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ABSTRACT: 
A suite of optical sensors based on the use of lenticular arrays for probing mechanical 

deflections will be displayed. The optical systems are well suited for miniaturization, and utilize 
speckles as the information-carriers. This implementation allows for acquiring directional 
information of the displacement. Systems for probing lateral displacements and in-plane 
vibrations (1-D and 2-D) are displayed, as will systems for probing angular velocity and torsional 
vibrations of rotating objects.  

 
Key words: Velocimetry, torsional vibrations, in-plane vibration, speckles, miniaturized 
optical sensors, vibrometry. 
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1.  Introduction  
The reputation of optically based systems in 
industry are connected with high-cost, high-
accuracy, and requiring a high level of 
maintenance. As will be argued in this article, 
optically based sensor systems for industrial use 
have a potential for being further disseminated. The 
requirements for this to happen are the following: 

• Miniaturization,  
• Cost-reduction, 
• Robustness, 
- while retaining the high accuracy usually present 
for optically based systems and more importantly to 
provide un-biased measurements. It is our belief 
that these requirements may be met due to the 
appearance of new optical components such as 
Vertical Cavity Surface Emitting Lasers (VCSELs), 
CMOS arrays, and polymer-based optical 
components, which might be mass produced. In this 
respect, we benefit from both the developments 
from the field of communication and from the 
entertainment industry.  

I will in the following address these issues for 
systems dedicated to the measurement of 
translation, although the techniques presented here 
may be applied in various other fields, such as e.g. 
range measurement, flow velocity determination, 
and particle sizing.  

The presentation will be divided into two parts; 
the first addressing how to analytically treat speckle 
dynamics. In this part we will discuss how to make 
speckles arising from an object with a given 
movement, move linearly in the observation plane. 
The second part will show an optical system based 
on lens arrays that can probe the instantaneous 
velocity of a speckle pattern. A short discussion 
will summarize the findings. 

 

2.  Dynamic Speckles 
The important question that has to be solved is, how 
dynamic speckles from dynamic structures are 
changed by an intermediate optical system? To 
employ the measurement scheme to be presented in 
the next part, we need to convert the dynamic 
speckles arising from e.g. a rotating object into a 
linear displacement in front of the basic optical 
system.  Furthermore, we need to do it in a way 
such that the conversion between the dynamical 
properties of the object is simple. Finally, we need 
to establish a concept in which the result depends as 
little as possible on other parameters, i.e. the 
measurement scheme is “clean” and not susceptible 
to interference from secondary parameters. In the 
case of measuring rotation, we will pursue setups 
that are not influenced by any translation of the 

object, or needs the laser wavelength for 
calibration. 

 
2.a. The ABCD-method 
A simple, yet accurate method for deriving 
analytical expressions for field propagation through 
optical systems, have been derived and used for 
analyzing various optical measurement systems [1]. 
This method is based on approximating the optical 
lay-out and conduct the mathematical analysis 
analytically, usually without approximations. This 
is in contrast to the standard way, in which 
approximations are applied to the mathematical 
treatment.  The way this is performed is to work 
with the well-known matrices for the optical 
elements that may be described by a quadratic 
phase function, i.e. lenses, free space and spherical 
reflectors, see e.g. Ref. [2]. To cope with diffraction 
by apertures and the propagation of Gaussian 
beams, we have introduced the limiting aperture 
with a radius σ as being described with a new 
matrix – here complex  - as: 
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In doing this, we have approximated all apertures 
with Gaussian apodized apertures of the same 
radius as the hard-limiting aperture it is supposed to 
mimic. Equipped with this new matrix element, all 
optical systems – with quadratic surfaces – can be 
described by one comprehensive matrix, which is 
derived by multiplying in correct order the 
individual matrix for all the optical elements in the 
optical train. The resulting matrix thus contains all 
the information for the entire optical system. The 
field in the output plane ( )1U p is now given by the 

field in the input plane ( )0U r by the Greens’ 
function: 
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and the relation 
 0( , ) ( , ) ( , )U t d U t G= ∫p r r r p . (3) 
 
It is noted that the kernel is of Gaussian nature, 
which means that analytical expressions may often 
be derived, especially for higher order moments of 
the field correlations, being it for difference in 
spatial positions or when comparing measurements 
delayed in time. This becomes of significance for 
probing speckle displacements, which is of 
importance in this article.  
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Observing the dynamics in the speckle pattern 
arising from a moving object, one must monitor 
three significant parameters after the field has 
traversed an optical system, namely: 

