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Abstract—The production process of miniature de-
vices and microsystems requires the utilization of non-
conventional micromachining techniques. In the past
few decades laser micromachining has became micro-
manufacturing technique of choice for many industrial
and research applications. This paper discusses the
design of motion control system for a laser microma-
chining workstation with particulars about automatic
focusing and control of work platform used in the work-
station. The automatic focusing is solved in a sliding
mode optimization framework and preview controller
is used to control the motion platform. Experimental
results of both motion control and actual laser micro-
machining are presented.

I. Introduction

In the past few decades laser micromachining has
became an important micromanufacturing technique for
many industrial and research applications. The popularity
of this technique is growing with the increasing need
for non contact machining. Non contact machining offers
many advantages over conventional machining such as ab-
sence of tool wear problem, absence of thermal distortions
in machine tools and deflection of the tool under machining
forces. Unique characteristic of the laser micromachining
is the possibility of etching or ablating exceptionally small
features in many different materials with minimal damage
done to the non irradiated regions of the material [1 - 3].
Researchers and authors have dedicated much attention

to the laser micromachining process modeling, simulation
and applications to variety of materials [4-11]. However
not much literature is present about the design approach
and description of the overall laser micromachining work-
station. In [12] authors present the laser micromachining
system for flat panel display repair. The design of mechan-
ically decoupled type dual motion stage is described and
control techniques for such stage are discussed in detail.
Authors dedicate very little attention to the description
of the overall system configuration. In [13] laser micro-
machining system that can be used for applications in
the electronic and microfabrication industry is presented.
Performance parameters are discussed in detail. System
features femtosecond pulsed laser and acousto-optic de-
flectors as actuators for positioning of scanning mirrors.
Many technical issues and details concerning the design of

the direct writing laser lithography system are discussed
in [14]. Authors present a low-cost direct writing laser
lithography system featuring fixed optical beam. Realiza-
tion of nanosecond laser micromachining system consisting
of laser, mechanical and optical structure and control
system is presented in [15]. This work gives moderately
detailed description of the workstation and focuses on
the nanosecond pulse laser fabrication process parameters
optimization.

In this paper the design of laser micromachining work-
station as a laboratory set-up aimed for further investi-
gation of both the control and the process is presented.
Firstly it deals with the design and implementation of
the workstation, control for high precision motion stage
and the automatic focusing of the laser beam is discussed.
The experimental results are shown to verify the achieved
results. Further work is mentioned at the end.

The paper is organized as follows; in Section II detailed
descriptions of the laser micromachining workstation is
given. Section III discusses the trajectory generation and
control method for the precise motion stage. Experimental
and simulation results are given in the Section IV. Section
V contains conclusion and final comments.

II. Laser Micromachining Workstation

The design approach for a laser micromachining work-
station (LMW) is guided by the needs of using it as a labo-
ratory tool. Our goal has been to design a modular system
for easy customization and flexibility of the experimenting
with different functions of the system. Currently the LMW
is equipped with a motion platform that allows microma-
chining of the planar structures only. Due to the modular
design approach, micromachining of the structures on the
platforms that have different kinematical configurations
can be easily done by interchanging the current motion
platform with the platform that provides more degrees of
freedom in the required workspace.

Workstation is composed of 5 modules; mechanical
structure, laser source, beam delivery optics, 3 axis precise
motion module and control hardware and software. The
conceptual relationship between these modules is depicted
in Fig. 1.
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Fig. 1. Conceptual relationship between modules of LMW

A. Overall Structure

Integration of complex and demanding modules needed
for proper operation of a laser micromachining worksta-
tion requires the design of mechanical support structure
that contains all other modules of the workstation. The
mechanical structure of laser micromachining workstation
consists of machine base and column, optics head lift
mechanism, planar x-y positioning stage and positioning
stage translation mechanism. The optics head is fixed via
two brackets with respect to stationary columns. The head
is driven in vertical direction via actuators located in the
base of the workstation.
The positioning stage translation mechanism is designed

to allow the system operator insertion and fixing of the
workpiece onto holder in an ergonomic fashion. The planar
x-y positioning stage is fixed on a movable plate which
allows the user to automatically move it to a position at
which material can be loaded or the finished microma-
chined workpiece removed.
The beam delivery optics is necessary module of the

laser micromachining workstation that serves the purpose
of focusing the laser beam to a tiny beam waist diameter
and in turn increases the energy density of the laser beam.
The workstation features Haas LTI laser micromachining
fine cutting head [16]. The internal optical structure of
the beam delivery system can be understood from the Fig.
1, it consists of 2 beam splitters (BS) to incorporate the
illumination light and on-axis camera (CCD) vision into
the same path as laser light. Approximated final waist
diameter of the laser beam is 10.8 µm and depth of focus
is approximately 54 µm.
Laser generation system consists of beam generation

unit, internal laser controller and beam delivery cord.
Laser beam is generated by red ENERGY G3 HS series
20W, 1065nm wavelength pulsed fiber laser supplied by
SPI Lasers [17].

