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Abstract—This paper presents the design and development of
robotic tweezers with a force- and displacement-sensing capabil-
ity driven by piezoelectric stack actuators. In order to satisfy
sufficient stroke and tip-force for future medical operations, a
rhombus strain amplification mechanism is adopted. One of the
serially-connected piezoelectric stack actuators nested in the end-
effector is used as a force sensor. The force-displacement charac-
teristics at the outer-most layer with respect to the forces of the
inner-most PZT actuators (i.e., forward model) is obtained from
a lumped parameter model of the rhombus strain amplification
mechanism and a Bernoulli-Euler beam model of the tweezer-
style end-effector. The end-effector tip force and displacement
is measured using an inverse model of the nested multi-layer
structure relating these quantities to an induced voltage across
the inner-most PZT actuator.

The prototype end-effector has the size of 69 (length) x 14
(height) x 13 (width) [mm]. The performance test shows that the
prototype has 1.0 [N] force and 8.8 [mm] displacement at the tip.
The sensing accuracy was also evaluated through experiments.
The experimental results show that the prototype has mean error
of 0.086 [N] for force and 0.39 [mm] for displacement, which are
equivalent to 11% of their maximum measurable values.

Index Terms—Robotic end-effector, Piezoelectric stack actua-
tor, Sensing capability

I. INTRODUCTION

The advantages of robot-assisted surgery are widely rec-
ognized [1]. Many robotic devices have been developed and
tested for minimally invasive surgery and intervention. Provid-
ing force information to an operator, i.e., haptic feedback, is
considered likely to improve the performance of tele-surgery;
however, this has not been achieved yet in a fully practical
fashion due to a lack of compact and high performance force
sensors. Compact size is essential for minimally invasive
surgery. Furthermore, ferromagnetic materials are impermis-
sible for MRI use [2], [3], [4], [5], which greatly limits the
choice of robot components.

Recent advances in both sensing and actuation technologies
have produced exciting new ideas in the growing field of
biomedical devices. Novel robotic and mechatronic devices
used in biomedical systems require actuators that possess
the following qualities: energy efficiency, compactness, low
weight, high-speed, silent operations, and natural compliance.
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In recent years, great advances in actuation have been pre-
sented using, e.g., shape memory aloys [6], [7], pneumatic
rubber actuators [8], [9], conductive polymers [10], and piezo-
electric materials [11], [12]. These novel actuators are useful
for multiple robotic applications, including human assistive
technologies [13], [14] and other biomedical applications.
Actuators using piezoelectric materials are also promising;
they can be characterized by their high power density, high
bandwidth, and high efficiency. The direct and converse
piezoelectric effect make piezoelectric materials useful for
both sensing and actuation [15], [16], [17], [18], [19]. A
piezoelectric material generates electric charges on its surfaces
when stress is applied. This effect, called “direct piezoelectric
effect”, enables one to use the material as a sensor that
measures its strain, or displacement associated with the strain.
The “converse piezoelectric effect,” where the application
of an electrical field creates mechanica deformation in the
material, enables one to use the material as an actuator.

In this paper, amethod to measure the tip-force of atweezer-
style piezoelectric end-effector without using additional sen-
sors is presented. Piezoelectric stack actuators are serially
connected and nested in a multi-layered strain amplification
mechanism to create a large displacement at the tip of the end-
effector. Conversely, the tip-force of the end-effector in contact
with tissues/organs is estimated by measuring an induced
voltage across one of the nested piezoelectric actuators. The
idea is to use one of serially-connected piezoelectric stack
actuators embedded in the end-effector as a force sensor.
The force measurement capability is extremely important for
medical applications because most tissues and organs are very
soft and delicate [20], [21], [22], [23]. This sensor-equipped
end-effector will provide not only haptic feedback functional-
ity to the operator but also recording capability of surgical
process. The “sensor-less’ design would also contribute to
simplification and miniaturization of the end-effector design.

The force-displacement characteristics at the outer-most
layer with respect to the forces of theinner-most PZT actuators
(i.e., forward model) can be obtained from alumped parameter
model of the rhombus strain amplification mechanism and a
beam model of the tweezer-style end-effector. The key idea
is to use an inverse model of the nested multi-layer structure
to calculate the tip force and displacement from an induced
voltage across the inner-most PZT actuator.

