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ABSTRACT
The high resolution of lithography lenses has led to a requirement for high-precision lens-adjusting compensators. This paper presents the
design, analysis, and testing of a high-precision two-degrees-of-freedom compliant mechanism to be used for lens XY micro-adjustment.
The monolithic mechanism, which is based on a 1RR–2RRR configuration, uses flexure hinges to connect the movable inner ring with the
fixed outer ring. The apparatus is driven using two piezoelectric actuators, and the lens terminal displacement is fed back in real time using
two capacitive sensors. This paper describes the principle of the mechanism. Simulations and experiments are then performed to evaluate
the system. The results show that the strokes along both the x-axis and the y-axis exceed ±25 μm. The accuracy of the proposed mechanism
is better than ±7 nm. The root-mean-square induced figure error is better than 0.051 nm. The coupling z and tip/tilt rigid motions are less
than 50 nm and 220 mas, respectively. The first natural frequency of the mechanism is 212 Hz. These results indicate that the mechanism has
advantages that include high accuracy, low coupling errors, high rigidity, and compactness and that it will act as an efficient compensator for
lithography lenses.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5141138., s

I. INTRODUCTION

A compliant mechanism is typically a monolithic structure
that uses flexure hinges rather than classical rotation joints to con-
nect a fixed part to a movable part and, thus, transfer motion,
force, and energy between the two parts. A compliant mechanism
that is based on flexure hinges offers several advantages, includ-
ing zero friction losses, no lubrication requirements, zero hystere-
sis, a compact structure, a capacity for use in small-scale applica-
tions, ease of fabrication, and virtually no assembly or maintenance
requirements.1 Compliant mechanisms have been incorporated into
a wide variety of applications, including translation microposition-
ing stages,2–5 fast-tool-servo diamond turning equipment,6–9 high-
accuracy alignment devices for optical systems,10–15 imprint lithog-
raphy systems,16 and many other leading technologies. Polit and
Dong, for example, presented an XY stage that was composed of

a doubly clamped beam and a parallelogram-shaped hybrid flexure
with compliant beams and a circular flexure hinge. The travel range
of this stage exceeded 15 μm, its resolution was 1 nm, its first fre-
quency exceeded 8 kHz, and its closed-loop bandwidth was 2 kHz,
but the stage uses a parallelogram mechanism to enlarge the size, and
the end effector is not uniformly supported, so out-of-plane cou-
pling errors are hard to control.4 Rakuff and Cuttino introduced a
long-range, high-precision fast-tool-servo flexure mechanism for
a diamond turning machine in which the system was driven using
a voice coil actuator, a custom linear current amplifier, and a laser
interferometer feedback system. The maximum acceleration of their
system was 260 m/s2, its bandwidth ranged up to 140 Hz, and
its maximum displacement range was 2 mm, but it is only one-
degree-of-freedom (DOF), and there is no tough requirement of
space dimensions.7 Ajit et al. designed a flexure lens focusing motion
stage with a stroke range of ±0.7 mm in less than 14 ms, but the
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stage is used to move only along the z axis and it has adequate
space.10

In the lithography field, lithography lenses with increasingly
high resolution are required because the critical dimensions of gigas-
cale integrated circuits are becoming extremely small.17 Several
movable lenses that are components in lithographic lenses are used
during the lens assembly and working processes to improve litho-
graphic performance by compensating for focus, distortion, astig-
matism, coma, and other aberrations. These mechanisms require
nanometer-scale accuracy, real-time responses, and low coupling
errors, and as a cell needs to be installed into a projection lens with
dozens of lenses, it must be highly compact.18–21

To meet the above-mentioned requirements for the lens adjust-
ment mechanism, this paper presents a monolithic compliant mech-
anism for lens XY micro-adjustment. The mechanism based on
1RR–2RRR configuration uses two actuators to achieve XY two-
degree-of-freedom movement. This article uses the pseudo-rigid-
body model to calculate the Jacobi matrix and then uses FEM
and experiment methods to confirm the results. The remainder
of the paper is organized as follows: Section II introduces the
principle of the mechanism, which is based on the pseudo-rigid-
body method. Section III presents the frame structure of the
mechanism. Sections IV and V present the simulation results and
the experimental results, respectively. Conclusions are presented
in Sec. VI.

