"m Check for updates

212 https://doi.org/10.7746/jkros.2020.15.3.212

Journal of Korea Robotics Society (2020) 15(3):212-220
ISSN: 1975-6291 / eISSN: 2287-3961

sholo]2 TFaks 434 ekl T2 A 5% 229
5 52 v2ig 7|73k Alojr]e] A2l 243}

Gain Optimization of Kinematic Control for Wire-driven
Surgical Robot with Layered Joint Structure Considering
Actuation Velocity Bound

ARG

Sangrok Jin', Seokyoung Han'

Abstract: This paper deals with a strategy of gain optimization for the kinematic control algorithm of
a wire-driven surgical robot. The proposed controller consists of the closed-loop inverse kinematics
with the back-calculation method. The closed-loop inverse kinematics has 18 PID control gains, and
the back-calculation method has 6 gains. An efficient strategy is designed to optimize 18 values first
and then the remaining 6 values. The optimal gain sets are searched under the step input with
performance indices. In this gain optimization, the objective function is defined as the minimum value
of signal-to-noise ratio of the performance indices for 6 DoF (Degree-of-Freedom) motion that is based
on the Taguchi method, and the constraints are applied to obtain stable responses for each motion
evenly. The gain sets obtained are verified by simulations using the test trajectories. In comparative
results, the optimal gain value based on the performance index combined with ISE (integral of square
error) and settling time showed the best control performance.

Keywords: Gain Optimization, Closed-loop Inverse Kinematics, Back-calculation, Surgical Robot

LM E

o5 Fopell A HaEe T T PNE TS AT
93 Q= FAloITh 235 ol 8 7= o] she] ik
o5 w g} v o 2ol AN an ool st At
7o) BRE AL TR Sol7h e AHEE A
FARE TEZ F glo] FEaR] T2 9] A8HIL
AT T & o) = e 3o] 9li= tl2ea S o2 ) HFst
3L o] efojo & FHgA|F efoloe] WIS A ste] WA
R 20| FE SR e A0 FH R Al R £ = T

Received : Feb. 17. 2020; Revised : May. 11. 2020; Accepted : Jun. 3. 2020

% This work was supported by a 2-Year Research Grant of Pusan National
University.

1. Research Engineer, College of Medicine, The Catholic University of
Korea, Seoul, Korea (hansy628@gmail.com)

T Assistant Professor, Corresponding author: School of Mechanical
Engineering, Pusan National University, Busan, Korea (rokjin17@
pusan.ac.kr)

Copyright©KROS

o]tk sfolo}e] Wg)7} w5 e] 5075} T|sterg o
250} glo] =3t 2 Eete] 17 % Apal sfolofe] wislo]
ofe 7|7 E e mEE S g, )R] £ g2 2
2T oAb o] Uk 9179} A4 2 mate
& Alelal] 9517] el $12] Alol7h B esieh, 2
B 21717} v Ao} $o] A FAR £ S TAY
A9] glox] stolofe] wgle] ute} 23te] Fgo] 7]
a7l 74¥o] 917] wlo] QA Q) 23 Alo]
bl vk 7] 716} el 7] ukslo] Alofsh

o

Wi mE Mz
o L o

oz
K3

m\l Jg_‘, Oﬂ r
)
o
il
o

SO
b~
18

N Lok

+= [Fig. 113 22 eoloj 2 F-5dh= v 4
w25te] Ao} ARl HA 5hE thEth sho] ¢
T8 27} 2 A= 0] 9] F{proximal segment)
distal segment)2] N E L& o] Fo]z] Qi A
Al e e T R s o

TFEgc) 71984 Alo] dargFo R R

715+8KClosed-loop Inverse Kinematics)= ©]-8-3}313L,

A

B
42
=

fu
Fred
o, & orlo
oM &

S

o
oy

1\:1_%
o
I

rlo
2

2 1o
o
et

_|>i
Jo
k1
Mo
offt
tlo

[d
2


https://crossmark.crossref.org/dialog/?doi=10.7746/jkros.2020.15.3.212&domain=http://jkros.org/&uri_scheme=http:&cm_version=v1.5

Sfolo] 2 TEFH A5y chbd T2E AW Sd 2R TF S melat 7170k Aloj)e] A At 213

[Fig. 1] Wire-driven surgical robot for single port surgery
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[Fig. 2] Kinematic scheme of a surgical robot arm
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[Fig. 3] Block diagram of closed loop inverse kinematics with back-calculation
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[Fig. 4] Position response: (a) 6 DoF step input, (b) example results of PID gain tuning, and (c) example results of back-calculation gain tuning
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[Fig. 5] Orientation response: (a) 6 DoF step input, (b) example results of PID gain tuning, and (c) example results of back-calculation
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[Fig. 6] Test trajectories: (a) standard path, (b) standard path x1, (c) standard path x5, (d) practical path #1, () practical path #2, and (f)

practical path #3
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[Table 1] Comparison of control performance on test trajectories
" Error norm
Cases & conditions . - -
Standard path | Standard path X2 | Standard path x5 | Practical path #1 | Practical path #2 | Practical path #3
Initial value 385.4 864.6 2112.1 280.1 4823 466.0
Obj ec.tlve ISEATs
1 function 151.4 115.2 298.2 45.1 73.7 87.9
Constraint ISE
Obj ec.tlve ISEATs
2 function 94.3 220.4 584.5 82.6 142.6 161.5
Constraint Maximum
Object.lve ITSE
3 Function 104.5 228.1 586.3 84.0 144.4 162.9
Constraint Maximum
[Table 2] Optimal gain set of case #1
X y z roll pitch yaw
Kp 64.3169 82.7103 80.9997 65.1768 32.1512 33.2706
K, 2.2790 3.2454 49.0947 1.8133 0.1888 0.2174
Kp 0.5472 0.3940 0.4298 0.5090 0.1147 0.1145
K4 0.0495 0.0866 0.8254 0.0393 0.2031 0.2320
o0h LGRS [2] H.-S. Yoon and B.-J. Yi, “Development of a 4-DOF Continuum
600 » Robot Using a Spring Backbone,” Journal of Korea Robotics
Society, vol. 3, no. 4, pp. 323-330, Dec., 2008, [Online], http://
500 www.jkros.org/journal/article.php?code=1986.
[3] F. Jelinek, E. A. Arkenbout, P. W. J. Henselmans, R. Pessers,
200 and P. Breedveld, “Classification of joints used in steerable
g it e onbily i ar om0
) Standard Path x2 > T > ’
Z
300 = Standard Path x5 10.1115/1.4028649.
& ® Practical Pathl [4] R.J. Webster and B. A. Jones, “Design and kinematic modeling
200 B Practical Path2 of constant curvature continuum robots: a review,” The
® Practical Path3 International Journal of Robotics Research, vol. 29, no. 13,
o pp. 1661-1683, 2010, DOI: 10.1177/0278364910368147.
! [5] P. Berthet-Rayne, K. Leibrandt, G. Gras, P. Fraisse, A. Crosnier,
“|| Il I| and G.-Z. Yang, “Inverse kinematics control methods for
0 v 5 . redundant snake-like robot teleoperation during minimally invasive
nitia 1

Case

[Fig. 7] Comparison of control performance for each case of
optimal gain
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