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Abstract

With the integration of Minimally Invasive Surgery (MIS) and Robotics, the capa-
bilities of a surgeon became far better than with MIS alone. It is learnt that a double
parallelogram-based remote center-of-motion (RCM) mechanism is most widely used
for the realization of MIS robots. The mechanical design of these devices needs to be
improved further by addressing the problems arising because of the inevitable con-
straints, and refining their transmission design. During their kinematic modeling,
classically, it is assumed that the opposite sides of constituting parallelograms are
equal. However, in actual practice, it is not true on account of the mentioned con-
straints. It leads to the RCM deviation. Thus, instrument force at the entry point
to the patient’s body becomes non-zero and hence, degrades patient safety. Further,
it is important to add that in control-based RCM mechanisms, RCM adjustment
is possible using various control strategies. However, it is not feasible in mechani-
cally constrained RCM devices. In addition, the combined use of spring and screw
elements in the tendon-based actuation of such devices is missing in the literature.
And, the concept of invariant tendon length demands an investigation to quantify
the effect of said constraints. Furthermore, there is a need for the improvement of
tendon drive design to avoid sharp bends of the tendon element. Moreover, there is
a strong demand for cost-cutting design techniques. The present thesis has system-
atically addressed all of these issues and proposed solutions that not only enhance
the device design but also offer several ways to realize an economic design. The con-
cept of link parameters inequality and an accurate kinematic modeling technique
have been introduced for the parallelogram-based RCM mechanisms. It is followed
by the compliant mechanism-based design of an integrable and hysteresis-free RCM
Adjustment System for mechanically constrained RCM devices. Further, a dedicated
mechanism for tension adjustment has been introduced, characterized, and demon-
strated. Furthermore, the effect of the prescribed constraints on the transmission
design of distal DoFs has been investigated. Moreover, the present research work
has adopted and enhanced the cable drive design of the proximal DoFs of the mecha-
nism under consideration. Finally, the design of a double-parallelogram-based RCM
mechanism has been revealed by incorporating the above-reported design improve-

ments. The actuation of the devised manipulator has demonstrated its capabilities.



RIS

fArfAerelt S7aRa ToRt (THSMEEN) 3R JSICR & THIHRUT & 1Y, T Joid BI &HdT]
31l THIMSTY B ga-l H Bl 9ok ol 15 | I8 Udl a1 & o THSMR T Aaie $i Ui
& forg S9a NaaammE- TR R Jex-HEH-ARA (SRENH) 73 $ J99 AT0H
w7 I IuGI a1 Srar | | Sraferd st & SR ITd 81 aTel THnsil &1 gH1e™
HD 3R IP ¢IITHRM (ST B! IRGHd TP 7 IUBRUN o ATAD fSoe & 3R
JYR TR B SAGHdT g1 3P Tl ATSTIT & SRM, AR T, Ig AT ST
2 & TR Igds T9H @1 faudia Yot sR1eR gt §1 g, IRafd® TR H,
Ifcafad STersii & RO T8 Td 1o & | T8 SRUIH fage &1 SR A A1 8 | 39 UFR,
AWift & IRR A e foig TR IUSRUT 9 YT T 1 T § 3R Fferg, h b} JRam wH
I Il § | SUP 3(ATdT, T8 e He@yul § o faur-snumia sRedien o= 3, fafta
fezror oo 1 ITART RS SIRITTH JHEISH THT §1 gTals, U8 difie = 3
YT SRETH IUHUT H AU T8 §1 S 3aTa], T IS & ca4-3eRa
oo § f8AT 3R & d@l &1 9gad SUdIT e | M0 g1 3R, aRacd-1g HUeT
TaTS B AR Iod FLT3N & YHTF &) ATOA & folT T S Pt A Halt g1 3qb
3{TAT, T dd & ool HI ¥ g9+ & forg <81 $18d fewg & YuR St SHTaxgddl g
ZYP 3], ANT-Held! fSuIg db-iid! &t Aoigd AT ¢ dad AR 3 57 quft
e 3R UdIfad THTYT &) HafRid U J Yaifid fohar 8 S 7 Had fearzy femza
B 9gTd § dfep 3w FSHIET B PR B & B3 aid Ht UeH HRd & | AR
TgYaT-SeTia SREH dF & fog fofer Rftex SRHMT o1 S/aURUN 3R T Tt
TSt ATSTelTT dd-idh URT &1 715 ¢ | SUP d1G TS U I SMUd HRITH ITH0N &
foTe U Uabigpd 3R feee R -Had SRETH THTEISH YUITel! &1 SaTe d3- 3menfkd
fSTIE 31TaT 8 | 3% SHeTal, T GHRSH & forg Uer grfta o U fsar man g, fafya
foram T § SR vefRid far mar 31 gud s, fowed Sieiuw & gifiRe f&omga
R fAyffed srenstt & gy o1 SiE ®1 718 31 9P Sddl, aadE MY 1 A foarieha
A & FHIOR SIS & had gIed [Sulg Pl ORI 3R I61T 5| 3fd §, ST Jae
T fETE QuURT &I AT TP Th STA-THMIR IGHST-SATUTRT SRETH dF BT
FESITE FF 31T 81 qR T T1q AfYeieR o fobaraa = gqeb! &rsl 1 yag
foar gl




