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Fig. 4  Frequency spectra of the vibration measured at the eyelid
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Fig. 5  Analysis result when right sinus ethmoidales are operated
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3.1.2 Motion of Snake Robot on 3D environment
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4.2 Motion of Snake Robot on 3D environment D F83& &l 5
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3) . GMM %, T/VE DA, YRAT T UN $BKNDRDLEET, 1EROBEMECIEEMEL L
OB, INEEE, BETIDEN TS, KHIERITZ O X 9 REHEEZ FFOME 2 IEE)
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AEIOFHATHEH L2 K8 % Fig. 4 12757, (a) (T AETEOEE 1, () e o P8 8 E
EDIRE T, (o) IFMEEWOBEL KD 72 DB ICGRG LA S EEORE 7, (D 1%
BB HiEH - T 5.
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WF1945B) , 7> 7 (NF, HSA4011) , 7 V¥ WU —2—% (YOKOGAWA, WT210) %4
L, 0.5, 1, 2, 4, 8kHz O IEKE A ANT) Liz. IREFNOBRE) = A WIZER LS Z & T GMM
MMz 2 L, SEEIT 5. HOESNT 3D 2% v =2 7 L—& (Polytec, PSV-500-3D) (Z
Lo TaeENFHENS. FHllL72F —4 % PC ICHAIABMIET 5 Z & THREIKDIRE) % it
L7z, 2TOREZROFEZ L=, (b), (0 OEB AT LRIl B4, RECEHZ
Tole. 20O, FEERICHRICEE L7z BB HIEE O NZ{To72. AF¥ v = 7 ORExE LT
D700, RORmICBUGH ZBAA L2, AFERTIE, GMM E#hrichx 5%EEIE 0.3 V, BB
JREIZ 52 HEEIT 1V & L.
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Do AxX = VIR DRERITEBEEDNEL R DIE EL OED T LR NE L o7,
STATA RIZITHBRESG TH Y, P ORMPESROME L 7> TW DA (0.5, 1 kHz) (<
B HEHARE R #E 7.

— SEEIRE) FIHIRE A B AROIEIEA R E WV, ZIUTFR P TREE L TRV BN RE IR
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B b 5 0 CROKIRIE 2 AN D 5720, USEEIRE T2 AW 5854, HOALERT %
ZE LW EBEOHIERNSE SN WATREE R S D, NFOEREE T O iTe PRI b,
TRTCOFEABEFZB N TREWVRIEMEEZRAERE 2otz NFAZ LI L TTF XU —AD
EROMTTNEDY, GMM O SR T & o ir—AZEE I fBb ooz b B2 bivd. iE-
T, FH U —ADOBREBWYNCEFT D Z LI X 0 AMBESS O R T H 2 (K I Bk T O NHE
NARRERETELEEZLND.
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Table 1 Maximum amplitude of vertical direction

Frequency Maximum amplitude of vertical direction (nm)
(KH2) (a) (b) (c) (d)
transducer board | transducer board | transducer board | transducer board
0.5 760 17 22 13 400 130 960 840
1 820 23 6.7 6.3 310 45 940 1800
2 1770 240 11 8.8 477 104 100 128
4 437 176 15 9.2 715 96 75 40
8 97 23 11 49 352 25 8.6 3.3
Table 2 Maximum amplitude of surface direction
Frequency Maximum amplitude of surface direction (nm)
(KH2) (a) (b) (c) (d)
transducer board | transducer board | transducer board | transducer board
0.5 99 45 20 4.7 188 18 78 147
1 128 4.3 12 3.7 214 6.3 452 298
2 219 77 12 3.3 247 25 19 29
4 359 81 13 4 599 26 17 14
8 175 24 23 2.7 638 54 3.9 1.4
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AR LV M TH D BB HIRE FOFHARE R E W T, BROEE S I 2 L—3 3 U &1T
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RN 2 AT o 72 FTEITIT VA U —EEZ H, 3T A —Z [XRITEDEE 2512 o = 1000,
B =0.0001 & L7-.

