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Abstract—In stick-slip positioning, friction between the
stick-slip surfaces plays a critical role in positioning accu-
racy. Positioning performance varies when the load to drive
changes. In this paper, by using a form-closed cam, the driv-
ing unit is separated from the moving unit to eliminate load
influence. The stage is capable of operating in either a step-
ping mode or a scanning mode. Numerical modeling was
conducted to analyze the static and dynamic characteristics
of the stage design. In experiments, a number of parameters
were tested on the constructed stage, and positioning per-
formance was measured via laser-doppler vibrometry. Ex-
perimental results demonstrate that in the stepping mode,
the stage has a travel range of 2 mm with incremental step
sizes ranging from 30 nm to 2.3 um. In the scanning mode,
the stage has a positioning resolution of 1.15 nm. The mea-
sured results also confirm that load variations on the stage
have little influence on contact friction force and positioning
performance.

Index Terms—Flexible hinges, form-closed cam, load in-
sensitive, precision positioning, stick-slip.
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[. INTRODUCTION

OSITIONING stages with nanometer resolutions are re-

quired in many micro-nanotechnology applications (e.g.,
nanometer measurement and semiconductor manufacturing)
[1]-[3]. In particular, piezoelectric actuators are widely used
for the construction of precision positioning stages because of
their inherent subnanometer resolution, high frequency, high
energy density, and no backlash [4]. In order to achieve a rel-
atively large travel range (e.g., tens of millimeters), techniques
have been developed to accumulate or amplify deformations
produced by piezoelectric actuators while ensuring a high res-
olution [5], [6]. These transscale techniques enabled designs
include macro and micro hybrid drive stages, inchworm drive
stages, stick-slip drive stages, and parallel kinematic micropo-
sitioning stages [7], [8].

Dimensions of hybrid drive stages are large, making them of-
ten unsuitable for use in space limited applications. Inchworm
stages require relatively complex control mechanisms. Dong
et al. reported a dual-stage actuation system consisting of a
voice coil motor for coarse positioning and a piezoelectric stack
actuator to produce fine motion with a positioning accuracy of
420 nm [9]. Liu er al. utilized the integration of a traditional
ball-screw stage and a three-axis piezoelectric stage for transs-
cale positioning [10]. In the design, the traditional ball-screw
stage consisting of two guide-ways and a ball-screw for each axis
was used for long travel (300 mm x 300 mm), and the piezo-
electric stage consisting of three piezoelectric actuators and four
translation-rotation mechanisms was used to achieve linear and
angular motions. The accuracies were 10 nm and 0.1°, respec-
tively. Li et al. developed a decoupled piezo-driven XYZ parallel
positioning stage [11]. The stage has identical dynamic behav-
ior along the three axes with an accuracy of 0.1 um. Gao et al.
reported a two-axis positioning stage by combining lever and
parallel mechanisms [12]. The piezo-driven positioning stage
has a resolution of 20 and 18 nm and travel ranges of 45 and
40 pm along the two axes.

Stick-slip enables transscale precision positioning with the
advantages of high resolution and small size. A systematic in-
vestigation and performance comparisons of different stick-slip
and slip-slip modes of operation were previously discussed in
Hunstig’s research [13]. Criteria such as steady-state velocity,
smoothness of motion, and start-up time were used for com-
parisons. Shimizu et al. utilized the stick-slip principle and
piezoelectric actuators to develop an XY positioning stage [14].
The stage was capable of moving over a range of 1 mm in
both directions at a travel speed of 5 mm/s. The piezoelectric
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Fig. 1. (a) Schematic illustration of stick-slip drive. (b) Simula-
tion of stage displacements versus varying loads. In simulation, 1
F = 0.3 Newton.

stick-slip positioning stage developed by Rakotondrabe et al.
had a step resolution of 70 nm, a maximal speed of 1.8 pm/s,
and an angular resolution of 0.001° [15].

Stick-slip drive stages have high requirements in machining
precision and assembly accuracy. Hence, high precision steering
mechanisms are typically used to ensure motion straightness.
Additionally, controlling/adjusting friction parameters of stick-
slip interfaces can be difficult. Stick-slip drive is based on the
friction between interacting surfaces to transfer kinetic energy.
The essence is to use the maximum static friction and sliding
friction to control the movement of the driven object [16], [17].
As illustrated in Fig. 1(a), the slide platform is in direct contact
with the inertial mass block driven by the piezoelectric actuator.
The slide platform is moved under the friction force between
the contact surfaces. However, the positive pressure between the
slide platform and the inertial mass block changes when the load
to drive varies. As a result, the friction force is affected which
undesirably leads to inconsistent displacements.