Contents

Certificate

Acknowledgements

Abstract

Saar

Contents

List of Figures

List of Tables

Abbreviations
Symbols
1 Introduction 1
1.1 Surgical Robotics . . . . . . .. ... 1
1.2 Minimally Invasive Surgery . . . . . . . . . .. ... ... 3
1.3  Robot-Assisted Minimally Invasive Surgery . . . . . . . . . .. .. .. 5
1.4  Kinematic Design considerations . . . . . . . . .. .. ... ... ... 6
1.5 Historical Background and Current Status . . . . .. ... ... ... 8
1.5.1 Medical Robots for various surgical specialties . . . . . . . .. 8
1.5.2  Kinematic Modeling of MIS Robots . . . . . . .. .. ... .. 18
1.5.3  RCM Adjustment in MIS Robots . . . . . ... ... ..... 20
1.5.4 Transmission Design of MIS Robots . . . . . .. ... ... .. 21
1.6 Research Gaps. . . . . . . . . . . . . . 24



Contents

1.7 Research Objectives. . . . . . . . . . . ... .. ... ... . ... 26
1.8 Methodology . . . . . . ... 27
1.9 Thesis Contribution . . . . . . . .. .. ... ... 29
1.10 Thesis Organization . . . . . . . . . . .. . . . 30

2 Sensitivity Analysis of a Double-parallelogram based RCM Mech-
anism 35
2.1 Introduction . . . . . . . .. ... 35
2.2 Mechanism Description . . . . . . . .. ... oL 36
2.3 Kinematic Modeling of mechanism with Theoretical Link Parameters 37
2.3.1 Closed-loops Constraints . . . . . ... ... ... ... .... 38
2.3.2 Implementation of Constraints . . . . . . . ... ... .. ... 42
2.3.3 Forward Kinematic Models of RCM and Surgical end-effector . 43
2.4 Sensitivity of Joint Variables to Link parameter inequality . . . . . . 46
2.5 Kinematic Modeling of mechanism with Actual Link Parameters . . . 48
2.6 Results and Discussion . . . . . . . .. ..o 0o 53
2.6.1 Validation . . . . . ... . ... . 53
2.6.2 RCM and Surgical End-effector Deviation . . . . .. ... .. 57

3 RCM Adjustment for a Double-parallelogram based RCM mecha-
nism 65
3.1 Introduction . . . . . . . ... .. 65
3.2 Compliant Mechanisms and their Significance . . . . .. .. ... .. 66
3.3 RCM Adjustment Concept . . . . . . .. . .. ... ... ... ..., 67
3.4  Flexure Mechanism Design . . . . . . .. ... ... ... .. ..... 68
3.4.1 Design Calculations . . . . . .. ... ... ... ........ 69
3.4.2  Finite Element Analysis . . . . .. ... ... ... ... ... 70
3.5 RCM Adjustment System and Preferred Embodiment . . . . . . . .. 71
3.5.1 RCM Adjustment System . . . . .. ... ... ... ..... 73
3.5.2  Preferred Embodiment . . . . . .. ... ... 75
3.5.3 RCM Adjustment method . . . . . ... ... ... ... ... 76
3.6 Results and Discussion . . . . . . . .. ... L L 78
3.6.1 Accurate RCM Plots . . . . .. ... ... ... .. ...... 79
3.6.2 Accurate Surgical end-effector Plots . . . . . .. .. ... ... 80
3.6.3 Manufactured Prototype of RCMAS . . . ... ... ..... 83