42 FER - ER
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Fig. 6 Boundary condition
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TEOSHRIZDOW TR FA TS, ih BN 0 BRI LD RIE~OAHBRKRE L, 3
IZBNWTHRrAR Yy MZEDIROMIRAENITOIL TS, Lo LR D, ZIUHIEMRERET
HY, FRHILIZIZE S TOWRVWORBIRTH H. KETIE, B ENRVEIEE L AT L0%E
ATV, FIRFIZAR — A —ERDFIHZ LD H XL A ZNVEH TOF—ERZON T To72. &
T, HEGHFEE LTHHEO A==l d Lo RA—ah—E ARy h 27 AOR
FEBWE L, BRI EI~= 2 L—% LR - B2 oY Kinectv2 Z#HWT, Vv
rrebobINWTHRA BR Y b AT AORFEEIT o7, X 2 [ICAFE CTHEMAT 2 2EEEZ =T
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BEHY-EaL—FH#HAIYE2—% T ENER

TCP/P
Winsocke

CcopPtz>Y

KINECT o Bl Windows v2

Kinectflflla>E1—%

X 2 AT LGRS

1. WFgEOMmAINE - A HME

SRR — DY — ERICHIET B 72018, SO ERVBEOTEL WD 7 4 DAY R R &
(v, HoBLIMWTHRA] EWVIAUFLYR— b eBE#lv= 2L —XITLVIT).
SH BN EESER T, EAEIDS ISR 21T I 720, vl y e AR OERIKEZR D
0= LRIER E AR OEBI YO 7 a—rVRIEERBE LD, 2T, HER Y LR
oot T a—Va 2T, BehEEEHEL T, BT E U YI2iE Kinect for
Windows V2 (BLF, Kinect V2) OF Xum v WREMHEHL, iRt 2k CoP &4 & H
T 5. HEE PO Kinect V2 Tl 3 kot & RGB BG 3 [FIRHICHGT 5 Z L8 TE,
MFEDTA7 7V 2D Z & TREICESEREIIGT 22N TE L. 20D, AROE



BERSOfEMRIEBR OB PRI ZENTE L. fRE VO CoP &4 TlE, AREFaR
Y MZBWTHRERFA R TH D LW D2EMEROBIGIITZSH. Elz, CoP BTt 35
TEBEHOCEE T2 2 N TE 570D, BHMEICEETHZ LN TE, IEERENEEHETH
D7 4= KRy 7HIENCHERATH L. b0V aEE L CEATLZ LT, JENEE
DB E LB AR L, WU REIT .

—705, [x iy, bobaWThA | OBETIE, Ay hEABOHAENRaI 2=/ —
VarPRmETHDL. (Vrr iy, HobRnThA ] TiE, NFFICADETBEVOTE R
HOMENRHDHDOT, THRMNPULETHD. £z, WBRE O T LB OHWE 217> T <
PVENDHDH., ZTZT, SRV LR YO 72—V a VT VENRa 2=
—YaruEARELT5H. 22T, it YL Kinect V2, Bt Y% Kinect V2 NENIZHAEL
Shle~wA 7 &2 ER L. [Vx 7y, o bLIRWTHRA ] OEWEILERE OMOTEMEIZ v &
SNTNWDTD, OB LK/ DD TIHERICHIRFETHDL LNV R D.

2. WFIERR
2.1. VAT LADKE

Kinect V2 /T windows8 DEREE F COAENEL, v=Ft = L —# (X windows XP LA FDERE T
TEMNET 2. 20, Zbo 08 OMEEHET 2720 AT AOWREITo72. #iRke
LT, 2HA® PC % LAN 7 — 7 /L CHfcai, TCP/AP {3 2 AW CTRERIEFROWBEEITH VA
TAEMELT. M2IFHUBROVAT IMERKTH D,

22. Vx Ty, bobWTARA rARy hOFEB

AWIRDOT B —T A A vadRy NVAT A, Uy Ty s HobinThAaRy ho
FHLOT-OIZ, 4 DOBBEBNIEL 2D, ZD 4 DORBME IV ¥ 7 VRO T LA ¥ —DH L
TFOREE (77— Fax - =) OfEi#, HobIWTHARFDT LAY —D72ELTEHTROF
i, ZLTHoBIMWTHRARDOT LA T —DIWNTND HRORW, LA Y—08idE (F
) OFEHTHD.

2.3. FOIRREFE

Kinect V2 TIXEMT —Z M HFDOBHEH% Closed, Open, Lasso &WOURFETHD Z &0
TZ%. Closed [ZF&ESTIRE (F/'—) THY, Open [TTFEBAVIREE (/N—), Lasso 1%
TAREPHETOWDIRIE (Fak) THhDH. LoT, Zid ORI Kinect V2 OF§REA I H L T
17> T <.