To explain this effect further, simulation results when the load
on the platform changes and other parameters remain constant
was shown in Fig. 1(b). As the load becomes higher (from 0.2 to
5 F where 1F = 0.3 N), the displacement of each step decreases,
and the amount of slide backhaul increases. Sufficiently high, a
load can make net displacement of the stage almost zero [e.g.,
under 5 F in Fig. 1(b)]. In order to overcome the effect of load
variations on positioning performance and to adjust the preload
between the platform and the inertial mass block, Chu et al.
adopted two precision cylindrical rails to support the platform
[1]. However, in practice, it is difficult to control preload via ad-
justing the many spring screws. Zhong et al. utilized an elastic
element to support the platform and adjusted preload by deform-
ing the elastic element through a single screw [18]. However,
when the load changes or the load is unbalanced, the elastic

U
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Mass block
PZT

\
Mass block
PZT

Fig.2. (a) Sawtooth driving signal. (b)—(d) Motion states of the stick-slip
platform: initial state; state in the OA phase; state in the AB phase.

element also generates a relative deformation which directly
affects the friction force.

This paper presents a piezoelectric transscale stick-slip po-
sitioning stage that uses a form-closed cam mechanism. High
accuracy and large travel range were achieved. Dynamic and
vibration models of the stage are established. Kinematic perfor-
mance of the constructed stage was tested. A trade-off solution
is given to the interaction constraints among positioning accu-
racy, travel range, and stage dimension. A nut and a Belleville
spring are utilized to adjust the positive pressure of the friction
interface. Two cross roll guide rails are used to guide the plat-
form motion. Hence, the effect of load variations on friction
parameters and positioning performance is reduced.

[I. DESIGN OF STICK-SLIP STAGE
A. Principle of Motion

Fig. 2 illustrates the moving principle of the stick-slip plat-
form with a cam mechanism with a sawtooth driving signal. The
cam is driven by the friction mass block in the form of “stick”
when the driving signal increases gradually. Contact force in
this phase is the maximum static holding force, as shown in
Fig. 2(c), where the mass block moves Ax along the driving
direction while the cam rotates by ®. As the driving signal sud-
denly decreases, the mass block swiftly returns to the original
position in the form of “slip” while the cam maintains static
because the inertial force is larger than the maximum static fric-
tion force between the mass block and the cam, as shown in
Fig. 2(d). Consequently, the cam moves forward one unit step
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Fig. 3. (a) Arc-triangular-shaped positive-drive cam structure used in
this work. (b) Velocity of the follower's motion. (c) Acceleration of the
follower’s motion.

displacement when the mass block returns to its initial position.
As the sawtooth driving voltage increases and decreases cycli-
cally, the stick and slip of the stage occurs iteratively, and the
cam is driven step by step. In the closed form with the cam, the
platform demonstrates a linear movement through an extended
travel range.

According to the applied driving voltage waveform, the po-
sitioning stage can operate in either a stepping mode or a scan-
ning mode. In the stepping mode, the stage is driven through an
extended displacement range by exploiting the stick-slip fric-
tion effect between the mass block and the cam. In the scan-
ning mode, as shown in Fig. 2(c), the stage works as an elastic
deformation-type linear device. The platform moves according
to the deformation of the piezoelectric actuator in high precision
and micrometer range as the driving voltage changes slowly.

In a cam device, the movement of the follower is usually con-
tinuous or intermittent reciprocating or oscillating. In this pa-
per, we use an arc-triangular-shaped positive-drive cam structure
with the rotation center of the cam coinciding with its geometric
center. Therefore, there is no centrifugal force or pressure angle
in the cam device. As shown in Fig. 3(a), O1, 02, and O3 are the
center of each arc, and R and r are the circular radii. According
to the geometric characteristics of the structure, in one rotating
cycle of the cam, the follower completes three cycles of motion.
The motion equation is

R — ccos(wt) 0<wt<§
y(wt) = { eR+ccos(f —wt) F<wt<F (D
R—ccos(¥ —wt) T <wt<Z

where w is the angular velocity, e is the round rate describing the
approximation between the arc-triangular-shape and the circular
shape,e = r/R,andc = R(1 —e)/ /3. Accordingly, the stroke
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Fig. 4. (a) Components of the positioning stage. (b) Structure of the
driving unit.

of the follower is
2
h=(R-r)(—
( ) 7
According to (1), Fig. 3(b), (c) shows speed and acceleration

of the platform. The velocity of the follower is a continuous
function without self-locking or rigid impact.

