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A high resolution long travel friction-drive micropositioner
with programmable step size
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A piezoelectric-driven Scott—Russel linear micropositioner utilizing the stick-slip effect of friction

to drive a slider is presented. Effects of sawtooth, impulse, and transcendental electrical wave forms
on the device performance are studied via numerical simulation and experiment test. The experiment
demonstrates that positioning step sizes of 0.05-dr&0can be achieved at low input voltages of
2-25 V and essentially with unlimited travel range. 1®99 American Institute of Physics.
[S0034-67489)00606-1

I. INTRODUCTION frequencies between 1 and 4 kHz and at 300 V. A nanostep
movement based on the changes of inertia, shock, or clamp
The need for precise micropositioning arises in manyforce was reportetwith results of a single step from 10 to
fields of research and technology, such as in cellular biology1000 nm.
lithography, scanning tunneling microscopy, and scanning The linear piezomot8made by Burleigh Instruments is
probe microscopy. In order to minimize the volume, reducethe typical design of the inchworm type. A 2D
the cost, and raise the quality of products, the industry isnicropositionef for scanning tunneling microscopy using
directed into the goal of high precision, high speed, anchimorph piezoelectric ceramic deformation and electrostatic
minimization. In the precision positioning equipment, usu-clamping force achieved motion steps from 25 to 40 nm. A
ally the travel range of these devices is limited by the finesimple X Y6, walkef used deformation of piezoelectric ele-
positioning capability. In semiconductor industries, the fab-ments with the aid of clamp release by electromagnetic force.
rication process of the 12 in. diameter wafer needs miThe similar piezomotdruses five piezoelectric actuators to
crostepping with fine feature size in large travel range. Conachieve the 5 mm travel range with step size from 5 nm to 3
sequently, developing new generation of positioners tqum. Another piezomotdf uses three piezoelectric actuators
achieve large and fine travel capability is the goal of thisto achieve high stiffness of 90 N output force of 200 N,
article. step resolution of 5 mm, and speed of 6 mm/s. However, it
In reviewing literatures, the precision positioning takes six steps of actuation to achieve one step motion. The
mechanisms mainly include the stick-slip effect induced fric-complexity of the control to handle the plural piezoelectric
tion drive stage, the clamp-release inchworm-type stage, angctuators becomes its drawback.
the elastic deformation type stage. The third type is based on the fine expansion of piezo-
In the friction drive mechanisms, the principle of inertial electric effects and elastic material’s deformation. The typi-
sliding in response to a periodically accelerated input wavesal design of this kind is credited to the piezoelectric stage
form was employetito design a piezoelectric tube actuating developed by Scire and Teagtfe.Another design, a
positioning device with long travel range. It provides the pimorph-driven X—Y—-2Z translation stagé achieved the
resolution of 0.04-0.2um and could be loaded up to 1 kg sensitivity of deformation of 0.3&m/V and the moving range
under electrical amplitude of 60—300 V. A similar principle was 660.m. The design of using leaf springs was found in
was taken to design the long travel stage with the shear dey three-dimensiondBD) microposition mechanisi?. Scott—
formation of a piezoelectric plate as the driving fofcBhe  Russel linkage was integrated in a linear micropositisher
resolution of 10 nm and the speed of 0.4 mm/s with an elecang achieved resolution of 40 nm with a travel of greater
trical amplitude of 350 V were reported. A vertical piezo- than 100um. A piezoelectric driven precisioXY6, mi-
electric inertial slider against gravity was develofeBhe  croposition mechanistiachieved the displacement sensitiv-
cycloidal wave forms instead of sawtooth signals were usegy of 0.12 um/V with 10 nm resolution in th& andY axes,
to activate the motion at a single step of 3 nm. A high-4.2 ,rad/v with 0.15 urad resolution in thedz axis and
resolution two-dimensiona(2D) micropositioning devick interaction between axes was within 1.2%.
for scanning probe microscopy utilized piezoelectric element  gqrce capability is an important specification of actua-
driven by the impulse voltage to achieve the step displacegyrs. The information can be found in few articles. The force
ment as small as 10 nm/step. The device which employed th&enerated by piezoactuators can be up to*d82 20020