The remainder of this paper is organized as follows: in
section 11, a rhombus strain amplification mechanism and
its lumped parameter model originaly proposed by Ueda
et a. [24] are briefly explained. The rhombus mechanism
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Fig. 1. Developed piezoelectric end-effector with force- and displacement-
sensing capability

is designed to satisfy desired performance. In section Ill,
a tweezer-style end-effector is designed and fabricated (see
Figure 1). In section IV, the inverse model of the nested
structure is obtained. In section V, force and displacement
sensing performance is evaluated.

Il. PIEZOELECTRIC ACTUATORS WITH STRAIN
AMPLIFICATION MECHANISM

A. Overview of the Rhombus strain amplification mechanism

In this paper, the piezoelectric actuators are used to actuate
an end-effector. Piezoelectric ceramics, such as lead zirconate
titanate (PZT), have a high power density, high bandwidth,
and high efficiency. The largest drawback of PZT is its
extremely small strain, typically 0.1%. In order to generate
a stroke large enough to drive the end-effector, a nested
rhombus multi-layer mechanism [24] was adopted. Figure 2
shows an embodiment of the rhombus strain amplification
mechanism. The mechanism is a rhombus-like hexagon that
contracts in a longitudinal direction due to the contraction of
the internal unit while it expands in the lateral direction (see
Figure 3). A schematic assembly process is shown in Figure 4.
Series of the PZT actuators were connected and nested in the
rhombus amplification mechanism. This mechanism exhibits
zero backlash and silent operation since no gears, bearings, or
sliding mechanisms are used in the amplification structures.
Figure 5 shows the assembled mechanism. Henceforth in
this paper we shall call this assembled mechanism with PZT
actuators and rhombus mechanism as “actuator module”.

In the remainder of this section, the rhombus strain am-
plification mechanism and its lumped parameter model are
briefly explained. For more detailed analysis and explanation,
see [24].

B. Model of a Rhombus Mechanism [24]

Consider the mechanism shown in Figure 6 where a rhom-
bus mechanism is connected to a spring load. k.4 is the
elastic modulus of the load, and k.. is the elastic modulus of
the internal unit, such as a PZT stack actuator. Ax,,. is the
displacement of the internal unit, and f,,.. is the force applied
to the amplification mechanism from the internal unit. f; is

Fig. 2. Rhombus mechanism Fig. 3.

Actuator module

Strain amplification (Rhombus)
Mechanism

@.:_ PZT stack actuators

Fig. 4. Schematic assembly of nested rhombus multi-layer mechanism

the force applied to the load by the actuator, and Ax; is the
displacement of the load.

To illustrate the structural compliance, consider a lumped
parameter model shown in Figure 7 with three spring elements,
ky ., kBr, ko, and one amplification leverage a. The three
springs represent compliance of the mechanism: even if the
displacement of the internal piezoelectric stack actuator is
fixed, the end-point may move when an externa force is
applied to this point. This implies the existence of a spring
element between the piezoelectric stack actuator and the end-
point, which is represented by two serial springs ko and k;.
In addition, if the piezoelectric stack actuator contracts, even
when the external load is zero, the amplification mechanism
creates a force opposed to this movement. This implies the
existence of a spring element connected in paraléd to the
piezoelectric actuator, which is represented by & ;.

From Figure 7,

fpzt + kBI(AQJC — Axpzt) — kpztAl'pzt = 0 (1)
akpo(alAx. — Az1) + kjAxe + kpr(Aze — Azpe) =0 (2)
J1 = kioadAz1 = kpo(aldz. — Ax1) ©)

where Az. is the displacement at the connecting point
between the leverage and the springs;, however, this point is
virtual and Az, does not correspond to a physical displace-

ment.
From Equation (1) to (3), the relationship between f,., and
Axy is given by

(akBrkBo) fpst =
[kload{a2k51k10 + kprks + kpze (a2k‘Bo + ks +ksr)}
+kpo(kprks + kpztks + kprkpzt)] - Az1. (4)

In this paper, multiple PZT actuators are used in the actuator
module. Let N and n be the total number of the PZT actuators
and the number of the energized actuators, respectively. Then
we have
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Fig. 5. Assembled actuator module. In this prototype, five PZT actuators are
used.