4 Mechanism for Tension Adjustment in Tendon Driven RCM Mech-
anism for MIS 89
4.1 Introduction . . . . . . . . ... 89
4.2  Mechanism Description . . . . . . . . ... oL 90
4.3 Kinematic Analysis . . . . . . . ... 91

4.3.1 Primary and Secondary Cable Angles . . . . . . . .. ... .. 91



Contents

4.3.2 Primary Elements Deformation . . . . . ... ... ... ... 93
4.4 Force Analysis . . . . . . . . .. 94
4.4.1 Primary Cable tension and Lever output force . . . . . . . .. 95
4.4.2 Lever Input and Spring forces . . . . . . . .. ... ... .. 96
4.5 Solution Terminology . . . . . . . . . . . . ... 97
4.6 Design Requirements of MTA . . . . .. . ... ... ... ...... 98
4.7 Embodiment of the proposed concept . . . . . .. ... ... ... .. 99
4.7.1  RCM mechanism without MTA . . . .. ... ... ... ... 101
4.7.2  RCM mechanism with MTA . . . ... ... ... ... .... 101
4.8 Discussion . . . . ... 103

5 Effect of LPI on the Transmission Design of a Double-Parallelogram

Based RCM Mechanism 111

5.1 Introduction . . . . . . . .. ... 111

5.2 Transmission design parameters with LPE . . . . .. ... ... ... 112

521 Wrapangles . . . . . . . ... 112

5.2.2 Cablelength . . . . . ... ... .. oo 113

5.3 Transmission design parameters with LPT . . . . . .. ... ... ... 117

5.3.1  Wrap angles with inequality conditions . . . . . .. .. .. .. 117

5.4 DIScussion . . . . . .. ... 120

5.4.1 Analytical validation . . . . . .. ... ... ... 121

5.4.2 Wrap anglesplot . . . . . ... ... L 122

5.4.3 Physical validation . . . . ... ... o000 124

6 Characterization of the Mechanism for Tension Adjustment 129

6.1 Introduction . . . . . . . . . . . ... 129

6.2 Initial input to MTA . . . . . . .. .. ... 130

6.2.1 Initial input on Primary side . . . . . . .. .. ... ... ... 131

6.2.2 Initial input on Secondary side . . . . .. .. ... ... ... 132

6.3 Characterization of MTA . . . . . . . .. ... ... ... ....... 132
6.3.1 Both cables are considered as the inextensible elements and a

Zero non-screw input . . . .. ... Lo 133

6.3.2 Primary and Secondary cables are considered as extensible
(elastic) and inextensible elements, respectively, and a zero
non-screw input . . . ... .o 135

6.3.3 Primary and secondary cables are considered as the inexten-
sible and extensible (elastic) respectively, and zero non-screw

nput . . . .. 137
6.3.4 Both cables are considered as elastic elements and zero non-
screw input . ... L. oo 137

6.3.5 Both cables considered as inextensible elements and non-zero
non-screw input . . . . ... oL 138



Contents

6.3.6 Both cables considered as elastic elements and non-zero non-

screw input . . ... L. Lo 139

6.3.7 Primary and Secondary cables are considered as elastic and
inextensible respectively, and non-zero non-screw input . . . . 139

6.3.8 Primary and Secondary cables are considered as inextensible
and elastic respectively, and a non-zero non-screw input . . . . 140
6.4 Experimental Setup Design . . . . . ... .. ... ... ... 140
6.5 Measurement Schemes . . . . . .. ... ... 144
6.5.1 Input screw displacement . . . . . . . ... ... ... ... .. 144
6.5.2 Primary and secondary cables angle . . . . . . ... .. .. .. 146
6.5.3 Primary and secondary cable tension . . . . .. ... ... .. 148
6.5.4 Primary spring deformation . . . .. ... ... ... ... .. 149
6.5.5 Lever Angle . . . . . . . ... ... 149
6.6 Manufactured Experimental Setup . . . . . ... ... ... ... .. 150
6.7 Discussion . . . . . ... 154
6.7.1 Analytical Results . . . . ... ... ... ... ... ... .. 155
6.7.2 Experimental results . . . . ... ... ... L. 158