design of V grooves in th& andY directions significantly 504 49 N |n general, due to the stiffness, the bimorph
reduced the crosstalk between directions. It was driven at thﬁiezoactuator provides much less force than multilayer pi-

ezoactuator. The inchworm-type and stick-slip-type actuators
3Electronic mail: shchang@ccms.ntu.edu.tw provide less force than the elastic deformation type.
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1 FIG. 2. Schematic representation of the whole micropositioner. 1: the base

plate, 2: the linear magnifying mechanism, 3: the parallel guiding mecha-

nism, 4: the movable platform, 5: V-shape guide, 6: the piezoelectric actua-

tor, 7: the slider, 8: one of the flexure hinges, 9: cut-out. The arrows indicate
the direction of the motion.

(o)

FIG. 1. A Scott—Russel mechanism.

In viewing the drawbacks of th ol lexity i Russel mechanism to enlarge step size of the slider and also
n viewing the drawbacks of the control compiexity In oy ,ce input voltage. The principle of Scott—Russel

the second type and the short travel range in the third YP&nechanisif is shown in Fig. 2 where A is the fixed pin

the principle of friction drive mechanism is chosen in this joint, C is a pin connecting link&C and BP, and slider B

Qe5|gn. The .ad'vantage of t.he present de5|gn.|s the use of t}lﬁr?oves along the horizontal direction. At the conditions of
linear magnifying mechanism to allow the input voltages— ——= —

ranging from 2 to 25 V which weighs 3%—7% of other de- ﬁ\rse:n?;:)rﬁ:l\j\/’hz?wlztlige\;vg ];ﬁlcl)c\)/ve\/sar?o?i);a(l)ﬁt;ﬁrtlcal straight-
vices, Moreover, the Iinear_magnifying _mechar_ﬂ_sm offers In Fig. 1 piezoelectric actuator 6 conn)e/.cts through a
both large and small step size of the micropositioner. Th(?lexural hinge, the linear magnifying mechanis;n 2 which
monolithic machined micropositioner by the wire electrodis- '

charge machine integrates functional mechanisms into onfé‘thher connects, through other flexural hinges, the movable

piece, simplifies the complicated assembling, and improveglancorm 4. At the opposite end of the movaple platform 4, it
the precision of linear motion. A new type of linear precision Is connected to, through another flexural hinge, the parallel

micropositioner with the results of mathematical simuIation?huédl'igge;?erﬁgzg:rgf:irﬁ h'clg,[?;?na [ﬁﬁ“!ﬁ dlgrng “r? dketso g:?rjlree
and experimental test is presented. P :

top surface of the V-shape guide 5 that is part of the movable

This device provides potential applications to semicon- . g ) o
ductor equipment, such as the stepper and aligner for optic latform. The linear magnifying mechanism, as indicated by
' -C-P-A-B in Fig. 1, is a Scott—Russel mechanism corre-

lithography. The micropositioner also offers scanning tunnel-

ing microscopes, scanning probe microscopes, and prof"%)ondmg to Fig. 2. The arrowheads indicate the direction of

measurement devices for topographies of relatively large allr—]eesg];:]'gns'i;h'lfcﬁ Org;gtﬁgaﬁ]oizrgf f)ggg?;? ?’?\Seulfr? (Er?rgfgg'
eas with high resolution. phicity P : 9

