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ABSTRACT

Positioning accuracy of surgical robots is critical to patient safety during surgery.
Hence, it is necessary to control different error sources in design phase. Among various
error sources, clearance shows stronger influence on positioning accuracy than assembly
error and manufacturing error. The reason is that positioning error caused by clearance is
affected by resultant force on end-effector, and it is difficult to resolve this problem with
calibration. Therefore, this thesis focuses on how clearance influences positioning error
of a surgical robot. Clearance error is constrained by joint geometry. Therefore, the
maximum translation and rotation between frames attached to shaft and bearing can be
obtained. In combination with forward kinematics and optimization, the maximum
positioning error in different directions can be derived. However, conducting
optimization once can only provide the maximum error at a certain pose. It doesn’t
guarantee that the surgical robot meets positioning accuracy in workspace. Besides, the
relation between different joint geometry constraints and positioning accuracy is
unknown, and thus, engineers have to make several adjustments to improve positioning
accuracy. Due to aforementioned reasons, a method based on machine learning is
proposed to find the relation between various joint geometry constraints and positioning
accuracy. It takes the value of joint geometry constraints and maximum error as input and
output, respectively. Furthermore, the machine learning model is used to analyze the
influence of geometry constraints on positioning error, that is, the sensitivity analysis of
surgical robot to geometry constraints is presented and it can be viewed as a guideline on
joint tolerance adjustment. Spherical linkage based surgical robot is taken as an example
in the thesis. On the basis of the analysis result, the positioning error of parallel
mechanism in the workspace is not completely lower than serial mechanism, which is

same as the conclusion in [1]. This phenomenon indicates that parallel surgical robot can’t
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constrain end-effector error in some poses. In addition, clearance of shoulder joints affects

maximum translation error more than one of elbow joints.

Keywords: surgical robot, clearance error, sensitivity analysis, spherical linkage
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APy, = 1_[ i Tt (1_[ ks Ty + 88, 15T3T; . AT,
k=m-1 k=1 (2.16)
+ 3T;68; 58T, .. " T, + 3T5T; . 881 1 ™ i Ty)
W (2.16) B TL 15 7 i )
APippyy = Taxa + Mo ST ST 850 5TiAT; - T,
+ MATT LT 88 55T T+ AT 88 ey ™ T
2.17)

= lpa + Z(( ]_[ eATD) asl,(l_[ eAT)

j=1 k=m-1
FLBENQINET UF R R L T B R B nR e  FE R

AR SEenlic @ ) o Flt AUl ae (8 v W R @A) A IR A T 0 A3t (2.18) o

OPunr,y Z(( 1_[ i 1)6su(]_[ kT 2.18)

j=1 k=m-1
FRADYFIH B A TR ERAL > B 3 16 B TEAAENRR A BT RV
6 Bpd REEE? > TP uTRELESES 6 BAFilae £ 0 @il

—_— 7

BRATRERPET R DR P R EgREL s !
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j—1 j—1
J=ip — l] iRi 3x3 ! jti 3><1l (2.19)
T; .
! 0 1x3 1
U sl
j-1
‘R; 0
j—-1 _ ji'i 3x3 3%X3
Adj(’TiT) = 5y e IR g ] (2.20)
i 3x3 jiti 3x3 jiti 3x3

A £ H L 0 220)7 e i BE ¢ s B AF L A e

WA Q)Y F R AF ¢ AR AT Rt AdjC TR 5

m-1 J
S ~ (| | AT 851) @21
j=1 k=m-1

Q2217 BB F AP R R T G R B k> L R e
?Lﬁﬁ:‘—m?rﬁ’ixﬁ’*i‘?g"‘ﬂ% ’]@,1_ E‘fﬂ"%ré,,r}',]'%_g &'—iﬁf"' liﬁ“

