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Adjusting mechanisms with micrometer stroke, nanometer accuracy, high load capacity and compact
structure are needed in the deep ultraviolet lithography objective lens. We propose a monolithic adjust-
ing mechanism based on 6-PSS (prismatic-spherical-spherical) parallel mechanism to advisably meet
these requirements. Six prismatic joints of the 6-PSS parallel mechanism are optimized into three, which
improves the reliability and reduces the cost of the adjusting mechanism. To realize monolithic config-
uration, a thinned fillet flexure hinge is proposed to work as the spherical joint of the 6-PSS parallel
mechanism. This simplifies the alignment process and improves the mechanical accuracy. Structure
analysis including positional relationship and transmission ratio is carried out to provide a basis for deter-
Parallel mechanism mining the primary structural dimension of the adjusting mechanism. Verification test results show that
Monolithic configuration the numerical result of the transmission ratio agrees with the experimental one. The axial stroke of the
6-PSS adjusting mechanism is 74.4 um, the accuracy is within 40 nm, and the surface figure variation of the
optical element during the adjusting process is less than 1.5%, which satisfies the operation requirement
of the lithography objective lens and shows a bright prospect to actuate other objects in the applications
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of micro-nano.
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1. Introduction

Adjusting mechanisms are widely applied in optical system for
function alteration or performance amelioration. In deep ultravi-
olet lithographic objective lens, which is an ultra-precise optical
system, continuous accuracy promotion is required for adjusting
mechanisms to meet the technological conditions of the ever-
smaller feature line width in the great large scale integrated circuit
fabrication [1]. Presently, the adjusting stroke of the adjusting
mechanism applied in the deep ultraviolet lithographic objective
lens is of micrometer level, and the adjusting accuracy is in the
range of nanometer [2,3]. Moreover, multiple optical elements in
the deep ultraviolet lithographic objective lens are strungin a group
along the optical axis. The axial interval of the optical elements is
mostly of a few millimeters [4]. Therefore, each mechanical struc-
ture for supporting or adjusting the optical element has limited
axial space to avoid physical interference with the upper or sub-
jacent optical element. These factors enlarge the difficult for the
development of the adjusting mechanism.
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Conventional adjusting mechanisms such as lead screw and nut,
worm, rack-and-pinion and cam are short of adjusting accuracy and
bulk volume. For example, Guo et al. [5] developed a mirror focus-
ing mechanism applied in space camera by using lead screw and
nut, the resolution of the focusing mechanism is 0.5 um. Su et al.
[6] designed a cam mechanism for lens in infrared zoom system
with the adjusting precision of 5 wm. In order to achieve nanoscale
adjusting accuracy, flexible mechanism is generally utilized. Hale
et al. [7] developed a three-degree-of-freedom optic mechanism
with resolution of less than 10 nm in translation and less than 30
nrad in rotation for extreme ultraviolet lithography applications.
The optic of the mechanism is aligned by three identical monolithic
flexure mechanisms which assembled at three points around the
periphery of the optic cell. Gaunekar et al. [8] proposed a lens focus-
ing mechanism employed in semiconductor wire bonding device.
The mechanism is guided by a pair of flexure bearings and actu-
ated by a voice coil motor. The central moving portion and the
outer section of the two flexure bearings are assembled to the
lens supporting tube and the housing of the focusing mechanism,
respectively. Noll et al. [9] presented a mirror positioning stage for
synchrotron optics in ultrahigh vacuum with nanometer accuracy.
The stage is supported and driven by six struts which constituted a
layout combined by parallelogram and trapezoidal arrangement.
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Due to the complex structure, the above mentioned mech-
anisms are hard to be developed for monolithic configuration.
Consequently, assembly process should be taken for their produc-
tion, which introduces error and reduces the mechanical accuracy
of the mechanisms. Efforts have been taken by researchers to
design monolithic adjusting mechanism for optical element, but
they are only realized in miniaturization applications [10-13] or
microminiaturization applications [14,15], at present. This paper
proposes a monolithic adjusting mechanism for optical elements
with diameter of hundred millimeters used in the deep ultravi-
olet lithographic objective lens to regulate the axial interval of
the optical elements and compensate the magnification, astigma-
tism, distortion and spherical aberration of the lens optical system.
The proposed adjusting mechanism is designed based on a modi-
fied 6-PSS parallel mechanism. Parallel mechanism is a category of
mechanism with its stationary base and end-effector connected by
at least two kinematic chains, and its actuations located on at least
two kinematic chains [16,17]. Compared with series mechanism
which has only one kinematic chain, parallel mechanism owns sig-
nificant characteristics of compact structure, large load capacity,
fast response and high mechanical precision [18-21]. These fea-
tures make the parallel mechanism advisable for working as the
adjusting mechanism in the lithographic objective lens. Structure
and working principle of the adjusting mechanism are analyzed,
and a prototype of the adjusting mechanism is fabricated for exper-
imental verification.

