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A Force and Displacement Self-Sensing
Piezoelectric MRI-Compatible Tweezer End
Effector with an On Site Calibration Procedure

Timothy McPherson and Jun Ueda

Abstract—This work describes a self-sensing technique for a of the bridge circuit requires close matching of the piezo
piezoelectrically driven MRI-compatible tweezer style ed effec- capacitance, 2) only dynamic (i.e., vibration) measuremen
tor, suitable for robot assisted, MRI guided surgery. Nestd strain are possible, and 3) the hysteresis of the material is neglec
amplification mechanisms are used to amplify the displacenm ' .
of the piezo actuators to practical levels for robotics. By ging a More re_cent work has addressed some of these issues by
hysteretic piezoelectric model and a two port network modefor ~ developing methods based on charge measurement, but make
the compliant nested strain amplifiers, it is shown that fore limiting assumptions, such as zero force or zero displacéme
and displacement at the tweezer tip can be estimated if the on the actuator, and do not directly model hysteresis [10] [1
input voltage and charge are measured. One piezo unit is used 1151 New models have also been developed to take hysteresis

simultaneously as a sensor and an actuator, preserving theulf . . . .
actuation capability of the device. An on site calibration poce- into account [13] [14]. As explained in [13], hysteresis is

dure is proposed that calibrates the combined electromechmcal observed between voltage and charge but not charge and
model without requiring specific loading conditions on the nner  displacement, which suggests that the hysteresis occuihgin

piezoelectric actuators. Experimental validation showsaaverage electrical domain. This means that for quasistatic opemati
of 12% error between the self-sensed and true values. charge is linearly related to displacement if there is zero
Index Terms—Piezoelectric actuation, Self-Sensing, MRl Com- external force on the actuator, or vice versa, so the lineatah

patibility, Robotic End Effector. can appear correct. If one attempts to extend this model to a
self-sensing scheme with unknown loading conditions, it is
. INTRODUCTION quickly seen that a model considering hysteresis is needed.

OBOT assisted surgery has quickly become a highly Badel et al. use the hysteretic model of [13] to achieve this,
active field of research and is beginning to enter maifs Well as implementing force control based on the selfesens
stream medicine with the success of the Da Vinci robdfyeasurement [15]. In this work, calibration of the hysteret
developed by Intuitive Surgical Inc. [1]. Concurrentlysearch model required two extreme loading conditions, namelyyful
has been undertaken in magnetic resonance imaging (MRIgcked and fully free. These loading conditions are easily
guided surgery [2] [3] [4] [5]. The combination of thesgoe realizable in piezoelectric actuators when used asdis, b
two fields has the potential to improve patient outcomes I§nnot be replicated in built-in actuators including arfigdi
allowing an increasing number of procedures to be completBg T actuators. This paper will show that intricate couplieg
in a minimally invasive way. To that end, the investigatidn dween parameters in the mathematical model makes it difficul
new actuation and sensing strategies that are MRI compatil§! calibrate the hysteresis model. Kurita et al. invesédahe
is needed to bring robotics into the MRI environment. RelgentSensing problem for a tweezer-style end effector, and mego
a MRI compatible tweezer style end effector suitable fd#Sing one actuator out of serially-connected actuatoedysab
robotic surgery has been devloped by Kurita et al., and gssensor [6]. Their results were promising, but the hysteres
the starting point of this research [6]. was not modeled and the loading condition at the tip needed be
Self-sensing actuation, or simultaneous actuation ans-seknown a priori. Consequently, there is no existing methad th
ing, is a technique that takes advantage of the unique meperprovides means to calibrate the electromechanical hysseoé
of piezoelectric materials not only to use them as sensofénplified PZT actuators.
but to also simultaneously produced forces and displacmen In this paper, a new on site calibration procedure will be
This is achieved by using a specially designed circuit. Thiyesented that does not require specific loading conditions
concept was originally proposed by Dosch et al. [7]. A bridgen the piezo actuator. A self-sensing technique is attracti
circuit was developed by placing capacitances in series apcause it does not sacrifice actuation capability. An tn-si
parallel with the piezoelectric actuator that produced liage calibration procedure is developed based on a mathematical
output proportional to velocity or force. The method was-sulnodel with a hysteretic piezoelectric model and a two-port
sequently refined and applied by other researchers [8] [#3. Tnetwork model of the compliant amplified PZT actuators.

three main drawbacks of the method are 1) that the operati-UhiS formalism reveals mathematical insights that leadrto a
effective calibration procedure. Although this paper fees
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Fig. 1. Fully assembled tweezer structure. The tweezers aatnas the third fmmmmmmmmmm e
layer of amplification. Fig. 2. Schematic diagram of a rhomboidal strain amplifiersmAall input

displacementAz,,.+ is amplified at the outputAx;.

types of micromanipulators, in which amplified PZT actuator
are already in use.

