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1. Introduction

Compliant mechanisms generate precise, repeatable motions by elastic deformation of a flexible
element. It offers several benefits like no friction, backlash free and lower cost .Compliant micro
positioning systems gaining popularity in the domain of precision engineering and manufacturing
eg.atomic force microscopy ,bio cell manipulation , lithography . In precision engineering, micro
positioning systems which are capable to generate large range i.e. over 10 mm, precise motion with
compact size.A compact precision positioning stage allows to accommodate in limited space. Also it
enables reduction in cost in terms of material and manufacturing. The kinematic scheme is
determined first and architechral parameters of the stage are designed with a view to operate it in the
elastic limit without fatigue failure. The material’s yield strength limits the motion range which
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becomes challenging to achieve large stroke. The various compliant micro positioning systems
producing large range of motion are presented in.The concept of modular design of large range
compliant positioning stage is proposed in .The kinematic configuration of the positioning stages is
classified in two categories i.e. serial and parallel configuration. Some research efforts are devoted to
the serial configuration. In serial kinematic scheme, micro positioning have been mounted vertically
on the other stage, serial mechanism has drawbacks of natural frequencies, parasitic motions,
increased inertia due to moving mass, bulkiness etc. .As compared to serial configuration, parallel
configuration is widely used in most of two degree of freedom micro motion stages because it offers
advantages such as high payload capacity, symmetrical structure, lower moving mass and higher
stiffness .Nano positioning stage can provide a motion resolution at nanometre scale. Such high
resolution depends upon the type of actuators and sensors. Most of micro/nano precision stages uses
piezoelectric stack actuators (PSA).The drawback of PSA is limited motion range in microns.
Various lever amplifying mechanisms are used to amplify the desired motion .To achieve large range
of motion, ball screw drives are commonly used .It generates large motion range but possess
nonlinearity due to friction which affect the positioning accuracy adversely So drives such as
electromagnetic actuators , magnetic levitation actuators and voice coil motors have been employed
\Various types of flexure hinges are utilized to construct the stage .To obtain large range, beam
flexure is most commonly used. The large stroke needs long and thin flexure. The length of flexure is
limited by the compact size and manufacturing constraints. So the challenging task is to design the
stage with the objective of large motion range and compactness. Several design configurations have
been developed to resolve the issues. Hence the compliant XY stage is designed using compound
parallelogram module as basic building block .The large range translational motion is achieved by
multistage compound parallelogram flexure (MCPF) . After fabrication of prototype, precise
positioning depends upon the control methods. The number of vibration modes is observed due to
low value of damping of the stage. Hence the system is identified using high order controller model.
The linear second order is preferred for effective implementation of the control algorithm. Different
control methods have been used to achieve robust performances in the presence of disturbances and
dynamic model uncertainties.The proportional-integral-derivative (PID) is most commonly used
control in various industrial domains .PID control possesses weak robustness against system
nonlinearities and uncertainities.VVarious controller approaches have been adopted to achieve better
performance of micro-positioning system .In the current research work, modular design of compliant
XY stage with voice coil actuator is presented. The paper is organized as follows. concept of
modular design and kinematic configuration is explained in section 2.The Finite element analyses
(FEA) is carried out to evaluate the static and dynamic performances in section 3.The prototype
development and experimental tests are demonstrated in section 4.The open loop static and dynamic
performances are demonstrated in section 5.The system identication is implemented in section 6.The
PID control scheme implementation and the closed loop set point positioning, sinusoidal positioning
performances provided in section 7. In section 8,the results are discussed and in the last, concluding
remarks are provided.
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2. Design of Modular XY stage with compound parallelogram module (CPM)

To design translational XY stage with decoupled motions, 2-PP parallel symmetric kinematic
configuration is employed. The architecture utilizes the 2 prismatic joints (i.e.2PP) as active joints in
the outer parallelogram and 4-PP joint as passive joint in the inner parallelogram. Single layer leaf
flexure is adopted as the flexure unit. The modular design divides the micro-positioning system into
four distinct components such as first stage, intermediate, flexure and the motion stage. These
components can be independently fabricated and assembled to obtain the modular compliant XY
micro motion stage. Fig.1.shows translational motions along X and Y directions along with limited
kinematic coupling.
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Fig.1 Schematic diagram