piezoelectric actuator 6 changes due to the driving voltage
between the electrodes of the piezoelectric actuator. This
Il. PRINCIPLE, DESIGN, AND FABRICATION length change pushes or pulls the input terminal, point B, of
the linear magnifying mechanism and causes displacement of
the output of the mechanism at point P. The parallel guiding
The design of the micropositioner is based on the prin-mechanism 3 joined to the movable platform is to prevent
ciple of the friction drive to achieve long travel range with the platform from rotation and lateral motion. Then the mov-
fine step motion. The micropositioner as shown in Fig. lable platform 4 follows in phase with the output motion at P.
mainly comprises two parts: the actuation device and &he Scott—Russel mechanism is designed to amplify the in-
slider. The actuation device includes a multilayer piezoelecput displacement so that the travel range of the movable
tric actuator, a linear magnifying mechanism, a parallel guid-platform is significantly larger than the length changes of the
ing mechanism, and a movable platform. The V-shape guidactuator. The slider is placed on the top of the V-shape guide
with its surface in direct contact with the slider is to induce of movable platform with the preload springs. The step mo-
stick-slip effect and ensure self-alignment of the slider. tion of the slider can be achieved based on the stick-slip
Multilayer piezoelectric ceramic serves as the actuatoeffect between the slider and the movable platform.
and has merits of extremely fine displacement sensitivity, A C-language program was written to generate the input
fast response, low heat generation, and easy control. By theoltage wave forms to drive the piezoelectric actuator
excellent dynamic response of the piezoelectric ceramic, ththrough a AD/DA card. Different wave forms were gener-
tiny displacements in response to input voltage can be obated to drive the piezoelectric actuator and cause different
tained. With the layer thickness of approximate 328, the  motions of the slider. When the piezoelectric actuator re-
5x 5x 20 mn? multilayer piezoelectric ceramic is capable to ceives the input voltage wave form the AD/DA card, the
expand 11.5um and generate the force of 567 N at 100 V displacement of the movable platform will be enlarged about
with the natural frequency of 69 kHz. The linear magnifying threefold through the linear magnifying mechanism. The
mechanism employed in this design essentially is a Scottfunction of the linear magnifying mechanism is to control the

A. Basic mechanism
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range of the step size of the slider. It offers the microposi-
tioner an excellent ability to easily program the step size of
the slider at relative low input voltages.

B. Finite element method

The design criteria is used to achieve the micropositioner
with the maximum displacement gain and the minimum lat-
eral deviation. A critical issue in designing such type of
mechanism, the stretching and bending of the flexures may
occur simultaneously. For the benefits of micropositioner,
the stretching should be minimized and the bending should
be fully used. The parallel guiding mechanism and movable
platform essentially have no stretch due to the relatively long
linkages. Links AC and BCP may encounter stretching and FIG. 3. Photograph of the micropositioner.
bending. The geometry of flexural hinges including the di-
ameter of the cut-out slots and the thickness of hinges and The flexural hinges serve as the pivot pins to connect
the width of links were carefully selected. The bending com-two rigid bodies to provide relative motions. Although it
pliance is much larger than that of stretching. The bendingabsorbs some strain energy, the flexural hinges eliminate
will dominate the mechanism and links AC and BCP simplycomplexity of fasteners and essentially no tolerance exists.
rotate about their hinges and are not stretched. For this conthe width of the flexural hinges is critical in maintaining the
plex geometry structure with different materials, finite ele-precision motion of the micropositioner. Therefore+40
ment methodFEM) is most adequate to analyze the perfor- um tolerance of the thickness and the location of the cut-out
mance of the micropositioner. In this study, a well knowncircles is chosen. The elastic deflection in flexural hinges
FEM software ANSYS was utilized to simulate the static andobtains high resolution, stable performance, low heat genera-
dynamic characteristics of the micropositioner. Due to thetion, and friction free movement.
uniform thickness of the micropositioner, the two- The second operation is to assemble the piezoelectric
dimensional eight-node structural element was chosen telement into the cut-out slots. The two surfaces of the cut-out
construct its finite element model. The static analysis resultsvhich fits the element should be ensured as flat and parallel
of FEM ensure that the domination of bending of linkage.as possible. Nonflathess and nonparallelism are both critical
The maximum stresses occurring in flexure hinges does ndb the undesired angular motion of the micropositioner. Then
exceed the allowable stress and the magnification in the linthe multilayer piezoelectric ceramic element was installed
ear magnifying mechanism matches design criteria. The lainto the base plate and then bonded by special structure glue.
eral deviation of the parallel guiding mechanism is also mini-A photograph of the micropositioner is shown in Fig. 3.
mized to satisfy our demand. The dynamic analysis solved
the natural frequencies and vibration modes to ensure thg s|MULATION
high bandwidth and the linear motion of the platform. ] _ _ o _

