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Strain Measurement of Moving Periodic Objects
With Optical Sensors

Christian Berger

Abstract—Measuring the strain of an object provides informa-
tion about axial loads which it is exposed to. In some applications,
this information is wanted not from still-standing, but from lin-
early moving objects. Measuring the strain of V-belts, e.g., permits
investigating the operational behavior of combustion engine belt
drives. For this purpose, new noncontact measurement methods
using optical sensors are being developed. The sensors detect peri-
odic patterns on the moving object. The strain is determined from
a frequency analysis of the sensor signal.

Index Terms—Periodic patterns, strain measurement, V-belt,
velocity measurement.

I. INTRODUCTION

A PERIODIC structure on the surface of an expandable ob-
ject can provide information about the strain of the object

[1]. When the strain varies, the cycle length of the structure
changes accordingly

(1)

( : reference cycle length). The cycle lengths may be evalu-
ated, e.g., by image processing methods. Objects with nonperi-
odic surfaces have to be marked with artificially coded patterns.

When the object observed is moving, adequate exposure
times may be used [2] in order to avoid unsharpness of the
images to be processed. However, observation of small-vari-
ations at high object speeds would require very short exposure
times. In the particular case of linear object motion, this
problem can be avoided with a measurement method presented
in this contribution. It is based on using optical sensors capable
of resolving the periodic pattern of the object. The time-depen-
dent sensor signal is thus periodic, too, and information about
strain variations can be obtained from evaluating the signal
frequency.

The paper is organized as follows: Section II describes how
strain variations of moving periodic objects can be concluded
from the frequency of a sensor signal. The demands on the de-
sign of optical sensors are outlined in Section III. Section IV
gives an overview of noncontact velocity measurement, which
is needed to scale the measured temporal frequency down to the
spatial frequency indicating the belt strain. Section V proposes
different methods of strain measurement. One of them, which is
based on the combination of frequency evaluation and correla-
tive velocimetry, is experimentally verified in Section VI.
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II. STRAIN MEASUREMENT OFLINEARLY MOVING OBJECTS

In the following, an almost periodic surface pattern consisting
of straight lines is assumed [see Fig. 1(a)]. The lines are inclined
at an angle relative to the -axis, which is the direction of ob-
ject motion. The pattern can thus be described by an intensity
distribution ( : spatial coordinates), which satis-
fies the following equation:

(2)

As outlined in Fig. 1(a), denotes the vector of the cycle length
of the pattern, and is the cycle length in -direction. The cor-
responding Fourier spectrum ( :
spatial frequencies, : two-dimensional Fourier transform)
has a maximum peak at the positive frequency

(3)

and upper harmonics at multiples of, as outlined in Fig. 1(b).
When the object is moving at a velocity , an ideal

sensor, capable of resolving all pattern details, would generate
a time-dependent periodic signal with a main frequency

(4)

in its Fourier spectrum [see Fig. 1(c)].
Equation (4) shows that the cycle length of the pattern and the

main frequency of the resulting signal are related by the object
velocity. Thus, if and are both measured, the strain of the
object can be concluded from (1) and (4)

(5)

where has to be determined by a reference measurement.
Besides the need of independent measurements ofand ,

the following conditions have to be satisfied in order to avoid
a detection of -variations which do not result from strain
changes.

• The direction of the velocity vector must be constant.
• In case of uniform strain distribution along the object, the

cycle vector of the periodic pattern must be constant.
• The angle must not be close to or equal 0.
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Fig. 1. Signal generation from moving periodic patterns.

III. D ETECTION OFPERIODIC STRUCTURES ONV-BELTS

BY OPTICAL SENSORS

For the special application of strain measurement of combus-
tion engine V-belts, the preconditions mentioned above are met:

• The V-belt is guided by pulleys in the belt drive. Hence,
the direction of the belt velocity is constant.

• Usually, V-belts have a periodic structure consisting of
crossed lines on their back surface (see Fig. 2). The lines
are equally spaced with a cycle length of mm
on common V-belts. When this structure is adequately
illuminated by directional lighting, only one of the line
groups appears at high contrast [cf. Fig. 2(b)], resulting in
a pattern, as shown in Fig. 1(a).

Thus, no artificially coded patterns are needed for strain mea-
surement of common V-belts. Instead, the structure of the belt
itself can be evaluated by optical sensors.