7 Realization of a Double-parallelogram based RCM mechanism for

MIS 167
7.1 Introduction . . . . . . . . . ... 167
7.2 Design Requirements . . . . . . . . ... oL 168
7.3 RCM Mechanism Synthesis . . . . ... ... .. ... . ....... 170
7.4 Computer-aided design of the mechanism . . . . . . .. ... ... .. 173
741 Modulel . . ... .. 174
742 Module2 . . ... 175
743 Module3 . . ... .. 176
7.4.4 Assembly of the RCM mechanism . . . .. ... ... ..... 177
7.5 Realized RCM Mechanism Design . . . . . .. ... ... ... .... 179
7.6 Transmission Design . . . . . . . . .. .. L oL 181
7.6.1 Cable and pulley selection guide . . . . . . ... ... .. ... 182
7.6.2 End terminations . . . . .. ... L oo 186
7.6.3 Cable-pulley arrangement . . . . . . ... ... ... ... .. 187
7.7 Actuator Selection . . . .. ... 192
7.8 Control design layout . . . . . . . .. ... oL 196
7.9 Discussion . . . . . . ... 197
8 Conclusions 223
8.1 Conclusions . . . . . . . . . . . .. 223

8.1.1 Kinematic modeling of the double-parallelogram-based RCM
mechanism . . . . . .. ... 224



Contents

8.1.2 RCM adjustment in the double-parallelogram based RCM mech-

ANISINL .+ o o o e e e e 225
8.1.3 Tension adjustment in tendon driven RCM mechanisms . . . . 227

8.1.4  Effect of manufacturing and assembly tolerances on the actu-
ation of the distal DoFs . . . . . . . . . . ... ... ... .. 228
8.1.5 In-depth analysis of the mechanism for tension adjustment . . 230

8.1.6  Development of the double-parallelogram based RCM mecha-
NISIN © o v v o o e s, 231
Scope for Future Work 234
A Medical Terminology 239
B D-H Parameters and Validation Poses 243
B.1 Distal Variant of D-H notation . . . . . . . . . . . . .. .. ... ... 243
B.2 RCM Mechanism Poses for the Validation . . . . .. . .. ... ... 244
C Compliant Mechanism Design 247
C.1 Flexure Design Parameters . . . . . . . . .. .. ... ... .. .... 247
Bibliography 249
List of Publications 275

Biodata 277



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11
1.12

Different surgical robots (a) da Vinci surgical system [1], (b) CASPAR
[2], (c¢) Neuromate [3], (d) Cyberknife [4]. . . . . ... ... ... ...
Industrial robots working autonomously inside the cage-like struc-
tures [5, 6]. . . ...
Concept of MIS/Laparoscopic procedure (a) Monocular vision in tra-
ditional MIS [7], (b) Surgeon performing a laparoscopic procedure
with the assistance of a video camera [8], (c) a surgeon and laparo-
scope holder [9], (d) mechanical scope holder [10], (e) brief comparison
of an MIS and open surgery [11]. . . . . . ... ... ...
Schematic representation of a master-slave system for robot-assisted
minimally invasive surgery [12, 13, 13, 14, 15, 16, 17]. . . . . . . . ..
(a) Primary motion requirements in an MIS procedure [18]; (b) Rep-
resentation of collision-free workspace [19]. . . . . . ... ... .. ..
(a) World’s first surgical robot [20, 21]; (b) Application of PUMA 200
industrial robot in neurosurgery [22]. . . . ... ..o
(a) Zeus Surgical System (a) Surgeon console, (b) Patient side slave
arms [23, 24, 25]. . ...
Evolution of state-of-the-art da Vinci surgical system (1999-2018) [26,
27,28,20, 301 .« o e
The da Vinci Xi surgical system (a) The surgeon console [31], (b) the
patient side cart [32], (c) