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This article proposes a novel monolithic compliant spatial parallel XY stage (SPXYS). An important
feature of the SPXYS lies in that it can deliver centimeter travel range and sustain large out-of-plane payload
while possessing a compact structure, which makes the SPXYS suitable for some special applications such
as Ultra-Violet Nanoimprint Lithography and soft-contact lithography. Different from conventional compliant
positioning stages, the proposed SPXYS consists of a monolithic spatial parallel linear compliant mechanism
(SPLCM) driven by four matching designed voice coil motors (VCMs). The moving platform of the stage is
connected to the base by four spatial prismatic-prismatic (PP) joints, which are enveloped from planar PP joint
based on the position space reconfiguration (PSR) method to realize desired travel range, payload capacity and
compact size. The mechatronic model of the SPXYS is established by integrated using matrix structural analysis
(MSA) and the method of images. The design flow chart of the SPXYS is given based on the key parameter
sensitivity analysis. Furthermore, a reified SPXYS is designed and manufactured. The analytical design of the
stage is confirmed by experiments. The reified stage has a travel range of 20.4 x 20.6 mm?2, a compact structure
with area ratio 1.87 %, and the resonant frequencies of the two working modes at 22.98 and 21.31 Hz. It can
track a circular trajectory with the radius of 4.5 mm. The root mean squares (RMS) tracking error is 2 um. The
positioning resolution is 100 nm. The payload capacity test shows that the reified stage can bear 20 kg out-of-

plane payload.

Compliant positioning stages (CPSs) possess many merits,
such as reduced number of parts, no friction, no backlash and
free of lubrication (Howell, 2001; Smith, 2000), which make
them have extensive applications such as micro manufac-
turing, optical fiber alignment, biological engineering, scan-
ning probe microscopy (SPM) and lithography (Yong et al.,
2012; Kenton et al., 2012; Chen et al., 1992; Muthuswamy
et al., 2002). But some special applications such as Ultra-
Violet Nanoimprint Lithography (UV-NIL) and soft-contact
lithography (Teo, 2014; Qu, 2014) expect that the CPS has
not only large travel range, but also large out-of-plane pay-
load carrying capacity without any other auxiliary supporting
equipment. Moreover, restrained by space limitation, com-

pact mechatronic design of CPS is usually expected. Hence,
this article is concentrated on the design and development of
a compliant XY position stage which has large travel range,
compact structure, high out-of-plane payload capacity and
matching design of voice coil motors (VCMs).

Parallel XY stage (PXYS) is the most common layout
of XY stages because of its advantages including identi-
cal dynamic features in working axes, low inertia, and low
cumulative positioning errors (Teo, 2014). In order to ob-
tain parallel XY stages with large travel and compact size,
leaf spring parallelograms are widely used as prismatic (P)
joints. Normally, leaf spring parallelograms are used in cou-
ples forming a PP joint to realize kinematically decoupling.
According to whether the leaf springs are in the plane of
motion or normal to the plane of motion, PP joints can be
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Schematic diagram of a 4-PP decoupled parallel mecha-
nism.

divided into two types: planar and spatial PP joints. Paral-
lel XY stages using planar or spatial PP joints are defined as
planar parallel XY stages (PPXYSs) or spatial parallel XY
stages (SPXYSs) in this article.

PPXYSs are the most common XY stages because of its
easy manufacturability. In order to obtain large travel of
PPXYS, much interest has been focused on structural design.
A large number of millimeter-scale PPXYSs were proposed
by researchers. Awtar (2004), Trease et al. (2004), Tang et
al. (2006), Xu (2012) and Yu et al. (2015) have designed and
developed millimeter even centimeter scale PPXYSs. How-
ever, there are two main defects of these PPXYSs: (a) the
structures of the stages are relatively loose. It is challenging
to design an XY stage with a large workspace and a com-
pact physical dimension, simultaneously. Using the modified
area ratio (Xu, 2012) whose denominators the actuators’ di-
mensions should be added into, the area ratios of the stages
proposed in Awtar (2004), Xu (2012) and Yu et al. (2015)
are only about 0.067, 0.069 and 0.026 % respectively; (b) the
out-of-plane payload capacity is weak. When applied large
out-of-plane payload, the load-stiffening phenomenon (Aw-
tar et al., 2007) emerges in PPXYSs, which would induce
nonlinearity and cause the loss of travel range.