2.4. FRZE LM O

3D D'ERIERNOIEE L HMEZ#Rd#T 27V Aok — o5& %, K3 L H7REREZITV, 3F
WROKERNS EHLERMAT 20E L. 2020 EE L [EOHL L FROPEEEDNL
ERREZ MWL T AAY XL & NEFEREODEFELZMNNLT LAY ZL] THD. ZhbHDT
NAYRXRETNITY XA 1, TATY AL 2 ELTUTIORT. 5 AOEBREICENZENDT



NTAYZLT 8 EFOSHMEAELTEHE A, BMEIIELLH 100% & 257222 T,

EVHMPNE ZABZET LI LN TELAE DT VT AL EH M L.

LIS THRIAERTLDTH .

3 a2 LR O FZROBT

CLEORDEFEOBEEMNNE T VDY XL
OB OxBR - FABMEOx B > IEEH Oy EE - FAMEH Oy EHEND{

NEGEBLLhEELTWVS

if (B BY B 0> x M5 RE < F 5 BY I 0D x BB D {
EfiALRTHEELTWVWS EHET %;

}elsed{
EBMSRTEZELTVS EHET %;

}

}else{

I/ETFELLEMAEELTVLS

ifF(EBE Oy B < FARME Oy EE{
FRASLRTTF2ZHELTWVWAS LHET S;

}elsed{
EfHASRTEEZELTWVWS LHET B;

i, BRMEZKXR

KQ.Wc‘:?S‘E@B’?ﬂ%%Fﬁb\%T}I/j‘ ) X L

I/EREEBELAEEZELTWVLS

if (B B ET D x BEEE < F S B i o x B D {
EFEHAMASRTHEEELTVS EHET 3;

}else{
EmABLRTEZELTVS LHET S;

15

Yelse{

NNETFTEBLLEAEELTWVLS

if (B BIER Dy BEER < FEME Oy B EH{
EfALRTFZELTWVWS LHET B;

}elsed{
FaAMASRTLEEZZLTVWAS EHET S;

AFCR PAET DOx BEAE - FRME OxEE > (N Oy EE - FREAEH Oy EED{




2.5. IRV A& O

3D DEREERNSIRY M E HFMEEH#T 27NV T ALk 2552, K4 DX HICEREITN
R OFERNS EHL L EBRATA2NRE L. ZO_2OHEE X T8 & il jF O FEAE D7 & B
BREMWLTLIY XL & TEHEWE, BOBELZHWLTLVIY XL THhDH. TNEhn%,
TNITYZAL21ETAAY XA 22 E LTLLFIIRT.

5 NOHIREIZZENZEN DT /LN TY ALT 8 RITOWY AIEEIToTHbolcb 2A, Fik#
ERIEOT NV TY AT T1.5%, BEDTNVITY XALT 9% L7720 T, L 0RHREOENE
FOTNITY ZALERA L., ZORERSTRERE LTRIEFEO T VI Y AATIHEADOERED
] & CHE LW H ORI BIR 2 -V TV DAY, AR D 1o 7o E CIXE 2 8 S T T %
L TIRY MEENEEIToCWeZ ER LT oD, £, BEBOT VT U XL TORRGEHRKIX
BBRE DN LMEDFFZHN TV, BBEOT AT XA TIEBEEZ AW CEADHIEEIT>TND
0, ZOBMEITERZEBEICRE L2, BLOFRESLEED K E I OEN ) LIRS A& F
ni-tE2zons.

X 4 RV [AE 7 OO EBRORET-

ARIBEEMEOERZAVWE 7PV Y X L ~
(EFEGOzER -AAMG Oz EE > HHEGOzER - (EFRHG Oz HEE 0z E
w/2nd

HELAEFLE D ER VT LS
fCERMEE oz BEE <« HEHEE 0z EE{
Fifirs RTHZM T WAL EHET S;
Yelse{
EfpsBRTAEZMWTWLS EHET S,
}
telse{
HETEEBEhZ2HWTVE
(B oz BEE < (EHBEH Oz EEL HBE oz EE /DL
EfAsRTTFZEWT WS EHET S,
Yelse{
Efirs BTEREE2R VT VWS EHETS;
T