JOR T BL R R A R R - Y (22D ¢

j-1
J7N; = jRi 3x3 j_?3><3 02
03x3 iRi 3x3
FHEQR22)FE AL R J LR ke e AT G
OPinry = ﬂqﬂN Z( 1_[ Adj (i 5T;7) 85:,)
j=1 k=m-1
m-1 m-1 J (223)
( q+zNi 1_[ Ad]'(k+I{Ti_1) 55i,j)
Jj=1 q=1 k=m-1
= Q;5;
bl
Q=[x Qiz - Qij - Qim-1] (2.24)
m-1 J
0y =| [atm | | Adjcetr® (2.25)
q=1 k=m-1
S; = [551',1 6Si,2 6Si,j SSi'm_l]T (226)

Fd 12T LRFORBELINES Y IR R L £ o

13 doi:10.6342/NTU202203132



24 BB A BBRBEAL

FLE22&Y HEHN P E 23 § L RPEEL e R REL PRGN

FOLA B RN LR T R B L k% i AR T

SRR L B L R
A 5 R B

5Pinpi'1 = [5prx 6pry ODrz  ODix 6pty 6ptz]T

(2.27)

B TS ek A REL T S 0 BT k- kR AT 405 (2.28)

minimize —12., = —(8pZ, + 6p?, + 6p%)
subject to  ODinr;, = QiSi
6pln Fl,l = 6pln F2,1 == 6pln Fl,l

2
Oryy j

2
+ 67"3”',]- - Aﬁ)%yi,j < 0

8r}i;j—ABZ;; <0

zZi,j

i=1.lj=1.m—-1

(2.28)

WARELT S rL PSR FHA L RFEL THIERY ¥ o L ARER

FRPHERFACRAE QIS e 5 2 5 g BRSSPI
Flp Ao B B R ERLP N AHER - TS e B L7 RS ER

AUl o gt b FIZ R ST A PERE LR FI PR A L RFAF 7

FEY S DB PG
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A5 AL
- IR %Er»\

minimize

= _(Sptzx + 6pt2y + Sptzz)

2
—lnax =

TR OoHBREFAY B AT S fol EBIEREOT S BT TR

(2.29)

subject to  O6Pinr,, = QiS;

) , L1

6x11+67"yl] Aﬁ)%yl,jso

621] A.BZLJ
Sty +6t5;; — Abgl,so
8t7;;—Ab};; <

i=1..Lj=1.m-1
PiEddk: AR > FPHARBEHEL Dh X B U IF R E R L
Bk 1R AEAR 2 0 HUE 5 BAREE S SN A S
A0 A (2.28) 8 (2.29) A AR 2 4 e 50 R R [17] n Sl

B R R F L SO e QR A 7 0 hes (230)4 7

Qi = ViU
=[Vi1 Vizl 0(613;"_16))(6] (2.30)
=Vi1Uis
BeVipa-6(m—1)X6%EL » Vi, s - 6(m—1)x(6m; —12)E"L > U;g 5 -
6 X 65EL o

2.1 TE- R

Sh; = ] vrss; (2.31)

bh
BPShyn—- ER:Z 6% R Shps— ERG6m — 129 &

j&—ﬁx fé fL FFH %E_L ‘:‘;{ ":;‘L %"\ﬁx(design VariableS) ii%‘ 711*
Su = [6p" 6hI, ShZZ]T (232)

HERS6+6YL (m—2)> 5 K> QHFwmbr ERTH G-
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K3t Slclu a8 M b
ds; = Yi6u (2.33)
F TS od ME R s =1
Yo = [Vt Vi Oggm-tyxeshpyomi-2)] (2.34)
B0 UT U i 3 L cnig et o
¥R ER ALY =2..1—1