Researchers have been trying to develop a large travel
range PXYS with compact size and high out-of-plane pay-
load simultaneously. By stacking two identical planar XY
stages, Xu (2014) has tried to use cubical space to obtain
large travel and compact size. The area ratio of the stage is
significantly improved to 0.13 % and the out-of-plane pay-
load capacity is indeed increased. But the actuation force is
also increased by 14 % and the nonlinearity of the stage be-
comes obvious in the whole travel range. Nevertheless, Xu
pointed a possible direction using the cubical space to meet
the above conflicting requirements. Since spatial PP joint has
the remarkable supporting capacity in the length direction of

the leaf spring, Hao (2011), Hao and Kong (2012) and Shang
et al. (2015) have figured out using the combination of spa-
tial parallelograms and planar compliant joints to enhance the
out-of-plane stiffness. The out-of-plane stiffness is enhanced
indeed, but the Shang’s stage suffers from relatively short
travel range and low area ratio (only 0.002 %) because the
spatial parallelogram used in the stage is lumped compliance
parallelogram. The stage proposed by Hao and Kong (2012)
meets the requirement of large travel range (20 x 20 mm mo-
tion range), compact structure (area ratio: 0.14 %) and high
out-of-plane payload capacity. But the structural configura-
tion of the stage is too complex to be fabricated monolith-
ically. Therefore, the stage should be an assembly which
would induce the assemble error.

Due to the merits of large stroke, no friction and vac-
uum compatibility, VCM is widely used in CPSs. There-
fore, besides the spatial parallel linear compliant mecha-
nism (SPLCM), VCM directly influences the compactness
of CPSs. For example, the stage proposed by Xu (2014) actu-
ally has a reachable workspace of 20 x 20 mm? with the area
ratio of 2.78 %. However, constrained by the commercial
VCM, the actual workspace is only about 11.75 x 11.66 mm?>
and the area ratio drops to only about 0.13 %. Kang et
al. (2009) proposed a compact XY scanner with specially
designed voice coil motors (VCMs) and leaf springs. The
VCMs were embedded in the stage to make the stage com-
pact. However, the supporting structure comprised an assem-
bly of leaf springs, thereby introducing assembly error and
deteriorating positioning accuracy. Hence, the matching de-
sign VCM is adopted in this paper to achieve the goal of com-
pact size and the VCM and SPLCM should be co-designed in
the fully consideration of the coupling relationships between
the actuators and the supporting structure.

Inspired by the aforementioned researcher’s work, a novel
SPXYS is presented in this article. Different from conven-
tional compliant positioning stages, the proposed SPXYS
consists of a monolithic SPLCM driven by four matching de-
signed VCMs. The moving platform of the stage is connected
to the base by four spatial PP joints, which are enveloped
from planar PP joint based on the position space reconfig-
uration (PSR) method to realize desired centimeter travel
range, compact structure, as well as high out-of-plane pay-
load capacity. The matching designed VCMs further ensure
the structural compactness. For the sake of realizing the co-
design process of the VCM and SPLCM, the design mecha-
tronic model of VCMs matching for the SPXYS, which de-
scribes the coupling relationships between the actuators and
the supporting structure, is derived by integrated using ma-
trix structural analysis (MSA) and the method of images.
The integrated design flow chart including both mechanical
and electromagnetic of the whole SPXYS is given based on
the key parameter sensitivity analysis. Furthermore, a reified
SPXYS is designed and manufactured. The analytical design
of the stage is confirmed by experiments. The reified stage
has a travel range of 20.4 x 20.6 mm?, a compact structure
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Figure 2. Two types of PP joints: (a) planar PP joint and (b) spatial PP joint.
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Figure 3. Structure of the proposed (a) SPLCM and (b) SPXYS.

with area ratio 1.87 %, and the resonant frequencies of the
two working modes at 22.98 and 21.31 Hz. It can track a cir-
cular trajectory with the radius of 4.5 mm. The root mean
squares (RMS) tracking error is 2 um. The positioning res-
olution is 100 nm. The payload capacity test shows that the
reified stage can bear 20 kg out-of-plane payload. The de-
signed SPXYS is suitable for precision positioning applica-
tions, such as Ultra-Violet Nanoimprint Lithography (UV-
NIL) and soft-contact lithography, which expect a compact
compliant positioning stage has not only large travel range,
but also large out-of-plane payload carrying capacity without
any other auxiliary supporting equipment.

The rest of the article is organized as follows: In Sect. 2,
the conceptual design of the SPXYS is introduced based
on the kinematic substitution and position spaces method.
In Sect. 3, the whole mechatronic model of the proposed
SPXYS is derived. In Sect. 4, the integrated design flow chart
is established and a reified SPXYS is realized. Performances
discussion is conducted by FEA analysis and a series of ex-
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periments involving static performance test, dynamic per-
formance test, out-of-plane payload capacity test and track-
ing performance test in Sect. 5, followed by conclusions in
Sect. 6.

