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In this study, we developed a piezoelectric stick-slip actuator for developing compact and precise manipulator for a
holonomic precision mobile robot. Firstly, we have designed an actuator using the piezoelectric stick-slip phenomenon. Then,
we defined a mechanical model of the actuator as two mass system, for analyzing the dynamic characteristics. In experiments,
we measured the displacement of the actuator under several conditions. The maximum speed of Z-axis was 8.9 [mm/s], and
the payload was 30 [g]. We also developed the compact manipulator with weight of 55.3 [g] and size of 47 [mm] 62 [mm] x48
[mm]. The manipulator has two degrees of freedom and consists of a Z-axis stage and tweezers for realizing compact and

precise mobile manipulator.

NOMENCLATURE
mm: Mass of a mechanism with a piezoelectric actuator (PA)
ms: Mass of a slider
kw: Stiffness of a mechanism with PA
cm: Damping coefficient of the mechanism with PA
d: Enforced displacement of PA
I: Distance between a leverage and a pivot points of PA
L: Distance between the leverage and a pivot points of a rod
a: Displacement expansion ratio of the leverage; a=L/1
xs: Displacement of the slider
Xso: Initial position of the slider during its stick motion
x;: Displacement of the rod
xm: Displacement of PA
Fy: Normal force to the slider
Fy. Friction force acted on the slider
Ho: Coefficient of a static friction for Fr
ur: Coefficient of a kinetic friction for Fr
Fg: Gravity force acted on the slider
Ar: Designed amplitude displacement of the rod
Are: Experimental value of A under quasistatic condition
T: Period of the stick motion
U5: Approximated constant velocity of the slider
Xs: Approximated displacement of the slider

1. Introduction

In recent years, compact electronic devices, such as smart phones,
wearable devices, micro electromechanical systems (MEMS) etc. have
been developed remarkably. Additionally, electronic components
inside them have been required to be more compact, achieve higher

performance [1,2]. Based on such a social background, precision
technologies of handling micro-objects have become more important.
Micromanipulation technologies have been researched actively [3,4].
However, the precision positioning devices, in currently used, needs
excessive sizes, weights, relative to the target objects. It caused some
problems in terms of space, energy efficiency, and versatility.

One solution to solve this problem, we have studied small,
lightweight, self-propelled robots for manipulation [5,6], and various
studies have been conducted in the past [7,8]. In particular, robots
driven by piezoelectric actuators have been studied widely because of
their small size, light weight, and high resolution. [9,10,11]. In this
laboratory, three degrees of freedom (3DoF) precision self-propelled
mechanisms driven by piezoelectric actuators capable of holonomic
motion has been developed, however a flexible small manipulator for
this mechanism has not been developed yet. Therefore, the main
purpose of this study is to develop the manipulator. As specific target
values, the weight and size of the manipulation mechanism are set to
be less than 100 [g] and less than 80 [mm]><80 [mm]><80 [mm]
respectively, which are more compact than the self-propelled
mechanism.

2. Holonomic self-propelled mechanism

Fig. 1 shows the configuration of the holonomic precision self-
propelled mechanism, and table 1 shows its specification. It consists of
two Y-shaped electromagnetic legs (EM1, EM2), 6 piezoelectric
actuators (PAs), and parallel springs. Each PA is named PAr, PAg, PAri,
PAL1, and PAL>. PAs are attached to each side of legs by parallel
spring. Two legs have combined each other by PAs via parallel springs
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Fig. 1 The holonomic self-propelled mechanism

Table 1 Specification of the mechanism

Dimensions [mm] 86x86x11
Weight [g] 110
Maximum speed [mm/s] 10
Number of PA 6
Degree of freedom (DoF) 3(X,Y, 0)

In walking, one leg is fixed to the ferromagnetic surface plate
magnetically, and the other leg moves by the expansion and contraction
of the 6 PAs. Repeating these motions, the mechanism can walk
continuously. The mechanism has three degrees of freedom (3DoF) in
XY0 axes; it can move translation, rotation, and revolution around any
point, by appropriately adjusting the amount of expansion and
contraction of each PAs. In other words, that realized holonomic
movement.

