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Photo-Robotic Positioning for Integrated Optics
Houari Bettahar, Alexis Caspar, Cédric Clévy, Nadège Courjal, and Philippe Lutz

Abstract—High positioning accuracy is a crucial need to perform
successfully complex tasks such as micromanipulation and microassembly. This especially enables to provide high performances
or to propose new functionalities/products, notably for integrated
optical devices. The objective of the letter is to align two optical
structures in multi-DOF way with very high accuracy. The originality of the approach relies on robotic positioning associated with
the use of interfered reflected light irradiance as a feedback signal
rather than transmitted power. Fabry–Perot interference principle
is especially used to provide a fast and high accurate measurement.
An opto-mechanical model that relates the optical component poses
with the interfered reflected light is proposed. Experimental results
are investigated based on a robotic multi-DOF platform, used to
relatively align an optical component to an optical fiber. The obtained results establish that the model fits with experiments with a
standard deviation below 0.0281◦ . This model associated with an
automated positioning strategy shows that it is possible to maximize reflectivity within less than 6 s, including multi-DOF angular
misalignments identification and compensation.
Index Terms—Automation at micro-nano scales, micro/nano
robots, assembly.

I. INTRODUCTION
NTEGRATED optical systems have emerged over the past
decades with an increasing market demand in several application areas such as medical engineering, information technology, production technology. Hybrid integrated optical nano
and micro-circuits resulting from the assembly of multiple optical elements have particularly attracted attention, due to their
very high interest to concentrate functionalities in very small
areas (<1 mm2 ) [1], [2]. Hybrid integrated optical nano and
micro-circuits usually result from successive clean room processes, so that their optical characteristics are tested only at
the end of the process flow. This leads to high yield losses.
A promising alternative is to manufacture each of the optical building components separately and optimize their optical
performances through robotic micro-assembly. This approach
appears as promising because it provides high performances or
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propose new optical functionalities and products [3], [4]. This
approach relies on the ability of accurate multi-degree(s) of freedom (DOF) positioning of optical components. Sub-μ accuracy
is typically targeted [5].
There are two main alignment approaches: passive alignment
and active alignment [6], [7], [8], [9]. Hybrid forms exist as
well, where passive alignment is performed in some DOF and
active alignment in the other(s) [10] or where the pre-alignment
is used passively, followed by active fine alignment [11].
In passive alignment, no feedback based on the optical coupling is used, the photonic components are passive during alignment. The accuracy of passive alignment techniques closely depends on the alignment device. Despite it is potentially quicker
and costless, it generally reaches a lateral accuracy of about
1 μm [12], [13].
In contrast, in active alignment technique, the optical system
properties are used as a feedback for closed loop control. Motion
stages are employed to adjust the positions of the optical component in order to obtain the high alignment accuracy [8]. As a
result of the closed-loop control, the lateral alignment accuracy
is much more satisfactory, and can typically reach 100 nm. The
feedback signal is usually the transmission power measured by
an optical power meter [14]. It is one-dimensional (1-D) alignment process, for misalignments on multiple dimensions, it has
to deal with one dimension after another. This approach is generally time-consuming and especially difficult for dealing with
angular misalignments. An other alternative consists in using
a proprioceptive sensory feedback such as cameras [15]. The
components geometrical informations are used for closed loop
control to achieve accurate multi-DOF positioning. However, a
good geometrical alignment does not guarantee an optimized
optical function and a high multi-DOF positioning accuracy.
The objective of the paper is to accomplish high accurate
active multi-DOF angular alignment and positioning of optical
structures, especially for nanophotonic components. It relies on
interfered reflected light irradiance for closed loop control rather
than the transmitted power signal. Active alignment of optical
components generally generates Fabry-Perot cavity, due to air
gap between the interfaces. In this paper we propose to use this
Fabry-Perot interference principle for fast and accurate angular
measurement. The key is to derive an opto-mechanical model
which relates an optical component poses with the interfered
reflected irradiance. Based on this knowledge (measurement,
model), these misalignments can then be compensated rapidly to
maximize the reflected irradiance, and to provide an automated
high accuracy multi-DOF positioning. The paper is organized
as follows. Section II describes the micro-photonic component
and its process of fabrication. Section III models angular positioning and the interfered reflected light irradiance relationship
based on Fabry-Perot interference. Section IV presents the dedicated experimental multi-DOF platform. Section V investigates
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Fig. 1. A SEM view of a Bragg mirror integrated in a LiNbO3 waveguides.
The angles between the walls of the Bragg mirror cause a significant reduction
of reflectivity [16].