2 Conceptual Design of the Novel SPXYS

The SPXYS can be obtained based on the kinematic substi-
tution and position spaces method (Hao et al., 2016; Li and
Hao, 2016; Li et al., 2016). The conceptual design procedure
starts from the design of a rigid body 4-PP decoupled parallel
mechanism as shown in Fig. 1. Each PP leg is composed of
two P joints in series. The outer P joint connected to the base
is actuated and the inner one is passive joint as a decoupler.
The motion directions of the two adjacent P joints are per-
pendicular to each other to achieve kinematical decoupling,
which is the necessary condition for two-axis XY parallel
mechanisms.

Mech. Sci., 9, 161-176, 2018
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The second step is to replace each traditional P joints in the
above rigid body 4-PP decoupled parallel mechanism (Fig. 1)
with certain appropriate compliant P joints. In order to in-
crease the motion range, alleviate the cross-axis coupling
and geometric stiffening effects, planar double leaf spring
parallelograms are selected to construct the basic compliant
P joints. Two basic compliant P joints combined together to
construct a PP decoupled compliant block.

With the goal to produce a compact and monolithic XY
compliant stage with the smallest possible size in length and
width directions, an improved spatial PP decoupled compli-
ant block (S-PP-DCB) is derived with position spaces con-
cept from the frequently-used planer PP decoupled compli-
ant block (P-PP-DCB). Each P joint in the P-PP-DCB can be
simplified to a “black straight line”, one end point of which is
fixed while another end point of which has a translation, Tp,
represented by a “blue straight line”. The position space of
the P joint is designated as a “red circle” about its translation,
Tp as shown in Fig. 2. One can identify the most compact PP
compliant block with smallest size along its guiding axis and
its decoupling axis by arranging Pg parallel to Pp. The com-
pliant block is termed S-PP-DCB due to that Pg, Pp, Tg, Tp
are not coplanar.
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(a) Structural division and dimensions of the leg (b) front view (c) side view and (d) isometric view.
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A compact and monolithic fabrication XY positioning
stage with large translational travel range and high out-of-
plane payload capacity can be produced by combining four
S-PP-DCBs, four voice coil motors (VCMs) and two opti-
cal linear encoders, as shown in Fig. 3. It can be termed as
SPXYS due to the S-PP-DCBs. The mechanical structure of
the SPXYS composed of four S-PP-DCBs can be named as
spatial parallel linear compliant mechanism (SPLCM). The
VCMs are specially designed according to the structure of
the SPLCM for compact size, instead of using the existing
commercial VCMs to meet the requirements of travel range,
peak force and conformity with the inner structure of the
SPLCM simultaneously. In order to reduce the number of
motor drivers, the two VCMs on the pair of opposite sides
of the SPLCM are parallel connected to the same motor
driver. Each parallel connected VCM pair provides transla-
tional actuating force along guiding axis and some rotational
constraint damping along XYZ axes that can suppress the
unwanted angular vibration caused by high order rotational
modes along XYZ axes without any power consumption. The
optical scales of the linear grating encoders are fixed at the
intermediate platforms instead of the moving platform and
still capable of measuring the position of the moving plat-
form precisely, which is verified in Hao (2017).
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VCM: (a) physical structure, (b) and (c) front and top profile views, and (d) equivalent magnetic structure.

The stiffness characteristic of compliant mechanism has
direct effects on the workspace, load-carrying capacity,
dynamic behavior and positioning accuracy of the entire
mechanism (Zhu et al.,, 2015). The mathematical model
of SPLCM is established by Matrix of structural analysis
(MSA) (Przemieniecki, 1968). There are four guiding leaf
spring flexures and four decoupling leaf spring flexures in
each S-PP-DCB. These leaf springs, guiding beams and three
platforms form two guiding parallelograms and two basic de-
coupling parallelograms, denoted as S1-S4, which is shown
in Fig. 4a. Details about definitions of the dimensions and
coordinate of each parallelogram are shown in Fig. 4b—d.