Y; = [ViaUid Ogemi-nxegitome-2 iz Osami—nx6 5y, ime—2)] (2.35)
B P b 4hl = |
Yi = [Vi'lUi,_lT Oe(mi—1)><62;'€;11(mk—z) Vi,z] (2.36)
FTHYREEYT 56(m— 1) Xpu-
FEd 4(232)- (236) T # R B b A R L 2 0 (228)5E e T
minimize -r2,, = —6ulC, 6u (2.37)
subjectto Su’C;j 6u—ABZ, ;<0

i=1.L,j=1.m-1

3
CTO = é Iﬂ,kl;’f,k (238)
k=1

Ljes 8Bl ¢ 5 kS 7o g -
— T T
Ciji =Yi Usemi-1),6j-5l6(mi-1),6j-5 +

T (2.39)
15(mi—1)z6j—416(mi—1),6j—4)yi

Cijz =Y Usm-1),6j-3l6(m;-1),6j-3)Yi (2.40)
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FPdod A A L Q2 T D 54(232) - (236)5 B ACT
minimize —t2,,, = —6ul C,ydu (2.41)

;<0

subjectto  6u”C;; 6u— AL,
5uTCi,j,26u - Aﬁzzl,] <0

5uTCiJ-,35u —Ab 0

2

Xy ij S
T 2

ou Ci,j,45u - Abz ij < 0

i=1.lj=1.m—-1

b2l
6
Coo = Z Ll (2.42)
k=4
Cijs = YiT(16(7"1'—1),6]'—2Ig(mi—l),ﬁj—z +
. (2.43)
16(mi—1),61'—116(mi—1),6j—1)yi
Cija = Y] Usem—1).6ile(m—1)61) i (2.44)
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Chapter 3 #Tp B 4 7

AR HEEP AR fI PRV Y A R RE R R E A
WAL Mgl £ 4 Y AL FAGR R AT B L S B Pl T R

PE NREAFES LR LR

31 EH TR

TERGH GRREIPFR R HE RIS FIHEE AR5
PURFRGRA S R B PR B TR ¢ i e 3 Y A s e R i B R
Flt AR SRR BB AR 0 TR G F 0 2 2 e i

Bl 3.1 5804 R A AR X X S W o By, s i R
Rl r I HRE whc R L IRA D W RIN Ay e QIR B R S
kx> I Bic(activation function){¥ 3] %] AU HoW prds Sofica B % L i SoHcd cnz
ﬁﬁ%ﬁ’#wﬁﬁ@&&é%Rdﬂ\$WMdi’awﬁ@ﬂﬁau%g%%

ER L i W P AT i R A ]

+ _’T1_’/"’}’1

X, T by

X5 + ———>r2——>/—> ¥,
[ b

B 3.1 8RS RRER
T1 = W11x1 + lexz + bl

3.1)

Tz = W21x1 + W22x2 + b2
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it e A7 0Eg4E 4 S0 #ik(loss function)rt £ iR it E (optimizer) o F #-3] A

AN E I A Sk TR D R IR 4 o A Sl g 11@5

._.

=

o2 B emPd o K Lenp Bk e § O OREA R 2 G LN A

T

VEHDVRFOR Y R AR R R A T S AR e BT E S B AIEL A S liiny

FrLREE LA Sk G B REFR Y 0 RGP E AT

oL
aw(b)

B LR AFAcdans Y F - Y 7 U@L S8 X {ATHRRES >

w(b)" =w(b) —n (3-2)

LT GUE AR B S PR 2 Sl Boo) Bl N(32) 5 AR EB AT E o
AR BERE AR AT 2L E { SER - 12 ADAM L b0 = {7587
FELRE DR S T RBLLFTLEPBEOPR NG I e o

HMRBEAFLLIBRIRIR U AFS P BEL - Ra B8
dEEeERE Y ﬁ%%d@@%ﬁﬁ%ﬁﬁw@ﬂﬁﬁkﬁéiﬁﬁ
BE e Pl A BEWEFVRES FLF eI Mg 2 fre S F A B
PR TR IS EA ST T S PE LRI R LR B
05 BAlE » > BRI E - e SR E K L RS DR Y ik
o REER SR K iEB A F S bRl 32477 o @ BBET - &
SV R AT 0 L RE - B PR B L P