The dimension of the micropositioner was carefully cho- A one-dimensional model of the piezoelectric-driven in-
sen based on the FEM analysis results. The Iengtﬁ)fs ert@l m|crop03|t|qner is shown in Fig. 4. The equations of
100 mm, the length oB\P is 20 mm, the thickness of the motion for the slider resting horizontally on the movable
micropositioner is 15 mm, the width of the flexural hinge is platform are
0.25 mm, the diameter of cut-out circle at the flexural hinge d2x
is 4 mm, and the total dimension is 18%0x 15 mn?. The (M+m) 7 = —Cc gy KIX—AL(1)]—umg

mass of the slider is 2.63 g.
dX dx
XSQ’(E‘ a)’

2
Fabrication of the micropositioner involves two steps: md X=—/,ng>< sgr(d—x— d_X) 1)
machining the flexure hinges and linkages from a metal dt dt dt)’
blank, and installing the piezoelectric actuator into the mi-

C. Fabrication

cropositioner. X

To make the micropositioner more precise and compact, Piezo —
the first operation is to utilize the wire electrodischarge ma- Kk AL(D) Slider m
chine(EDM) to fabricate the flexural hinges and cut-out slots A % =
in one piece of metal to form geometric shape. Aluminum Vv Movable
6061-T6 is chosen for the base plate due to its high mechani- © Platform M

cal strength, low density, and rust proof. The magnifying

meChan?Sma the V-shape guide_, "?‘nd the parallel guiding,c. 4. simulation model of the piezoelectric-driven inertia microposi-
mechanism are machined monolithically in the base plate. tioner.
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FIG. 5. Calculated results of the displacement of the slider and the movablE!C: 6. Calculated results of the displacement of the slider and the movable
platform under sawtooth wave form input. platform under impulse wave form input.

the low slope region of the input electrical wave forms, the

acceleration and inertial force are relatively small in regards

dx dx) _ r(dx dX) to the high slope region of the input wave forms. In this case,
» SO

where

if =—

dt  dt dt  dt ' the friction force in the contact surface is larger than the
inertial force. Thus the slider will stick and stay on the mov-
for slipping in the negative direction, able platform. In the steep or discontinuous region of the
dx  dX dx  dX wave form, the acceleration is so large that the inertial force
if T a) =0, sgr(a— gt =0, for sticking, of the slider exceeds the friction force, and hence the slider
begins to slip. The single step motion of the slider can be
dx dX dx dX 2 programmed with proper control of the stick and slip condi-
if ar a>> : Sg’(a— a>= ) tions. The slider will proceed continuous step motions as

long as the periodical voltage wave form is supplied.

for slipping in the positive direction, When control conditions are changed, the simulation re-
sults show that the performance of the micropositioner will
be clearly affected. For example, amplitude and frequency of
the input wave form, properties of the friction surface, the
mass of the slider and the mass of the movable platform are
all the main causes to the performance of the microposi-
tioner.

whereM is the mass of the movable platform,the mass of
the slider,X the displacement of the movable platforthe
displacement of the slideAL(t) the extension of the piezo-
electric actuatork the spring constant of the piezoelectric
actuator c the damping coefficient of the piezoelectric actua-
tor, andu the coefficient of friction between the slider and
the movable platform. In solving the equations of motion, the
input wave form is implemented by quanti_(t). IV. EXPERIMENT AND PEFFORMANCE
_ Apparently, the wave form of input voI'Fage has a strongp_ Experimental setup
influence on the performance of the slider. In order to ) ] o
achieve the better design of the micropositioner, the perfor- The experimental setup is shown in Fig. 7. The charac-
mance of the slider was studied by solving E@S.and (2). teristics of the micropositioner, such as the displacement,
In this study, Runge—Kutta method in software MATLAB angular deviation, and frequency response were measured by
was used to solve these nonlinear ordinary differential equa@ Polytec laser interferometer which has a displacement reso-
tions. lution of 8 nm and a bandwidth of 50 kHz. A photoreflected
Sawtooth, impulse, and transcendental wave forms werérticle was pasted on the appropriate surface of the slider to
used to drive the piezoelectric actuator to provide extension
displacementAL(t). With input sawtooth wave form of
AL(t), simulation results of the displacement of the slider Laser Interferometer
and the movable platform are shown in Fig. 5. By observing
the results, it is clear that the slider sticks to the movable
platform at the low slope regions as indicated by a and c in
Fig. 5 and the slip occurs at the high slope regions as indi-
cated by b in Fig. 5. Figure 6 shows results of displacement
of the slider with impulse wave form. Obviously, the slider
always slips at acute regions of the input wave form.
Simple conclusions can be obtained from results of com- © Optical Table
puter simulation. The stick-slip effect is the main basis in
this design. Properly managing the inertial force and the fric-
tion force is the key to achieve fine motion of the slider. In FIG. 7. Experimental setup.