Each S-PP-DCB can be viewed as four basic parallelo-
grams connected in series. The details of the derivation are
already shown in Liu et al. (2017). The relationship of the
displacement Jg at the center of the platform and the external
force F. as well as the actuator forces F,; is:

4 4 -1
ZTlﬁS(ZTlst;}T{sj) Tuis | 8
i=1 j=1 ’
4 4 -1
T —1pT
=F.+ > Tf, (ZTlstsj Tlsj)
i=1 j=1

2
ZTlst;le;,-]Fai, ey
j=1

where T'; is the transformation matrix from jth basic paral-
lelogram coordinate to the leg coordinate, K; is the stiffness
of the jth basic parallelogram, T'j; is the transformation ma-
trix from the moving platform to the ith leg, T ,; is the trans-
formation matrix of the ith parallelogram with respect to the
location of the actuation force. Actually, the second item on
the right-hand side of Eq. (1) is the equivalent external force
F, generated by actuation force F,;, which is in form of:

4 4 -1,
Fou=> T [(Z 1K T, j) > TiK T[{S]} Fu. (2)
i=1 j=1 j=1

1. When the actuator forces F,; are equal to zero, the stiff-
ness of the stage related to the displacement J5 at the
center of the platform and the external force F. is

aF, <& 4 -1

c —

e (Srokin) ne o
i=1 i

J=1

K, =

According to Liu et al. (2017), the displacement §,g; of
the ith leg at the actuator point caused by the external
force F. is

8ai = Tas2 (Tl_szl T]les_l1 T]Tsl + Ks_zl TITSZ)

4 -1
(Z Ty, K' T}, j) Ty K, ' Fe. )

j=1

Equation (4) can be utilized to analyze the influences of
the external loads applied at the moving platform on the
motion of the actuator.



The desired key performance indicators of the example

case.
Performances Design goals
Travel range, 25, 20 mm
Area ratio, R, >1.5%
Resonant frequency, f; > 25 Hz
Out-of-plane payload capacity, P, > 15kg

2. When the external forces F. are equal to zero, the dis-
placement of the stage under actuator forces can be writ-
ten as:

85 = Ks_lFae (5)

The displacement under actuator forces at one force
point is:

gai =Ta (T17;2T151K;1] T1ai + K;gl TsZai) Fy

— o (T T1KG Tt + K T

. -
—1 T
(Z TsjK; T lsj)

j=1

2
(Z Ty, Ks_jl TsjoiFai — Tlis5s) (6)

j=1

According to Eq. (6), the unexpected displacement of
one actuator caused by another actuator, the actuator
isolation expressed in form of the input coupling dis-
placement (Jiang et al., 2015), 8,;—y, can be obtained.
Based on which, the clearance between the coil and sta-
tor of the VCM can be determined.

Meanwhile, the transmission performance from the actu-
ator to the moving platform, named as lost motion, can be
obtained by the difference displacement between the actua-
tion point and the moving platform in Egs. (5) and (6).

According to the Lagrange’s equation, the natural resonant
frequencies of the stage can be obtained as follows:

1 /K
f= VM @)

where M is the mass matrices in which the mass of the
VCMs’ movers is also included, M =diag {M,, M,, M,
Jyo Jy, J;} and My = M,, J, = J, because of the symmetric
structure of the stage.

Since K is the function of structure parameters of the
stage, the relationship between structural parameter and res-
onant frequencies can be revealed similarly by numerical
method.
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VCMs are selected as the actuators because of their large
travel range, lubrication-free property, and vacuum compati-
bility. The VCM adopted in this article is designed in a dual
permanent magnet (PM) configuration as shown in Fig. 5a.
The specific dimensions of the actuator are shown in Fig. 5b
and c. In order to reach the full travel range of the SPLCM,
the dimensions of the VCM should meet the following con-
straints:

La>2b+2Ap+1y+by
Wa=2a

Ty =21y 42l +1g ’
2b >l +2.28,+2Ap — 24,

®)

where L,, W, and T, are the length, width and thickness of
the VCM’s stator; 2a, 2b and [y, are the length, width and
thickness of the PM, respectively; by is the width of the guid-
ing leaf spring; /y and [, are the thickness of the yoke and the
air gap; I, is the axial length of the coil; A, is the clear-
ance between the permanent magnet and the yoke; Ay, is the
thickness of the bobbin.

Accordance with the conservation of magnetic flux, the
constraint of the yoke’s thickness that the yoke’s thickness
should be larger than the saturated thickness can be expressed
as

By -2b
ly>
2B,

€))

Since the permeability of the yoke of the VCM is relatively
high and the configuration of the VCM is symmetric, the
method of images is used to obtain the analytical model of
the gap’s field (Furlani, 2001) and the equivalent magnetic
structure is shown in Fig. 5d. The vertical component By, of
the gap magnetic flux density due to equivalent PM; with the
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Figure 7. Relationships of the SPXYS’s parameters.

dimension of 2a x 2b x 2ly, shown in Fig. 5d is provided in
Eq. (10).