LR B i

50 & AT IR o s

Bl 32 BEFYHIT LW
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32 FR R A ¥

AT HCRNE T~ SRS R A H D 5 ‘“ﬁ*ﬂ@»’* M LA o e
Bl 3.3 #7707 o B A 0 B S8 (xy, Xy, ... xn)%l WS A T E DAy
By BHERYPPRE DAL e 2 {80 BH P - 3 St Ax T ﬁ*"])‘ A o ?]:%ﬁ%]
»ElE R o T LS 63 R R AYE de A T LR AR

ﬁgl » S BATR B

15PN Lol WA
(21, %7, .xn) y -5 e
(g + Ax, x5, ..., Xp) y+ Ay e + Ae

Boflcs G B e 3 S ATR B A TR ER 0 TR A
GO E AR LY Y o ta e B r

g
PR T 0 P B F A e e R AR F) 5 B R HCAI SR ehi g E 12

- o B0 hr fEfE o Sundararajan & A [27]° A & A 478 GEER A e R o
FaA 3o 1R FP wR— IR A TERIP BB LRt § oo gl g BB A 4T
H? P E R AN O0D L 2Bt B FF o FHFF 5 0 PF o AT Ig\%«-vrs
A OHEIN2ER G A B F)F 2 I G FEEZRBIAR T ARk §
“wﬂéﬂO%“?Hﬁ%’%%ﬁﬁﬁgﬁfﬁ*’%éﬁiwwﬂéﬁéi%
%fﬁih?]f%wQ%frﬁa?]%ﬁif_‘i«'/J\éi’ﬁ%]:’:iF?ﬁﬂFﬁéFﬁ%o1%13.4b'“r7’r7%‘4 e vl G F|F T en

E
T

i F - RS A - R R R PR R T R
BIFIF 20 0.2 B o g DB P B 4 o BRSO RIS 0 S0 B F]S A 0.2
BhAEER S BN F Al BRSO RS B PR BB R
LAY EBiREPERARR o
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Score for top label

Scaling (a)

W 3.4 %s]“"gtlﬁ &Rt b F1F B R B [27]
wO¥ R RE 0 AT 7 3k DV A $ & (Integrated gradient)sPE g o 3Rt B F)
+d 0D 1 F ﬁ%:’i#ﬁ%*:‘% Bikg R > TR RE BT AT
R fico Bl oA B 537 S BcE r e shaEh s Bt k2 AU A R 00

Ho i E BRES FHTBREFLARES > w1 (33)

ivity ind fl dy 0x;
Sensitivity tnaex = -—
g=09%i(g) 09

B x(@ A F v BIFF S g B R~ Slon e ® oy SR

(3.3)

B0 REAIDSUEAREIIS IR GEE U E BLE S F] AT ﬁi%] » Sdic
PUALE R AL o ¢ A S GAEE Sl AL

X — Ximin
Xinormal = _ (3-4)
Ximax — Ximin

Ak xl max'é’\ V_,|J ;:7' ;Z Zﬁﬁﬁi l’f"’—-?llfﬁ?#i ¢ ﬁvﬁ’"] I—E':-’frﬁ"'k IE- ’ xi,normalﬂlj 7~E"L

2 Xi,min
;AR fS el iE o

B E A BP0 ITIS 5 0 B BRI RlA D RT A
g E e B R A R hdc ] B 00 AR RFiE e B g S ihip it
SRR e EURE RS RECS ST S L ON B) § SR

e ""T)i x?;’fb&jﬁi;(;:ﬁi)i lﬁ;ﬁ["%ﬁ.i)mﬁx ‘EJ;”_:';;’;'}L:% 0-
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Chapter4 #1415

AR A BRSPS B EL > S A AT O R Sk ad

ERAPRAFLERE R LS SR EL L TR 2 SRS G

Y

SR

41 BHH A

k2 4% Chen[28]% # J e iF 2 Aol > B 41 5 FAWH > W42 548
WM B o s S T RS kR ¢ A A (R 427 R A
EBEB)EALTA(BA2Y BECEE D)o RAEKF S BEE - 2P L
AB TR ARER o TR G @R E T A X2 § E SR o