3. Piezoelectric stick-slip actuator
3.1 Design

PA was chosen as the driving actuator for the manipulator. The
actuator consists of a PA, a rod, and a linear slider, is driven using the
stick-slip phenomenon caused by alternating slow and rapid
deformations of PA. This phenomenon is caused by applying a
sawtooth wave voltage to the PA. When the voltage changes slowly,
the slider is moved on a stick motion, caused by static friction between
the rod and slider, and the slider moves in accordance with the motion
of the rod. On the other hand, when the changes rapidly, the static
friction force is replaced to a kinetic friction, resulting in a slip motion.
Due to the difference in inertia between the slider and the rod, only the
rod moves during the slip motion, while the slider remains in place.
The repetition of this motion, the slider can move continuously. In
addition, applying an inverse sawtooth wave voltage enables the slider
moving to an opposite direction. In result, the actuator can move bi-
directional with only one PA.

The prototype actuator is shown Figure 2. The actuator was
designed to be mounted on the self-propelled mechanism. It consists of
a PA that is attached to the aluminum alloy rod frame, and a linear slider.
To improve friction between the slider and the rod, an ABS friction
chip is bonded to the tip of the rod, and a friction plate made from a
ceramic sheet attached to the surface of the slider. In addition, a
compression spring is inserted between the rod and the frame to apply
a preload and increase the friction force between the rod and the slider.
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Fig. 2 The prototype actuator

3.2 Mechanical model

To analyze the dynamic characteristics of the actuator, we defined
its mechanical model. It is expressed as two mass system of the actuator
and slider as shown in Fig. 3.
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Fig. 3 Mechanical model

The equation of motion (EM) for the actuator is represented as,
My X + C (X — ) + Ky (X — d) = —F (1
Displacement of the rod x, is approximately represented as the
magnification of that of the actuator as below,
Xy = Oy, 2)

(€)

L
“=7
From substituting (2) and (3) to (1), EM of the actuator using rod
displacement xj is represented as below,

My Xy + oy + kX, = aCpyd + atkeyyd — aFf “4)
EM of the slider is represented as:
meis = Ff — F, (5)
These equations are separately analyzed under two cases: stick and slip
conditions.
(A) Stick condition
We assume that the condition of the stick is represented as,

Xs = Xy

. (6)

Xs = Xp
Xg = X, + Xgo @
Fr < poFy ®

From (4) and (5), by eliminating Fy, we obtained the following
equation for the slider during the stick condition.

(mm + ams)fs + me:_g + km(xs - xSO) 9
= acpd + ak,d — aF, ©)
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(B) Slip condition

During the slip condition, we approximate that the friction force
becomes the constant kinetic friction force as uiFy , which is
generated against the slip motion as below,

When xz(t) —xs(t) >0

10
Fp = pyFy (10

When g () — %o (t) < 0

11
Fr = —pyFy (an

Using (10) and (11), EM of the slider during the slip condition
is represented as,

When g (t) — %4 () > 0 (12)
MmeXxs = :ukFN - Eg

When x5 (t) — %4 (t) < 0 (13)
meXxs = _:ukFN - Eg

3.3 Approximation as uniformly accelerated motion
For simplification, we approximate the motion of the slider as
uniformly accelerated with the stick condition as,

X, (t) = x,.(t) = a;, = const. (14)
jay| < o (15)
s
Here, we define an initial condition as below,
x5(0) = x50 = 0 (16)
%:(0)=0 (17)

From (14), (15), (16), and (17), the velocity and displacement are
calculated as,

X (t) = ast (18)
1
x,(t) = East2 (19)

Maximum displacement during the 1 stroke motion under the stick
condition is equal to the maximum displacement of the rod as,

1
xs(T) =4, = East (20)

The period of the stick motion is represented as,

_ A 21
T = o 2D

If the velocity is approximately zero during the slip motion and the

displacement is approximately constant, the approximated constant
velocity is represented as,

1T ag (T a,T aA,
U. = — ¢ = — t= = 22
A TL%@m TLm 5 5 (22)
Approximated displacement of the slider is represented as,
Xs = Ugt (23)

The maximum acceleration of ag ,,, with upward motion is obtained
from (5) and (8) as given by,
When upward motion,

Y (24)
As mu = T
S

When downward motion,
0 = HfnThy (25)
sm.d — mg
From (21),
24,
0, = (26)
Substituting (28) into (22),
A
by = % @7
From (23),
. A
== t (28)
When upward motion,
B A A.a (29)
Us?u — 7T" S T ;,m,u
A Aa
Ty = ?Tt < % t (30)

We use (28) as theoretical displacement for evaluating experimental
motions.