• The speckle size 
• The speckle displacement as a function of the 

object displacement 
• Speckle decorrelation as the object is displaced 
All the three above parameters are embedded in the 
space-time-lagged crosscovariance of the observed 
dynamic intensity pattern in the detection plane, 
i.e.: 

 
( , ) ( , ) ( , )

( , ) ( , )
IC I t I t

I t I t

τ τ

τ

∆ ∆ ≡ + ∆ + ∆ −

+ ∆ + ∆

p p p p

p p p
 (4) 

Angular brackets here stands for “ensemble 
average,” and we have assumed the process to be 
stationary in time (no absolute t-dependence) and 
space invariant, i.e. no global p-dependence. The 
crosscovariance thus reveals the speckle size by its 
∆p -roll off for ∆τ=0. The ∆p -value maximizing 
the crosscovariance for a given ∆τ-value, will give 
the speckle translation, and the inevitable decrease 
of the normalized crosscovariance as the speckles 
are translated, will provide the degree of speckle 
decorrelation.  

Due to the rather simple form connecting the 
field in the output plane with the field in the input 
plane, Eq. 2 and 3, we can derive an analytical 
expression for the normalized space-time-lagged 
crosscovariance [3]: 
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  (5) 
Indices r and i denote the real- and imaginary parts 
of the matrix elements for the system, respectively. 
The spot size on the target is rs, the wavenumber is 
k and the induced target displacement is ∆r. The 
speckle size is: 
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It has to be emphasized that the above two 
expressions are valid for any optical system within 
the framework of the ABCD-matrix method. We 
have only assumed that the scattering object gives 
rise to fully developed speckles, which means that 

the surface roughness of the target is comparable or 
larger than the wavelength and that the size of the 
illuminating spot exceeds any lateral length scale of 
the surface height variations. These two 
assumptions make the complex field be a stochastic 
process with a circular symmetric Gaussian 
distribution. The field correlation function, which is 
much simpler, can give us the intensity 
crosscovariance, i.e. 

 
 

2
( , ) ( , ) *( , )IC U t U tτ τ∆ ∆ = + ∆ + ∆p p p p  (7) 

 
To summarize at this point, we have got an 
analytical expression for the speckle behavior in 
space and time for speckles arising from a moving 
object, after the field has traversed a given optical 
system. If scattering takes place off a rotating 
surface, a first artificial lens is inserted with a focal 
length -R/2, where R is the distance from the center 
of rotation to the center of the illuminating spot, 
and the displacement is given by R θ∆ , where 
θ∆ is the out-of-plane angular displacement of the 

object.4 

 
2.b. Speckles from rotating targets 
Measurement of rotational speed for a rotating 
object and especially determination of torsional 
vibrations can thus be performed by tracking the 
speckle velocity, in case we can design an optical 
system that will make the speckles move according 
to the rotational speed, without respect to any linear 
translation of the object. The basic system for doing 
this is depicted in Fig. 1.  

  

 
Fig. 1. Setup for probing angular displacements 

 
A parallel beam of coherent light illuminates the 
target, which is placed at a distance of 1f z+ from a 
collecting lens with a focal length of f. The speckles 
are examined at a distance of 2f z+  behind the 
lens – here at a linear image sensor. If we for 
simplicity omit the influence of the aperture of the 
lens in the detector part of the system (σ → ∞ , we 
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get the relation between the object displacement, 
θ∆ , and speckle displacement, p∆ : 

 2
12

2
z Rp f z
f

θ
⎛ ⎞⎛ ⎞∆ =− ∆ + −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
 (8) 

It is easily recognized that observation of the 
speckles in the back focal plane of the lens, 2 0z = , 
will make the measurement result independent of 
the wavelength, the distance to the object (z1) and 
the radius of rotation, R. We have in fact 
established a measurement scheme that will track 
the instantaneous rotational speed, in case we are 
able to track the speckle velocity in the back focal 
plane. The effect of the lens in this setup is 
establishing a Fourier transformation of the field, 
whereby angles in the object plane is converted into 
translation in the detector plane, thus visualizing 
why the speckles move as argued. Any linear 
displacement of the object, being it in the transverse 
plane or along the optical axis, will make the 
speckles decorrelate (“boiling”) without any 
speckle translation.  