F22BETHE, BOBREEZAWE 7 LITY X A

AFCIETBI T o x BB - WIBI N o x BE BRI > 0.01)(
NWEHESODZWT WD
iECRT BY B o> x M5B < T BY il o> x B B

Efi»s RTEHZMWTWS EHET 3;
}else{
Ffi»sRTEZMVT WS LHET 3;
}
}else{
NEFELELHZHWVWT WS
if(H BT Dz B < (SETA B D z B B4 H B 0 2z B D /2)(
FEfi»S5RTTFZ2RAWTWw3 EHET S;
}else{
Efi»s RTEZHWT w3 EHET 3;
}

2.6. EHARW

Kinect v2 @ SDK ([ZIXEFFEENEZEBMEN TV W=, ~A 7% Kinectv2 O H D%
fiEvy, FHEORIT Windows8 (214 A h—/L &R T 5 SAPI5(speech APD % vy, C++T
AR LIz, LAY —DREL T~ A ZIZEFRNBAD, L TrRy MUY 7 D
ERaED, aRy MREBRICEEZIT O 720, v=Fal—XLDa a=r— a3 VLR
MWOMoTLES. ZITREIC TEW] TURAL TV 72 EOEROEYIOSHET T & 86k
L, @AWz, TEW X THRINEZ—], TURAL X xRy, T X Thn
ITLX) OFEAIOEETHD. ZHUTLY ABINREWKZ DIV EIcrRy MIERE%£D Z
EMHED LRV AL—RIZTV Y o - HobRWTHRANTE D L) ITRoTz.

2.7. Tx iy, HobRWTHRA Ry hDOFEER
X5DEITERBME S N v o7 BHobEWTHREA Ry b TEBICEATHETS
BV, Trr— b ERSTL TS, vEEa =S OMEDRS R CIBE L b oot vy
rv e o bIANWTARA 2l HBLATE L S Z EnRHEkE.
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Abstract— Optimal control of the two-dimensional handheld micro manipulator is proposed
with 100 um?working oriented to such biocell handling. The manipulator consists of two
flexible links, each of which independently moves in an X-axis and Y-axis. A combination of
electric coils and permanent magnets is utilized as an actuator to form double drivers for each
link. The micromanipulator is controlled by an explicit model predictive control in order to
damp the vibration of the mechanism and achieve an excellent reference tracking such as a
circle and disturbance rejecting performance. To investigate the effectiveness, the
experimental results are compared with the PID controller ones.
INTRODUCTION
A handheld micromanipulator oriented to operations on bio cells is increasingly important,
especially in microsurgery. Active handheld micromanipulators [1]-[4] have been developed
for microsurgery and cell manipulation. Such manipulators are composed of piezoelectric
actuators which require a high voltage driving. In addition, piezoelectric actuators inherently
have hysteresis and nonlinearity characteristics. The designs of these tools become
complicated in view of a control system design because such characteristics result in a
complexity in terms of producing a mathematical description. Although a dynamic behavior
can be approximated as a linear time-invariant system, the resulting mathematical model
contains high order and delay which limit an achievable performance [5].
Recently, an advanced control method called Model Predictive Control (MPC) [6]-[11] has
established itself in the community of industrial applications. In the MPC framework, the

control problem is fundamentally formulated as a finite-horizon open-loop optimal control



problem, the optimal solution of which turns out to be the optimal control signal of the system
at each sampling instant. Basically, the optimal policy for operating the system may come
from two main paradigms. The first is called on-line optimizing control, in which a sequence
of an optimal input is obtained by solving the optimization problem with new measurements
at each sampling time. The first entry of the optimal sequence is applied to the system, while
the others are all discarded. At the next sampling time, all computational processes are
repeated. The second is named off-line optimizing control, in which the optimal control law is
explicitly computed at the outset. This approach is also called explicit model predictive control
[12], or EMPC. In addition, both paradigms rely on a state feedback control scheme, which
implies that all state variables must be available at each sampling time. The well-known

Kalman filter, therefore, is frequently used to estimate such state variables.

