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Abstract—The paper proposes a new approach to the design
of optical stabilization systems used in modern industrial equip-
ment. Various causes of equipment vibrations are considered.
Miscellaneous designs of existing optical stabilization devices
are evaluated. Some important features of their design and the
possibility of using them as part of Computer Numeric Control
(CNC) machines are studied. The reason and the process of
creating a new design and modified mathematical model of the
spatial mechanism with parallel kinematics are proposed. A new
optical stabilization system using a modified Stewart platform is
suggested. Features of design, motion and control are investigated.
The band of allowed parameters is estimated.

I. INTRODUCTION

Lasers have become a principal part of various amounts
of technological equipment. In recent years they are widely
used in numerous machine tools to cut, weld or cure polymers.
During manufacturing processes, various vibrations may occur,
which can influence the shape or quality of produced parts.
Such vibrations can be caused by the equipment design,
units’ location, and various external vibration sources. Despite
their minor values, these vibrations can cause manufacturing
errors when objects to be produced are measured in microns.
Therefore, it can often take place during the production of
electronic parts or sensitive elements where such positioning
errors can be critical. To prevent possible errors, laser beam
stabilization should be used.

Adaptive optical stabilization systems are widely used in
the numerous devices such as optical mounts, optical termina-
tors, scanning tools, and many others. Several manufacturers
such as Canon, Nikon, and Sony disclose optical stabilization
and focusing schemes based on the mechanical systems using
stepper and ultra sonic motors. Generally, these systems are
composed of a frame with guides, and certain optical parts,
such as lenses or, in some cases, the whole optical system is
driven by a precise mechanism.

Alternatively, there are a large number of papers dealing
with the theoretical aspects of adaptive optical systems. Par-
ticularly, the work [1] describes the robust image stabilization
system for a mobile robot using Extended Kalman Filter. It
is a mechanical system consisting of a motor, harmonic drive,
which is connected directly to the motor, and the inclinometer
to measure the angle. The paper [2] is dedicated to the prob-
lems of the application of an asymmetric voice-coil actuator
for optical image stabilization in a mobile phone camera. Kim
et al. [3] propose a novel hybrid optical image stabilization
actuator for a digital camcorder. Optical stabilization for this
hybrid type consists of both radially and tangentially moving
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components to compensate for hand trembling. The presented
actuator is using a voice-coil motor method as well.

The aim of this paper is to propose a new rigid optical
stabilization system using the modified Stewart platform to
compensate for the possible CNC tool shake. In contrast to
the Stewart platform, the designed system consists of four
linear actuators. There are different types of the motors like
DC brushless, stepper, and ultra sonic motors (especially the
last [4—6]) that can be used as linear actuators in this system.
The lens, which focuses the laser beam on the surface to be
treated, is connected to the linear actuator by means of hinges.
Thus, the lens in space has three degrees of freedom: one
translating motions along the Z axis and two rotary motions
around the X, Y axes respectively. Studies have shown that
the existing mathematical model of the movement of Stewart
Platform is not suitable to describe the action of the proposed
stabilization system. So, in this paper, we consider a simplified
mathematical model is more suitable for the implementation
of CNC controller.

II. REVIEW OF EXISTING STABILIZATION SYSTEMS

We analysed a few of the optical systems. Some systems
include a lens mount, where a moving lens is placed for focus
adjustment. The lens is mounted on a frame moving along two
cylindrical guides (Fig. 1) and is moved by a stepper motor
and screw. Also, a gearbox can be added.

Unfortunately, this system is open for frame play within
the degree of accuracy and its use in technological equipment
may require principal design improvements.

Another system is presented in Fig. 2. A Frame with
the lens is moved in three guides by three linear drives to
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Fig. 2. Shake compensating system (source: https://www.4clik.com)

compensate possible lens shake [7]. The frame is positioned
on the optical axis with three spring parts, mounted axially in
three points. Furthermore, image stabilizing systems can utilize
various carriers, in which a compensating prism or lens can be
mounted [7], moved by coils and magnets [8]. Also, CCD or
another terminating device orientation can be varied [8]. Their
design is suitable for filming with good image quality, but may
allow for positioning error caused by spring parts.

Similar systems are used in various scanning and reading
systems. Such a system is exemplified by CD-drive carriage
(Fig. 3).

The system includes spring elements and coils and allows
changing focus and adjustment of the lens’ position according
to track position on the laser disk. This system is intended to
perform a special task, has specific working zones and is not
rigid enough to be used as a part of the precise technological
equipment.