2.1 Parametric Design

The key architectural parameters such as length, height and thickness (I, w,t) of flexure are carefully
designed in order to achieve the desired performances i.e. Range of motion, equivalent stiffness and
resonant frequency. The four mounting holes are designed to form square symmetric parallel
configuration of the stage.The stage exhibits limited kinematic coupling between the two axes
resulting in well decoupled motions. The parametric design is carried out by considering the stress
and buckling load constraints.In parametric design only bending deformations are considered by
neglecting the axial deformation of the leaf flexures. Table 1 and Table 2 provides the architectural
and material parameters of the stage.

Table 1: The Architectural parameters of the stage

Parameter Symbol | Value (mm)
Length of the flexure I 75
Width of the flexure w 15
Thickness of the flexure t 0.8
Distance between mounting holes c 250
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Table 2: The Material parameters of the stage

Material Density (p) | Poisson’s ratio (p) | Yield stress (oy) Mpa | Young’s modulus
Kg/m? (E) Gpa
Al alloy T6-6061 | 2700 0.3 276 2700

2.2 Motion Range consideration

The maximum range for single axis translation motion of the XY stage is determined using the
equation 1.
B 2(7),|2

St L 1
o = g ()

Where R, = motion range in each working axes which results in workspace of 2 Rmax X 2 Rmax,
o, = permissible yield stress of material, I, t = length, thickness of the beam flexure, E = Young’s

modulus of the material. The main architectural parameters are as shown in table 1.The actual
workspace should lie within the workspace calculated above for safety of material. The parameters
are designed to fulfil the following condition given by the equation 2.

2
- ZGyl

T 3Et

In which Dmax= Maximum reachable workspace of the stage.
2.3 Stiffness and actuation force consideration

Due to functional requirement of large range of motion, Voice coil actuators (VCA) with maximum
actuation force,Fvca=194.6 N is used for actuation. The equivalent stiffness of the mechanism is
obtained by considering symmetry of the configuration given by the equation 3.

2Ewt’
Kstage = |—3 ______ (3)

The stiffness determines the force -displacement relation given by the equation 4.

Where Fin = input or actuation force applied at the intermediate stage, Xouwt= displacement at the
motion stage. The force of voice coil actuator should be greater than the required input force.

Fn < Fca

n Ve 5)
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2.4 Buckling effect consideration

Leaf spring flexures with relative higher length to thickness ratio are used for architecture of stage.
These flexure is subjected to elastic buckling or bending under the axial compressive loads which
results into reduction in the motion transmitted to moving platform. So the buckling effect can be
eliminated by the architecture design. Theoretically buckling load is given by the equation 7 .

Where | =§|s the moment of inertia of the cross section of beam flexure, le is the equivalent

flexure length which varies from 0.5xl to 2xI depends upon boundary conditions. The flexure beam
is considered with fixed-fixed boundary conditions hence 1e=0.5 x |.The crippling load is as follows

87°El
I:)cr =2P= Iz ----- (8)

To avoid buckling failure of flexure beam, following condition needs to satisfied

F., <

vea = Fer
VcA =
31°

Fca <646.31IN  To avoid buckling failure, buckling force must be greater than the maximum
actuation force i.e. 194.6 N.

3. FEA Analyses

The FEA through ANSYS software is used to validate the analytical models for assessment of static
and dynamic performances. The FEA results validate the motion range of 12 mm along the working
direction and the maximum stress developed in the flexure is less than permissible stress of the
material. The prestressed modal analysis results predict the natural frequencies of the vibration and
the corresponding shapes as shown in fig. 2.Table 3 shows first three resonance frequencies of the
stage.