M2 22
By (x,y,2) = M4OJT i zz z (= 1" * arctan
k=1 n=1m=1

[(x —Xm) (2 — 2n)

g(x7yvz;xn7ymvzk)} (10)
(=)

where M, represent the magnetization, and pg is the mag-
netic permeability of air,

1

Joa—m? + =y + e —zp? (1D
w=E=Dr iy z=(1D"a

8(X,¥,2; Xp, Ym, 2k) =

Xm=(=1)"-b

According to the magnetic symmetry of a single PM, the ver-
tical component By, of the gap magnetic field at the point A
(x, y, z) due to PM; is equal to the value of the gap mag-
netic field at point A’(x, y, z-l3-2l) due to PM;. Hence the
vertical component Bg,s generated by the two PMs is

Bgzs=Bgz(xyy,Z)+Bgz (X,y_lg_ﬂm,z) (12)

The effective coil length, /., is related to the width of PM,
W,, and the number of turns in the coil, n; x n¢, and is ex-
pressed as:

lce =n1-nc- Wy (13)

www.mech-sci.net/9/161/2018/

Key performance

LVCM design parameters

where nj is the layer number of the coil, and n. is the number
of turns per layer of the coil, given as

2y — Ag) + (v/3 = 2)dy
V3dw

"= (14)

ne = fix(lea/dw)

In Eq. (14), dy, is the diameter of the wire, Ay is the clearance
between the coil and the stator which should be carefully de-
signed according to Eq. (5), in case the coil contacts with
the stator. /¢, is the axial length of the coil and fix(x) is the
rounding function for the numeric value x.

Hence, the Lorentz force f; generated by the ith VCM is

Ji= Bgzs i leei 4 (15)

Gi=1,--
where i; and l; is the current and effective length of the ith
coil in the gap.

4 Deign Method and Case Study

Section 3 focused on the mechatronic modeling of the
SPXYS including both the SPLCM and VCMs, while this
section mainly concentrates on illustrating how to design the
SPXYS by establishing a design flow chart and an example
case study. The desired key performance indicators of the rei-
fied example SPXYS are tabulated in Table 1.

Mech. Sci., 9, 161-176, 2018
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Results of the parameter sensitivity analysis: (a) travel range, (b) area ratio, (c) first resonant frequency, and (d) out-of-plane

payload.

In order to obtain high area ratio, the actuators in the stage
are conformal-designed and make the most of the inner space
of the SPLCM. The design area of the VCM, namely the ge-
ometric coupling relationship, is shown in Fig. 6.

Since the VCM used in the stage is linear motor, the stator
has to be in a rectangle shape. Hence, the stator of the VCM
should be designed within the following dimensions:

Ly <bg+ Dgg+2Dg+ Ds—bg/2
W, < Lg—ZAb—Zlg
Tangd‘l‘Dd_As

(16)

where Ag is the clearance between the stator and the outer
guiding leaf spring, which is intended to provide enough
space for the outer guiding leaf spring’s maximum deflec-
tion, S,/2, and given as

Ay > Sy/2+1g— 1y +3.5 (17)

Besides the geometric coupling relationships, there are some
coupling relationships associated with the performances of
the SPLCM and VCMs including the key performances listed
in Table 1 and the secondary performances (e.g., the driving
force, stiffness, actuator isolation and moving mass of the
stage), which is depicted in Fig. 7. The key performances
normally depend on the secondary performances, while the
secondary performances are directly related to the design pa-
rameters.

Since the out-of-plane payload is sustained by the leaf spring
in its length direction, the dimensions of guiding and decou-
pling leaf springs have direct effect on the out-of-plane pay-
load capacity. The out-of-plane payload capacity of the stage
depends on the critical buckling load of secondary parallel-
ograms of guiding or decoupling parallelograms, namely S2
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Figure 10. Experiment setups of the SPXYS for (a) stiffness test and (b) motion characteristic test.

or S4 in Fig. 5. There are eight leaf springs of guiding or de-
coupling parallelograms under compressive load, so the max-
imum out-of-plane payload Ppmax is limited by the minor
one, given as

2
2r Ely g anElz(d)) (18)

nstLé

P < min
max ( nStLé
where E is the Young’s modulus, I, is the Z-axial area mo-
ment of inertia and equal to b3/12, ng is the safety factor,
normally over 2, Ly and L is the lengths of the guiding and
decoupling leaf springs.

www.mech-sci.net/9/161/2018/

The length of the stage, according to the specific dimen-
sions in Fig. 4, is

Ly=Ly=2by+2Dgq+4Dgq+2Ds+2.25, 19)
Hence, the area ratio of the stage is given as:
R, = 4Saz/(2bg +2Dgq +4Dq + 2D + 2.2821)2 (20)

The relationship of the resonant frequency f; with the stift-
ness K and moving mass M has been clearly illustrated in

Eq. (7).