II. PRINCIPLE OF THE XY COMPLIANT MECHANISM
The XY compliant mechanism uses a 1RR–2RRR configura-

tion. The mechanism has eight rotation joints and five straight rods.
The 1RR part on the top contains two rotation joints (D1, E1) and
one straight rod (D1E1) and provides one passive constraint in the
D1E1 direction. The left 2RRR part contains three rotation joints (A1,
B1, C1) and two straight rods (A1B1, B1C1) and provides one actu-
ated constraint along the B1C1 direction. The right 2RRR part con-
tains three rotation joints (A2, B2, C2) and two straight rods (A2B2,
B2C2) and provides one more actuated constraint along the B2C2
direction. The degree-of-freedom (DOF) of the 1RR–2RRR parallel
mechanism can be calculated as

DOF = 3n − (2pl + ph), (1)

where n is the number of active components in the mechanism, pl is
the number of lower planar joints in the mechanism, and ph is the
number of higher planar joints in the mechanism. For the proposed

1RR–2RRR parallel mechanism, n is 6 (based on one end effector
and five rigid linkages), while pl is 8 (based on eight planar rotation
joints), and ph is 0; the DOF of the mechanism is therefore 2, and
two input forces/displacements are required.

The constraint lines D1E1 and B2C2 form the instant center O1,
while the constraint lines D1E1 and B1C1 form the instant center O2.
B1C1 and B2C2 are arranged nearly tangent to the circular to reduce
x-y coupling. Therefore, when an input displacement/force actuates
rod A1B1, the lens moves approximately in the x-direction, as shown
in Fig. 1(a). In contrast, when the input displacement/force actuates
rod A2B2, the lens then moves approximately in the y direction, as
shown in Fig. 1(b).

III. GENERAL FRAME OF THE XY
COMPLIANT MECHANISM

Figure 2 shows the general frame for the proposed XY mecha-
nism system. The system comprises the XY mechanism, a support-
ing cell, two piezomotors, two position sensors, and two leaf springs.
The lens is glued onto the supporting cell, and the two components
are then connected to the XY compliant mechanism using several
screws. The XY compliant mechanism is a monolithic structure with
an inner ring and an outer ring, which are connected through a
top single flexure, left and right folded-hinge flexures, and several
L-shaped flexures. The top single flexure is an RR structure, while
the folded-hinge flexures are RRR structures, and thus, the single
flexure and the two folded-hinge flexures form the 1RR–2RRR con-
figuration. The L-shaped flexures are used to balance the weight of
the moving part of the mechanism. The XY compliant mechanism
can be manufactured using a low-speed wire electrical-discharge-
machining. The two piezomotors are assembled on the outer ring
of the XY compliant mechanism, and the force/displacement of
each piezomotor’s moving head is applied to the outer linkage of
the folded-hinge flexure. In the direction opposite to that of the
piezomotor, a leaf spring is applied to the linkage to preload the
mechanism. Two capacitive displacement sensors are then assem-
bled on the outer ring of the XY compliant mechanism to measure
the movement of the inner part. The circumference angle between
the two displacement sensors is approximately 90○. The mechanism
connects other lens sub-houses though threaded connection, which
are equally spaced on the outer ring, and as a sub-house, it will
be permanently left inside the lithographic lens. The piezoactua-
tors with self-locking will be better; otherwise, displacement sensors
must be used while reassembling the actuators.

FIG. 1. Movement principle of the XY
mechanism: (a) schematic diagram of
x-axis movement and (b) schematic dia-
gram of y-axis movement.
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FIG. 2. Schematic diagram of the pro-
posed XY mechanism system.

Figure 3 shows the coordinate system and the structural param-
eters. The local coordinate system is denoted by x1 and y1, while the
overall coordinate system is denoted by x and y, and the origin is the
center of the lens O0. The structural parameters are defined as fol-
lows: the length of A1B1 = A2B2 = l1, the length of B1C1 = B2C2 = l2,
the length of D1E1 = l3, and the length of O0C1 = O0C2 = O0E1 = r.
The angle between the x1 axis in the positive direction and A1B1 is
φ1, while the angle between the x1 axis in the positive direction and
A2B2 is φ2, and the angle between the x1 axis in the positive direc-
tion and D1E1 is φ3. The angle between A1B1 and B1C1 is θ1, the
angle between A2B2 and B2C2 is θ2, the angle between O0E1 and the
y1 axis in the negative direction is α, and the angle between the x1
axis in the positive direction and C1E1 is β.

The dimensions of these parameters are listed in Table I.
The relationship between the input displacement of the

piezomotor M and the terminal displacement of the lens S is
expressed as follows:

ΔS = [ΔSx
ΔSy
] = J ⋅ ΔM = (j11 j12

j21 j22
) ⋅ [ΔMx

ΔMy
]. (2)

FIG. 3. Coordinate system and structural parameters of the XY mechanism.