\

Inner piezoelectric
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Fig. 6. Rhombus Mechanism with structural flexibilities [24]

fi = (kioaa + k1) - Az (5)
where
» kpzt
o= K. (kBIkJ + 2 (g + kBI)) ®)
fl = Kc . akBI . %fpzt (7)
where

—1

kp-
K. =kpo (CLQk’BIk/’BO + kerks + ;;/vt (a®kpo + ks + ksr)
®

In the “blocked case” as shown in Figure 8 (a) where the
output displacement is totally constrained, the force is largest.
On the other hand, in the “free case” as shown in Figure 8
(b), the displacement is largest. From Equation (5) to (7), the
largest force f{™** and the largest displacement Az]*** can
be given by

N rmazx
N fpzt (9)

akB[

K. -akpr -

fmaz _
1 =

Az =

(10)

n max
X = fpat
kprks + k’;\?t (ky+kp) N -

where f7¢% is the maximum force when all the PZT actuators
are energized.

Fig. 7. Lumped parameter model of strain amplification mechanism [24]

- -
A xﬁlock ‘|
2

(8) blocked

Fig. 8. Deformation in blocked and free cases

C. Design of the Rhombus Mechanism

The four structural lumped parameters, i.e., a,kgr, ko,
and k;, are calibrated by the displacements and forces from
the blocked and free-load cases. Equation (1) to (3) give

-1
kjAzy Axy
k = la— ——— 11
BI Axaree ( Amgree> ( )
-1
(kBI+kJ) ll;lDCk LL2 glock
kpo = Agtlock -\ akBr — Agblock (12)
afaree
k; = . 13
J Ay (13)

Leverage a is determined by using free-displacement char-
acteristics and kinematic characteristics of the structure such

as the angle of the oblique beam 3, i.e, Aﬁffw < a<

cot(B — 5 ). In this case, leverage a can be determined by

Az
’ Amgree

az(l—c)cot(ﬁ—ﬁ)—i—c (14

2

where 0 < ¢ < 1.

In this paper, the desired performance of the robotic end-
effector is set to 1.0 [N] force and 10 [mm] displacement at the
tip, which are determined to be comparable to the performance
of one of Da Vinci's end-effectors and a surgical clip. Taking
this into account, the dimensions of the rhombus mechanism
are determined to satisfy f; > 2.0 [N] and Az; > 14
[mm], using five PZT actuators (N = 5). Figure 9 shows
the resulting rhombus mechanism. The maximum available
force and displacement in this configuration are shown in the
“Simulation” item of Table I.
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Fig. 9. Drawings of the strain amplification mechanism
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Fig. 10. Schematic model of the end-effector structure

D. Development and Experiment

The mechanism fabricated from phosphor bronze is shown
in Figure 2. As is shown in Figure 4, five PZT actuators are
connected in series and nested in the amplification mechanism.
In this paper, PZT piezoelectric actuators with “moonie’-type
[25], [26] amplification mechanism (APA35XS, CEDRAT,
Inc.) were used. The specification of APA35XS is shown in
Table 1.

The performance of the actuator module developed here
is evaluated by a force transducer and a laser displacement
sensor. The results are shown in the “Experiment” item of
Table I.

TABLE |
PERFORMANCE OF THE ACTUATOR MODULE

[ Max. displacement [mm] [ Max. force [N]

Simulation | 1.48 | 2.58
Experiment || 1.44 | 2.10
TABLE Il
SPECIFICATION OF PZT STACK ACTUATOR (CEDRAT TECHNOLOGY INC.:
APA35XS)
Height [ Length Width | Max. displacement | Max. force

5.5[mm] [ 1325[mm] [ 5.0 [mm] | 55 [um] [ 271N]

Ill. TWEEZER-STYLE END-EFFECTOR WITH PZT
ACTUATORS

A. Model of tweezer-style end-effector

The rhombus mechanism with a PZT actuators is nested into
a tweezer-style end-effector with a reverse action mechanism.
In this section, a Bernoulli-Euler beam model of the tweezer-
style end-effector will be obtained.