Mech. Sci., 9, 161-176, 2018
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The travel range S, depends on the driving force F, and the
stiffness K according to Eq. (5). The maximum driving force
Fa_max needed in the stage should be larger than the sum of
elastic force and inertia force. The maximum driving force
F, max provided by the actuator is determined by the gap
magnetic flux density By, the effective length /.. and the
maximum current i,x, which associates with all the inde-
pendent parameters of the actuator.

The stiffness, cross-axis coupling, lost motion and actuator
isolation are depended on all of the independent parameters
of the SPLCM.

The actuator isolation should be taken into special consid-
eration in designing the actuator. The clearance A, between
the coil and stator should be two or three times larger than
the input coupling displacement d,; _y, that is,

Ag> (3~ 434y (€3))

In the contrast, the clearance A, should be as small as possi-
ble during the actuator design according to Eq. (14), so that
it can make the coil as long as possible and obtain as large
driving force as possible.

In order to ensure the linearity of the stage, the small deflec-
tion condition should be satisfied by choosing appropriate
length L of the leaf spring as follows

L > 10ymax = 55, (22)

where ymax 1S the maximum deflection of each leaf spring,
Ymax = Sa/2~

Based on the maximal shear theory, the thickness ¢ of the
leaf spring is given by
20y L? 4oy L?
<< =
T 38tEymax  3SrES,

(23)

where oy is the yeilding stress, Sy is the safe factor.

Since the relationships between design parameters and per-
formances are relatively complicated, it is necessary to an-
alyze the sensitivities of the key design parameters. The in-
dependent design parameters in the SPLCM are investigated
to verify their influences on the primary performances since
the independent design parameters of the VCM are con-
strained within the design domain. The design parameters of
the VCM would be determined to maximize the driving force
by means of the genetic algorithms. The variation ranges and
relationships of the design parameters are presented in Ta-
ble 2.

The initial values of the parameters of the stage are the
respective medians of their variation ranges. The boundary
limits of each parameter are normalized into [0, 1]. The nor-
malized parametric analysis (Xu, 2014) results of SPLCM
and VCM are presented in Fig. 8.

As shown in Fig. 8, the change trends of travel range and
area ratio are almost identical, whereas the change trends
of travel range S, and resonant frequency f; are opposite.
Therefore, design optimization should maximize one perfor-
mance indicator on the premise of ensuring the sufficiency
of the others. The three most important parameters influenc-
ing the travel range, area ratio and resonant frequency of
the stage are the length and thickness of the leaf spring and
the distance between the guiding and decoupling parallelo-
grams; while the three most important parameters for out-
of-plane payload are the length, width and thickness of the
leaf springs. Among the parameters, the most sensitive pa-
rameters are the length and thickness of the leaf springs; the
secondary parameter is the distance between the guiding and
decoupling parallelograms; then the width of the leaf springs
and lastly the rest of the parameters. Hence, the design of the
stage should begin with the parameters, which have the clear
relationship with the design goals, and try to meet the design
goals as much as possible and adjust the parameters in accor-
dance with the sensitivity descending order until the design
goals are all satisfied. The specific design flow chart of the
stage is shown in Fig. 9.

According to the proposed design procedure and manufac-
turability requirements, the travel range S, is designed to
10mm (a total motion range is 20 mm), and the other pa-
rameters of the structure are designed as the results in Ta-
ble 3. The dimensions of the stage are 150 x 150 x 86 mm?>.
The material of the stage is aluminum alloy (7075-T6) with
Young’s modulus E =7.2 x 1019Pa, yield strength oy =
5.05 x 108 Pa, density p =2810kgm~3. And the PMs are
the NdFeB (type: N50M) with the residual magnetic flux
density of 1.41T.
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5 FEA Verification and Experimental Test

In order to verify the analytical model and inspect the charac-
teristics of the proposed SPXYS, a series of FEA and experi-
mental studies on four primary performances tests as well as
the secondary performances, e.g., the stiffness and actuator
isolation, have been carried out.

The prototype of the SPXYS was fabricated by two main
working procedures: milling process and wire electrodis-
charge machine (wire-EDM). The large stress generated by
the milling process led to serious deformations of leaf springs
during the wire-EDM process. The actual thicknesses of the
prototype’s leaf springs listed in Table 4 are quite different
with the design value.