Il. TWEEZERSTRUCTURE

Piezoelectric actuators produce extremely small strain bu
comparatively large force. For robotic applications, &rg
displacements can be achieved by trading off force with fi
amplification mechanisms, such as the rhomboidal mechanism
By nesting several of such mechanisms inside each other,
strain rates of up to 20% can be achieved with sufficient force ~ —™1
[16]. Using this principle, piezoelectrically driven twesss o)
were developed with three layers of strain amplification [6]

The first layer is made up of five commercially available

Cedrat APA35XS piezoelectric actuators. The APA35XS con-

sists of a multilayer Lead Zirconate Titanate (PZT) stack

actuator surrounded by a single rhomboidal strain amplifi%r_ 3. Schemati ation of d amplificativarlEi wat
These actuators are surrounded by a second ampIifica‘q,c,')ggerieS t?]aet”(]";‘iv'g rﬁg?ﬁ;&%ﬁﬂ; SZ%E?& ij”;‘ﬁ"ca pererive actiators
mechanism. Finally, the lever action of the tweezer arms

themselves provide a third layer of amplification. The fully

assembled tweezer device is shown in Fig.1. The tweezershe input-output behavior of nested rhomboidal strain am-
produce 0.1 N of pinching force when fully blocked or 7 mnyjifiers can be represented by single, combined two port
of displacement when fully free, and require a supply v@tag,etwork if every layer is represented by a two port network
of 0 to 150 V. Detailed information on the development of thig 6]. However, it is not immediately obvious how to account
device is found in [6]. Note that the force produced is lowgpyr the five actuators in series that drive the input of the
than the previous version of the device due to manufacturiggeond layer. The question arises, can five rhomboidahstrai
difficulties. Future versions of the device are expected {gnplifiers connected in series also be represented by aesingl
produce 1 N of pinching force as reported in [6]. two port network model? If so, the input-output relatiomsbf
Under quasistatic operation, a rhomboidal strain amplifighe tweezer mechanism as a whole could be assumed to be a

can be represented by a two port network model of the forffyo port network. Consider Fig. 5 and Fig. 6. We assume

[16] A that each strain amplifier sees an identical input since the
[fpzt} = {81 ‘93] [ Axpzt] (1) PZT actuators are connected electrically in parallel. Winen
S 53 52 11 output is blocked, we have the equivalent of five springs in

Forces and displacements are defined as shown in Fig.parallel at the input, meaning the effective would be five
The parameters of the model can be interpreted intuitivetiynes that of a single rhomboid. When the input is blocked, th
as follows. s; is the stiffness at the input when the outputhomboids act as springs in series in the output direction, s
is blocked.ss is the stiffness at the output when the inputhe effectives, is one fifth that of a single rhomboid. Finally,

is blocked. Finally,s3 is the ratio of force produced at thewhen the output is blocked, a given input displacement will
blocked output to a given input displacement. The secondeate the same output force for a singe rhombus as for five in
and third amplification layers amplification layers can bseries. The reaction forces at connection points caneelifg
similarly represented by two port networks, as described ihe output force unchanged. It is now seen that the series
[6]. Schematic diagrams are shown in Fig. 3 and Fig 4.  connection of five actuators can be modeled with a single two
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Fig. 4. Schematic representation of the tweezer arms armhdemmplifi-
cation layer. The output of the second layer drives and irgmat the lever *
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Fig. 7. Piezoelectric Actuator Model

Fig. 5. Mechanical analysis of five rhomboids in series, outgocked.

port network. The input force to the combined modes ., ©f . Cp is the clamped capacitance of the actuaiorjs

and the input displacement isz,.,, since the five PZT stack the external force, and is the short circuit stiffness of the

actuators act in parallel on thepinput. actuator.H (q) is an operator modeling hysteresis and creep,
Recall that if each layer of the device can be written as3 S€en in Fig. 8, _ _ _

two port network, which was just shown, the entire device can™Many phenomenological hysteresis models exist that can

be modeled by a single two port network model. This givesbe used to definél (¢), such as the Prandtl-Ishlinskii operator
[17], Preisach operator [18], Generalized Maxwell Slip @pe