The schematic model of the end-effector is shown in Figure
10. The displacement at the point A, i.e. 4, where the force
from the actuator module is applied, and the displacement at
the tip, i.e. 65, can be written as

[ Caz Caq Ca1 Cas
04 = (2Eh + 2E1'3) Wa+ (2E11 * 2E1'3) We (19)
_ CBQ CBE) CBI CBB CB4
08 = <2E11 + 2E13) Wa+ (th tomn T 2E13> Ws

(16)
where W4, W are the forces at the points A and B. E is
Young's modulus of the phosphorus bronze, and I, I, I3 are
the second moment of area. Cy; ~ Cq4 and Cp; ~ Cps
are coefficients obtained from Castigliano’s theorem using a
Bernoulli-Euler beam model of the tweezer-style end-effector
(see appendix). Equation (15) and (16) will be used not
only for determining the dimensions of the end-effector that
achieves the desired performance but aso for obtaining the
inverse models that calculate the tip force and displacement
from the force applied to the inner-most actuator unit.

B. Design and development

Let W, be the force at the point A to achieve the desired tip
displacement when the tip of the end-effector is free (W5 =
0). Then we have

Cp2
2E1LL

—1
Wi — ( 205;3) Sa. 17)
Here &4 is given from Equation (15).

The dimensions of the end-effector were designed by a
simulation software so as to have the force and displacement as
large as possible when taking the actuator module performance
into account. Consequently, 1.1 [N] and 9.0 [mm] at the tip
was obtained when the design shown in Figure 11. The stress
analysis of the designed end-effector is shown in Figure 12.
The maximum von Mises stress when the actuator module
exerts the maximum force is 274 [MP4]. Since the yield stress
of phosphor bronze is 528 [MPa], the end-effector designed
has a sufficient strength.

The fabricated tweezer-style end-effector is shown in Figure
13. Figure 14 and Figure 15 shows the assembled end-effector
nested actuator module described in section 11. The dimensions
are shown in Table Il1.

The performance test of the assembled end-effector was
conducted using a force sensor and a laser displacement
sensor. Figure 16 shows the force and displacement profiles
when the input voltage alters from 0 to 150[V] and 150 to
O[V] in about 5 [sec] each. Table IV summarizes the results
of the simulation and experiment. Finally, the prototype end-
effector produces 1.0 [N] static pinching force and 8.8 [mm]
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Fig. 11. Drawings of the tweezer-style end-effector
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Fig. 12. Stress analysis of end-effector

displacement when providing 150[V] input voltage to the five
PZT actuators. The natural frequency of the fabricated end-
effector is 36[Hz]; uncompensated bandwidth of the actuation
up to 35[Hz] was confirmed. This actuation bandwidth is
greatly wider than existing robotic micro grippers driven
by tendons or MRI-compatible manipulators driven by fluid
actuators. The bandwidth could be further improved if a
vibration compensation controller is implemented.

Fabricated end-effector

Fig. 13.

Rhombus
mechanism

F
2.
o S Tweezers

part

Piezoelectric
actuator

Fig. 15. Motion of the end-effector. The developed end-effector has areverse
action mechanism; the tips close when the actuators are energized.

IV. SENSING OF FORCE AND DISPLACEMENT
A. Concept of force and displacement sensing

Force sensing capability without additional sensors can be
realized by taking advantage of one of serially-connected PZT
actuators as a force sensor. The lumped parameter models for
the strain amplification mechanism and the Bernoulli-Euler
beam model of the tweezer-style end-effector presented in
section 11-B and section I11-A constitute the inverse models
which can be used to determine the tip force and displacement
from the voltage across a PZT stack.