-
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Fig. 1 Handheld micromanipulator prototype.
In this paper, a new handheld micromanipulator is proposed to operate in a micro scale. The
main objectives and features of the proposed manipulator are as follows.
1) 100um? working range in XY plane with 1 um resolution in each axis.
2) Simple structure and fabrication to achieve a low order mathematical model and
decoupling behavior.
3) Simple driving mechanism in order to obtain a linear behavior and to avoid a
hysteresis.
4) Optimal tracking performance in working range.
5) In corporation of system constraints and disturbances as well as imperfect
fabrications in the controller synthesis in order to eliminate external feedforward
paths that are sensitive to parameter variations.

With respect to the existing literature, the main contribution of this paper is to present a



design of new handheld micromanipulator with a simple structure and fabrication in order to
achieve high performance under the control of an explicit model predictive control.
Manipulator design
Mechanical structure
We propose a new handheld micromanipulator that is able to move in an XY plane within

100 working range. The manipulator mechanism is shown in Fig.1 The structure consists of
two links where the top and bottom link move in the Y-axis and X-axis, respectively. Each link
is composed of a parallel beam mechanism, which results in a flexible micromanipulator
which exhibits a simple dynamic behavior. The proposed structure has significant features
[13]:

1) The tip moves in parallel at the end.

2) Each link does not interfere each other.

3) Small force requirement to stear.
However, imperfect fabrication may lead to some degree of interference in practice. A
decoupling feature is crucial in a control system design because the procedure turns to be
simple in terms of modeling, control design and implementation.
For actuators, the combination of permanent magnets and electric coils are utilized because
such mechanism offers a simple and linear relation of an electric force and a voltage in a
specified working range. Since the proposed micromanipulator itself is composed of a flexible
structure, the driving mechanism requires a small force, i.e., a low voltage and current.
Mathematical modeling
Because of no interfere between X-axis and Y-axis, the mathematical description of each link
can be modeled independently. Each link is constructed from a flexible structure which shows
a high oscillation and takes a long time before settle whenever the structure subjects to the
external force. Since the working range in each axis is very tiny, a behavior of the
micromanipulator can be equivalently described by the mass spring damper model (modeling
details are omitted). The corresponding discrete-time state space for X-axis and Y-axis can be

respectively written as

x(t+1) = A x(t) + B,u,(t)
Zx (t) = Cxx(t) + Dxux (t) (1)

yt+1)=Ayt)+B,u,(t)
z,(t)=Cx(t)+D,u,(t)

2)
2 2 !
where lis a discrete time index, x(t)eR and y(t)eR are the state vector, Ut &R and
t 1 ! z,(t !
u,(t) e are the input variables, z () e and ,(H) R are the output variables.



FExplicit model predictive control formulation
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Fig. 2 Explicit model predictive control scheme.
A block diagram of the proposed control scheme for a micromanipulator is shown if Fig.2. An
explicit model predictive control is employed in order to optimally compute the input voltage
for steering the micromanipulator. To achieve zero steady state error, the problem of
offset-free is handled by the internal model principle. The explicit MPC is fundamentally
based on a full state feedback. Therefore, a Kalman filter is used to estimate state variables
and disturbances by means of the measurement of X and Y positions. Since the design
procedure of both links i1s exactly the same, the design of X-axis is only described. The main
ingredients of the explicit MPC for linear constrained discrete-time systems consist of:
1) Discrete-time model: The discrete-time models Eq. 1 is directly suitable for the explicit
MPC. Additionally, an integral action is required to reach zero steady state error. A
technique of offset-free is to augment the disturbance estimation state at the output of

system dynamics.

x(t+1) | | A O x(t) N B, 0.0
x,t+D)| |0 1]x@®] |0 [~

2, =[C, 1]{: (:t))} +D,u, (1)
d 3

where the disturbance states is (t). The augmented models are used to predict a system

evolution.
2) State and disturbance estimator: For offset-free tracking, state variables are

estimated using



X(t+1) A0 X(t) N B, 0 +
x,(t+1)| |0 1]x,@)]| |0[”
G, 0 w,(t)

5 ol

B X(t)
2,0 =[C, 1{X (t)} + DU, (1) +v, (1)

d

(4)

where [WX (®) Wo (t)]T and Vx ® are assumed to be white Gaussian noise signals. The
Kalman filter is used to estimate all states. The design is accomplished using a Matlab control
system toolbox.
3) Objective function: the main purpose of the micromanipulator is to track the reference
signal without the steady state error. As a common tracking problem, the quadratic
cost function is employed in this paper which can be expressed as