2. Structure design
2.1. 6-PSS parallel mechanism and its modification

The 6-PSS parallel mechanism is composed of 6 pieces of kine-
matic chain. Each kinematic chain includes a prismatic joint (P) and
two spherical joints (S), as shown in Fig. 1(a). If six prismatic joints
synchronously translate forward or backward with same displace-
ment, the end-effector of the parallel mechanism will be able to
move upwards or downwards in the axial direction (z). The signif-
icant advantage of the 6-PSS parallel mechanism for being worked
as an adjusting mechanism is that actuators can be fixed on the
stationary base to provide linear displacement for the prismatic
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joints, and the optical element can be mounted on the end-effector
without aperture occupied by structure.

Generally, 6 pieces of actuators should be employed to drive 6
prismatic joints in the 6-PSS parallel mechanism and gain 6 degree-
of-freedom (DOF) motions. However, in adjusting mechanism for
optical element, only axial motion of the 6-PSS parallel mechanism
is desired. In order to reduce the number of the actuator which
improves the reliability of the mechanism and reduces the cost of
the adjusting mechanism, the 6-PSS parallel mechanism is modi-
fied. 6 pieces of kinematic chain are divided into three groups. Each
group shares a prismatic joint, and each prismatic joint is driven by
an actuator, as shown in Fig. 1(b). As aresult, 6 pieces of actuators in
conventional 6-PSS parallel mechanism are decreased into 3 pieces.
The shared prismatic joints change the DOF of the adjusting mech-
anism, but the motion characteristics of the adjusting mechanism
in the axial direction are not affected.

The DOF of the modified 6-PSS parallel mechanism can be cal-
culated by Griibler-Kutzbach formula [22].

g
M:Gx(n—g—l)—i-Zfi (1)
i1

Wherein, M represents the number of the DOF, n is the number of
the structural parts, g is the number of the kinematic joints between
the structural parts, f; represents the number of relative DOF of the
i-th kinematic joint. For the 6-PSS parallel mechanism shown in
Fig. 1(b), n=11 (including an end-effector, 6 rigid linkages, 3 shafts
for three prismatic joints and a stationary base), g=15 (including
12 spherical joints and 3 prismatic joints), for spherical joint f; =3,
prismatic joint f; = 1. Substituting these values into Eq. (1), one gets
M=9. However, there is a local rotational DOF between the two
spherical joints of each kinematic chain, 6 local DOF should be
subtracted in the above result. Eventually, the nominal DOF of the
adjusting mechanism is 3.

2.2. Design of the adjusting mechanism
The adjusting mechanism for optical element based on 6-PSS
parallel mechanism with shared prismatic joint is shown in Fig. 2.

The adjusting mechanism is of applanate and monolithic configu-
ration. Three groups of kinematic chain are evenly circumferential
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Fig. 1. Diagram of the 6-PSS parallel mechanism: (a) conventional 6-PSS parallel mechanism, (b) modified 6-PSS parallel mechanism with shared prismatic joints.
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distributed between the barrel (stationary base) and the mount
(end-effector). Two kinematic chains of each group are symmetrical
along the radial direction of the optical element with an included
angle of 60° to enhance the stability of the mechanism.