B. Control Software

Laser micromachining system has to meet requirements
such as the ability to alter various process parameters,
namely, laser, material and motion parameters so investi-
gation of material science phenomena or micromachining
phenomena is possible. System controller and software of
the laser micromachining workstation have many objec-
tives and they could be classified as follows:

• Accurate positioning of the workpiece.
• Reliable and fast tuning of the laser parameters.
• Part positioning and laser pulses synchronization.
• User-Machine interface.
• Overall monitoring and control of auxiliary devices.

Currently workstation is controlled by the dSspace control
system DS1005 that features a PowerPC 750GX pro-
cessor running at 1GHz and DA/AD, position encoder
and digital I/O cards. This control system is used for
the first prototype development and will not be used in
the final version of the workstation mainly due to the
economical considerations. Workstation also features the
central computer that runs on Windows XP.

Currently only 2D technical drawings are accepted by
the software. User inputs the technical drawing in .dxf
format generated by the technical drawing program such
as SolidWorks.

C. Precise Planar Motion Stage

Motion stages providing the motion in planar, x-y, plane
are designed using brushless, high-precision direct drive
linear servomotors. The absence of iron in the forcer or
shaft results in the ultra high precision and very low
cogging force. Each stage incorporates the position mea-
surement in the mechanical structure. Position feedback
is obtained from a high grade analog optical encoder in
conjunction with an efficient interpolator. Optical encoder
provides position measurement with 10 nm resolution.
In addition to the drive mechanism and position sensor,
roller cage linear slides are used to provide linear motion.
These linear slides are designed specifically for highest
accuracy requirements and have very low friction force.
Specifications of the precise motion stage are given in the
Table 1.

III. LMW Motion Control

In order to perform laser micromachining, the geometri-
cal features of the part to be machined have to be designed
and technical drawing must be supplied to the software.
Technical drawing is supplied in .dxf format file [18].

In order to assure perfect replication of the part spec-
ified in technical drawing and achieve high quality laser
micromachining, trajectory generation algorithm results
should guaranty smooth position, velocity and acceleration
transitions. Jerky motion and position overshoot at the
corner points should be minimized or completely avoided
in order to guaranty high quality laser micromachining.



Fig. 2. Precise Motion Stage

TABLE I
Motion Stage Specifications

Parameter (Unit) Value

Max. Acceleration (m/s2) 5

Max. Velocity (m/s) 0.1

Peak Force (N) 12

Continuous Force (N) 3

Position Resolution (nm) 10

Single Stage Mass (kg) 0.6

Building Material Aluminum

Trajectory generation algorithm satisfying these require-
ments is determined to be time based spline approximation
in combination with preview controller [19, 20, 21]. Time
based spline approximation is incorporating both time
and geometrical position together resulting in motion that
shows the smooth transitions in position, velocity and
acceleration.
After the time based spline approximation is applied and

corresponding polynomial coefficients are calculated, the
position, velocity and acceleration commands at a given
sampling time can be found using following equations [21]:

xn(tn) = αnt
3
n + βnt

2
n + γntn + δn

ẋn(tn) = 3αnt
2
n + 2βntn + γn

ẍn(tn) = 6αntn + 2βn

n = 1...k (1)

where k is the total number of coordinate points. αn,
βn, γn are calculated polynomial coefficients and tn is the
sampling instant. The similar equations can be written for
position, velocity and acceleration in y direction.

A. Model and Control of Planar Stage

For a linear positioning stage driven by the brushless
direct drive linear servomotor via current controlled am-
plifiers, the dynamic equation of motion for each axis can
be described by the following equation:

Mnẍ+ Fl(x, ẋ, t) = Kfni (2)

where Mn is the nominal mass of the load experienced
by the motor, Kfn is the motor force constant, Fl(x, ẋ, t)
represents summation of the disturbance forces, i is the
current supplied to the motor x, ẋ, ẍ are stage position,

velocity and acceleration respectively.
For the purposes of laser micromachining, the control

strategy for planar stage has to be developed such that
the fast motion is provided while the contouring error is
minimized. There are many different ways of designing
a controller for such a system. The key for laser micro-
machining station is the accuracy of contour tracking.
Designing a contour tracking in the task space [25,26] is
known technology but it suffers of the problem for having
complex expressions for the control errors and complex
interaction forces in the task space. Here we decided to
combine a preview controller with disturbance observer as
a basic control in each of the axes and the contour tracking
as a correction designed on the top of the trajectory
tracking preview controllers.