Here, J represents the Jacobi motion transmission matrix.
In this paper, the Jacobi matrix of the 1RR-2RRR mechanism is

studied algebraically. The procedure used is described as follows:
From its geometrical relationship, the left kinematic chain can

be expressed as

A1O0 + O0C1 = A1B1 + B1C1. (3)

By taking the derivative of Eq. (3), the velocity vector can then
be calculated as

ν + β̇(k ×O0C1) = φ̇1(k × A1B1) + (φ̇1 + θ̇1)(k × B1C1). (4)

Here, v̄ = (ẋ1, ẏ1) is the lens velocity in the local coordinate
system, and k̄ is the unit vector of the rotation joint.

Equation (4) can be simplified as follows using the dot product
B1C1,

νx1 ⋅ B1C1 + νy1 ⋅ B1C1 + β̇k ⋅ (O0C1 × B1C1) = φ̇1k ⋅ (A1B1 × B1C1).
(5)

TABLE I. Structural parameter dimensions of the XY mechanism.

Parameters Dimensions

l1 18.2 mm
l2 18.2 mm
l3 22.4 mm
R 156.2 mm
φ1 271○

φ2 269○

φ3 0○

θ1 178○

θ2 182○

α 1○
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The right kinematic chain can be expressed similarly using the
same process,

νx1 ⋅ B2C2 + νy1 ⋅ B2C2 + β̇k ⋅ (O0C2 × B2C2) = φ̇2k ⋅ (A2B2 × B2C2).
(6)

The top kinematic chain can be expressed as

D1O0 = D1E1 + E1O0. (7)

By taking the derivative of Eq. (7), the velocity vector can then
be calculated as

ν = φ̇3(k ×D1E1) + β̇(k × E1O0). (8)

Equation (8) can then be simplified as follows using the dot
product D1E1:

νx1 ⋅D1E1 + νy1 ⋅D1E1 = β̇k(E1O0 ×D1E1). (9)

The dimensions are then inserted into Eqs. (5), (6), and (9) to
obtain

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

cos 89oνx1 + cos 179o ⋅ νy1 + 156.2 ⋅ sin 269o ⋅ β̇ = 18.2 ⋅ sin 178o ⋅ φ̇1,

cos 91oνx1 + cos 181o ⋅ νy1 + 156.2 ⋅ sin 91o ⋅ β̇ = 18.2 ⋅ sin 182o ⋅ φ̇2,

νx1 = 156.2 ⋅ sin 91o ⋅ β̇.

(10)

Formula (10) can be changed into the following matrix format:

[−1 + cos 89o cos 179o

1 + cos 91o cos 181o][
νx1

νy1
]

= [18.2 ⋅ sin 178o 0
0 18.2 ⋅ sin 182o][

φ̇1

φ̇2
]. (11)

The relationship between the local coordinate system denoted
by x1, y1 and the overall coordinate system denoted by x, y can be
expressed as

[ νx
νy
] = [− sin 45o − cos 45o

cos 45o − sin 45o][
νx1

νy1
]. (12)

By combining Eqs. (11) and (12), the result can be expressed as

[ νx
νy
] = [0.4532 0.004

−0.004 −0.4532
][ φ̇1

φ̇2
]. (13)

The relationship between φ1 and ΔMx and the relationship
between φ2 and ΔMy can be expressed as follows:

φ̇1 = ΔMx/18.2, (14)

φ̇2 = −ΔMy/18.2. (15)

The positive directions for both ΔMx and ΔMy are defined
when the actuator pushes the mechanism. When pushing the mech-
anism forward, φ2 will increase and φ2 will decrease, meaning that
the signs in formulas (14) and (15) are plus and minus, respectively.

Using Eqs. (13)–(15), the following result can be obtained:

[ΔSx
ΔSy
] = [ νx

νy
] =
⎡⎢⎢⎢⎣

0.0249 −2.2 × 10−4

−2.2 × 10−4 0.0249

⎤⎥⎥⎥⎦
[ΔMx

ΔMy
]

= JTHEORY ⋅ [
ΔMx

ΔMy
]. (16)

As shown in Eq. (16), the theoretical Jacobi matrix is a scalar
matrix. The ratio of the input displacement to the output displace-
ment is approximately 40:1, so greater lens accuracy can be achieved
using scaling processes. In addition, the coupling between x and y
is less than 1% and can be controlled to be even lower in practice
using a displacement closed loop. The pseudo-rigid-body method
uses a rigid joint to replace the flexure joint to calculate the results.
The stiffness of the torsional spring and the characteristic radius are
not considered, so this method is just used to deduce the relation-
ship approximately at the initial phase. Use of other methods such
as finite element method analysis and experiments is also required
to verify the mechanism.