Oscilloscope or DSA
T

Laser Ig?:géoning Power Amplifier
QQ0000
| [
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aid the laser reflection during the measurement. The desired
input wave form is generated by a programmable AD/DA  FIG. 10. Actual motion of the slider wit2 V impulse wave form.
card in the personal computer. The output signals generated
by the personal computer were amplified by a NP power

lifi drive the bi lectri The Tektroni icropositioner in fast response. The mode shape of the mi-
amplifier to drive the piezoelectric actuator. The Te tronICScropositioner at 100 Hz shows the linear movement of the

digital 605ci||oscope dand the d)(;parlnic signal ?jnalyzlermovable platform that matches our design goal.
HP35665A were used to capture, display, store, and analyze - r,q gigpiacement sensitivities at various frequencies

the expgrlmental signals m_the t'm?, and frequency domam%/vere also measured. The results are proportional to the am-
rgspectlyely. The tested mlcrop03|t|oqer was placed on thﬁlitude of the frequency response function as shown in Fig.
alr—pearlng supported optical table to isolate the external Vi, \We also conducted the measurements operating near the
brations. resonant frequency. In this particular case, the displacement
amplitude was so large that the movable platform hit the
adjacent structure of the base plate. This problem can be
Displacement sensitivities of the movable platform andsolved if the cut-out slots are made much wider.
the piezoelectric actuator were measured. Figure 8 shows the
results and reveals nonlinear characteristics that is simpl& Mi i ‘
due to the hysteresis of the piezoelectric actuator. The mov=" Icropositioner performance
able platform of the micropositioner has a displacement of  Figure 10 shows results of the measured displacement of
18.56 um at 50 V. An amplification factor of approximate 3 the slider unde2 V impulse wave forms. The displacement
at 50 V in the linear magnifying mechanism is found. Be-signals of the slider show a larger forward motion followed
cause of the loading effect on the piezoelectric element antly a smaller backward motion and result a step size of 60
strain energy stored in the linear magnifying mechanism anaim. It is clear that the slider sticks to the movable platform
in the flexural hinges, the amplification factor of the movablethen slips at the discontinuous points of the impulse wave
platform is less than that predicted by FEM. form. The fine step size of the slider compared to the rela-
The dynamic responses of the movable platform werdively large displacement of the movable platform makes the
measured by the swept sine excitation technique using thi®rward and backward motions more noticeable. A step size
dynamic signal analyzer. A typical frequency response funcef 4 um was obtained by increasing the impulse wave form
tion obtained experimentally using the displacement remagnitude to 24 \(Fig. 1J). In this case, the step size of the
sponse measured by the laser interferometer is shown in Figlider is so large that the forward and backward motion is
9. The first natural frequency of 100 Hz is then identified.barely noticeable. By controlling the amplitude of the im-
The bandwidth of 100 Hz is wide enough to operate thepulse voltages from 2 to 30 V, the step size of the slider can
be varied from 50 nm to 4m.

B. Characteristics of movable platform

!
—
J } | L_o—-ll 1 J
2 al \ : o i :
g \ 5 b
= v ks L3 '
8 e H =3
o,
— < )
b &l - "
— i QL | 1
i i ——
L i H A % —
1 10 100 500 I E | i
Frequency (Hz) _— N !
Time (200ms/div)
FIG. 9. Frequency response of the movable platform actuated by piezoelec-
tric actuator. FIG. 11. Actual motion of the slider with 24 V impulse wave form.