Another design of the focusing system includes the lens
frame (or whole optical system) mounted in moving barrel,
which can move back and forth driven by a stepper motor, or
ultra sonic motor [7].

It is worth mentioning that the reviewed systems perform
only one task—focusing the image or stabilizing it. They
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are driven by mechanisms that have uncompensated clearance
spaces, specifically, between barrel thread and frame thread,
or spaces between the gear teeth. The paper [8] demonstrates
that these clearance spaces influence the image quality because
such design allows loose mounting of the optical system parts.

Consider, for instance, the system described in the
patent [9] of laser beam control for the CNC machine tool.
During machine work, heating or cooling parts of the laser
beam deflection system may occur, which leads changes in
their initial positions, and altering the laser beam trajectory.
To compensate for the changes, a special optical scheme is
presented, which utilizes a complicated tracking element and
moves the mirror.

If the beam deviates, the moving mirror changes its ori-
entation to compensate for the positioning error. Note that
in the reviewed mechanism, the deflecting mirror position is
changeable and the utilized optical system includes compli-
cated tracking element, which can be redundant in a few cases.

Consequently, when a laser beam is passing through the
tracking element, part of its power will be lost. To simplify
the optical and control schemes, a change of the orientation
of the laser beam focusing system is proposed. This makes
it possible to wean off of the movable mirror and substitute
the control element with a video camera, which will track the
laser beam position on the object.

III. PROPOSED MECHANISM

There is a mathematical model, described in article [10],
that deals with a laser beam focusing system used in a five-
axis CNC machine tool and is intended to control laser welding
or laser cutting. The main advantage of this approach is the
control of laser beam focusing. This is simpler than the other
systems reviewed because instead of using a complicated
optical and mechanical scheme, it only takes moving the
focusing element. However, this model doesnt include all
possible vibrations, which can deviate the processing trajectory
and can occur during laser beam movement.

The modelled system compensates only for vibrations that
change the distance between the surface and focusing element,
but the laser beam can deviate not only in one direction, but
also from side to side. To improve positioning accuracy, the
possibility of a position change by the two additional axes
must be presented respectively.

We then consider the optical system mounted on a modified
Stewart platform [11-14], which is moved by four drives
(Fig. 4). The presence of four drives providing the linear
motion decreases the number of freedom degrees to three: two
tilts around Ox and Oy and linear movement along the Oy
axis. This design sustains the centre of the moving platform
on the optical axis of the system.

The use of such architecture and the presence of three free-
dom degrees allows for compensating its occasional deviations
from the fixed optical axis by tilting the lens around the two
axes. Focal setting changing by moving the platform along
the optical axis is also possible. Linear drives, stepper motors
with ball-screws or ultra sonic motors can be used to vary the
lengths of the sliding shafts [15].
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Fig. 4. Modified Stewart platform kinematic scheme. 1 — motors, 2 — ball-screws, 3 — sliding shafts, 4 — hinges, 5 — link ball joints, 6 — moving platform,
7 — lens

The compensating element lens or prism can be mounted
on a moving platform. To make corrections in real-time mode,
a closed loop must be organized. Therefore, a gyroscope
and three or more accelerometers must be installed to track
vibrations. Data from the sensors will be processed using a
Kalman filter. According to processed data, the proportional
and reset controller parameters will be adjusted.

Because of its rigidity, compensated positioning error, and
definite positioning, this system can be integrated into a CNC
machine to stabilize the laser beam. A possible design is shown
in Fig. 5.

Fig. 5. Modified Stewart platform. 1 — motors, 2 —sliding shafts, 3 — hinges,
4 — link ball joints, 5 — moving platform, 6 — lens

This system was modelled. Specific parameters were calcu-
lated for the given angular ranges and positioning coordinates.
Also, specifications for sliding shafts lengths were stated.

