,                           (4) 

where ( ) ( )
2

rr jj VI =  (j =1,2) and ( )rjV  are the complex 

field amplitudes in the plane of the speckle photograph during the 
first and second exposures. 

Now, let ( )ξjU  be the complex field amplitudes in the plane of 

the object under study; then,  

( ) ( ) ( ) ξξξ drhUr

s
jjV −= ∫

0

                                                        (5) 
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where ( )rξ −h  is the pulse response of the image-forming lens, 

oS  is the area of the resolved element, and ξ  is the vector in the 
plane of the surface under study. The fourth-order correlation 
moments of the complex amplitude in formula (4) for a random 
Gaussian process are expressed through second-order moments. For 
example, for the first term of the right-hand side of (4), we have 

( ) ( ) ( ) ( ) += 21112111 rrrr IIII

( ) ( )
2

2
*

111 rr VV+ .                                                               (6) 

The average intensities are ( )jiI r  , (j = 1,2) : 

( ) ( ) ( ) ( ) ( ) .21212
*

1∫ −−= ξξrξrξξξr ddhhUUI jjji

The δ - correlated amplitude is 

( ) ( )2
*

1 ξξ jj UU ~ ( )21 ξξ −δ , (j =1,2). 

With allowance for the last term on the right-hand side of Eq. (6), 

( ) ( ) ξrξr dhI
oS

j
2

∫ −= ~ oS , (j =1,2), 

( ) ( ) ( ) ( ) ( )212
*

12
*

111 ~~ rrξrξrξrr −∫ −− hSdhhVV
oS

o

The latter expression is derived taking into account the fact that the 
pulse response is proportional to the Fourier transform of the 
aperture of the objective. The final expression for (6) takes the form 

( ) ( ) ( )( )2
21

2
2111 1~ rrrr −+ hSII o .                             (7) 

It is easy to show that the latter term in (4) has an identical 
expression, i.e., 

( ) ( ) ( ) ( )21112212 rrrr IIII = .                                (8) 

The second term on the right-hand side of (4) is written in the form  

( ) ( ) ( ) ( ) += 22112211 rrrr IIII

( ) ( )
2

2
*
211 rr VV+ .                                                                (9) 

The complex amplitudes in (9) are represented as a sum  

( ) ( ) ( ) ( ) ( )∫ =−∫+−=
S F

dhUdhUV ξrξξξrξξr 1111           

( ) ( )1111 rr FS VV += ,                                                             (10) 

where S is the area of the surface with an unaltered microrelief and 
F is the surface area with the microrelief randomly altered as a 
result of the contact interaction. It is obvious that oSFS =+ . The 

complex amplitude ( )2
*
2 rV  can be represented in a similar form: 

( ) ( ) ( )2
*
22

*
22

*
2 rrr FS VVV += .                                          (11) 

Substituting (10) and (11) into (9) and taking into account that 

( ) ( ) ( ) ( ) 02
*
2112

*
211 == rrrr SFFS VVVV ,  

we obtain 

( ) ( ) ( ) ( ) == 2
*
2112

*
211 rrrr SS VVVV

( ) ( ) ( ) ( ) ,2122
*

112
*
111∫ −−−

S
ddhhUU ξξdξrξrξξ   (12) 

where d  is the vector of displacement of the photographic plate 
between the exposures. Formula (12) was derived using the 
expression  

( ) ( )drr += 2
*

12
*
2 SS VV . 