N
Ie=2,
t=0

Zx (t) - Z;ef

2
o, . @l o

=X'MxQ, >0 R,>0 e

2
where ”X”M d X . The reference signal is ~*

4) Constraints: For a safety operation, the maximum and minimum voltages supplied
into electric coils have to be constrained to protect an over current. In addition, the

maximum displacement in each link must be limited because the space between

electric coils and permanents are fixed 100zm. These limitations can be express as

@< x™ )] <u™ (6)

5) Explicit control law synthesis: The explicit control law is obtained by minimizing Eq.5
subject to Eq.4 and Eq.6. The optimal control laws is defined over a polyhedral
partition of the state space in which the control law is continuous and piecewise affine.
In implementation, the procedure to compute the optimal input function turns into

identifying the active region which corresponds to the initial state, e.g.,
Find | such that [)A((t) X4 (t)]T e,
| OX(t .
w0 =K XV |k
%4 ()

Note that the estimated state and disturbance are used in the control law. The explicit

solutions can be obtained using the multi-parametric toolbox [14].
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Experiments

FExperimental set-up

An experimental set-up of micromanipulator is depicted by the simplified block diagram Fig.3
in which the explicit MPC is implemented on a desktop PC with Intel ® Core ™ 2 Duo CPU 3
GHz and RAM 4 GB running on window 7 operating system. The A-to-D and D-to-A card is
the PCI-6259 from the national instrument. Additionally, the positions of each link are

measured by the full bride circuits of strain gages which have 1928 Ohm gage resistance, 178

+3000m/m

gage factor and

bridge are amplified by the DA-710A module from KYOWA which the signal is 200 times

amplified.
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Fig. 4 PID scheme of handheld micromanipulator.

maximum allowable strain. The output voltages of the full

Link

X-axis

0.1

0.0008

0.0029

0.0028




0.0016| 0.0016

0.0007

0.1

Y-axis

Table 1. The values of PID controller parameters.

As an investigation of the effectiveness of the proposed method, the explicit model

FExperimental results
predictive control scheme is compared with a PID control scheme Fig. 4. The two degree of
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Fig. 2 Step comparison of the PID (dash line) and proposed control scheme (solid line)

designed by the tuning rule presented in [15], where the transient performance is specified by

With a sampling time 0.001 second, dynamic behaviors of X-axis and Y-axis are
discrete-time state spaces:

T,
approximately identified and described by the
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Fig. 6 Control inputs due to step responses of the PID (dash line) and proposed control scheme
(solid line).
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z,(t+1) =[544.079 28.043]y(t).

The values of PID controller parameters are shown in Table 1. The value of a parameter Le

affects directly the speed of response. In the experiment, the smallest value is used to gain the

fastest response. The smaller value of Te

causes the system sensitive to noises. Furthermore, the value of parameter N plays
important role in reducing the response deviation, i.e., the larger value the smaller deviation.

Anyways, a value of a parameter N has to be selected carefully because the large N causes

also the system sensitive to noises. The response comparisons of 25¢m step response of two

links are shown in Fig. 5. and the corresponding control input are shown in Fig. 6. The
responses of both links controlled by the explicit MPC are 10 times faster than the PID

response. An X-axis requires twice voltages comparing with a Y-axis. Both controllers can

excellently handle the fluctuation, the magnitude of which is less than 1.



The comparison of a circle tracking task is depicted in Fig. 7 in which the reference

signals of X-axis and Y-axis link are sine and cosine function with the magnitude 254m and

the frequency 2Hz respectively. The micromanipulator controlled by the explicit model

predictive control successfully constructs the circle with the radian 25¢m whereas the

magnitude is strongly attenuated when the manipulator is controlled by PID controller.

30
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-10

30 -20 -10 0 10 20 30
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Fig. 7 Comparison of circle tracking .

Conclusion and future works
A new handheld micromanipulator has been proposed for two-dimensional axis applications.
The explicit model predictive control combined with the Kalman filter allows handling the
tracking reference effectively. Additionally, the resulting control law provides very fast
response time. The effectiveness of the proposed control scheme is demonstrated
experimentally by the comparison with the PID control scheme to investigate the tracking
performance, which the experimental results reveal that the proposed scheme is more
effective.
In the future, the Z axis and the vibration of the user's hand will be considered. In addition,
the heated needle will be the first end effector for the application of the proposed handheld
micromanipulator to cut tissue.
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