The core of the preview controller is actually an accel-
eration control with the desired acceleration, for system
with compensated disturbance. Desired acceleration can
be calculated using the acceleration, velocity and position
references previously found using time based spline algo-
rithm:

ẍd = Kaẍref +Kv(ẋref − ẋfb) +Kp(xref − xfb) (3)

where Ka, Kp, Kv are positive constants, ẍref , ẋref , xref

are reference acceleration, velocity and position respec-
tively, ẋfb, xfb is the measured or observed velocity and
measured position of the plant respectively.

Estimation of the disturbance force can be done by
second order low pass filter using information of reference
input current and position feedback [22]. We can write the
expression for the current i supplied to the motor in the
following manner:

i =
Mn

Kfn
ẍd +

g1
s2 + g2s+ g1

(i− Mn

Kfn
s2xfb) (4)

where g1, g2 are positive coefficients determining the cut-
off frequency of the low pass filter.

The contour error compensating controller is designed
taking into consideration the functional relationship (task
formulation) for a planar motion required to follow some
smooth contour with constant tangential velocity. Then
the requirements of the system operation may be described
by two very simple functional relations:

ϕ(x, y) = 0 (5)

vϕ⊥(vx, vy) = v(t) (6)

First relationship describes the contour to be tracked
and the second one the requirements that velocity along
the contour should be controlled to have defined time
profile - usually constant. This formulation is simple but
it is better to look at it from slightly different way. Taking
the first equation as a constraint in the task space then
it is a fact of simple geometry to formulate that velocity
in constrained direction - in the direction of the gradient
of the constraint contour in the current operation point
- must be zero and that the tangential velocity must be



equal to v(t). For known reference contour ϕ(xd, yd) = 0
gradient can be easily determined as:

[grad{ϕd(xd, yd)}]t =

[
∂ϕ(xd, yd)

∂xd

∂ϕ(xd, yd)

∂yd

]
(7)

thus the velocity in the constrained direction is then
defined as

vϕ(vx, vy) = [grad{ϕd(xd, yd)}]tvxy (8)

and the tangential velocity then satisfies

vϕ⊥(vx, vy) • [grad{ϕd(xd, yd)}] = 0 (9)

where

vϕ⊥(vx, vy) = [grad{ϕd(xd, yd)}]t⊥vxy (10)

Now task space contour tracking can be defined by the
following expressions

vϕ(vx, vy) = [grad{ϕd(xd, yd)}]tvxy = 0 (11)

vϕ⊥(vx, vy) = [grad{ϕd(xd, yd)}]t⊥vxy = v(t) (12)

or in simpler form[
vϕ(vx, vy)
vϕ⊥(vx, vy)

]
= [J ]

[
vx(t)
vy(t)

]
=

[
0

v(t)

]
(13)

The Jacobean matrix is defined by the gradient of the
constraint contour.

[J ] =

[
[grad{ϕd(xd, yd)}]t
[grad{ϕd(xd, yd)}]t⊥

]
(14)

Now corrective control should be selected to enforce
above requirements. Just taking derivative of (15) one can
obtain: [

aϕ(vx, vy)
aϕ⊥(vx, vy)

]
=

[J ]

[
ax(t)
ay(t)

]
+
[
J̇
] [ vx(t)

vy(t)

]
=

[
0

v(t)

]
(15)

The design of the controller is fairly simple after this
point. The simulation results for this controller are shown
in the next section.

B. Autofocusing

Laser autofocusing mechanism plays an important role
in the design of laser micromachining workstation. Al-
though lasers used in material processing are typically high
energy lasers, light beam still needs to be focused in order
to achieve higher energy density and smaller final spot
size. Some work has previously been done on the devel-
opment of algorithm for control of autofocusing system
and design of such system that could serve the purpose
of autofocusing in the laser micromachining workstation.
This work was presented in [23]. The core of the algorithm
for the control of autofocusing system is the sliding mode
optimization algorithm [24] with some adaptations to the
different type of plant. It was observed that chattering

problem associated with sliding mode control comes to
effect and it degrades the performance of this kind of
system. Further work on the improvement of performance
of algorithm has been done and chattering problem has
been tackled by simple linearization - a continuous approx-
imation of SMC. Discontinuous relay and sign functions
are approximated as follows:

χ(σ) =

{
σ
h , |σ| < h
σ
|σ| , |σ| ≥ h

(16)

υ(σ) =


1, σ < −h

mσ + b, −h ≤ σ ≤ h

0, σ ≥ h

(17)

where χ(σ) and υ(σ) are the sign and relay functions
respectively, σ is the switching surface, h is the hysteresis
and m and b are the slope and offset of the approximating
line. The performance of autofocusing algorithm imple-
mentation are validated experimentally and the results are
given in the next section.