By analogy with the derivation of relation (7), it can be deduced 
that  

( ) ( ) ( )
2

21
22

2211 ~ drrrr −−+ hSSII o .                    (13) 

For the third term on the right-hand side of (4), we have  

( ) ( ) ( )
2

21
22

2112 ~ drrrr +−+ hSSII o .                    (14) 

Substituting expressions (7), (8), (13), and (14) into (4), we obtain 

( ) ( ) ( ) +−+
2

21
22

21 24~ rrrr hSSII oo

( ) ( )
2

21
2

2
21

2 drrdrr +−+−−+ hShS .                         (15) 

Using (15), it is easy to show that the intensity distribution in the 
frequency plane according to (3) is  

( ) ( ) ( ) ( )[ ]ωdωωω cos24~ 222 SSSE oo +Φ+δ  ,         (16) 

where ( )ωδ  is the delta function describing a bright point in the 

frequency plane and ( ) ( ) ( )∫=Φ RωRRω dih exp
2

 is the 

autocorrelation function of the frequency spectrum of the lens 
forming the image of the surface investigated. For a lens with a 

circular aperture, ( )ωΦ is the autocorrelation function of a 

circle. Excluding the bright point in the frequency plane by using 
spatial filtering (see (16)), we finally obtain  

( ) ( ) ( )[ ]ωdωω cos1~ 2

2

oS
SE +Φ .                                      (17) 

It follows from (17) that the contrast of the fringes that modulate the 

autocorrelation function ( )ωΦ  is 

2

2

2
1 








−==

oo
S S

F
S
Sγ .                                                                   (18) 

Hence, according to formula (18), a change in the contrast Sγ  of 
fringes in the frequency plane allows one to estimate the fraction of 
the contact surface on which an irreversible change in the body's 
surface microrelief took place: 

SSo
F γ−=1 .                                                                              (19) 

Note that formula (19) is valid under the condition that the size of 

the diffraction halo determined by the function ( )ωΦ , 

substantially exceeds the period T  of the modulation fringes in the 
frequency plane; i.e., 

d
fTD λ

=>> ,  

where D  is the diameter of the lens forming the surface image and 
f  is the distance from the speckle photograph to the frequency 

plane. It is also assumed that the dimensions of the illuminated area 
of the twice-exposed speckle photograph are small enough, and it 
can be considered that the irreversible change in the microrelief on 
the corresponding area of the contact surface is constant. In the first 
approximation, the change in the contrast of the holographic 
carrying fringes Hγ  is equal to the ratio of the area F  of the 
plastic component of the contact surface to the area oS  of the 
contour surface of the contact: 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS." WEB ISSN 1314-507X; PRINT ISSN 1313-0226

YEAR IX, ISSUE 5, P.P. 21-24 (2015)22



o
H S

F
−=1γ .                                                                                 (20) 

Comparing expressions (18) and (20) results in the following 
known equation [3]: 

2
HS γγ = .                                                                                       (21) 

In other words, for one and the same irreversible change in the 
body's surface microrelief, the process of decorrelation of the 
speckle structure has a higher rate than the decorrelation of the light 
waves reconstructed using the twice-exposed hologram. Expression 
(21) is obtained under the condition that the carrying fringes have a 
contrast equal to unity. In practice, the contrast of these fringes is 
always less than unity. This should be taken into account in 
normalizing the change in the contrast of the carrying fringes: 

o

o

o γ
γγ

γ
γ −
=

∆ ,                                                                               (22) 

where oγ  is the contrast of the carrying fringes outside the zone 
and γ is the contrast of the carrying fringes at the measurement 

point contact. In view of (22), relation (21) takes the form 

( )
oH

H

oH

H

oS

S
γ
γ

γ
γ

γ
γ ∆

−
∆

=
∆

2

2 .                                                           (23) 