[ Jpzt } — [Sl 53} [Axpzt] (2) tor [13], and differential equations method [19]. The maatifi
nafrip S5 S| Aty Prandtl-Ishlinkii approach developed by Kuhnen in [20] is
where S1,52, and S3 are the parameters describing the conused here due to several useful advantages, such as thg abili
bined effects of all three amplification layers; is the number to model asymmetric loops and minor loops, an automatic
of actuators connected in series, five in this case. Thistengua identification procedure, and extendability to creep mindel
can then be rearranged to give outputs in terms of inputs. It is based on the weighted summation of elementary play,
superposition, and creep operators. ldentification of titsig

—5 1 can be formulated as a quadratic programming problem,
[Axtip} _ S S3 {A%zt} ©) described in detail in [20]. In short, one experiment is ezl
Jrip g 518 So| [nafpat to generate an input-output relationship. The weights fage t
8T8 Sy optimized by a numerical search such that they minimize the

error squared between model and experiment.
I1l. ELECTROMECHANICAL MODELING OF

PIEZOELECTRICACTUATORS

Piezoceramics are known to exhibit pronounced hysteresis, i i )
and this effect is evident in Fig. 8. Note that the nonlin@/ariA' Combined Electromechanical Model of the Tweezer Device

becomes greater with larger inputs, leading to the creationEquations (4) and (6) can be written in matrix form, shown
of minor loops inside the major loop that represents the fuih (8).

IV. SELF-SENSING TECHNIQUE

input output range. The electromechanical model proposed 1 Gy

by Goldfarb and Celanovic is now widely in use to model [Ad?pzt] _ |« Q [Q] @)
this behavior [13]. A schematic representation of the mdaslel Ipzt —k Cok | Vo

shown in Fig. 7. The model describes the hysteric behavior of o YT

the actuator _in addition to the elgctrical—mgchanicalrmay Note we have negatedl since we wish to represent the force
i—agzzgrtiggddI[;ecgj;nt?]r(;%nvher(sg piezoelectric effects. WM g, jieq by the PZT actuator rather than the external force
y 9 ' on the actuator, since the latter is the input to the two port

q = alzy + C,V, (4) network model representing the tweezers. Combining (&) wit
(3) the force and displacement at the tip can be written in
Vi = H(q) ®)  terms of ¢ and V,,. Note that the matrix of (8) has been
Axpt 1 modified to reflect that connection of actuators electrjcal
= ©) - -
fost +QV,  k parallel, but constants, C,,, andk are with respect to a single
V=V, 4+ Vi ) actuator. Fom 4 actuators connected in parallel, C,, and

k will all increase by a factor of 4, which is reflected in
q is electric charge} is the input voltage supplied to the(9). Additionally the charge will be: 4 times that of a single
actuator,x is the transformer ratio of the actuator with unit@actuator. As described earlier, herg is five. By noticing the
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So(—nak —S1) + 53  Sa(naCpk + CpSy +naa?) —CpS3 | L Vo
L naSsa Sz
2x 10° value [15]. When the PZT actuator is nested inside several
layers of strain amplification, it is impossible to recretie
al necessary loading conditions, so a different approachtkenta
The parameterss;, Sy, and S; can be estimated by the
o following equations [16].
QE)’ bl(;ck
I _ bz
2. 1= Al (13)
Aglree  gblock
° SQ = Zf)iie ftzlz))lock (14)
Ay Aty
o 20 40 60 8 100 120 140 fhlock
Supply Voltage (V) 53 = — Zgl T (15)
Aa:pzotc