The prismatic joint of each kinematic chain is realized by a paral-
lel flexible leaf, as shown in Fig. 3. The parallel flexible leaf provides
precise guiding for the actuator and steady supporting for the inner
structure. It can be easily electro discharge machined (EDM) along
the axial direction. For the realization of spherical joint, a thinned
fillet flexure hinge is proposed, as shown in Fig. 4. As is known to
all, the fillet flexible hinge has a rotational freedom 6, around the
thickness direction of the hinge. When the fillet flexible hinge is
thinned in the thickness direction, two freedoms are newly gen-
erated, that is the bending freedom 6, about the width direction
and the torsional freedom 6y about the length direction. Conse-
quently, the thinned fillet flexure hinge gets three rotational DOF,
which makes it possible to be worked as the spherical joint in the
6-PSS parallel mechanism. The thinned fillet flexure hinge can be
manufactured by milling, drilling, reaming and electro discharge
machining all along the axial direction. This creates the feasibility
to achieve monolithic configuration for the adjusting mechanism.
It is worth noting that there is altitude difference in the axial direc-

Z (the thickness direction)

/y (the width direction)

0, M,

X (the length direction)
0, M

Fig. 4. Thinned fillet flexure hinge with three rotational DOF.

y y

Fig. 5. The schematic and geometrical description of the 6-PSS parallel mechanism
with shared prismatic joints.

tion for the two spherical joints in each kinematic chain, as shown in
Fig. 3, or the axial motion cannot be generated by the 6-PSS parallel
mechanism.

3. Analysis of the adjusting mechanism
3.1. Position analysis of the adjusting mechanism

The positional relationship between the input component and
the output component is the main factor for the stroke design and
the selection of actuator for the adjusting mechanism. It is ana-
lyzed based on space vector method in this section. Fig. 5 shows
the schematic and geometrical description of the 6-PSS parallel
mechanism with shared prismatic joints. Where A;-Ag present the
spherical joints on the end-effector, B;-Bg present the spherical
joints connected to the prismatic joints. The coordinate system of
the stationary base is 0-xyz, and 0’-x’y’z’ for the coordinate system
of the end-effector. r is the radius of the circle generated by A{-Ag,
a is the circumferential included angle of two spherical joints on
the end-effector of each group of kinematic chains, wy, is the spac-
ing of two spherical joints connected to a shared prismatic joint,
dp, is distance between the origin o and the midpoint of the two
spherical joints connected to a shared prismatic joint, [ is the linear
distance between two spherical joints of each kinematic chain, [,
is the projection distance in the horizontal plane of two spherical
joints of each kinematic chain, and b is the projection distance in the
axial direction of two spherical joints of each kinematic chain. The
following relations exist among the above mentioned geometric
parameters.

Supposing the translations of the end-effector along the x, y and
z-axis are xp, yp and z;, and the rotations about the x, y and z-axis
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are o, § and y, the position of the each spherical joint on the end-
effector is expressed as:

rsingfﬂ—l sinE
2 2 b6 @)
d rcosg =1 cosz
b 2 b6
Xai Xai Xp 0
Yai | =R |yai |+ || +]0]|(=1,2,..,6) (3)
/ b

Zpi Zpi Zp

T . .
Where [X4i Yai 2ai] is the coordinate vector of A;-As in the

. . / / /1T,
coordinate system of the stationary base, [xA,- Yai  Zai ] is the
coordinate vector of A;-Ag in the coordinate system of the end-

effector, [0 0 b ] r is the coordinate vector of the end-effector in
the coordinate system of the stationary base, the rotation transfor-
mation matrix R between the coordinate system of the end-effector
and stationary base is taken as:

cosccos B cosasinfBsiny —sinacosy cosasinfcosy + sinosiny
R= | sinacosB sinasinBsiny +cosacosy sinasinfcosy —cosasiny
—sinB cos Bsiny cos fcosy