WHEME G =B d o AR L fBau 2 TH o QAR pirs R
5 H45° Lk B A H45° THFEF A —10~60 mmo ik d 04E 2 F o Fpf s
S R Ak B W S 443% 2 LT L 210mm - T 4R 4 A REEE IR 0 i (T A
RARRE L fhro Bl 42 P bk e Ridhit ¥ MR hd &> B REEML fay 59000 F A
Ehghd bay 5907 AP R ghd ka, R 5 45° 0 s SAE ¢ EIR B ERdE o [, 5

BT 05 & BRI RT R A R -

Bk S E(z)

Bl 41 047 WE [28]
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bt B BTG B2 I 2 - Bl 7 £ AR R 5
RCM i # wiids o o R em@ ootk 7 it d ¢ Bk )84 3 ff Bl4o) 4.3 #77
PEIRASE E XY o B Z B A A SR i A Y
A Co 3t B R e R B i X LR e (75 B

d R e B Aot R TR R E BT L R A2 A B 7 A 47 -

B 4.3 8 s B
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4.2 &a}#&l& :“‘ p-

AP EARERLR RSB AT RF SR E SN T
R S NS S SRR TEY Y PRI STgE Ty S e

TR AR A LR LAY X s RCM I 253> Yiwdl s RCM 1 + 5§ i >

B 4.4 s

TR A s T AL AN Y BEEASCCE L HER

S AeB) 4.5 ¢ w(d) s (D)1 E (@) o AR 0T R i Rtk ALY F e R
- ARk Z R AR e P 2B ER G RE LR L0 B AN A B
B s B AR L1~ L2 5% C 20 B e iRef k7 &1 L3~ 14>

PR ARk F1 A A5 ik o Ft Z 3R e 3t RCM v @ 5 2 E R DR 278
Bk p LRk LS et B R k2 Hpeh R LO L4k kT UGE AR 3 B en

PEL L 0w s R B e 0 AR & LO 02, 0, ik T

LU SHR s 940 L1 8 L2 2 B Xy, pooiibary » 44 4 L2 $90 2,580,
WD L3 ALk S L3 8 L4 2 RS X i, 0 L4 L4 F L,
%%S + :l_ *E—,: LS °
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+ AR 2 BD s R k4Bl 4.5(e) ~(c) o B AR 0 AR EOT

I R B Bdikkod 5 5 E%R T 9% A RO # BXj &4k & R
R2- 2 Dxj &4 5 R3-R4- RO L G &5 5> { + FEHFant b -

oz PR B4eT™ 0 4Rk RO $430 Zpo e Op ik T R1 &R & o AR &
Rl & R2 2 Fy{?#%?XR1%@§a1 v AR % R2 $30 Zp, e g Op 36 1 R3 4%, ko ok
& R3 & R4 2 F E 0 Xps e, o d *0 2 BP9 + AP qpsd > Flpt 5 2 E "T"ﬁ

LA % RS @ R4 T RS kR k2 PR L EZp, #s+ 1, o

(b) ()
B 4.5 %1 % F bk ﬂ‘—,fﬁ

@FEZE  OFfEZC (2D
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HiE L bR 2 R R ko 2 2 B g e 2 D-H S8 4ot (4.0) 3 (4.2)

% 41404 42> D-H S B g4 e 2 FHAM 67 2B 2(2.10) -

0 01 0
o |1 0 0 0
wl = 01 0 O @1
0 0 0 1
-1 0 0 O
on 10 0 1 0
Rl=10 1 0 0 (4.2)
0 0 0 1
% 41 AP %R &4k D-H $#c

_:l ?r"‘ it B 91 di a; a;
L, 0, 0 0 0
L, 0 0 —a, = —90° 0
Ls Oc 0 0 0
L, 0 0 —a, = —45° 0
L5 0 s+ lb 0 0