B. Force-sensing circuit for a PZT actuator

The force sensing circuit was designed following traditional
charge sensing circuits for the piezoelectric effect [27], [28],
[29]. The circuit used in the experiment is shown in Figure 17.
By measuring V,, and V., the applied force to a PZT actuator
can be obtained:

TABLE 11
DIMENSIONS OF THE ASSEMBLED END-EFFECTOR
Length [mm 68.6
Height [mm 14.0
Width [mm] 13.25
TABLE IV

PERFORMANCE OF THE ASSEMBLED END-EFFECTOR

|| Displacement [mm] | Force [N]
Simulation 9.0 11
Experiment 8.8 1.0
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Voltage [V]
(a) Force profile

Displacement [mm]
[N} w S
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Voltage [V]
(b) Displacement profile (one side)
Fig. 16. Force and displacement performance. Circles are forward (from O

to 150[V] in 5 [sec]) and inverse-triangles are backward (from 150 to O[V]
in 5 [sec]) directions.
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Fig. 17. Circuit chart for PZT charge sensing
fs = KS(CPVP + CCVC) (18)

where K is the sensitivity of the piezoelectric effect. K
can be obtained from Equation (18) by measuring the voltage
V, and V. in the circuit when known forces are applied. In
our configuration, K; = 4.3 [N/uC] was obtained from the
experiment.

The force sensing performance of a PZT actuator is shown

— 41
Z 10 ",‘
8 P ’¢‘
3 3 Ry
< L*
el o l.*
4 ¥
g -20 -15 -10 -5 ‘," 5 10 15 20
g »oos
- 3
17 I
o o

P 10

¥
$

20
True force [N]

Fig. 18. Results of the force estimation by a PZT actuator and force sensing
circuit

Inner piezoelectric
element

Fig. 19. Equivalent model of the end-effector

in Figure 18. Table V shows the circuit parameters used in the
experiment and Table VI summarizes the experimental results.

C. Inverse model for force sensing

The applied force to the PZT actuator used as a sensor can
be written as

fs = fozt — kpzt ATpae. (19)

The rhombus mechanism can be described the lumped
parameter model as shown in Figure 19. Since Figure 19 has
a symmetric configuration, Equation (1) — (3) can be written
as

TABLE V
CIRCUIT PARAMETERS

Ry [MSQ)] ]| 1.00
R, [M Q[ || 200
C, [n A || 041
C. [ Fl || 100
TABLE VI

RESULT OF THE FORCE SENSING EXPERIMENT

Maximum difference [N] 1.45
Minimum difference [N] || 2.44 x 10—%
RMSE [N] 0.54
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fpzt + kBI(Axc - A-szt) - kpztAxpzt =0 (20)

akso (adz. — B2V ks v+ kit (Aze — Azpe) = 0 (2D)
Az A
B a2 = koo (abze - 5 22)
where Az, and f; are replaced by Az, /2 and f;/2, respec-
tively. From Equation (19) — (22),
- kskioaa | kY Az
fs - (akload + — k‘BO ;) 2 . (23)

Here we assume that f,.. has a linear relationship with the
input voltage V' to the energized actuators:

fma:v
fozt =
Vmaz

From Equation (5), (20), (24), fs can be given by

V. (24)

fs == Ka -V (25)
_n akprK. fmaz kikioaa | kg
Ka, - ﬁ kload + k1 Vmaz ( kload + kBO + ?) ' (26)
Here f, can aso be written as
fs _ fs ree +f§lock (ZD

where f/m¢¢ and ft°¢* are the forces applied to the PZT

actuator for sensing when the tip of the end-effector is free
and blocked, respectively. Let V... denote the voltage when
the tip is free. Then

Kaf,ree : Vf’l'ee
KZZOCk . (V _ Vfree)

ree  __
fs =

fflock

where K/7e¢, Kblock are K, when the tip is free and blocked,
respectively.
Now Equation (30) follows from Equation (27)

(28)
(29)

Kglock 1
K block _ Ké'ree K block _

Viree = - fa- (30)

K({'ree

For force sensing, 6%°°*, which is the tip displacement when
the tip is blocked, can be assumed to be zero. Then Equation
(16) gives

oc C
ngk:(B1+

CBsa CBa ) -t
2E 1

2EI, ' 2EI;
Cp2 Cbs block

<2E11 + 2E13) Wa
where Whek and Whlek are W, and W when the tip is
blocked. Here Whlock satisfies

(D)

block

block
Wa = kioad -

. ghlock, (32)

In Figure 19, Az, equals to 26 4. Therefore, Equation (23)
and (29) give

block

kload + + — (V - VfTEE)' (33)

block -1
6block . Kblock: kaload kJ
A = —_
¢ akpo

Thus, the inverse model for the force sensing can be
obtained from Equation (31) — (33) as