Hence, in order to verify the correctness of the theoreti-
cal model and eliminate the influence of the manufacturing
error, the analytical and FEA models adopt the actual thick-
ness in this section. The analytical and FEA performances are

Mech. Sci., 9, 161-176, 2018

in good agreements with each other as tabulated in Table 5,
which indicates that the theoretical model is validated.
Figure 10 shows the experimental setups for the stiffness
and motion characteristic tests of the SPXYS. In the stiffness
test, a contact displacement sensor (Mitutoyo LGF-110L)
with resolution 1 um and a strain pressure transducer (VISTE
VS16) with resolution 0.5 N is utilized to measure the dis-
placement and force experienced by the moving platform
while the micrometer is used as a loader to generate force
and displacement. In the motion characteristics test, two lin-
ear grating encoders (MicroE Systems Mercury II 6500) with
50 nm resolution are used as the semi-closed loop sensors
measuring the displacement of the intermediate platform.
And two types of the external laser displacement sensors
(Keyence LB72: 20 mm measuring range with the repeata-
bility 2 um and LK-G30: 10 mm measuring range with the
repeatability 50 nm) are utilized to obtain the lost motion be-
tween the moving and intermediate platform and verify the

www.mech-sci.net/9/161/2018/
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Variation ranges and relationships of the design parameters of the stage.

Independent Range (mm) Dependent  Constraints
parameter parameter
Lower Upper
boundary  boundary
SPLCM  Lg 55 70 Dg Dg =2Dgq+2Ds —2tg
tg 0.5 1.5 Ly Lg=Lg
bg 5 20 14 Iq=1Ig
bq 10 30 Ly Eq. (23)
Dq 5 10
Dgg 15 30
Dy 15 25
VCM dy 0.2 032 Il Eq. (6)
lg 3 5 L, Egs. (6) and (20)
Ag 1 1.5 Wy Eqgs. (6) and (20)
2a 40 55 Ta Egs. (6) and (20)
2b 30 45 Uy Eq. (7)
Im 3 5

position precision of the stage, respectively. A semi-practical
simulation system of dSPACE (ds1103) is utilized as a pre-
cise controller, which acquires the feedback data of sensors
and outputs control commands.

In order to verify the correctness of the theoretical modeling,
the static performances of the stage, such as stiffness, travel
range, lost motion, actuator isolation and area ratio would be
tested first.

The stiffness test results and the curve fitting results ob-
tained by the method of linear least square (LLS) are shown

in Fig. 11. The experimental errors with respect to theoretical
stiffness are less than 1.5 %, which further indicates that the
stiffness modeling is correct.

The test results of travel range, lost motion and actuator
isolation, as well as area ratio were obtained by applying a
triangle-wave signal with amplitude of 10V to the VCMs.
Only one axis is under driven and the other one is set free.
As Fig. 12a shown, the non-load travel ranges of the SPXYS
in X-axis direction and Y-axis direction are 20.4 and 20.6 mm
and the design target of travel range is realized, which further
confirm the correctness of theoretical modeling. The stage
possesses planar dimensions of 150 x 150 mm?. Thus, the



600 — r

T
Actual
---------------- Reference

500

400

300 [ . S

200

100 T

Displacement (nm)

1 2 3 4 5 6 7 8 9 10 11
Time (s)

Resolution test of the stage.

area ratio of the stage is 1.87 %, which is the most compact
stage among related works.

As shown in Fig. 12b, the maximum cross-axis coupling
displacement is about 0.04 mm, which indicates that the stage
is well decoupled. Besides, the cross-axis coupling relation-
ship can be depressed by adopting decoupling control. The
maximum lost motions shown in Fig. 12c are less than 2 %
of the travel range, and X-axial lost motion is a little larger
than that of Y-axis, which may be caused by the stiffness
difference in the two axes. The maximum input coupling dis-
placement, representative of actuator isolation, in Fig. 12d
are 0.266 mm and 0.267 mm and meets the design constraint
in Eq. (23).

To investigate the dynamic performance of the developed
stage, a chirp signal with amplitude of 1V and frequency
ranging from 0.1 to 200 Hz is applied to the VCM. The inputs
are denoted as V, and V) (in volts), and the outputs are D
and D, (in millimeters). The frequency responses of Gy =
Dy /Vy,Gxy =Dy/Vy,Gyx =Dy /Vyand Gy, = D,/V, are
shown in Fig. 13. So, Gy and G, represent for the dynamic
coupling of the stage.

The two working mode resonant frequency of the stage is
22.98 and 21.31 Hz in X-axis and Y-axis respectively, which
is close to the theoretical and FEA results with the error about
10 %. The dynamic responses of the moving platform and in-
termediate platform are almost identical before 60 Hz, which
indicates that the decoupling leaf spring has relative large
transmission stiffness and paves the way of half-closed loop
control. Figure 13 shows that the magnitudes of the coupling
terms Gy and G, are about 40 dB less than that of G, and
Gyy, which are small enough to be neglected and indicate

Main design parameters of the stage.