The XY mechanism as a sub-house should first ensure the orig-
inal values of x/y/z/tip/tilt, and then as a movable lens, it can adjust
along x/y axis with a high accuracy, small z/tip/tilt coupling errors,
and a high rigidity. The original x/y position to the lithography lens
axis should be less than 1 μm, z position between adjacent lenses
should be less than 1 μm, and tip/tilt to the lithography lens axis
should be less than 1 in. The original x/y/z/tip/tilt tolerances can be
realized by assembling the lens relative to the sub-house and then
glued them together.

The required specifications for the XY compliant mechanism
include the range, the accuracy, the coupling rigid motion, and the
natural frequency. These parameters are listed in Table II.

The XY mechanism represents a systematic combination of
actuators, flexure structures, and capacitive displacement sensors.
Each actuator should provide a high resolution, generate a strong
force and operate at a high speed, while the sensors should offer
both high resolution and high stability. Piezomotors are used as the
actuators in this mechanism. In accordance with the XY mechanism
requirements, the selected piezomotor has a stroke of 5 mm, a step
size that ranges from 10 nm to 7 μm (depending on the controller
used), a drive force of 50 N, a holding force of 70 N, and a stiffness
in the movement direction of 16 N/μm. The capacitive displace-
ment sensors are used to provide position feedback. Figure 4 shows a
schematic diagram of the displacement sensor and its measurement
principle. The principle of capacitive displacement measurement

TABLE II. Required specifications for the XY mechanism.

Parameters Requirement

Range ±25 μm
Accuracy ±50 nm
Coupling z motion error ±100 nm
Coupling tip/tilt motion error ±300 mas
Coupling figure error rms 2 nm
Natural frequency 200 Hz
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FIG. 4. Measurement principle of the capacitive displacement sensor.

using a capacitive noncontact displacement transducer (capaNCDT)
system is based on operation of an ideal plate-type capacitor. The
two electrodes are represented by the sensor itself and the oppos-
ing object to be measured. If a constant alternating current flows
through the sensing capacitor, then the amplitude of the alternat-
ing voltage on the sensor is proportional to the distance between
the capacitor electrodes. The main parameters of the capacitive sen-
sor selected here are a measurement range of 200 μm, static res-
olution (at 2 Hz) of 0.15 nm, a dynamic resolution (at 8.5 kHz)
of 4 nm, and a linear accuracy of ±0.2% of the full scale out-
put. The piezomotor and displacement sensor are selected from
general products and not customized, so some parameters are
excessive.

The XY mechanism control system includes a digital con-
troller, an amplifier module, a piezomotor, and a displacement sen-
sor. The closed-loop controller uses a discrete-time incremental
proportional–integral–derivative (PID) control algorithm to guar-
antee high control accuracy. The feedback displacement is measured
using a capacitive position sensor.

IV. FINITE ELEMENT ANALYSIS OF THE XY
COMPLIANT MECHANISM

In this section, the Jacobi matrix, the compliance matrix, the
travel range, the coupling motion error, the coupling figure error,
and the resonance frequency are obtained via finite element analysis.

Figure 5 shows the finite element model of the XY compli-
ant mechanism. The lens and the supporting cell are glued together
through several flexure rods. The supporting cell and the inner
ring of the XY mechanism are connected by simply gluing the
surfaces together. The outside part of the outer ring of the XY
mechanism is fixed, and the input force/enforced displacement
is applied perpendicular to the outer linkage of the folded-hinge
flexure.

The materials used for the lens, the supporting cell, and the
XY compliant mechanism are fused silica, aluminum 2A12 alloy,
and Invar, respectively. The coefficient of thermal expansion (CTE)
values of the supporting cell and the XY compliant mechanism
close to the lens will be better, but aluminum 2A12 offers a better
cutting performance; therefore, to guarantee high lens supporting

FIG. 5. Finite element model of the XY compliant mechanism.

figure accuracy, the prototype used aluminum 2A12 as the support-
ing cell material. The main parameters of these materials are listed
in Table III.