% 42 LR R LE k D-H %%

_:l #‘TL‘ o ko 91 di a; a;
R, 05 0 0 0
R, 0 0 —a, = —90° 0
R, o, 0 0 0
R, 0 0 —a, = —45° 0
Rs 0 s+1, 0 0
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43 FBHF L7

431 G iEHH

g s LR AP L4 R4 LR K ZhE £ > LSR5 LRk Z ghE
oMz BREBLIE P Z bt - B Gd ZAEHEI L R LR T
ek L RESd R IR SR A EFARSE S o Vb 52 E izt

LS kiR ke Z ght > FI v nE @ w P T e R E A 450 1Y

C AP BRI R R AR 0 FPERAY AR Y Rt

(4.3)

o
Il
R By

Pp~ Py ) 5 PR B SR + B AP T 2 2 4Rk hddk o R

P =P =Py (4.4)
FENQRI0) @G 1)~ @2)1 2 2 4]l fck 42 ¢ i 48158 (4.5)2 54 (4.9)

Py 0
P 0
P, = PLY = 5P = 5T | (4.5)
Lz p
1 1
HPLABEELAR > Ppi 3P A L5 448 k¢ ehddl > OT L 4R k L5 224
SRk B ehid g e
1 = (s + 1, — lp)(—sina, cosO¢) (4.6)
P, =(s+1, —1l,)(—sina, cos 8, sin; — cosa, sinb,) 4.7)
P, =(s+ 1, —1l,)(—sina,sinf,sinf; + cos a, cos 8,) (4.8)
Pry 0
P, 0
Pp = PRV = rsT"°P = p3T | _; (4.9)
Rz 4
1 1
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HeRpZEP & RS &R 5 P endidl > 0T 2 448 4 RS 24 f & 4R fF e

i
Ppy = (s + 1 — L) (sina; cos O sin 8, + cos a; sin Op) (4.10)
Pry = (s + 1, — l,)(—sina, cos 6p) (4.11)
Pp, = (s + 1 — l,)(—sina, sin 0 sin 6, + cos a;, cos Op) (4.12)

FaF 04005000, % s £ BB FrBBENGAHPET B 2N Kizde

-
P, =P, (4.13)
P, =Py, (4.14)
P, =P, (4.15)
Pry = Py (4.16)
Ppy =Py, (4.17)

RHR[29]1%E 2 - B FLHE - 5w BF ] doBl 4.6 977 > Flod bz ¥ §
AT AR LR B LR T R3] 0 Flet A% 1% MATLAB ¢ - fsolve & #ic¥t
F(4.13)-(417) Fjz » ¥ ® éi%l »Fodink RO, = 45° 0 = —45°~ 0, = —90°~ 6, =

90°~s =0 mm > M H Deik- fF o
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(c) (d)

Bl 4.6 k777 @ 5 @8 8 chr 87 i 3] [29]
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PSR~ 50, Op8 s FUR[2OI B HEL RO, 0 0T 0 £ G B BT A
AR AR oW 47 97 TR R S R AR
o d STHSHEEIRS VLS 4 5000 RASLA LR A Z bl B K £ L HE S S

F@HT ey sl

LZT = pal I ‘ (4.18)

U(4.18) 5% & Bk & & enRE k3% 0 A2 1% MATLAB ¢ fsolve Jiz% » i ~ 6, ~
Op » &4 XA he 28 0, = —90°~ O = 90° > 7 12 18§ %5 i %J/\ﬁ-fiﬂg
#ﬁ AT 0 F Op o RFATG AREE AR (S 0 TV 0O, ~ O s ROr 38(4.6)-(4.8) K

FPEizE -
(b)

Bl 4.7 )7 @ e E e Ed s B [29]
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constraint value of beta xy in joint ¢

constraint value of bxy in joint ¢
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constraint value of beta xy in joint ¢
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