CBQ CVBr
Kblock kblock ( 5 )
wad \ 557, V95T,

( Cp1 CBs CBa )71
2FE 1 2F 1> 2F13

k kblock k -1
« (ont + Byl o

Wp =

Kf'ree 1
X (_ Kblock _ Kc{reev—’— Kblock _ peiree 'f5> (34)

D. Inverse model for displacement sensing

For displacement sensing, W = 0 can be assumed
because the tip is free. Then Equat|on (16) gives

free

C C
free __ A2 A4 . free
5 _<2E11+2E1'3) wiree. (35)
W4, which is W4 when the tip is free, satisfies
vaee _ kforae; 6free (36)

Equation (23) and (28) give

LA

-1
+ > Vfree~ (37)

kfree
akBo a
(38)

f _ it
6A’ree — KaTee < Jre

Thus, the inverse model for the displacement sensing can be

obtained from Equation (35) — (37) as
Caz Caa
— Kfree free ( >
05 Most \ 35T, T 2B 1
k kf'ree k -1
free J VS Voad J
X (ak:load + . + o )
KZZOCk 1
x (Kglogk _ K(j:reev - KngCk _ Kaf'ree ' fs . (39)

V. EXPERIMENT AND DISCUSSION

The overview of the force estimation experiment is shown
in Figure 20. Figure 21 shows the experimental results of the
force and displacement estimations when the input voltage cy-
clesfrom 0 to 150 [V] (forward) and 150 to O [V] (backward).
In this experiment, the force was measured under the blocked
condition where the tip of the end-effector is in contact with
a force transducer. On the other hand, the displacement was
measured under the free condition using a non-contact laser
position sensor. The estimation errors are summarized in Table
VII. The accuracy is 12% (forward) and 9.8% (backward) for
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Real force [N]
(a) Force estimation
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Estimated displacement [mm]
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Fig. 21. Result of displacement and force estimation. Circles are forward
( from O to 150[V]) and inverse-triangles are backward (from 150 to O[V])
directions.

the force sensing, and 4% (forward) and 18% (backward) for
the displacement sensing.

The total accuracy is 11% of the maximum measurable
values for both displacement and force sensing.

One possible reason for the hysteresis is the characteristics
of the PZT actuator. In general, PZT actuators have hysteresis
between the input voltage and their deformation. In this
paper, the relationship between the input voltage and the
force generated by the PZT actuator was modeled by a linear
function. This could be responsible for the estimation error.

0.6
0.5+
04
0.3t
0.2

Estimated force [N]

0.1t

0 02 04 06 08 1 12 14 1.6
Time [s]

Fig. 22. Force measurement under 0.5 [N] force is applied

Figure 22 shows the force profile estimated when 0.5 [N]
is statically applied for about 1 [sec]. This figure shows the
estimated force is stable and successfully goes back to zero
when unloaded. This indicates there is not significant charge
loss and bias. However, charge loss and bias issues might
occur when the device is used for a very long time. In such
cases, periodic charge resets would be necessary to maintain
the sensing accuracy.

The sensing accuracy could be improved by using tradi-
tional methods to improve hysteresis characteristics of PZT
actuators, e.g., using model functions obtained by experiments
[30]; applying an electric charge [31]; observing an induced
charge [32]. Applying a very low increasing- and decreasing-
rate input-voltage to the PZT actuators also would improve
the hysteresis.

VI. CONCLUSION

This paper presented a tweezer-type end-effector with
displacement- and force-sensing capability. The end-effector is
actuated by PZT piezoelectric stack actuators with a rhombus
strain amplification mechanism. The inverse models of the
nested multi-layer structure that calculate the tip force and
displacement were obtained from a lumped parameter model
of the rhombus strain amplification mechanism and a beam
model of the tweezer-style end-effector.