—1). 2)

B. Stage Design

Fig. 4 schematically shows the structure of the positioning
stage consisting of a driving unit and a moving unit. The driving
unit includes a piezoelectric actuator, flexible hinges, and mass
block. The moving unit includes a form-closed cam, platform,
and two cross roller guide rails. The driving unit is separated
from the moving unit; hence, the influence of the load exerted
on the platform to the positive pressure is reduced. In the driving
unit as shown in Fig. 4(b), the application of a driving voltage to
the piezoelectric actuator produces displacements of the inertial
mass block. The flexure hinges serve as a link between the iner-
tial mass and the base. The flexure hinges have the advantages
of no friction, no backlash, and high response [19]-[21].

In the moving unit, friction of the contact surface between the
cam and the inertial mass block produces driving forces. The
butterfly springs and the adjusting bolts provide the stage with
adjustable preload. The cam matches with the slide platform in
a closed form, and the platform is connected to the base by cross
roller guide rails. Parallel cross roller guide rails are used in this
design to achieve precise linear displacements of the platform
and restrict angular deviations. Additionally, because of their
high stiffness, the cross roller guide rails are able to tolerate
vertical loads. Hence, load variations have little effect on the
positioning performance of the stage.
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C. Analysis and Simulation

Analysis was conducted to confirm that the flexible hinges
have sufficient flexibility to produce designed ranges of de-
formation and stress distribution when supplied with an input
displacement by the piezoelectric actuator [22]-[27]. The mid-
dle mass block shown in Fig. 4(b) can be considered as a rigid
body, since its size is much larger than the thickness of the hinge
plate.

According to free vibration without damping, the stage can
be simplified as a particle and a spring system. As the thickness
of the flexible hinge beam is small, shear deformation and the
cross-sectional moment of inertia around the neutral axis can be
ignored. The hinge can be modeled as a Bernoulli-Euler beam

2 4
0 u(;i:;,t) 0 g(j,t) = flat) — om(z,t) 3)
i Ox
where p, A, E, I are respectively density, cross-sectional area,
elastic modulus, and the moment of inertia; w is the transverse
displacement; fis the lateral force on unit length; and m is the
outer torque on unit length. When the initial condition is one tip
fixed and the other being free, natural frequency of the flexible

hinge is
1 k 1 [Ebh3
=/ — = —1/ —. 4
YTV T Ve @)

Finite element simulation was conducted using ANSYS. The
ten-node Solid 92 tetrahedron element was used. Grid refine-
ment was conducted on the hinge area to avoid local stress
concentration. Material was specified to be 7075-T651 Alu-
minum (Young’s modulus value: 71 x 109 N/m2; Poisson’s ra-
tio: 0.33). The flexible hinge was set to be 0.6 mm wide and
7 mm long. The overall dimensions of the stage in simulation
were 51 mm X 30 mm X 11 mm. With an input displacement
of 20 pum, stress diagram of the flexible hinge is shown in
Fig. 5(a). Maximum stress in the root of the hinge is approx-
imately 96 MPa while the yield stress of the material is 231—
308 MPa. The size of the middle mass block is much larger than
the thickness of the hinge in the moving direction. Simulation
[see Fig. 5(a)] confirms that the deformation of the mass block
itself is order of magnitude lower than deformations of the PZT
and flexible hinge. Displacements of a number of key nodes on
the surface of the inertial mass block were also analyzed and
summarized in Fig. 5(b). In addition, the overall displacement
error p was calculated by dividing the maximum error by the
theoretical value, ;1 = 205258 x 100% = 0.6%.