SPLCM \ VCM

Parameters Value | Parameters Value

(mm) (mm)
Lg 65 | dw 0.25
Ig 0.8 | Ig 4.5
bg 10 | Ag 1
bq 20 | 2a 50
Dy 5| 2b 35
Dgg 22.8 | Im 5
Dy 21.2 | lea 10
Dy 50.8 | L, 54
Ly 65 | W, 50
td 0.8 | Ty 23
Ly(y) 150 | Iy 4.5

kinematic decoupling of the stage. The close loop bandwidth
(—3dB) of the stage is 60.5 Hz in the two working directions.

In order to determine the out-of-plane payload capacity, a va-
riety of payloads (0-20kg) were applied on the load clamp
and the results are depicted in Fig. 14a and b. Figure 14c is
a test photo of 20 Kg out-of-plane payload. As the load in-
creases, the travel ranges of the two working axes slightly
change, which sufficiently implies that SPXYS has high out-
of-plane payload capacity and could meet the payload re-
quirements of UV-NIL’s positioning stage. The flat curves at
the ends of the test curves, which are also found in the travel
range test shown in Fig. 12a, are caused by the structural lim-
itations of both SPLCM and VCMs. The stiffness of the stage
slightly decreases with the increment of the payloads, which
makes it easy for the VCMs to drive the moving platform to
reach the max travel range and causes the longer flat curves.

To further study the positioning characteristics of the stage,
the tracking performance and resolution of the stage are
tested by applying a circular trajectory and a consecutive
step, respectively. The tracking trajectory is a circle of radius
4.5 mm at the frequency of 0.1 Hz, as shown in Fig. 15. It is
noted that the stage can follow the large travel range com-
mand with the RMS (root of mean square) tracking errors
about 0.98 and 1.6 ym in X-axis and Y-axis, which makes
it superiority in large travel precision applications. The tra-
jectory of the moving platform is non-circular inside of the
intermediate platform’s trajectory, which may be caused by
the different lost motions of the two axes and the coordinate
misalignment between the measuring block and the stage.



The actual thicknesses of the leaf springs.

(t1.1n) SI S2 S3 S4
Legl  (0.82,0.92) (0.82,0.72) (0.6,0.90)  (0.64,0.9)
Leg2  (0.52,0.80) (0.92,0.60) (0.62,0.84) (0.56,0.6)
Leg3  (0.78,0.82) (0.82,0.62) (0.64,0.52) (0.62,0.9)
Legd  (0.54,0.62) (0.78,0.82) (0.9,0.68)  (0.72,0.70)

FEA results of the stiffness-equivalent model.

Performances Theoretical Value ‘ FEA Value
X-axis Y-axis ‘ X-axis  Y-axis
Travel range, S, (mm) 22 22 22 22
Area ratio, Ry (%) 2.15 2.15
Stiffness, Ks (Nmm ™) 6.20 5.74 6.33 5.91
Resonant frequency, fr (Hz) 23.96 23.04 24770  23.78
Out-of-plane payload capacity, P, (N) - 200

Figure 16 shows the experimental results of the 100 nm
consecutive steps positioning, which indicates that the posi-
tioning resolution is about 100 nm.

A novel monolithic compliant spatial parallel XY stage with
centimeter travel range, compact size and high out-of-plane
payload capacity has been proposed. The mechatronic model
of the whole SPXYS involving both SPLCM and VCMs is
derived for mechanism and electromagnetic matching de-
sign. The integrated design flow chart is established and a
reified SPXYS is realized for case study. It can be concluded
from both the analytical and experimental results that, the
prototype of the SPXYS has a large range of motion up
to 20.4 x 20.6 mm with a relatively compact structure only
150 x 150 mm, which makes the area ratio of the stage about
1.87 %. The stage exhibits a relatively high precision in-
cluding well-constraint cross-axis decoupling displacement
less than 0.04 mm, and acceptable lost motion below 2 % of
the primary motion. The stage also shows a good dynamic
characteristic with the resonant frequencies about 22.98 and
21.31 Hz along X-axis and Y-axis, and a capability of sus-
taining about 20 Kg out-of-plane payload without decreas-
ing the travel range, which makes it superiority in space-
limited precision applications with high payload capability
requirement. The developed stage exhibits a good capabil-
ity of tracking a circle of radius 4.5 mm with RMS tracking
error of 2 um and possessing a relatively high resolution of
100 nm.

The data generated during this study are avail-
able from the corresponding author on reasonable request.
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