Downloaded 21 Oct 2008 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 70, No. 6, June 1999 S.H. Chang and S. S. Li 2781

(@)Y

g 2z
e z . .
24 g_ F + Relative motion _, 1
= 3 _M
a2 < w
S 1 .
0 ‘ a
0 10 20 30 40 A A
Input voltage (V) S / (/ / 1
=y /o]
FIG. 12. Comparison of displacement between the slider and the movable E // /
platform. St 7
The comparison of displacement between the slider and Time (100ms/div)

T[he _movable platform under th_e impulse excitation is ShOWF';lG_ 14. The relative motion between the slider and the movable platform
in Fig. 12. When input voltage is less than 25 V, the step siz&ith 20 v sawtooth wave form.
of the slider is smaller than the displacement of the movable

platform. Besides the slip effect to obtain the step size at th@oncluded that for the larger step size of the micropositioner,

discontinuous points of the input wave form, the slider maythe higher bandwidth of the mechanism is required.
receive enough momentum from the friction force and acts

as a projectile and exceeds the displacement of the movable concLUSION

platform. . . . . . .
When 20 V sawtooth wave forms are supplied to the A novel micropositioner using multilayer plezoe_lectrlc_

micropositioner, displacement of the slider occurs as is re@ctuator to generate submicrometer-order resolution dis-

corded in Fig. 13. The step size of 640 nm is obtained. It iPlacément, a linear magnifying mechanism to enlarge the

also equal to the relative motion between the slider and thatep size, and integration of stick-slip effect and inertial force

movable platform as shown in Fig. 14. The relative displace® achieve long travel range is developed. The flexural

ment between these two objects was measured by using difin9es. the linear magnifying mechanism, and the parallel
ferentiation capability of two-probes measurement of the 1a941ding mechanism are machined by a wire electrodischarge
ser interferometer. The slip always occurs in the steep slop@achine to ensure the integrity and the precision of the mi-
region of the input wave form. Comparing experimental re-cropositioner. The design utilizes elastic deflection of metal
sults, we concluded that the sawtooth wave form generatetg o_btaln h|gh_re_solut|on, stable performa_nce, low heat gen-
the larger step size than using impulse wave form. The ste ration, and friction free movement. It is simple and compact
sizes using sawtooth wave form range from 320 nm to 12 hat all the mechanisms except the slider are machined
um monolithically in the metal base plate. It simplifies the com-
Figure 15 shows the measured displacement of the S"dé?licated assembling and im.provles the pregision of Iineqr mo-
under 15 V transcendental wave forms. A step size of 4g3/0N- The mechanical design is accomplished by using a
nm is found. Again discontinuities in the input wave form FEM software A_NSYS to simulate static and c_jynamlc re-
generate the relative motion between the slider and the moyPONse of the micropositioner. A further numerical analysis
able platform. The step size of the slider increases with thd/as c_onduc_ted to solve the_ nonlinear governing equatlon_s.
amplitude of input voltage increases. However, as shown if ne su_n_ulatlon result_s predict the performa_n_ce of the mi-
Fig. 16 it remains constant when the input voltage exceedgroppsnmne_r und_er Q|fferent operating conditions and then
25 V. This indicates that the movable platform is not follow- Provide design criteria. . .
ing the motion of the piezoelectric actuator at high frequency . " €xperiments, the laser interferometer and dynamic

and at high voltage. Consequently, the step size of the slidetdn@! analyzer were used to measure static and dynamic
is limited by the bandwidth of the movable platform. It is response of the micropositioner. We obtain the relation be-

2
1 S
E - <
3
[=.-]
pad i
= ~
£ A
3
2
z | Input yoltage
A E - 2
_ _ _ ! AR AN
= AN
. e E \/./x VA VAVAVAVA!
Time (200ms/div) Time (100ms/div)

FIG. 13. Actual motion of the slider with 20 V sawtooth wave form. FIG. 15. Actual motion of the slider with 15 V transcendental wave form.
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