Fig. 5(c) shows with a driving force of 35 N, the displace-
ment of the stage is 23 pm. Natural frequency and stiffness of
the flexible hinge were calculated and simulated in FEA (natural
frequency: 6.741 kHz from calculation versus 7.314 kHz from
FEA,; stiffness: 1.21 N/um from calculation versus 1.52 N/um
from FEA). Cam is used to translate the driving force between
the inertial mass block and the platform through stick-slip. In-
stead of using dynamics equations, FEM analysis was also used
to study the dynamic characteristics of the cam. Fig. 5(d) shows
that the natural frequency of the designed cam is 28 kHz, ex-
ceeding the frequency of the piezoelectric driving signal of about
1.5 Hz. In addition, as shown in Fig. 5(a), when a driving force
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Fig.5. Finite element simulation results. (a) Stress on the flexible hinge.
(b) Summary of displacements on key nodes. (c) Displacement with a
driving force of 35 N. (d) FEA modeling of the cam.
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Fig. 6. System dynamic modeling. (a) Simplified model of the driving

system. (b) Simulation model used in MATLAB. (c) The influence of
maximal static friction force on the displacement produced by the system.

is applied on the driving surface, there exists shear stress on
the flexible hinge. Furthermore, simulation [see Fig. 5(c)] re-
veals that the shear deformation is approximately 3 pm when
the driving displacement is 23 pm, which can affect the output
displacement of the stage. Therefore, a symmetrical hinge struc-
ture was adopted to reduce the influence of shear deformation
and reduce this influence. In addition, in stage assembly, PZT
was set as parallel as possible to the cross section of the flexible
hinge.

The dynamic model of the driving system can be simplified
as two spring-damper systems connected in series, as shown in
Fig. 6(a). In the driving phase, the PZT was simulated as an
electricity model and a mechanical model which translate the
driving signal into displacement. Together with the mechanical
model of the flexible hinge, the displacement signal after differ-
entiation was then translated into the speed of the mass block.
Based on the LuGre friction model, the speed and displacement
of the cam were obtained. The simulation model is shown in
Fig. 6(b). The MATLAB simulation was used to analyze the

Laser vibrometer Power amplifier ~ Stage

(b)

Fig. 7. (a) Constructed positioning stage. (b) Measurement setup.
effect of key parameters and guide the design of the platform.
In the simulation model, input driving signals are translated into
displacements as the output. As shown in Fig. 1(b), when the
pressure between the stick-slip contact surfaces increases, the
sliding displacement between the platform and the inertial mass
block decreases, which impacts the displacement output of the
platform. In the meanwhile, the maximal static friction force
of the contacting surfaces changes, resulting in changes of the
viscous force between the platform and the inertial mass block.
Fig. 6(c) shows that when the maximal static friction force in-
creases, the displacement of the platform increases accordingly
in the sliding phase, and the step displacement decreases. Thus,
in the platform design, the maximal static friction force of the
contact surface and the uniformity of the contact surface should
be minimized in order to produce the desired displacement of
the platform.

[ll. EXPERIMENTAL RESULTS AND DISCUSSION
A. Stage Construction and Measurement Setup

The stage, as shown in Fig. 7(a), was constructed using
electro-discharge machining with a machining resolution bet-
ter than 0.5 mm. Care was taken to ensure the smoothness of
the contact surface where the piezoelectric actuator was subse-
quently installed. The material of the base and the platform is
AL7075, and the material of the cam is 40 Cr. The overall di-
mensions of the finished stage are 50 mm x 30 mm x 11 mm.
The piezoelectric actuator measures 5 mm X 5 mm X 10 mm,
producing a maximum displacement of 10 pm and generating a
force of 900 N at 150 V.
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In the experimental setup [see Fig. 7(b)], a PC equipped with
an NI PCI-6221 DAQ card was used to generate signals (e.g.,
sawtooth). A power amplifier (BOSHI) amplified the signals to
drive the piezoelectric actuator. Displacement of the position-
ing stage was measured by a noncontact laser interferometer
(POLYTEC OFV3001). The setup was placed on a vibration
isolation table.

B. Measurement Results

The stage has a bandwidth of up to 140 Hz. Data shown in
Fig. 8(a) were measured when a sawtooth voltage (frequency:
1.54 Hz) was amplified to a magnitude of 80 V and then supplied
to the piezoelectric actuator. In the rising phase of the voltage,
the displacement of the platform is linear with respect to the
voltage. In the rapid declining phase, the platform has a short
reverse. Net displacement of a unit step is 2.1 pum. Fig. 8(b)
shows the resulting displacements from applying a sawtooth
voltage of 0.8 V, which is the minimum voltage with which
the stage generates measurable displacements. The measured
results show that the average step displacement in a single period
is 0.0699 pm. Since there are 60 driving pulses within one
period, the average value of 1.15 nm was taken as the minimum
displacement of the platform.