Table 3: The first three resonant frequencies

Method X/Y axes (Hz) Z axes (Hz)
Analytical 16 130
FEA 20 135
Experiment 15 128
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Fig. 2 The modes of vibration (a) First (b) Second (c) Third (d) Fourth
4. Prototype development and test setup:

The experiment test up shown in fig.3 consists of a Dspace device DS1104 controller board with
A/D and D/A converter board interface with computer is used as real time control unit.The four
channel linear current amplifier from Quanser systems is used to drive the voice coil actuator (VCA
32-30, rated force is 60 N) and the position output of the stage is measured by linear optical encoder
RELM scale,50 nm resolution from RENISHAW Inc.The micro motion stage and optical encoder
are mounted on isolation table from Newport Inc. to avoid the effect of external vibration.

1- Voice coil actuator, 2- Compliant stage, 3- Linear optical encoder, 4- Linear current
amplifier, 5- DC power supply, 6- Dspace DS 1104 , 7- Desktop

Fig. 3 Experimental test rig
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5. Open loop performance tests
5.1 Voltage-displacement test

A sinusoidal voltage signals at low frequency 0.5 Hz are applied to each VCA and the output
displacements along two directions are measured using linear optical encoder. CA 1 is driven with
+ 1.4V voltage amplitude, stage displacement of 12 mm is observed in X axes as shown in fig. 4. The
parasitic motion of 10 x#mis depicted in Y direction. So the design objective with large range of
motion with decoupled motion is achieved. In open loop test, voltage —displacement curve is
nonlinear due to hysteresis effect. So it needs to apply control methods to achieve the precise
positioning.

Fig.4 Hysteresis in voltage —displacement curve.
5.2 Open loop step response test

Step response of stage is evaluated without feedback control as shown in fig. 5.The stage produces
settling time of 1.8 sec with 4.6 % overshoot. It shows that the stage has slow response with
maximum steady state error of 97%.

— Simulaion
~ = ~Experimert

Amplitude (mm)

time (seconds)

Fig.5 Open loop step response
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5.3 Frequency response test

The open loop dynamics performance is obtained by frequency response test.In this test, sinusoidal
signal of 1.4 VV amplitude and frequency upto 50 Hz is implemented by the digital to analog (DAC)
channel of the Dspace DS 1104 unit and supplied to linear current amplifier which drives the
VCA.The frequency response is obtained by performing spectral analysis. The frequency response in
terms of magnitude and phase plots are demonstrated in fig. 6.In open loop test, each VCA is driven
independently without feedback control applied to it.

— Simulaion | -

Mag nitude (dB)

(deg)

Phase

Frecuenc‘y (rad’s)
Fig.6 Open loop frequency response
5.4 Open loop sinusoidal positioning test

In open loop test, each VCA is driven independently without feedback control applied to it. A
sinusoidal signal of amplitude 1.4V at frequency 5Hz is applied to the VCA.Fig.7 shows open loop
sinusoidal response having actual amplitude of 0.03 mm showing large positioning error.
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Fig.7 Open loop sinusoidal response along a) X axis b) Y axis.
5.5 Open loop trajectory tracking Test

To evaluate the planar motion capabilities of the stage,elliptical trajectory tracking test is carried
out.The actual and reference input trajectories are plotted as shown in fig.8. The results depicts the
better tracking performance with error of 6pm in both X/Y axes.
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Fig.8 Open loop elliptical trajectory tracking performance of the stage
6. System Identification

Transfer function is identified from the experimental frequency response of the system as follows

1
G(s) = ,
() = 035s7 1 2.64: + 10.15

The transfer function model approximates the dynamic behavior upto 50 Hz. The model captures the
system dynamics at high frequencies. The dynamics model parameters are obtained as M=0.35 Kg,
C=2.64 N-S/mm, K=10.15 N/mm respectively.

7. Implementation of the Proportional —Integral-derivative ( PID) control

The PID control is applied for minimizing the error in open loop performances to obtain the precise
motion and the closed loop performances are evaluated. Fig.9 shows the schematic diagram of
control scheme.