IV. Simulation and Experimental Results

A. Motion control experiment

In order to test the performance of the controller and
to justify the reliability of the trajectory generation al-
gorithm to be used for laser micromachining purposes, an
experiment that shows the motion control performance for
precise positioning has been performed.

Experiment was done in the following way; technical
drawing containing geometrical description of the part to
be machined is supplied to software in .dxf file format.
Software further parses this file and interpolates coordi-
nate data. Time based spline approximation is applied to
the interpolated data and finally the acceleration, velocity
and position references are obtained and supplied to the
controller. An experiment is done for the circle reference
whose radius is 30 µm. The results for the trajectory
tracking are shown in the Fig. 4. Tracking errors for each
axis are shown in Fig. 3a and Fig. 3b. Errors are generally
lower than 0.5 µm, reaching 0.8 µm at the peak points
for some instances throughout the motion. The errors
can be characterized to be due to the sources of noise
in the system and due to the errors in the disturbance
force estimation. Experimental results show good tracking
performance for fairly small geometrical features. The
demonstrated performance of the designed motion control
system is acceptable for the use in the laser micromachin-
ing workstation since the approximated laser beam waist
diameter is around 10.8 µm. The relative difference in sizes
between the tracking error and laser beam waist diameter
guaranty that the tracking errors will not have negative
impact on the quality of laser micromachining process.



(a) Error in x direction

(b) Error in y direction

Fig. 3. Positioning Errors

Fig. 4. Trajectory Tracking - 30µm Reference

Fig. 5. Precision marking of colored aluminum

B. Precision Marking Experiment

This experiment shows the precision marking of colored
anodized aluminum using laser micromachining worksta-
tion. Laser is used to effectively remove the anodized alu-
minum giving a very high contrast and permanent mark.
The experiment was performed on the black anodized
aluminum alloy (6061). Laser was used in the pulsed mode
and the pulse repetition rate was set to 25 KHz, the
pulse width to 200 nm and per-pulse energy to 8mJ. The
laser was run at 25 % of its total average power, namely
5W. Obtained results are shown in the Fig. 5. and the
feature sizes are marked. The colored layer on the anodized
aluminum is removed through thermal process. This shape
is formed on the surface of aluminum by a single pass of
the focused laser beam.

C. Autofocusing experiment

Experimental results for the implementation of modified
autofocusing algorithm are presented in Fig. 6. The exper-
iment was conducted on setup described in [21]. Transla-
tional stage is initially positioned away from the focal spot
of the lens. System starts to move in order to minimize
output, thus reaches the focal point of the lens. The results
are shown in the Fig. 6a. The theoretical formulation is
justified, convergence of output to the minimum point is
observed. The vertical distance change between test laser
and the photodiode can be understood by observing the
output of the translation mechanism position encoder,
shown in the Fig. 6b. Modified version the autofocusing
algorithm shows performance improvements in the behav-
ior of the system around a minimum point.

(a) Reference and Response Photocurrent values

(b) Encoder Readout

Fig. 6. Autofocusing Experiment Results



Fig. 7. Contour Controller

D. Contour Error Compensating Controller Simulation

As discussed in the previous section contour error com-
pensating controller must be designed to guaranty preci-
sion micromachining. This controller acts as the corrective
controller together with the controller described in the Eq.
4. Fig. 7. shows the simulation results for the compensation
controller. It is worth of noting that this controller has
almost no significant contribution to the contour tracking
at low speeds. However at high speeds its effect is sig-
nificant. This can be understood by looking at the Fig.
7. where contour labeled as Response1 is the response
of the system under consideration without compensation
controller and Response2 is the response of the system
with compensation controller . The reference contour is
circle with 100 µm and reference tangential velocity is 10
mm
s . The controller compensates errors successfully.

V. Conclusion

In this paper the design and realization of general pur-
pose laser micromachining workstation is presented. The
workstation could be easily adapted to the use in different
environments. Efficient trajectory generation algorithm
together with control strategy, for the motion platform
currently featured on the workstation, is discussed and
relevant experimental results are presented. Results of
the given motion controller are found to be satisfactory
for the purposes of laser micromachining process. The
automatic focusing algorithm points out to a possibility
to use PSD with simple optimization scheme to keep laser
focus. Finally the precision marking of anodized aluminum
experimental results are presented to demonstrate the
functionality of the designed workstation. The worksta-
tion shows good performance in marking of micro- and
millimetric features.
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