To quantify precision for each voltage magnitude, the average
value of displacements in five cycles was taken and the test
was repeated for 15 times. The average value of the 15 step
displacements was taken as the nominal displacement under
that particular voltage. Fig. 8(c) summarizes the precision test
results.

When the driving voltage was increased from 40 to 100 V
in steps of 10 V [see Fig. 8(d)], the measurement results show
that as voltages increase, the positioning error becomes larger.
At the driving voltage of 40 V, positioning accuracy is 27 nm.
It can be seen that with the increase of the driving voltage,
the step displacement of the platform also increases. In the
meanwhile, as voltages increase, displacement fluctuations also
become larger, which are attributed to the inherent creep char-
acteristics of piezoelectric actuators.

In this design, the cam mechanism separates the driving unit
from the moving unit. Two cross roller guide rails with high
stiffness are utilized to drive the load exerted on the platform.
The influence of the load on the platform on the positive pressure
between the cam and the inertial mass block is reduced as the
cam remains still when the load on the platform changes. In
experiments, we placed weights on the platform from 10to 150 g
and applied the driving voltage at 80 V with 52 ms step time.

Fig. 9 shows the step displacements under different loads.
When the load was increased from 20 to 100 g, the step dis-
placement decreased from 2.24 to 2.10 pm. This result confirms
that when the load was increased four times, the step displace-
ment of the stage was reduced only by less than 6.3%. In this
design, the cam is driven by an inertial mass block which is
moved by the PZT. The cam matches with the slide platform in
a closed form, and the platform moves along with the rotation
of the cam. Because an arc-triangular-shaped positive-drive cam
structure was used, the output displacement of the platform was
not completely linear. In addition, as the inertia of the platform
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ment was made 15 times under each load condition.

increases with increased loads, more transmission energy is con-
sumed, resulting in the reduction of step displacements.

In contrast, in conventional stick-slip designs without using
a cam mechanism [see Fig. 1(b)], the step displacement would
decrease by approximately 80% when the load to drive be-
comes five times. Hence, this design is effective in mitigating
the influence from load variations on contact friction force and
positioning performance.

C. Discussion

In the stepping mode, the stage has an extended travel range
by exploiting the stick-slip friction effect between the mass
block and the cam. The driving speed depends on the amplitude
and frequency of the driving voltage. In the scanning mode, the
stage acts as a linear displacement device through displacements
in the micrometer range [28], [29]. Results shown in Figs. 1(b)
and 8(a) confirm that the simulation result is in agreement with
experimental results. In the rising phase of the actuation voltage,
the displacement of the platform is linear with respect to the
actuation voltage. In the rapid declining phase, the platform has
a short reverse. In addition, results shown in Figs. 1(b) and 9
demonstrate that the designed stage is capable of reducing the
influence of the load on step displacements. However, because
of machining and assembly imperfections, slight differences of
the net displacements of a unit step exist between the simulation
and experimental results.

There are several limitations in the present design, which will
be tackled in future work. First, the stage structure contains a
rotation device and a transmission mechanism in closed form,
which are both in clearance fit transmission. As a result, clear-
ance error has great influence on positioning accuracy. In addi-
tion, backlash error exists in the positioning process and also in
return movement. To overcome these limitations, adopting high
precision bearing and reducing the friction coefficient of the con-
tact surface can potentially reduce transmission errors. Second,
parallelism and jump of the mounting surface during assembly
can affect the straightness of movement. Third, hysteresis and
creep of the piezoelectric actuator affect positioning precision
which can be improved via employing control approaches.

IV. CONCLUSION

This paper described a piezoelectric stage, where a new
closed-form cam mechanism is used to separate the driving unit

from the moving unit. The design significantly reduces the effect
of load variations on positioning performance. Butterfly springs
are utilized to adjust the preload on the contact surface, and a
pair of cross roller guide rails is used for load driving. Theoreti-
cal analysis and numerical modeling were conducted to estimate
the static and dynamic performance of the design. Experiment
results demonstrate that the stage is capable of producing transs-
cale positioning. In the scanning mode, the minimum resolution
of the stage is 1.15 nm. In the stepping mode, the stage travels up
to 2 mm with a positioning accuracy of 27 nm. Measurements
also confirmed that when the load was increased four times,
the step displacement of the stage was reduced only by less
than 6.3%, while the step displacement of conventional stick-
slip stages would decrease by approximately 80%. This stage
design can be useful for applications that involve varying loads
to drive while requiring nanometer positioning accuracies.
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