A. Jacobi matrix analysis
The Jacobi matrix of the XY compliant mechanism relates the

input displacements of the piezomotors to the output displacements
captured by the capacitive sensors. To obtain the Jacobi matrix,
we first set the input My to zero and vary Mx from 0.1 mm to
1 mm in steps of 0.1 mm. The corresponding simulation output
results, Sx and Sy, are obtained and the average values of j11 and
j21 are calculated. Figure 6(a) shows the movement of the lens
when the input My is zero and Mx is 1 mm. The input Mx is then
set to zero, and My is varied from 0.1 mm to 1 mm in steps of
0.1 mm. The corresponding simulation output results, Sx and Sy,
are obtained and the average values of j12 and j22 are calculated. Fig-
ure 6(b) illustrates the lens movement when the input Mx is zero and
My is 1 mm.

The simulated Jacobi matrix is then obtained as

JFEM = (
0.025 591 0.000 673
0.001 347 0.026 264

). (17)

The top single flexure is not completely left–right symmetrical,
and the simulated Jacobi matrix of the designed mechanism is thus
not a perfectly scalar matrix.

TABLE III. Main parameters of fused silica, aluminum 2A12 alloy, and Invar.

Young’s Yield
modulus Poisson Density strength

Material (Gpa) ratio (kg/m3) (Mpa)

Fused silica 73 0.17 2205 50
Aluminum 2A12 73.1 0.33 2770 393.7
Invar 141 0.259 8050 414
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FIG. 6. Kinematic simulations of the XY mechanism: (a) x-axis kinematic simulation and (b) y-axis kinematic simulation.

B. Compliance matrix analysis
The compliance matrix of the XY compliant mechanism relates

the input forces Fx and Fy to the output displacements Sx and Sy.
Their relationship can be expressed as follows:

ΔS = [ΔSx
ΔSy
] = C ⋅ ΔF = (c11 c12

c21 c22
) ⋅ [ΔFx

ΔFy
]. (18)

Here, C is the compliance matrix.
To obtain the compliance matrix, we must first set the input Fy

to zero and then vary Fx from 0.5 N to 2.5 N in steps of 0.5 N. The
corresponding simulated output results for Sx and Sy are obtained,

and the average values of c11 and c21 are then calculated. Figure 7(a)
shows the lens movement that occurs when the input Fy is zero and
Fx is 2.5 N. The input Fx is then set to zero, while Fy is varied from
0.5 N to 2.5 N in steps of 0.5 N. The corresponding simulated output
results for Sx and Sy are obtained, and the average values of c12 and
c22 are then calculated. Figure 7(b) shows the lens movement that
occurs when the input Fx is zero and Fy is 2.5 N.

From the simulation results, the simulated compliance
matrix is

CFEM = (
0.011 469 −2.9 × 10−5

−7.7 × 10−6 0.011 544
). (19)

FIG. 7. Compliance matrix simulations of the XY mechanism: (a) x-axis compliance matrix simulation and (b) y-axis compliance matrix simulation.
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FIG. 8. Nonlinear analysis of the leaf spring.

The simulated compliance matrix gives the relationship
between the input forces and the output displacements. This rela-
tionship can be expressed as follows:

ΔF = [ΔFx
ΔFy
] = C−1

FEMΔS = C−1
FEM[

ΔSx
ΔSy
]

= (87.1917 0.2190
0.0582 86.6252

) ⋅ [ΔSx
ΔSy
]. (20)

In practice, a leaf spring is applied to the linkage such that
it acts in the direction opposite to that of the piezomotor, and
the initial preloading force must also be considered. Figure 8
shows the structure and analysis result of the leaf spring. The
two holes are used to fix the spring. The leaf spring stiffness can
be obtained through simulations. To attain high stability, a large
initial deformation of approximately 3 mm is added to the leaf
spring, and the corresponding leaf spring preload force Fspring_p
is 15.35 N.

When the mechanism operates, the leaf spring deformation
change ΔL is equal to the change in the displacement of the

piezomotor ΔM. Therefore, when the displacements ΔSx and ΔSy of
the mechanism are measured, the leaf spring deformations ΔLx and
ΔLy can be calculated using Eq. (2) and the simulated Jacobi matrix
given as Eq. (17). Therefore,

ΔL = ΔM = [ΔMx

ΔMy
] = J−1

FEM ⋅ ΔS = (
39.129 −1.0027
−2.0068 38.1264

) ⋅ [ΔSx
ΔSy
].