(4)

ST . .
[Xa' yai za'] can be obtained according to the structural

dimensions of the adjusting mechanism. Then, [xA,- Yai  Zai ] T can
be calculated according to Eq. (3).
Supposing the displacement of each prismatic joint is t1,, t34 and

tse, as shown in Fig. 2, [Xg ypi 2pi | " Which presents the coor-
dinate vector of B{-Bg in the coordinate system of the stationary
base can be given out. During the operation of the 6-PSS parallel
mechanism, [ which presents the length the rigid linkage is con-
stant. According to the structure vector relationship of the parallel
mechanism, a kinematic constraint equation can be established as
below.

~ i) +(zai -z =PB(i=1,2,...,6) (5)

If the posture of the end-effector is known, i.e. xp, y, zp, @, S and
y is given out, substituting the coordinates of A;—Ag and B; -Bg with
respect to the coordinates of the origin o into Eq. (5), the value of
t12, t34 and tsg can be determined. Accordingly, the positional rela-
tionship between the input component and the output component
of the adjusting mechanism is obtained.

(xai — Xgi)* + (Vai

3.2. Transmission ratio of the adjusting mechanism

In the adjusting mechanism, only the axial motion of the 6-PSS
parallel mechanism is utilized. This means the posture parame-
ters xp, yp, &, B and y of the end-effector are specified to be zero.
Moreover, as described in Section 2.1, to gain axial motion of the
6-PSS parallel mechanism, the input of the three prismatic joints
should be synchronous and equivalent. It indicates that the dis-
placements of each prismatic joint t;3, t34 and tsg are equal to
each other, i.e. t1; =t34 =t56. Substituting the posture parameters
and the equality into Eq. (5), the displacements of each prismatic
joint t=t5 =t34 = t5g can be solved as:

—V3lpt +2} +2bzp =0 (6)
By solving Eq. (6), one gets:

t= lbj:\/ 242 — (2, +Db) )

Transmission Ratio

Fig. 6. Relationship between the theoretical transmission ratio and the structural
dimensions of the adjusting mechanism.
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Fig. 7. Relationship between the theoretical transmission ratio and the stroke of the
adjusting mechanism.

The +sign in Eq. (7) indicate that multiple solutions for the
input displacement t;5, t34 and tsg are existed to obtain an output
displacement z,. Actually, the positive sign in Eq. (7) means that
By ~ Bg move towards the origin o and cross A;-Ag in the radial
direction. It is not desirable in practical application. While the neg-
ative sign in Eq. (7) means that B;-Bg move towards the origin o but
always located outside of A;—Ag in the radial direction. It meets the
actual requirement that the adjusting mechanism does not affect
the aperture of the optical element. Therefore, the practically fea-
sible solution of Eq. (6) is as follows:

t= lb—\/ 24+ b2 - zp+b) (8)

It shows in Eq. (8) that the transmission ratio R, of the adjusting
mechanism, which is taken as R, = t/zp, is only related to I, and b.

In this research, the adjusting mechanism is designed for actu-
ating an optical element with the outer diameter of 90 mm, and
the quality of 0.4 kg. The required adjusting stroke is 60 wm, and
the adjusting accuracy is within 50 nm. When z, =60 pm, the rela-
tionship between R, and I, b is shown in Fig. 6.

Considering the adjusting stroke, the selection of the actuator
and the match of the structure and the optical element, [, is deter-
mined as 10 mm, and b is taken as 14 mm in this research. According
to Eq. (8), when z;, ranges from 0 to 100 wm, the variation trend of
the transmission ratio is shown in Fig. 7. With the output displace-
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Fig. 8. Axial deformation and stress distribution of the adjusting mechanism: (a) the full view of the adjusting mechanism, (b) the partial enlarged view focusing on the
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Fig. 9. Relationship between the geometries of the thinned fillet flexure hinge and the characteristics of the adjusting mechanism: (a) thickness, (b) width.

ment increases, the transmission ratio increases linearly, and the
variation amplitude is within 1.5%.