Fig. 2.

Post-integration of a multilayer in an optical waveguide.

Fig. 3. (a) Photonic component model, (b) A SEM image of one photonic
component dedicated for the experimental investigation.

Fig. 4. Schematic diagram representing the interferences in a Fabry-Perot
optical cavity due to a thin film of air bounded between R 1 and R 2 .

and quantifies experimentally model performances and automated high positioning accuracy. Section VI concludes
the paper.
II. THE PHOTONIC COMPONENT
In integrated optics, many features are obtained through
cleanroom process and are tested only at the end of the workflow,
which can generate defects altering the optical performance. As
an example, it can be seen in Fig. 1 that a short Bragg mirror
inscribed in an optical waveguide ineluctably shows angles due
to the fabrication process, inducing losses and low reflectivity
[16]. A highly reflective multilayer inserted inside the waveguide can advantageously replace the inscribed Bragg mirror
and consequently enhance the reflectivity, as depicted in Fig. 2.
Such an approach requires an accurate active photonic positioning to reduce the optical losses due to parasitical angles.
Similarly, micrometer-thin planar optical waveplates controlling the polarization of light appear as an attractive alternative
to millimeter-long integrated waveplates [17]. In both of these
two examples, there is a need in accurately aligning thin-plates
with optical waveguides.
Here we propose an easy-to-implement protocol to dynamically control the alignment of thin plates with waveguides so as
to provide high optical performances. For the sake of illustration, we have produced a 4.95 μm thin plate through the lapping
and polishing of biregringent X-cut LiNbO3 wafers. These thin
plates were then diced into 300 μm wide squares by means of
a circular precision saw, as described in reference [16] and as
schematically depicted in Fig. 3(a). A corresponding SEM view
of one optical component (thin plate) is depicted in Fig. 3(b).
In what follows we describe the protocol of angular photonic
positioning of the optical component relative to the optical fiber.

Fig. 5. Experimental setup for measuring the reflected light from the system
behaving as a Fabry-Perot interferometer.

III. THE OPTO-MECHANICAL MODEL
The phenomenon of interference of light is used in many
high precision measuring systems and sensors. The Fabry-Perot
interference compared with other interferences, produces constructive interference with very high measurement resolution.
For this sake, the Fabry-Perot interference principle is chosen
for angular misalignment identification. More precisely, we propose to exploit the Fabry-Perot optical cavity between the end
of fiber and optical component. The system behaves like the
Fabry-Perot interferometer as depicted in Fig. 4, where interferences result from the recombination of multiple reflections
between the semi-reflective surfaces R1 (output of the fiber) and
R2 (input of the optical component) respectively. We propose
to use an optical circulator as shown in Fig. 5 to measure the
interfered reflected response.
Based on the Fabry-Perot interference principle, when the
cavity distance is constant and when the wavelength is fixed,
the reflected light irradiance is theoretically constant.
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Reflected irradiance versus Fabry-Perot cavity length L.

Fig. 8.

The photo-robotic scheme for fault angle identification and correction.

Fig. 7. The β fault angle identification based fiber ferrule light reflection
irradiance and micro-photonic component scan. β is the angle between the
surface of the optical component and the Z-axis in the (YOZ) plan.