3. Experimental results 
 
The theoretical relationships obtained were verified on the example 
of the contact between an end of a rigid steel cylinder 15 mm in 
diameter with a roughness Ra = 0.32 µm and a flat slab made of 
D16T material. A regular microrelief in the form of grooves and 
ridges with the roughness parameter Ra = 6.5 µm was applied to the 
slab surface. A typical profilogram of the initial microrelief 
obtained with a Kalibr-252 profilograph is shown in Fig. 1a, where 
the horizontal and vertical magnifications are 20 and 1000, 
respectively. Holograms and speckle photographs of the slab 
surface under study were recorded simultaneously using the optical 
system described in [2]. In each experiment, a profilogram of the 
surface microrelief was recorded along the diameter of the contact 
zone. For this purpose, the slab was precisely fixed using a special 
kinematic device both when the photograph was taken and when the 
surface microrelief was recorded before and after the contact 
interaction. Thus were profilograms over one and the same cross 
section of the contact surface recorded. A profilogram of the slab 
surface microrelief after contact with a cylinder end at a load of 20 
kN is shown in Fig. 1b. Comparing the profilograms obtained for 
one and the same cross section (Fig. 1) makes it possible to clearly 
visualize the contact boundary and the change in the heights of the 
surface microrelief. In view of the fact that, in the case considered, 
we deal with a regular roughness and plastic strain of the roughness 
develops from its top, the relative change in the contrast of the 
carrying holographic fringes in (20) and (21) can be considered 
equal to the irreversible relative change in the roughness height: 

H
h

H
h

oH

H ∆
=−=

∆ 1
γ
γ ,                                                                     (24) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

where h is the height of a microroughness after a contact 
interaction, H is the initial height of the microroughness, and ∆ h is 
the irreversible change in the microroughness height as a result of 
the contact interaction. In accordance with (21), the formula for 
determining the relative change in the contrast of the carrying 
fringes in the speckle photography method takes the form 

( )
H
h

H
h

oS

S ∆−=
∆ 2Δ2
γ
γ .                                                             (25) 

Figures 2a show holographic interferogram of the slab surface 
under study recorded as fringes of finite widths after the contact 
between the cylinder end and the slab at a load of 20 kN. Changes 
in the intensities of the interference fringes over the central cross 
sections in these patterns are shown in Figs. 2b. The fringe contrast 
in the central region of the contact spot (Fig. 2a) is 0.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 3a show characteristic patterns of Young's fringes obtained 
as a result of scanning of twice-exposed speckle photographs of the 
slab surface image (after the cylinder was loaded with a force of 20 
kN) at points located in center of the contact zone. The intensity 
distributions over the central cross section of the diffraction halo are 
presented in Figs. 3b. 
 

 

 

 

 

 

 

Fig.1. Fragments of profilograms of a slab surface near the 
boundary of its contact  with a cylinder end before (a)  and 

after the interaction (b). 
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Fig. 2. Holographic interferogram of a slab surface (a) after 
the contact with a cylinder end and the corresponding 
distribution of the normalized intensities of the interference 
fringes in the central cross section of contact zone (b). 

a 
0

0,2

0,4

0,6

0,8

1

0 5 10 15 20 25 30 x
 

 

I/Imax 

x 

 

b 

Fig. 3. Young's fringes obtained as a result of scanning of 
twice-exposed speckle photographs of the slab surface image 
after the cylinder was loaded with a force of 20 kN  (a) and 
intensity distributions over the central cross section of the 
diffraction halo (b). 
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The contrast of Young's fringes beyond the contact zone is 

9.0=oγ , and, at the center of the contact spot, 41.01 =γ . 
Similar experimental results were obtained for the contact 
interaction between the cylinder end and the slab at a load of 30 kN 
(table). 

Tab.1 Experimental data on the relative changes in microrelief 
heights and the fringe contrast in holographic and speckle 
interferometry for different contact pressures. 

 
4. Conclusion 
 
Substituting the data listed in the table into formulas (24) and (25) 
showed that the change in the fringe contrast is uniquely related to 
the relative change in the roughness height and, as a consequence, 
to the contact-pressure values at the point considered. Hence, the 
method analyzed in this paper for determining contact pressures 
during the interaction of objects with rough surfaces, which is based 
on recording of the change in the contrast of the carrying Young's 
fringes, does not require that intermediate bodies be introduced into 
the contact zone and ensures a higher reliability of measurements. 
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Point 
no. 

P, kN Hh∆  oHH γγ∆
 

OSS γγ∆
 

qcal, 
MPa 

1 20 0.31 0.32 0.54 57 

2 30 0.48 0.50 0.76 85 
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