3.3. Finite element analysis

The finite element model of the adjusting mechanism is
adopted to investigate the relationship between the geometries
and the characteristics of the adjusting mechanism, furthermore,
determine the structural parameters, especially the flexible joint
parameters of the adjusting mechanism. The main geometry
parameters are listed in Table 1. The noticeable characteristics of
the adjusting mechanism in the lithographic objective lens are the
adjusting stroke, the natural frequency and the von Mises stress.

Fig. 8 shows the axial deformation and the stress distribution
plot of the adjusting mechanism (without barrel for calculation
simplification) analyzed by ANSYS software. Where, the chromatic
entity indicates the deformed shape, and the hairlines denote the
undeformed edge. It can be seen that, the deformation mainly

Table 1
Main parameters of the adjusting mechanism.

Material parameters (stainless steel)

Young’s modulus Yield strength Poisson’s ratio Density

206 GPa 520 MPa 0.29 7.74 x 10° kg/m?
Geometric parameters (mm)

r a Wy db lb b
55 20.7 10 62.8 10 14

occurs at the flexible leaves and the thinned fillet flexure hinges,
while the rigid linkages, the mount and the optical element do not
have significant deformation. Therefore, we can focus our attention
on the flexure joint part of the adjusting mechanism.

The relationships between the geometries of the flexure joint
part and the characteristics of the adjusting mechanism are
explored by finite element analysis. The geometries of the flex-
ure joint part are presented in Fig. 3. Where, [}, w; and t; present
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Fig. 10. Relationship between the geometries of the flexible leaf and the characteristics of the adjusting mechanism: (a) thickness, (b) length.

Table 2

Preferred flexible joint parameters of the adjusting mechanism.
Geometric parameters I w; t Th wy ty
Value (mm) 20 14 0.6 1 0.8 1

the length, width and thickness of the flexible leaves, respectively.
And rp,, wy, and t, present the cutting radius, width and thickness
of the thinned fillet flexure hinges, respectively. The input force
applied on each prismatic joint is 50N. r, is set as 1 mm, and w; is
equal to the altitude difference of the two spherical joints in each
kinematic chain, which is 14 mm. The results are shown in Fig. 9
for the thinned fillet flexure hinge, and Fig. 10 for the flexible leaf,
respectively. We can see in Figs. 9 and 10 that with the raise of the
adjusting stroke, the natural frequency decreases and the von Mises
stress increases, except for the relationship between t;, and the von
Mises stress. Normally, under a fixed load, with the decrease of t,,
the von Mises stress increases. When tj, decreases and approaches
wy, the stress concentration effect of the fillet flexure hinge is the
highest. Then, with the stress concentration effect reduces, the von
Mises stress of the thinned fillet flexure hinge decreases.

By evaluating the performance tradeoff among the character-
istics of the adjusting mechanism, the geometries of the flexible
joints are determined as shown in Table 2. Under these geometries,
the stroke of the adjusting mechanism is 73.75 pm, the natural
frequency is 111.7 Hz and the von Mises stress is 496.4 MPa.

4. Experiments
4.1. Experimental setup

The prototype of the adjusting mechanism for the optical ele-
ment is shown in Fig. 11(a) and (b) shows the enlarged image
of the thinned fillet flexure hinge captured by image measuring
instrument. Three piezoelectric actuators (model N-111.20 with
drive force of 50N and travel range of 10 mm, from PI (Physik
Instrumente), Inc.) with controller (model E-712, from PI, Inc.) are
employed for the displacement input of the prismatic joints. Three
single-probe capacitive sensors (model D-E30.500 with a resolu-
tion of 4 nm and linearity better than 0.05% over a measuring range
of 500 wm, from PI, Inc.) with controller (model E-509, from PI,
Inc.) are adopted to detect the axial displacement of the mount.
The three capacitive sensors are alternately arranged with the three
piezoelectric actuators, so they can also detect the coupled tip and

tilt motion of the mount. Theoretically, there is no tip or tilt motion
if the displacement increments detected by each capacitive sensor
are equal. Therefore, a PID (proportional-integral-derivative) pro-
cedure for closed loop control is prepared to suppress the coupled
tip or tilt motion as much as possible in actual application. The
experimental setup is shown in Fig. 12.