IV. MATHEMATICAL MODEL

To solve the problem of automatic vibration compensation
and the adjustment of the position of the laser beam during
its movement, optimal trajectories of the platform orientation
changes were chosen. Fig. 6 shows the relation between the
height of the moving platform and the tilt angle for one pair
of slide shafts, which can be expressed as (1):

f(h,a):\/a2+b2+h2f2a(bcosoz+hsinoz), (D

where h is the distance between the centre of the moving
platform, « is the angle between the optical axis and moving
platform, a, b are the lengths of the sliding shafts [16]. It should
also be noted that the allowable range of movement of the
sliding shafts is non-convex. Hence, the moving of the platform
from one position to another is carried out along a curved path.
However, for small angles the curvature is negligible, and it
can be assumed that the movement is in a straight line. Since
the picture represents data for a large-sized physical model,
the size of the convex part is quite noticeable (Fig. 6). For an
actual device, it will not be so large. A platform mock-up was
constructed to match the optimal moving joints parameters and
couplings with positioning elements. The mock-up is shown
in Fig. 7. All the parameters of the mock-up model are listed
by Table L

TABLE L MOCK-UP’S PARAMETERS
Parameter Value
Hpax 100.5mm
Hpin 80.5 mm
Max steps 6500
Correction 22 mm
Steps per mm 365.17
Resolution 2.7 um
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Fig. 6. Shafts lengths acceptable region

Fig. 7.

The mock-up of the platform

Geometrically, two opposite drives can be presented as
shown in Fig. 8. Correction of the drivers’ heights will be as
shown in Fig. 9. In the frontal projection, platform S rotates
by the angle v (Fig. 10). The equation to define the correction
of the projection of the length of A (or B) in the direction of
S is (2):

C:

g 1 €087, (@)

|

where C is the correction and S is the length of the moving
platform. The height of the moving platform will be defined
as eqs. (3) to (5):
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To determine the angle of the platform vy use the law of
cosines 6. The solution of the equation is given by 7. The
geometric representation of the solution shown in Fig. 11.

A2=(§)€+<g—2y+c»2_
_2am7<§><5“‘§“+@)

(6)
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Direction cosines (Fig. 12) will be determined as eq. (8):
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Fig. 12. Direction cosines
Euler’s unitary vector is eq. (9):
0 Oe,
O = =0z= ) ©))
91/ Qcy

where e, e, is direction cosines of the unitary vector € in
moving frame (Oz axis excluded, due to no rotation around
it). Rotation vector is eq. (10).

0, 2e, tan f/2
O = = 2€tan - = (10)
Oy 2e, tanf/2
Rodriguez—Hamilton parameters are 11.
0
Ao = COS =
A1 = ez sin 5
an

A2 = ey sin -

NAX+A=1

consequently, quaternion [17-20] with zero component
is eq. (12):
> > > 0 _. 0
A:A0+A:)\0—|—)\11—|—)\2j:cos§+esm§, (12)
and quaternion [21-25] scalar part is eq. (13)
0
Aoz)\ozcos§, (13)

quaternion vectorial part is eq. (14)
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where 'Z,j are unit vectors of the moving frame. Rodriguez
parameters is eq. (15)

2}\0 = f>\1wx — /\wa
2}\1 = )\wa (15)
2).\2 = )\wa

For Rodriguez—Hamilton [23] parameters and Euler’s unitary
vector components orthogonal transformation matrix is as
follows (16):

NHAZ-A2 22X

Cx’y =

2,

(16)
22 AZ4A2— A2

V. CONCLUSION

Several designs of optical stabilization and focusing sys-
tems were reviewed. A mathematical model of a beam stabi-
lization system for CNC machine was studied. Numerous ex-
isting designs of optical stabilization devices were considered
to clarify the scope of the modelling problem. Their advantages
and possibility of using them as part of a CNC machines
were studied. We propose a modified Stewart platform design.
The optical beam stabilizing system based on such a platform
was considered. The platform is moved by four symmetrically
placed linear motion drives. This design reduces the number
of degrees of freedom to three: two tilts around Ox and Oy
and linear movement along Oz axis. Such a design sustains the
centre of the moving platform on the optical axis of the system.
The optical compensating element—Iens or the prism will be
mounted on the moving platform. Because of the construction
symmetry, just one pair of sliding shafts was provided for the
basis for the mathematical model.

A large-scale stabilization system mock-up was built, and
the acceptable region for sliding shafts was determined. To
determine the platform movements and calculate the heave and
tilt angels, the mathematical model based on quaternion and
trigonometric equations is proposed. Due to only three freedom
degrees, a quaternion with zero components to describe the
platform rotation was used. Furthermore, a mock-up test will
be completed, after which the compensating system will be
built. The development of software for platform control will
be conducted based on the modelling results. It is intended that
the results will be used in the development of the intelligent
laser head, in particular, in the laser beam stabilization system.
Further, the laser head will be used as a part of a device for
selective polymer curing.
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