Fig. 8. Hysteresis between input voltage and charge of thellmiactuator . .
of five in the tweezer device. The loops are traversed cotinthwise with Recall fPZt and Axpz'f are the Input force and dlsplacement

increasing voltage. Note the minor loops that form when timui voltage Supplied by the PZT actuator, whilg;, and Ax,;, are the
range is smaller. force and displacement at the tweezer tip.The supersaopk
or free indicates the loading condition at the tweezer tip
o ) .. when the measurement is taken. As discussed alfpyeand
similarity between the first and second rows of the matri¥, (%xtip can be measured easily, whife.; and Az,., must be
can be expressed as estimated from catalog data. Catalog data can also be used to
|:A:Etip:| B [ Ay A, } {nAql estimatea, k, andC,. However, it is desirable to reduce the
0)

feip SoAj + S3/naa SaAs — CpSs/al |V, number of model parameters to calibrate, especially fosg¢ho
( which depend on difficult to measure quantities. To this end,
where A; and A, are defined by consider the case of the free tweezer tip, fg, = 0.
—nak — S In this case we have
Al = 771 g (11) 53 CpS3
AP3 0= fip = (S2A1naq + S242V,) + (Eq — V}n)
A — naCpk + CpS1 + naa? (16)
2 = (12) .
Sza Notice that
Recalling thatl, = V' — H(q), it is now seen that the force and (SaA1naq+ S2AxVy) = SyAwys, (17)

displacement at the tweezer tip can be sensed simultaiyeousl
if the driving voltage, charge, and hysteresis operdigy) 2and that

free
are known. Sy = _A%Zt Ss (18)
Al
B. Model Parameter Identification This gives
In prior work on piezoelectric modeling and self-sensing, 53 _
identification of model parameters has been relativelygita 0= o (7= CqVp) = BSs Ay (19)
forward [13] [15]. However, the addition of strain amplifi-where
cation mechanisms complicates the matter. For a singular, 7 A:cnge -
unamplified PZT actuator, the parametes;sk, and C,, and B = Aqgfree (20)
the hysteresis operatoH (¢) can be identified by taking b

three measurements, namely the maximum force generated B t€rMS3 can then be canceled and the equation rearranged
the blocked actuator, the maximum displacement of the friYield an expression fov),.
actuator, and the charge vs. voltage profile of the free smtua qg af

as the input voltage is varied from it's minimum to maximum Vo = Cc, C_pr“p (21)
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TABLE | ,
MODEL PARAMETERS FORCALIBRATION OF H(q) Piezo
a 2.35 NV Piezo
B 1.59 x10—3
CP 03 HF Piezo
Aq 84 m/C
Am{);fe 10 pm
Free Piezo
Amtip 6.3 mm
Piezo .
| Instrumentation

Combining (21) with (5) and (7) gives - %XQJEVB

q af
H@) =V — =— + Az 22 <~
(@) =V C, C, hip 22) ,
Therefore knowledge of’,, Az, o, Axg:f ‘, and Afcici;,ee

are required to calibrat® (¢). C, and Axy;, can be measured Fig. 9. Charge Measurement Circuit

directly, whilea and Az, can be determined from published

catalog data. Oncél (q) is known, Ay, As, So A1+ S3/naa,

and S, A, — C,S3/a can be easily determined by regression.
One further simplifying step can be taken. When the tweezer

tip is free, Az, is directly proportional; [13]. Therefore once

the appropriate scale factey, is determined, one can write T —
1 sensor focused on
H(q)=V - IoR (1-aBAy)q (23) tweezer tip
p

This is beneficial because after initial determinationdgfthe S
displacement measurement is not needed to calibi&tg).
The model parameters in (23) are shown in Table | [21].

V. EXPERIMENTAL VALIDATION
A. Hardware and Setup

The inputs to the sensing model are charge and voltage, ,,
The actuators are driven by a Cedrat CA45 high voltage
amplifier. The amplifier shows good linearity up to 500 Hz,
well above the quasistatic operation considered here. This

means that in practice the supply voltage does not need to be

measured directly, but can be assumed as the amplifier g ﬁguisition hardware and the PZT actuators. It also ensures
times the input voltage to the amp. This eliminates the ne t the data acquisition hardware measures a low impedance

: : , which will give the best accuracy [22]. The relay
for high voltage measurement equipment. The voltage acrosgiree, w
the actuator is given by a%gws the leads of the PZT actuators to be shorted to ground.