4.2. Adjusting stroke and accuracy

Appling maximum drive force of 50N on the adjusting mecha-
nism by three piezoelectric actuators, the maximum stroke of the
optical element with no tip and tilt error detected by the capaci-
tive sensors is 74.4 pm. That is the adjusting stroke of the adjusting
mechanism.

The adjusting accuracy of the adjusting mechanism is mainly
affected by the manufacturing precision of the monolithic struc-
ture, the driving accuracy of the piezoelectric actuator, the
measurement accuracy of the capacitive sensor, and the efficiency
of the closed-loop control. Taking the actual tested adjusting accu-
racy under typical adjusting stroke for example, the measurement
curves of each capacitive sensor during the adjusting process are
shown in Fig. 13(a) under the adjusting stroke of 10 um, and
Fig. 13(b) under the adjusting stroke of 20 pum. We can see the
adjusting process is completed within 200 ms towards the adjust-
ing stroke of 10 wm, and 300 ms towards the adjusting stroke of
20 pm. There is a divergence in the inserted graphs in Fig. 13. It is
mainly due to the different noise and drift performance of the dif-
ferent capacitive sensors, originated from the different installation
condition and demodulator difference of the capacitive sensors.
However, the amplitudes of the noise and drift of the capacitive sen-
sors are all within 0.04 um (40 nm). Therefore, it indicated that the
adjusting accuracy of the adjusting mechanism is able to achieve
less than 40 nm.

4.3. Transmission ratio

The actual transmission ratio of the adjusting mechanism is
influenced by the dimension error after fabrication. Therefore,
there are differences between the transmission ratios for each kine-
matic chain. To get the actual transmission ratio, each piezoelectric
actuator drives the adjusting mechanism independently to obtain
the relationship between the individual actuator and the three sen-
sors. Then, the transmission matrix between the input and output
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Fig. 11. Prototype of the adjusting mechanism: (a) the full view of the adjusting mechanism, (b) the enlarged image of the thinned fillet flexure hinge.

~ Capacitive Where, [D; D, Ds ]T is the input displacement vector provided
Csstnric;lrer by the piezoelectric actuators, [S; S, S ]T is the output dis-
placement vector measured by the capacitive sensors. According

Piezoelectric to Eq. (9), when S; =S, =Ss3, the transmission ratios corresponding
~ actuator to three group of kinematic chain are 1.8837, 1.7107 and 1.7716,
controller respectively. According to Fig. 7, taken the average theoretical
transmission ratio as 1.625, the error between the measured trans-

|_The prototype mission ratios and the theoretical one are 15.92%, 5.27% and 9.02%.
The error is mainly caused by two factors: Firstly, the flexible joints

Air-suspension are taken as ideal hinges in theoretical calculation. The motion
i vibration error of the flexible joints is not included for the simplification of
isolation table calculation. Secondly, the manufacture error causes the transmis-

sion ratio error. To improve the calculation accuracy, the following
aspects are worth trying. Firstly, the rotation precision of the flexi-
ble joints should be derived. The rotation center of the flexible joints
can be established. The measured transmission ratio result of the i altered since the forces and moments acting on the flexible joints

Fig. 12. Experimental system of the adjusting mechanism.

prototype is as below: and produce elastic deformations [23]. This will change the value of
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Fig. 13. Displacement response curve of the capacitive sensors under different adjusting stroke: (a) 10 wm, (b) 20 wm.
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Fig. 14. Surface figure measurement of the optical element for the adjusting mech-
anism.

to investigate the calculation interpretation of the whole adjusting
mechanism, in which the effect of the flexible joints is involved [ 25].
The output stiffness and the input stiffness of the whole adjusting
mechanism should be derived. Then, the transmission ratio of the
adjusting mechanism is the ratio of the output stiffness and the
input stiffness. In spite of the error, it is verified that the simplified
theoretical calculation of the transmission ratio can be adopted for
the preliminary evaluation of the adjusting mechanism.