In general, an optical sensor consists of a detector with aper-
ture function , and of an optical imaging system with mag-
nification . For , the frequency spectrum of the
sensor signal is given by the following equation [3], [4]

(6)

( is constant). Equation (6) shows that the sensor signal is ob-
tained from the pattern spectrum , filtered with the spatial
frequency response of the detector and the
optical transfer function [5] of the lens system. Assuming
perfectly focused optical imaging and neglecting diffraction ef-
fects, is unity. In contrast, acts as a spatial
low-pass filter on the pattern spectrum, which can result in an
unwanted shift of the measured signal frequency [6]. In order to
avoid this peak shift, should be satisfied, where

denotes the limiting frequency of.
Moreover, (6) shows that the signal spectrum at a given

frequency is obtained from an integration of all filtered
-values with arguments . Thus, each point of the signal

(a) (b)

Fig. 2. Macro images of V-belt back surface obtained with (a) diffuse
illumination and with (b) directional illumination.

spectrum corresponds to a line of-values perpendicular to
the direction of [cf. Fig. 1(b) and (c)]. Hence, in order to
avoid an unwanted widening of the spectral peak at ,

should not contain dominant components—except the
main peak itself—with arguments . On V-belts, such
components are caused by a second line group inclined at an
angle [see Fig. 2(a)]. Therefore, it is advantageous
to reduce the contrast of one of the line groups by illuminating
the V-belt directionally [see Fig. 2(b)].

Concerning the shape of , it has to be considered that
only circular functions have isotropic two-dimensional Fourier
transforms. Therefore, detectors with circular aperture functions
are favorable if the angle of the pattern lines may vary on
different types of V-belts.

IV. V ELOCITY MEASUREMENT

Besides the prerequisite of frequency evaluation of the
sensor signal, strain measurement with the method proposed
in Section II requires that the object velocity is measured. For
a reliable detection of small strain variations, high accuracy
of the measured values is needed. In particular, the measured
value of the velocity must not be affected by slippage, which is
frequently occurring in belt drives [7]. Non-contact velocimetry
offers the desired properties. Correlation or spatial filter methods
are well-known sensing principles, which will be described
in the following.

A. Velocity Measurement With Correlation Sensors

For velocity measurement by correlation techniques [8], two
identical detectors are aligned at a known distancein the di-
rection of object motion (see Fig. 3). In the ideal case, the signals
of these detectors are identical, except for a shift by the transit
time

(7)

From this, the velocity

(8)

can be concluded. To measure, the cross-correlation function
[9]

(9)
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( : expected value) of the sensor signals is evaluated. Since
this function has a maximum at for signals satisfying
(7), can be obtained from tracking the maximum position of

. This is accomplished, e.g., by a digital correlator de-
scribed in [10].

It is evident that the maximum position is not changing when
the signals and are periodic. However, if the cross-correla-
tion function is periodic, care has to be taken that the correlator
is not tracking a side maximum of . This can be avoided
by providing supplementary information about the approximate
object speed, which is available, e.g., from rotational speeds of
pulleys.

B. Velocity Measurement With Spatial Filter Sensors

Velocity measurement by spatial filtering requires an optical
setup with a grating structure in the direction of object motion
[11]. The grating is realized, e.g., by a linear array of detec-
tors. Its aperture function and spatial frequency response

are shown in Fig. 4. Obviously, the grating
acts as a spatial bandpass filter. The main passband ofis lo-
cated at the spatial frequency , where denotes
the period of the detector array. Furthermore, the pass-band is
characterized by the peak width in direction of the grating,
and by the width in perpendicular direction. They are de-
pending on the number of grating periods and the element
height , respectively

(10)

In the example of Fig. 4, and .
Assuming perfectly focused optical imaging with magnifica-

tion , the frequency spectrum of the spatial filter signalis
obtained from [cf. (6)]

(11)

where is a constant. The main temporal frequencyof the
signal is related to the object velocity, the optical magnification
and the passband frequency of according
to

(12)

This equation shows thatcan be obtained from measuring,
provided that and are given.

Whereas the frequency discussed in Section III resulted
from periodic patterns on the object to be measured, the fre-
quency is generated by the periodic detector structure. There-
fore, velocity measurement with spatial filter sensors does not
require periodic object patterns, but is practicable whenever the
spectrum contains spatial frequency components in the
passband of .

Fig. 3. Compact optical sensor for strain measurement of V-belts.

Fig. 4. Aperture function and spatial frequency response of a spatial filter
sensor.

V. DESIGN OFSTRAIN SENSORSCOMBINING FREQUENCY

AND VELOCITY MEASUREMENT

In order to obtain information about the strain of a moving ob-
ject, frequency and velocity measurements have to be combined.
For practical reasons, both measured valuesand should be
obtained from one single sensor. In the following, the design of
optical sensors using velocity measurement by either correla-
tion or spatial filter methods will be discussed.