(21)

The force that is generated by the leaf spring deformation
change can then be obtained as

ΔFspring_L = KΔL = (
193.6886 −4.9632
−9.9337 183.7255

) ⋅ [ΔSx
ΔSy
]. (22)

The final required actuator force is equal to the sum of the
mechanism’s input force, the spring preload force, and the spring
deformation-changed force. The entire force can thus be expressed
as follows:

[Fx_actuator

Fy_actuator
] = [ΔFx

ΔFy
] + Fspring_p + ΔFspring_L

= [ 15.35
15.35

] + (280.8803 −4.7441
−9.8755 275.3507

) ⋅ [ΔSx
ΔSy
]. (23)

Therefore, when the required Sx and Sy both have values of
+0.025 mm, the input forces Fx_actuator and Fy_actuator are 22.25 N and
21.99 N, respectively. In addition, when the required Sx and Sy both
have values of −0.025 mm, the input forces Fx_actuator and Fy_actuator
are 8.45 N and 8.71 N, respectively. These forces are used to guide
the selection of the piezomotor and to guarantee high mechanism
stability.

C. Range, coupling motion errors, and induced
figure errors

The range of the proposed mechanism is dependent not only
on the piezomotor’s input force/displacement but also on the stiff-
ness and strength of the system. Figure 9 shows the maximum ele-
ment stress when the x-axis range is +25 μm and the y-axis range is
+25 μm. The maximum stress in the XY mechanism is 37.7 MPa,

FIG. 9. Stress in the XY mechanism system when the x-axis range is +25 μm and the y-axis range is +25 μm: (a) stress in the XY mechanism; (b) stress in the supporting
cell; and (c) stress in the lens.
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FIG. 10. Figure error and 37 Zernike coefficients for +25 μm movement along the x-axis.

and its weakest area is the folded-hinge flexure area. The maxi-
mum stress in the supporting cell is 0.021 MPa, and its weakest area
is the area that is in contact with the lens. The maximum stress
in the lens is about 0.002 MPa, and its weakest area is the area
that is in contact with the cell. When compared with the allowed
tensile strengths of 414 MPa for Invar, 393.7 MPa for aluminum
2A12, and 50 MPa for fused silica, the safety factor is high. There-
fore, both the x-axis and y-axis ranges of the mechanism exceed
±25 μm.

When the piezomotors actuate the mechanism, they will induce
residual stress transferred to both the supporting cell and the lens,
thus inducing a figure error and an out-of-plane rigid motion error
in the lens. The simulation results show that when the mech-
anism moves by +25 μm along the x-axis, the induced out-of-
plane z/tip/tilt rigid motions are 3.4 nm/6.8 mas/4.9 mas, respec-
tively. The induced figure error and 37 Zernike coefficients are
shown in Fig. 10. The root-mean-square (rms) figure error is
approximately 0.048 nm, and the main Zernike coefficients are
the astigmatisms Z5 and Z6. When the mechanism moves by
+25 μm along the y-axis, the induced out-of-plane z/tip/tilt rigid
motions are 3.3 nm/4.7 mas/9.4 mas, respectively. The correspond-
ing induced figure error and the 37 Zernike coefficients are shown
in Fig. 11. The rms figure error is approximately 0.051 nm in
this case, and the main Zernike coefficients are again astigmatisms
Z5 and Z6.

D. Modal analysis
The natural frequencies of the XY mechanism are simu-

lated using modal analysis. Figure 12 shows the first six vibration
modes of the proposed mechanism. The modal shape is depen-
dent on not only the XY mechanism but also the supporting cell.
The first six natural frequencies, which correspond to the first six
vibration modes, are 212 Hz, 245 Hz, 270 Hz, 305 Hz, 426 Hz,
and 471 Hz.

E. Analysis of the effects of the L-shaped flexures
In principle, the mechanism is supported by only three points

(E1, C1, and C2). However, given that these three points are not
evenly distributed, more points (i.e., the L-shaped flexures) are
required in practice to balance the weight of the mechanism. Each
L-shaped flexure consists of two parts that are perpendicular to each
other. One part points toward the lens center and can provide tan-
gential flexibility. The second part, which is arranged tangentially
to the lens, can provide radial flexibility. Therefore, each L-shaped
flexure provides both tangential and radial flexibilities. The layout of
these L-shaped flexures along the circumference can be determined
according to stiffness of the supporting points. Figure 13 shows
the displacement when the effect of gravity is added. Figure 13(a)
shows the displacement of the mechanism without the L-shaped
flexures, and the gravity-induced x/y/z/tip/tilt rigid motions are

FIG. 11. Figure error and 37 Zernike coefficients for +25 μm movement along the y-axis.
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FIG. 12. First six mode shapes of the XY compliant mechanism.