When one of the two plates is moving continuously toward
the second one for a certain distance, it generates a continuous
cavity distance variation, and this yields an oscillating reflected
light irradiance [18]. From the oscillating reflected light irradiance, the cavity distance variation can be calculated. The maxima are obtained each time the cavity length L is multiple of
λ/2. Lm ax,p is the cavity length corresponding to the pth maximum of reflected light irradiance, where p is a natural number,
and λ is the light beam wavelength, as shown in Fig. 6 and
equation (1):
λ
· p.
(1)
2
This principle is used in this paper to accurately identify angular misalignments. Indeed, if the micro-photonic component
has initially a β fault angle (see Fig. 7), then a vertical scan of
the micro-photonic component along the Z-axis with a known
scan displacement Lz is expected to induce a continuous cavity
distance variation Ly 1 . Consequently, it generates an oscillating
reflected light irradiance at the same time. From the number of
maxima of this oscillating signal, the propagated distance Ly 1
can be evaluated using equation (1) and as shown in Fig. 6.
From the assessment of the distance Ly 1 , and for a given vertical scan distance Lz , the angle β (the angle between the surface
of the waveplate and the YOZ plan) can be calculated using the
following equation:


Ly 1
β = arctan
.
(2)
Lz
Lm ax,p =

The same steps are followed as previously mentioned for the
fault tilt angle θ identification, where θ is the angle between
the surface of the optical component and the X-axis in the
(XOY) plan.

Fig. 9. The kinematic scheme of the proposed robotic micro-manipulator for
micro-alignment of micro-optical components.

IV. EXPERIMENTAL PLATFORM
In order to control the position of the photonic component
relative to the fiber ferrule, the experimental set up is proposed
as schematically depicted in Fig. 8. A 6 DOF nano-manipulator
has been designed, to hold the micro-photonic component and
control its poses. It comprises P-563 PIMars Nano-positioning
stage for the translational motion on X, Y, Z directions, with
a maximum displacement range of 300 μm each. For rotational motion around Z-axis and X-axis, we use the SGO60.5 and SGO-77.5 goniometers respectively, which have each
a rotating range from −5◦ to 5◦ . We use also a rotary positioner for rotation around Y-axis with 360◦ as a rotating range.
Figs. 9 and 10, shows the kinematic model and the experimental
workstation of the proposed robotic system.
The optical set up consists of an infrared laser light source
(wavelength λ = 1560 nm) connected to a circulator and then to
a fiber ferrule. The fiber ferrule is fixed by a holder at the end of
the XYZ-positioning stage. The XYZ-positioning stage is fixed
in front of the six DOF micro-manipulator. This configuration
allows to align and assemble the optical component to the optical fiber ferrule. The reflected irradiance from micro-photonic
component through the fiber ferrule is the feedback information
for the robotic micro-manipulator poses control.
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Fig. 11. The reflected light irradiance repeatability investigation for
θ misalignment.

Fig. 10.

The experimental set up workstation.

This set up allows light reflection from the photonic component surface through the fiber ferrule, then to the circulator
to be acquired by a NATIONAL INSTRUMENT acquisition
card, and to be used to control the micro-manipulator poses and
then relative position between fiber ferrule/optical component
in active way.
V. EXPERIMENTAL RESULTS

Fig. 12. The reflected light irradiance repeatability investigation for
β misalignment.