A. Strain Measurement With Correlation Sensors

As outlined in Section III, a single optical detector can trans-
form the main spatial frequency of a moving periodic pattern
into a periodic time-dependent signal, provided that the main
peak of the frequency spectrum is within the passband of
the detector’s frequency response . In Section IV-A, it
was stated that velocity measurement by correlation techniques
is possible even if two time-shifted signals are perfectly peri-
odic, provided that additional information about the approxi-
mate velocity is available.

Hence, a compact strain sensor can be built by aligning two
identical optical detectors, each of which is capable of resolving
the periodic object structure. The optical front-end of a proto-
type designed for measurements on V-belts [7], [12] is shown
in Fig. 3. The V-belt is illuminated by directional light emitted
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from a halogen lamp. The reflected radiation is passing the op-
tical system and is then transmitted by polymer optical fibers
to the electrical signal processing unit. The digital correlator
is provided with supplementary information about the V-belt
velocity, obtained from rotary encoders at pulleys in the belt
drive.

From the measured values of the time shiftand the signal
main frequency , strain variations can be calculated by
evaluating

(13)

where and denote reference values measured at the initial
belt strain.

An advantage of the measurement method proposed is that
strain information is obtained from a simple optical sensor
setup. However, the fact that two quantities measured indepen-
dently from each other have to be combined is disadvantageous,
because the individual measuring errors ofand add up
and may hence distort the result of (13) severely. This effect
can be observed in the results of measurement series presented
in Section VI.

B. Strain Measurement With Spatial Filter Sensors

In the following, methods for strain measurement with spa-
tial filter sensors will be described. Like in the Sections III and
IV-B, the aperture functions of a single detector and of a de-
tector array will be denoted by and , respectively.
One common optical system with magnification for both
the single detector and the detector array shall be assumed.

Whereas the spatial frequency is determined by the cycle
length of a periodic pattern [cf. (3)], the passband frequency
of a spatial filter sensor can be varied by design of the optical
parameters and [cf. (12)]. Therefore, design of the latter
parameters decides on whether the two frequencies coincide or
not. Variations of the object strain can be detected with both
configurations, as will be shown in the following.

1) Coincidence of the Spatial Frequencies of the Surface
and the Filter Passband:A maximum amplitude of the sensor
signal is obtained if the main frequency peak of is located
within the passband of , as outlined one-dimension-
ally in Fig. 5(a). Hence, the spatial frequencies and

have to coincide

(14)

In order to satisfy this requirement, the detector parameter
has to be varied proportional to , which in turn is

depending on the strain. Hence, the amplitude of the sensor
signal can be maximized, e.g., by adapting the sensor’s optical
magnification . Then, is obtained from [cf. (4), (5), and
(12)]

(15)

where denotes the reference magnification set at the initial
belt strain.

Particular care has to be taken if the peak coordinateof
is nonzero, i.e., if the pattern consists of lines with (cf.
Fig. 1). In this case, an adequately small detector heighthas
to ensure that the passband of is sufficiently broad
in -direction [cf. (10)]. Since narrow detectors imply a high
sensitivity of the sensor to angular misalignment [3], the grating
must be accurately aligned in the direction of motion, in order to
avoid an unwanted widening of the spectral peak of the signal.

The application of the measurement method proposed
requires that the signal amplitude is significantly changing
even if the strain is only slightly varying. This requirement
is only satisfied for large -values of the grating, leading
to a passband with narrow bandwidth [cf. (10)].
Furthermore, an ambiguity of the method proposed has to be
considered: Assuming a spatial filter adjusted to satisfy (14) at
an initial strain, deviations of the strain from the initial value
are indicated by decreasing signal amplitude, independent from
whether the strain decreases or increases. In order to avoid this
ambiguity, the sensor adjustment has to be modified. Instead of
satisfying (14), the parameter can be set, e.g., to satisfy

(16)

As outlined in Fig. 5(b), the surface frequency then
coincides not with the maximum, but with the rising edge
of the detector passband, thus leading to some intermediate
signal amplitude. Hence, changes of the strain are indicated
unambiguously by amplitude variations that are approximately
proportional to the variations of .

It is obvious that the measurement method just described
can also be realized with a spatial low- or high-pass filter
[cf. Fig. 5(b)]. Equivalent to the considerations just given, the
cut-off frequency of the filter has to be adjusted to coincide with

, and the filter frequency response should have maximum
edge steepness at the cut-off frequency.