The dimensions of the end-effector were determined by tak-
ing the elastic properties of both the actuators and end-effector
mechanism into account. The prototype has a size of 69

TABLE VII
MEAN ERROR OF ESTIMATION

Mean Error [| Forward | Backward | Total
Force [N] 0.094 0.078 0.086
12[%] 9.8[%0] 11[%]

Displacement [mm] 0.14 0.63 0.39
4.0[%] 18[%] | 11[%]

Std. Dev. [| Forward | Backward [ Total
Force [N] 0.066 0.051 0.061
Displacement [mm] 0.10 0.32 0.33
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(length) x 14 (height) x 13 (width) [mm]. The performance
of the prototype was tested by simulation and experiments.
We confirmed that the prototype has 1.0 [N] blocked force
and 8.8 [mm] free displacement at the tip. We also evaluated
the accuracy of the force and displacement measurement. The
mean errors were 0.086 [N] for force and 0.39 [mm] for
displacement sensing, which are equivalent to 11% of their
maximum measurabl e values. Sophistication and improvement
of the end-effector model, the force-sensing circuit, and the
hysteresis characteristics of the PZT actuators will enhance
the sensing accuracy.

The force/displacement requirements in actual surgical ap-
plications depend on tasks and situations. For example, endo-
scopic hemostatic clipping devices have 9-12 [mm] for their
jaw opening width [33]. Also endoscopic surgery generally
requires over 1 [N] for hemostatic clips, 1-5 [N] for suture
tying, 2-5 [N] for tool grasping and tissue cutting, and 10
[N] for securely holding [34], [35]. Additionaly, an easily
washable structure is required when the proposed end-effector
isto be used as a surgical tool. Careful shields of electric leads
and actuators are necessary to obtain the MRI compatibility
that allows the MRI-guided surgery. The dimensions of the
end-effector should also be miniaturized to minimize the
aperture radius when considering applications in laparoscopic
and endoscopic surgeries. These issues would be taken into
account in our next version.
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APPENDIX

Figure 23 shows a schematic diagram of the end-effector.
Here we assume the end-effector is fixed at point C and the
force generated from the actuator module is applied at the
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X
> p,

Fig. 23. Schematic of the end-effector

point A. From Castigliano’s theorem using a Bernoulli-Euler
beam model, C4; ~ Cy4 and Cp; ~ Cps in Equation (15)

and Equation (16) can be written as follows:

Car = —%{p8+(pz—po—p1)3}

+(lo + 11 cos 0 + l2 cos a)po(po — 2p2) + popd
—(lo + 11 cosf + Iz cos @ — po — p1)(p2 — po — p1)°

+(p2 — po —p1)3
Caz = %{p8+(pz—po—p1)3}
+2p2po(p2 — po)
Cas = —2pt + (p2 — po)pi
+(lo + 11 cos 0 + 2 cos a — po)p1(p1 — 2p2 + 2po)
Cas = 2pt + 2(p2 — po)p1(a — po — p1)
Cp1 = %{pg+(p2—p0—p1)3}

+%(l0 —pg)3 + %lg’ cos® a
+2po(lo + 11 cos @ + l2 cos o)
X (lo + 11 cos 0 + l2 cosaw — po)
+2(lo + 11 cosf + lacosa — po — p1)(p2 — po — p1)
X (lo + 11 cos 0 + Iz cos v — p2)
+2(lo — p2)(lo + 11 cos @ + 2 cosa — p2)
X (I3 cos @ 4 l2 cos o)

Cp2 = —%{pg-l—(pz—Po—Zh)g}

+p2pi + (p2 — po — p1)°
+po(lo + 11 cos 0 + l2 cos ) (po — 2p2)
—(lo + 11 cos@ +lacosa — po — p1)

x(pz = po — p1)°
Cps = %l? cos® @
4211 cos 013 cos a(l1 cos O + Iz cos )
Cpy = 2p? +2p1(lo + L1 cos O + Iy cos a — po)
X (lo + 11 cosf + lacosa — pg — p1)
Cps = —2pi + (p2 — po)pi

+p1(lo + 11 cos @ + Iz cos o — po) (pr — 2p2 + 2po)

(40)

(41)

(42)
43

(44)
(45)

(46)

(47)

(48)

(49)

where pg, p1, p2 are the lengths between Cand D, D and E, C
and A respectively, Iy, 11,12 are the lengths between C and F,
F and G, G and B respectively, and 6, « are the angles shown

in Figure 23.
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