4.4. Effect of adjusting force on surface figure of optical element

When the piezoelectric actuators provide input displacement
and force to the adjusting mechanism, it will not only change the
position of the optical element, but also acts on the optical element
and causes its surface figure variation. In the lithographic objec-
tive lens optical system, if the axial position change of the optical
element couples with the surface figure variation of the optical ele-
ment, the aberration compensation solution of the optical system
will be complicated, and the difficulty and uncertainty of aberra-
tion compensation will be increased. Therefore, the effect of the
adjusting force acted on the surface figure variation of the optical
element should be restricted as small as possible. The surface fig-
ure variation of the optical element during the adjusting process is
measured by a laser interferometer (model Verifire Asphere, from
Zygo,Inc.),as shown in Fig. 14. The laser interferometer is located at
an environment well controlled room with the temperature fluctu-
ation within 0.05 °C and vibration isolation level better than VC-D.
Therefore, the surface figure measurement is slightly influenced
by the surrounding. The nominal heat produce of each piezoelec-
tric actuator is 100 mW. When the adjusting mechanism works,
the temperature rise near the optical element is within 0.03°C. It
indicates that there will be very little deformation of the adjusting
mechanism during the surface figure measurement. Therefore, the
surface figure variation of the optical element is mainly caused by
the adjusting force of the adjusting mechanism in the measuring
process.

The measurement result at the typical stroke of 0 wm, 30 pum
and 60 pm is shown in Fig. 15. Ten times measurement is imple-
mented at each adjusting position. The piston and tilt of the optical
element which reflect the rigid motion are eliminated in the sur-
face figure evaluation. The surface figure average root-mean-square
(RMS) values at the stroke of 0 um, 30 pm and 60 wm are 2.832 nm,
2.858 nm and 2.864 nm, respectively. The variation amplitude of
the surface figure RMS value at each stroke is less than 1.5%. These
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Fig. 15. Surface figure of the optical element at different stroke.

results indicate that the adjusting force has little effect on the sur-
face figure of the optical element.

5. Conclusions

In this research, a monolithic adjusting mechanism for optical
element was proposed and developed, with the goal of achiev-
ing micrometer size adjusting stroke and nanometer size adjusting
accuracy in a limited axial structure space for the application in the
lithography objective lens. This mechanism is based on modified
6-PSS parallel mechanism with ordinary 6 pieces of prismatic joint
reduced into 3. The thinned fillet flexure hinge is proposed to work
as spherical joint for the realization of monolithic configuration.

The positional relationship between the input components and
the output components of the adjustment mechanism is analyzed
based on space vector method. Following from that, the transmis-
sion ratio expression is derived, which can be applied to determine
the primary structural dimension of the adjustment mechanism.
The parameters of flexible joints are determined by finite element
analysis. The experimental results show that the adjusting stroke
of the adjustment mechanism is 74.4 pm, adjusting accuracy is less
than 40 nm and the surface figure variation of the optical element
during the adjusting process is less than 1.5%.

All of the data verifies the feasibility of the flexible parallel mech-
anism to be applied as a monolithic adjusting mechanism in the
lithography objective lens. The monolithic adjusting mechanism is
also suitable for actuating other objects in the applications of micro-
nano due to its compact structure, high adjusting accuracy and
limited effect on actuated object. Further investigation will focus on
the theoretical derivation of the stiffness and stress of the adjust-
ment mechanism containing the effect of the flexible joints, and
the optimization of the geometric parameters of the adjustment
mechanism.
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