2) Different Spatial Frequencies of the Surface and the Filter
Passband: If has a main frequency peak outside, but other
nonzero components inside the passband of , two
signal frequencies and can be generated. They result from
the periodic structure of the spatial filter and from the periodic
pattern, respectively. To detect the frequency, the signal from
either one of the grating detectors or from a separate, adequately
shaped detector may be evaluated. Information about the strain
is obtained from comparing the two frequencies

(17)

Equivalent to (13) and (15), and denote reference fre-
quencies measured at the initial belt strain.

With the measurement method proposed, information about
variations of the object strain is obtained from frequency
measurement. When applying this method, the frequency
generated by the spatial filter sensor must not be affected by
variations of . Hence, the sensor parameters and have
to be adequately designed in order to ensure that does
not coincide either with the main frequency of the pattern,
or with upper harmonics of . If the pattern consists of
inclined lines, its influence on the spatial filter signal can be
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Fig. 5. Spatial frequency peak of a periodic pattern coinciding with maximum
(a) and with rising edge (b) of frequency responses of spatial filters.

further reduced by designing a grating with broad detector
dimensions , leading to a narrow bandwidth of the
spatial filter frequency response [cf. (10)]. This also reduces
the sensitivity to angular misalignment of the spatial filter
sensor.

VI. RESULTS OFSTRAIN MEASUREMENT OFV-BELTS

To determine the strain of moving V-belts, several measure-
ment series have been carried out with the correlation system
described in Section V-A. Defined values of the belt strain were
set by varying the position of one pulley at simple V-belt test
rigs.

A first measurement series was carried out at a test rig where
the axial load of the belt was measured. The V-belt circulated
at a speed of 9.1 m/s during the test. The measured average
strain values are almost linearly dependent on the belt force
[see Fig. 6]. However, the span of the single measurements,
illustrated by the vertical bars in Fig. 6, is large. As explained
in Section V-A, the severe deviations from the averaged strain
values result from the individual measuring errors of the fre-
quency and the velocity, which add up in the result of (13).
Hence, the measurement method described in Section V-A is
not suited for real-time strain measurement, but requires a con-
siderable averaging of the measured values.

A second measurement series was carried out at a V-belt
speed of 2 m/s on a simpler test rig, where no information about
the belt load was available. In order to prove the reliability of the
measured strain values, they were compared to the set values,
which were obtained from measuring the pulley displacement.
The result shows a quite exact correspondence between the mea-
sured average strain values and the set values (see Fig. 7).

The results of the measurement series prove that the periodic
structure on common V-belts can be used for the detection of
changes of the belt strain. Due to the large elastic modulus of
approx. 3000 N/mm, which was measured in a tension test of

Fig. 6. Strain measurement of V-belt (setting of axial belt load).

Fig. 7. Strain measurement of V-belt (setting of defined belt strain).

a common V-belt [12], only small strain of at most one or two
percent occurs even at high axial V-belt load. Hence, the reso-
lution of the strain values must be in an order of magnitude of
0.1% or lower, thus requiring a high accuracy of the measured
frequency and velocity values.

A detection of considerable strain changes of moving V-belts
may indicate excessive axial loads, pointing to an unfavorable
operating behavior of the belt drive, or slackness of the belt due
to aging effects.

VII. SUMMARY

In this paper, methods for contactless measurement of the
strain of moving objects have been proposed. The measurement
methods require that the object has a periodic pattern which can
be detected by optical sensors. Then, the frequency of the signal
generated by a single detector is dependent on the strain of the
object. As the frequency is also scaled with the object speed, ve-
locity information is needed to scale the measured temporal fre-
quencies down to spatial frequencies, from which the strain can
be concluded. For this purpose, noncontact velocimetry using
correlation or spatial filter techniques may be applied. In case
of spatial filter sensors, design of the optical parameters decides
on whether the spatial frequency of the surface is within the de-
tector passband or not, resulting in different strategies for the
detection of strain variations.

The measurement method based on a combination of correla-
tive velocimetry and frequency evaluation has been experimen-
tally verified with V-belts. The results of various measurement
series show that the periodic structure of V-belts can be used to
obtain information about changes of the belt strain. As the strain
variations occurring at V-belts are small, however, the statistical
variations of the measured values of frequency and velocity lead
to large statistical errors of the measured strain. The measure-
ment method described in Section V-B-I may lead to a reduc-
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tion of these errors, because it is based on the evaluation of one
spatial filter signal, instead of combining two values measured
independently from each other.
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