0.304 μm/4 μm/12.6 μm/12.6′′/0.9′′, respectively. Figure 13(b)
shows the displacement of the mechanism with the L-shaped
flexures, and the gravity-induced x/y/z/tip/tilt rigid motions are
28 nm/35 nm/4.6 μm/0.1′′/0.08′′, respectively. The results show that
the L-shaped flexures can reduce the x, y, and tip and tilt motions
quite obviously, thus demonstrating that the mechanism has a good
gravity balancing capability.

The simulated Jacobi matrix and the compliance matrix
of the mechanism without the L-shaped flexures are as
follows:

JFEM_withoutL = (
0.024 911 0.000 930
0.001 896 0.026 166

),

CFEM_withoutL = (
0.017 04 −8.2 × 10−5

−1.3 × 10−5 0.017 984
).

When compared with the corresponding matrices for the
mechanism with the L-shaped flexures, the Jacobi matrix is nearly

FIG. 13. Displacement of mechanism when the effect of gravity is added: (a) displacement of mechanism without L-shaped flexures and (b) displacement of mechanism with
L-shaped flexures.
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FIG. 14. Prototype XY compliant mechanism.

the same, but the compliance matrix is different. Hence, when L-
shaped flexures are added to balance the weight, a larger input force
will be required to actuate the mechanism.

V. EXPERIMENTS ON THE XY COMPLIANT
MECHANISM

In this section, the real Jacobi matrix, the accuracy, and the
out-of-plane coupling rigid motion are obtained on an experimental
platform. Figure 14 shows a prototype of the proposed XY compliant
mechanism.

FIG. 15. Relationship between x/y sensor output displacement and piezomotor input displacement: (a) x and y sensor output displacements when the x-axis piezomotor
moves and (b) x and y sensor output displacements when the y-axis piezomotor moves.

FIG. 16. Dynamic response of XY mechanism when the x displacement is 20 μm: (a) dynamic response and (b) stability of the mechanism when the x displacement
is 20 μm.
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FIG. 17. Dynamic response of XY mechanism when the y displacement is 20 μm: (a) dynamic response and (b) stability of the mechanism when the y displacement
is 20 μm.

FIG. 18. Photographs of the tip and tilt
rigid motions measurement platform.

FIG. 19. Induced tip and tilt rigid motion errors of the proposed mechanism: (a) tip and tilt rigid motion errors when the x-axis displacement ranges from 0 μm to 25 μm and
(b) tip and tilt rigid motion errors when the y-axis displacement ranges from 0 μm to 25 μm.
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FIG. 20. Photograph of the z rigid motion test equipment.

A. Experiments on the Jacobi matrix
The experimental Jacobi matrix is obtained using an open-loop

displacement control system. The procedure described here is based
on Eq. (2). First, the input My is set at zero, and then, Mx is varied
from −1.1 mm to 1.1 mm in steps of 0.01 mm. The corresponding
x and y sensor measurement results, which are represented by Sx
and Sy, respectively, are then obtained, and the average experimen-
tal values of j11 and j21 are calculated. Using the same method, j12
and j22 are also calculated. Figure 15(a) shows the x and y sensor
output displacements when the x-axis piezomotor input ranges from
−1.1 mm to 1.1 mm. The experimental j11 and j21 values are 0.024 17
and 2.216 × 10−4, respectively. Figure 15(b) shows the x and y sensor
output displacements when the y-axis piezomotor input ranges from
−1.1 mm to 1.1 mm. The experimental j12 and j22 values are 1.756 ×
10−4 and 0.024 29, respectively. The experimental Jacobi matrix can
thus be expressed as

JREAL = ⎛⎝
0.024 17 1.756 × 10−4

2.216 × 10−4 0.024 29
⎞
⎠. (24)

Both real factors j11 and j22 are close to the corresponding values
in the theoretical Jacobi matrix given in Eq. (16), with relative errors
of 3% and 2.5%, respectively. Simultaneously, they are also close to
the corresponding values in the simulated Jacobi matrix given in
Eq. (17), with relative errors of 5.9% and 8.1%, respectively. Both j12
and j21 were small in the simulations, while the actual experimen-
tal data are even smaller. The experimental Jacobi matrix indicates
that the x-axis coupling error caused by y-axis movement and the
y-axis coupling error caused by x-axis movement are 0.91% and
0.72%, respectively.