3.4 Experiments

To investigate the basic performance of the actuator, we measured
the displacement under several conditions. We used an optical linear
encoder (TA-200, technohands) for measuring the displacement,
which has a measurement resolution of 0.1 [um] and the maximum
sampling frequency is 2.8 [MHz].

In this experiment, theoretical displacement is obtained from
(28). with approximations that the slider performs uniformly acc
elerated motion, the slip time is zero, and there is no return dis
placement. Index parameter values are shown in table 2.

Firstly, 150 [ V] sinusoidal voltage with a frequency 1 [Hz] was
applied for 10 cycles to evaluate the displacement of per one cycle
under quasi static condition, and an average amplitude of displacement
was measured. As a result, the average displacement value of 11.6 [n
m] was obtained, which is used as the reference amplitude as Are.

Secondly, two type waves, a sawtooth wave, and an inverse

sawtooth wave, were applied for 10 cycles each at a driving frequency
of 10 [Hz], and the amount of movement in both directions was
measured. This experiment was conducted on a horizontal plane,
for eliminating the gravity force of slider of Fg. The average
movement per cycle was calculated and compared with the theoretical
value. The results are shown in Figure 4 and Table 3.
In results, the reduction ratio of the reference displacement of Aye to the
theoretical value of A4, is 21.7 [%]. The reduction rates were 41.9 [%]
and 23.5 [%] for the sawtooth and inverse sawtooth shaped input
voltage against A, respectively. Almost twice of the difference of the
reduction rate, were indicating there is directional specificity. We
thought that be caused by the difference in the mechanical response of
the rod during rapid deformation due to the difference in the direction
of expansion and contraction of the piezoelectric actuator. We also
observed that the non-negligible oscillations occurred around every
slip motions. Those vibration should be dumped for precise
manipulation.
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(b) Inverse sawtooth wave
Fig. 4 Plots of displacements vs. time on a horizontal plane for Fz=0
Table 2 Parameters of actuator
L [mm] | xp [um] | A, [um]
Value 6.75 13.5 7.4 14.8

Parameter | [mm]

Table 3 Comparison of amplitude displacements among theoretical,
experimental, and reference values.

Ave. movement Reduction rate
Ve [ V] from theoretical
wm value [%]
Theoretical value (Ar) 14.8
Reference value (Are) 11.6 21.7
Sawtooth wave 8.6 419
Inverse sawtooth wave 11.3 23.7

3.4 Configuration of the manipulator

As shown in fig. 5, we fabricated 2DoF manipulator using the two
stick-slip actuators. The size is 47 [mm]x62 [mm]*48 [mm] and the
mass is 55.3 [g], that is within the target in section 1. The manipulator
consists of dual sets of actuators and sliders, one of for driving the Z-
axis and the other for driving tweezers. The Z-axis travel range and the
distance between two tips of the tweezers depend on the movable
distance of the slider. In this case, the same slider is used, so the
movable length is 13 [mm)]. In addition, Z-axis driven linear slider is
equipped with a liner scale and an optical encoder to measure the
vertical displacement.

Next, we measured the drive of the manipulator at each drive
frequency using this encoder system. The measurement results are
shown in Fig. 6. As a result, the maximum speed was 8.9 [mm/s], and
directional specificity was observed in the vertical direction due to the

directional specificity and a gravity force of Fg.

6. Conclusion and future prospect

This paper described the construction of a compact piezoelectric
stick-slip manipulator. The manipulator, had the size of 47 [mm]x62
[mm]x48 [mm] and the mass of 55.3 [g], and the maximum speed of

Fig.5 2DoF maniulator using two sick-slip actuators

9000

UP 100 [Hz] UP 400 [H]  —UP 700 [Ha] ‘

—DOWN 100 [Hz] — DOWN 400 [Hz] =——DOWN 700 [Hz]|

6000

3000

ke
»

Displacement [pum)

Time [s]

Fig. 6 Plots of Z-axis displacement of the manipulator vs. time

Z-axis was 8.9 [mm/s]. Additionally, we defined a mechanical model
of the actuator, to analyze the dynamic characteristics. We measured
the displacements in several conditions.

As aresult, this manipulator has a directional specificity, and non-
negligible oscillation caused by the slip motion. We consider that we
need to reduce the oscillation by feedforward and feedback controls,
for precise and delicate manipulation.

We plan to attach it on a holonomic mobile robot and implement
manipulation. Moreover, automation of manipulation using image
recognition technology based on machine learning is also one of the
important subject to realize the flexible and precise mobile manipulator.
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