A. The Proposed Approach Validation
In this section, the angular misalignment identification based
reflected light irradiance presented in Section III is implemented. The experimental set-up and the opto-robotic scheme
presented in Section IV are realized using Matlab/Simulink
platform. A sampling frequency 100 Hz is used.
The experimental investigations were performed within
constant environmental conditions (T= 20◦ C).
In order to implement the proposed approach, a preliminary
experimental investigation is done, it aims to evaluate repeatability of the optical response. By scanning the photonic component along the fiber ferrule core in the same direction of X-axis
and Z-axis, the obtained interfered reflected irradiance for two
repeated scans along X-direction and also along Z-direction is
shown in Figs. 11 and 12 respectively.
The relationship between the oscillation number p, the distance Ly 2 and the angular misalignment θ, is derived by making the micro-photonic component in different unknown angular misalignment poses, then these angles are identified as
shown in Fig. 13, for the case of θ misalignment.
The number of oscillations is directly proportional to angular
misalignment, the higher the oscillations number, the higher
identified angular misalignment.
In order to study the identified angles repeatability, an automated cycle of angular misalignment identification and compensation is used for a repeated experiment of correction and
returning back to the initial fault angle for 40 times. The obtained results are illustrated for the identified β and θ angles in

Fig. 13. θ angular misalignment, oscillation number and the distance L y 2
proportional relationship.

histogram form respectively in Fig. 14. Each histogram represents the number of measures for each identified angle. This
representation can significantly show the repeatability distribution of the identified angle, at the same time, the uncertainty is
represented in Gaussian distribution form based on the standard
deviation and the average value. Table I shows the obtained results for average values, standard deviation and maximum error.
B. Automated High Accuracy Alignment
Once the proposed approach has been validated in term
of repeatability and fitness, now it is possible to automate
the alignment process. It comprises identification of angular
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TABLE I
THE OBTAINED IDENTIFIED RESULTS FOR AVERAGE VALUES, STANDARD DEVIATION AND MAXIMUM ERROR
Identified angle
β (deg r ee)
θ (deg r ee)

Average value (degree)

Standard deviation (degree)

Maximum error (degree)

3.5285
2.5541

0.0281
0.0267

0.0536
0.0614

Fig. 14. The repeatability histogram and the incertitude Gaussian distribution
for θ and β identified angles.

Fig. 16. The reflected light irradiance before and after correction for
β misalignment.

The proposed approach offers an automated high alignments accuracy, to maximize the reflected irradiance within less
than 6 s.
VI. CONCLUSION

Fig. 15. The reflected light irradiance before and after correction for
θ misalignment.

misalignment θ and β and compensation. The obtained identified values for a given angular positions, are θ = (2.5541 ±
0.0267)◦ and β = (3.5285 ± 0.0281)◦ in elapsed time of 6 s.
A second scan along the same direction of X-axis and Z-axis is
done to compare the two results before and after correction and
another scan along the same direction of X-axis and Z-axis after
correction also is done to show the repeatability of the irradiance
after correction as shown in Figs. 15 and 16 respectively.
After correction, the fiber and the photonic component are
aligned. A scan test along X-direction or Z-direction (depends
on which angle we want to correct and align), yields a constant
corresponding reflected light irradiance. It means, no FabryPerot cavity variation. The irradiance after correction is enough
repeatable which means that the external perturbation influences
on the irradiance are negligible under constant environmental
condition. Any x and z displacements after correction do not
affect the reflected irradiance as long as the fiber core is fully
face to face with optical component.

This paper focuses on integrated optics system realised
through highly accurate multi-DOF robotic active positioning approach. For this purpose, a two fundamental
building components were chosen, a fiber ferrule and a
micro-photonic component.
Fabry-Perot cavity interference generally generated between
the fiber ferrule and the photonic component, it provides a
fast and high accurate measurement was used for accurate and
precise angular misalignment identification.
An opto-mechanical model which relates the optical component poses with the interfered reflected light was proposed. It
allows to create an optimised optical positioning function and
accurate angular misalignment identification and compensation
in fast time (less than 6 s). This model was used to achieve automated angular misalignment measurements and compensation.
The angular misalignment identification based interfered reflected light analysis was quantified based on standard deviation for β and θ angles with ρβ = ±0.0281◦ and ρθ =
±0.0267◦ respectively.
A 6-DOF robotic micro-manipulator to hold the photonic
component and control its poses was proposed, to achieve complex tasks with high precision, where the reflected light was a
closed loop control information.
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