Hysteresis is dependent on initial conditions [18]. Smgrthe
V=V.-V; (24) leads allows a consistent initial condition to be estalelisko

. that hysteresis modeling will be more accurate.
Charge can be accurately measured by placing a shun"fl y g

resistance in series with a PZT actuator and measuring théfo assess the force and displacement self-sensing two ex-
voltage drop across it [15]. The charge is then calculated pgrimental setups are used. Though the self-sensing tpahini

Experimental setup for displacement sensing

integrating the current over time. can estimate force and displacement simultaneously, theey a
1t evaluated separately here because it simplifies taking the
q(t) = E/ Vidr (25) reference measurement. For displacement, a Micro-Epsilon

0

OptoNCDT 1300 Laser Displacement sensor with a range
q(t) is the charge on the PZT actuator at timeR is the of 20 mm and resolution of 4 um is used as a reference
shunt resistance, and, is the measured voltage across themeasurement. The experimental setup is shown in Fig. 10.
resistance. Figure 9 shows the circuit used to measure&hafp measure the force at the tip a Futek LSB200 load cell
V is the driving voltage from the amplifier ard is the shunt with a range of 1 N and 0.1% accuracy of is used, with
resistance. An instrumentation amp measures the voltage dan Omega DRG-SC-BG signal conditioner. The experimental
across the shunt resistor. An instrumentation amp measusetup is shown in Fig. 11 For both cases a National Instrusnent
a differential voltage with a high impedance input on bottdSB 6229 was used to measurg and to output the control
the positive and negative terminals and low impedance signal to the amplifier. Data was recorded at 1000 Hz, and the
the output. This ensures minimal interaction between datsolution was 162 uV for all measurements.
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Fig. 11. Experimental setup for force sensing Fig. 12. Hysteresis operatof (q) calibration. The loop is traversed

clockwise with increasing charge. Minor loops form if lesguige is collected
on the actuator when it discharges.

TABLE Il
PERFORMANCE OFSELF-SENSING TECHNIQUE
. i 2.5 : : ‘
Performance of Self-Sensing Technique ¢ H 3 Raw
Measurement| Mean Error Mean Error Mean Error 2 R - = Processed|
Reported by Reported by
Kurita et al. [6] | Badel et al. [15] = 15
Displacement| 0.4 mm (12%) | 0.39 mm (11%)| 0.69 pum (2%) £
Force 0.012 N (12%)| 0.086 N (11%) 20 N (2%) Z 1
£
2 05
&
. o
B. Experiments and Results 0
. . 0.5
Force and displacement self-sensing were tested under a
variety of loading conditions from fully blocked tweezepdi -1 : 5 s o
to fully free, as well as with various sizes of rigid objects Time (s)

used as a disturbances. First, the hysteresis operatomd&l)

calibrated using data from the free case. Figure 12 shows ffi 13. Effect of Limiting and Sliding DC Offset

calibrated operator hysteresis(q). Fifteen elementary play,

superpostion, and creep operators were u$éd;) shows a

good match to the experimental data, with a maximum error VI. DiscussIoN

of 3.34 V and an average error of 0.81 V, or 2.4% and 0.58%Though error is present, the accuracy of the self-sensing

respectively of the output range. If the actuator is disgbdr method is comparable to that reported Kurita, et al. in an
before reaching it's maximum charge capacity minor loopsarlier study of the same device [6]. However, the sensing
will form. Also, note that charge is now the independenhethod developed in that work relied on prior knowledge of
variable, as dictated by the model in Fig. 7. the loading condition as either fixed or free. Due to the con-
Table Il summarizes the performance of the self sensistant boundary conditions, i.e. fully blocked tip, the ®i©r

technique. Figures 14 and 15 show the self-sensed displagisplacement) at the tip depends only on the measured charge
ment and force versus the reference measurement for ayariince hysteresis is generally not observed between charge
of loading conditions. Note these figures show the estimatiand force (or displacement), the sensing accuracy is limite
of Az,../2 since the laser sensor measures only one sideafly by the charge measurement. The method presented here
the tweezers. The displacement of the other side is assurhed lower accuracy but extends the sensing capability to
to be identical. Two simple techniques were implemented situations with unknown tip conditions. This is beneficial
slightly increase the accuracy. The force and displacemeirice in many applications the condition at the tip cannot
measurements were limited to their respective maximum ahd known a priori. To meaningfully compare the accuracy
minimum values. Additionally, for the displacement measurbetween different studies, the accuracy as a percent of the
ment slight drift was removed with a sliding DC offset. Thédull scale output should be compared. Note that the absolute
offset reset as the current displacement measurement wérenerror reported here is lower than that in [6]. This is due to
the input voltage was zero. Figure 13 shows the effect ofthabe fact that the version of the tweezers used in this study
techniques. Two input signals were used, one purely sidasoiproduced less output force due to manufacturing difficsiltie
and one a mixture of trapezoidal and sinusoidal inputs. Tifemore output force was produced the measurement would
pure sinusoidal input was also used in the calibration of thee scaled up, but the signal to noise ratio of the charge and
hysteresis operator. The average accuracy of the selédengltage measurements would remain the same. Since the noise
measurement is 12% of the dynamic range. would be scaled up as well the error as a percentage of full
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Fig. 14. Blocked Force and Free Displacement
scale output should remain the same. cover the entire range of loading conditions at the tip. facf