The basic system for probing angular deflections 
can be employed in angular encoders, measurement 
of torsional vibrations, and measurement of 2-D 
angular translations [5] or torsional twist of shafts 
[6]. 

If we in Fig. 1 had placed the detectors in the 
image plane with respect to the object, i.e. 

2
1 2z z f= , we will see that the speckle 

displacement is proportional to R θ∆ , which 
exactly is the in-plane surface displacement.  

 
 

3. Spatial filtering 
A multitude of optical configurations for probing 
displacements of solid structures have been 
presented. Most of these systems are based on 
either the Laser Doppler Principle (LDV) or the 
Laser Transit-time Method (LTV). Both these 
systems are difficult to miniaturize and can hardly 
be produced in high quantities at a low cost.  

 
3.a.  Spatial filtering with lens arrays 
Systems based on spatial filtering may provide a 
venue for doing this [7]. We have used this 
technique, which was originally used in an imaging 
configuration, for probing speckle displacement.8 
The basic system is shown in Fig. 2.  
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Fig. 2. Spatial filtering with cylinder lens array. 

 
The function of the system is a repeated 

telescopic system from the input plane to the 
detector plane, the repetition given by the lens 
array, here a cylinder lens array.  Rays in the input 
plane that pass the input plane with a distance given 
by the pitch (distance between lenslets in the 
cylinder lens array) will end up at the same position 
in the detector plane. As a speckle pattern crosses 
the input plane, a signal modulated with a 
frequency given by the speckle velocity divided by 
the pitch of the cylinder lens array will appear. 
Unfortunately, this signal will be buried in a strong 
low-frequency noise due to the appearance of new 
speckle patterns within the aperture of the lens 
array, as shown in Fig. 3, left. 
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Fig. 3. Signals from detector 1 and 3 (left) and their 
difference (right). 

 
But if we subtract the signals from two signals, 

i.e. from detectors 1 and 3, or from detectors 2 and 
4, we will to a large extent remove the low-
frequency “noise,” leaving us with the desired high 
frequency from which the frequency and thus the 
speckle velocity may easily be found. The four 
detectors are placed in the detector plane, Fig. 2, 
and numbered successively from above. 
Furthermore, the two difference-signals are in 
phase quadrature, which means that the direction of 
speckle motion is given by the sign of the phase 
retardation.  
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3.b.  Miniaturization  
If the above optical system can be miniaturized, a 
simple processing scheme giving the speckle 
displacement by merely counting the number of 
zero-crossings can be implemented. As a result, 
low-cost, miniaturized system might be designed, 
shown in Fig. 4 [9]. 

 

 
  

Fig. 4. Simple, medium-sized speckle motion sensor. 
 
 

A Vertical Cavity Surface Emitting Laser 
(VCSEL) with a wavelength of 850 nm was used in 
the above system in order for cost-reduction and 
simplification. Besides, the lens array and the f2-
lens shown in Fig. 2 were merged into one versatile 
optical element, later to be molded in a polymer.  

Minute in-plane vibrations can be monitored by 
use of the same system [10]. A sensitivity for a 
repetitive motion of below 10 nm has been proven. 

A further miniaturization is ongoing; here we aim 
at using cylinder lens arrays with a pitch of 15 µm 
and a focal length of approx. 20 µm, followed by an 
f2-lens with a focal length of 1.5 mm. Needless to 

say, here a competition between the refractive and 
diffractive properties sets in, where the refractive 
properties here are the desired ones.  

 

 
 

Fig. 5. Cylinder- and spherical lens array, produced in 
photoresist, right, and interferogram of spherical lens 
array, left. 
 

The master for the above lens arrays were locally 
produced by analogue writing with a HeCd laser 
beam in photoresist, followed by producing mother- 
and daughter replicas in nickel by the well-known 
master technique from CD-manufacturing. These 
elements were then used in the molding process 
together with larger structures at the back of the 
molding form to produce the f2-lens(es). 

 
Conclusions 
Our goal with this article has been to demonstrate 
the possibilities of introducing optical speckle 
sensors into an industrial environment by 
miniaturization and cost-reduction. Generic systems 
for probing in-plane translation and out-of-plane 
rotation have been considered – systems that will 
provide a linear speckle displacement for a given 
object deflection. Specifically, we have analyzed a 
system for probing angular deflections.   

Secondly, we have analyzed a miniaturized 
optical system that will probe the linear speckle 
movement and make both the speckle displacement 
and its directional information available.  

 

 