Reference error
+ i
_’< )—" PID DS1104 DAC * LCAM > VCA > XY stage *  Sensor ->
DS1104 ADC Signal
conditioner

Fig.9 Schematic diagram of control scheme
7.1 Closed loop positioning performance tests
7.1.1 Closed loop step response test

Step response of micro-positioning system is evaluated using PID controller as shown in fig.10.The
PID controller produces settling time of 0.03 sec with no overshoot. It shows that the stage has fast
response as well as minimal steady state error. The average value of steady state error of 2 umis
produced by the stage. The PID gains by trial and error are K, = 600,Ki= 350 and Kg=340
respectively.
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Fig.10 Closed loop step response
7.1.2 Closed loop sinusoidal response test

The sinusoidal motion tracking with voltage amplitude 1.4 V is carried out. Fig.11 (a) and (b) Shows
the tracking results along X and Y axes in which entire motion range is covered by the micro
positioning stage.The accurate positioning is observed. The PID gains by trial and error are K, =
600,Ki= 350 and K¢=340 respectively.
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Fig.11 Closed loop sinusoidal reposnse along a) X axis b) Y axis
7.1.3 Closed loop Frequency response test

The closed loop frequency response is obatined by implementing the PID controller. The sinusoidal
signals of the amplitude 1.4 V and range of frequency from upto 50 Hz. The Bode plots of PID
control system is shown in fig.12.The phase difference of 90° occurs within -3 dB bandwidth which
results in tracking error.The resonant frequencies along each axes to be 15 Hz is obtained. It is
observed that experimental frequencies are slightly lower than frequencies obtained by simulation.
The deviation is due to moving mass of the coils of the VCAs which is not included in FEA
simulations. The stage shows identical dynamic properties as the same resonant frequencies are
observed along the working axes.
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Fig.12 Closed loop bode diagram
7.1.4 Closed loop elliptical trajectory tracking Test

The PID control is implemented to demonstrate the planar motion capabilities of the stage in the
closed loop elliptical trajectory tracking test.The actual and reference input trajectories are plotted as
shown in fig.13. The results depicts the better tracking performance.The PID gains by trial and error
are Kp = 600,Ki= 350 and K4=340 respectively.

Y displacement(mm

-15 -1 -05 0 0.5 1 15
X displacement (mm)

Fig.13 Closed loop elliptical trajectory tracking performance of the stage
8.Result Discussions

The comparison between the step performance of the XY stage without and with feedback control is
shown in table 4.The open loop step responses shown in figure 5 has steady state error of 6 microns
and overshoots of 4.6% whereas the closed loop response shown in fig. 10 is very fast with minimal
steady state error less than 2 microns and without overshoot. In case of open loop sinusoidal
response shown in fig. 7 (a) and (b), point to point positioning error of 6 microns is observed
whereas closed loop sinusoidal response shown fig.11 (a) and (b) shows better point to point
positioning.The open loop frequency response i.e. Bode plot shown in fig.6 shows negative dc gain
with very low resonant frequency whereas closed loop bode plot shown in fig.12 has the resonant
frequency of 15 Hz at -3 dB magnitude and at the phase lag of 30° is observed. There are 5%
deviations between the simulation and test results. The deviations are due to inaccuracy of the
simulation model or due to hardware constraints in the test results. The simulation results are 5%
larger than test results.
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Table 4 Openloop and closed loop step response parameters

Parameter | Peak amplitude | Rise time (sec) | Settling time(sec) | % overshoot
Open loop 0.035 0.39 1.8 4.6
Closed loop 0.99 0.0068 0.03 -
9.Conclusion

The design and PID control implementation of modular compliant XY micro-positioning stage have
been presented. The numerical result depicts workspace of 12 mm X 12 mm which then validated by
the experiment.The architectural parameters are obtained with the main objective of large range of
motion while compromise in the resonance frequency under the constraints of stress and buckling
effect. The test results reveal that the stage has the decoupled motions along the working axes. The
results depicts similar dynamics characteristics in two axes with same resonance frequency of 15
Hz.With implementation of PID control in two axes, better positioning accuracy is obtained. The
tracking error less than 2 zmis accomplished.The experiment results validate the better positioning

capabilities of the developed stage with submicron accuracy.
Data availability statement: All the data related to the research article is available
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