The accuracy reported here is lower than that reported the signal to noise ratio is drastically worsened, mearfirg t
Badel et al. in [15], where a similar method was used baopbt only the charge and voltage measurements but also the
for a solitary PZT actuator. There are several possibleemusysteresis model must be extremely accurate.
of error. First, the tweezers mech_ams_m IS very Comp“ant.'lnfact, despite the less than 1% average error of the hystere
This means that a large change in displacement at the ti

corresponds to a small change at the PZT actuator. Consi |§rmodel,_th|s mismatch is Ilkely the main cause of erroe Th
; . - ; orce predicted by the self-sensing technique in the frese ca
the simple mechanical system in Fig. 16, which represents a ) . . L
. . ; . . shows the effect of mismatch in the hysteresis model sirise th

PZT actuator in series with a stiffness and serves to ibtstr

the effect in question. If the endpoint is free, the disptaent is the calibration case for the hystere5|§ qperator. Thezef
L the effect of the mismatch on force prediction can be shown
of the midpoint is

Fout by subtracting this case from any other, given the same input
Pz

Axpye = 2 (26) voltage. Figure 17 shows a self-sensed force measurement,
pt and the same measurement when the error due to model
If the endpoint is blocked the displacement becomes mismatch has been subtracted. This significantly imprdves t
Fout measurement, indicating that despite its relatively loworer
Axp,y = #—Zkkl (27) the hysteresis operator is the main limiting factor of aacyy
Pz

rather than charge or voltage measurement. This indichades t
If k; is small relative tdk,., the displacements in the blockedfor a robot with a set of prepregrommed motions, the model
and free cases will be very close to each other. The tweereror could be calculated in advance and used to improve the
mechanism is more complicated than the system in Fig. l&nsing accuracy. For example, if the tweezer end effeasr w
but the basic effect is the same, namely the displacemeheof tontrolled by the push of a button to toggle between open
displacement of the PZT actuator will not vary much betweear closed, the self sensing method could be used to obtain
the blocked and free cases. Charge is directly related to theeful information such as the size of a grasped object. If
displacement on the actuator and the applied voltage, basieel command is not known in advance, increasing the number
on (4). This means that for the same driving voltage a smalementary operators in the hysteresis model could prawzide
change in the displacement, and subsequently charge, wlight increase in accuracy, but this becomes computdtjona
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Fig. 15. Intermediate Loading Conditions

intensive and will reach a point of diminishing returns. Add 0.1 ‘ ‘ ‘
tionally, the creep effect is another source of error. Priork ‘
on self sensing, even those assuming quasistatic operatisn
been limited to a time scale of milliseconds, over which the
effect of creep is negligible. For a robotic end effectortinge
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Fig. 16. A simple model of a PZT actuator and a stiffness ineser
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Fig. 17. The effect of hysteresis model mismatch on accuracy

VIl. CONCLUSION

A self-sensing technique has been developed that allows the
force and displacement of a tweezer style end effector to be
simultaneously estimated if voltage and charge are medsure
This technique relies on a hysteretic piezoelectric model a
two port network modeling of nested strain amplification
mechanisms. Additionally, an on site calibration proceduas
developed that does not require specific loading conditioms
the piezo actuator. By making a simplifying assumption the
hysteresis operator characterizing the system can beat@ib
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Additionally the signal to noise ratio of the image is lowere
slightly from 22.84 to 21.08. In general the image distartio

is not severe. Though only a static test was performed,
piezoelectrically driven devices constructed of titanihave
been tested by Cedrat and were shown to produce acceptable
levels of image distortion [24]. Other studies have alsonsho
piezoelectrically driven actuators will produce low levedf
noise and distortion with appropriate shielding of the ithgyv
electronics [25] [26]. This indicates that the device cohéd
likely be used in the MRI environment, though a dynamic test
is needed to fully assess the device’s impact on the MRI image
quality.

(a) Reference (b) Tweezer Device in Chamber
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