B. Experiment on accuracy
Figures 16 and 17 show the dynamic responses of the XY mech-

anism to the specific desired steps. The step displacement is 20 μm.
The data are captured using the capacitive displacement sensor at
a sampling rate of 100 Hz. Figure 16 shows the dynamic response
when the x displacement is 20 μm. These results show an accuracy of
better than ±4 nm. Figure 17 shows the dynamic response when the
y displacement is 20 μm. The results in this case show an accuracy of
better than ±7 nm.

C. Experiment on out-of-plane rigid motion errors
The upper surface of the lens used in the mechanism is pla-

nar, and the tip and tilt rigid motions can thus be measured using a
Fizeau interferometer with a planar etalon, as shown in Fig. 18. Dur-
ing the measurement process, the auto-adjustment function of the
interferometer is turned off.

Figure 19(a) shows the tip and tilt rigid motion errors that are
induced when the mechanism moves from 0 μm to 25 μm (in steps of
1 μm) along the x-axis. The figure shows that the maximum tip is less

FIG. 21. Induced z rigid motion when the mechanism moves: (a) z rigid motion error when the x-axis displacement ranges from 0 μm to 25 μm and (b) z rigid motion error
when the y-axis displacement ranges from 0 μm to 25 μm.
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than 0.22 arc sec and the maximum tilt is less than 0.04 arc sec when
the x-axis displacement is 25 μm. Figure 19(b) shows the induced
tip and tilt rigid motion errors when the mechanism moves from
0 μm to 25 μm (in steps of 1 μm) along the y-axis. In this case, the
maximum tip is less than 0.14 arc sec, and the maximum tilt is less
than 0.12 arc sec when the y-axis displacement is 25 μm.

To obtain the z coupling rigid motion of the lens, the z rigid
motion of the inner ring is measured instead. Figure 20 shows a
photograph of the z rigid motion test equipment. The capacitive dis-
placement sensors are fixed on the outer ring using a sensor holding
tool, with the sensors facing the inner ring of the mechanism, which
means that the inner ring’s movement along the z-axis can then be
measured.

The z displacement of the inner ring can be calculated based on
the displacements captured by the four sensors. Figure 21 shows the
induced z rigid motion when the mechanism moves along the x-axis
and when it moves along the y-axis. The maximum z rigid motion
is less than 45 nm when the x-axis displacement is 25 μm and is less
than 50 nm when the y-axis displacement is 25 μm.

VI. CONCLUSIONS
This paper has presented the design, analysis, and experimental

results for a high-precision XY planar compensator for a lithogra-
phy lens. The XY adjustment mechanism is a monolithic structure
composed of an inner ring and an outer ring, which are connected
using a top single flexure, left and right folded-hinge flexures, and
several L-shaped flexures. The working principle based on the mech-
anism’s 1RR–2RRR configuration was studied, and the theoretical
Jacobi matrix of the compliant mechanism was deduced.

The mechanism was simulated using the finite element method.
The traveling strokes on both the x-axis and the y-axis exceeded ±25
μm. The first six natural frequencies of the mechanism were 212 Hz,
245 Hz, 270 Hz, 305 Hz, 426 Hz, and 471 Hz. Experiments were also
performed on the XY mechanism. The x-axis and y-axis coupling
errors were 0.91% and 0.72%, respectively. The coupling can be con-
trolled to be even weaker through use of a closed-loop controller.
The mechanism’s closed-loop accuracy was better than ±4 nm when
the x displacement was 20 μm and better than ±7 nm when the y dis-
placement was 20 μm. The tip/tilt rigid motions were less than 0.22
arc sec/0.04 arc sec when the x-axis displacement was 25 μm and 0.14
arc sec/0.12 arc sec when the y-axis displacement was 25 μm. The z
rigid motion was less than 45 nm when the x-axis displacement was
25 μm and was 50 nm when the y-axis displacement was 25 μm.

The results from the simulations and experiments showed that
the designed mechanism offers a high accuracy, small coupling rigid
motion errors and figure errors, and a high natural frequency. These
results validated the proposed design of the XY compliant mecha-
nism. The mechanism can thus be used as a practical compensator
in lithography lens applications.

The experimental rigid motion error results are larger than
the corresponding results from the simulations, and future work is
thus required to analyze the effects of the fabrication and assembly
errors. Continuous research is also needed to improve the measure-
ment accuracy and control the coupling errors. As an example, we
intend to apply a Fizeau interferometer to measure the power of the
lens’ lower spherical surface and improve the z-axis rigid motion
measurement accuracy.
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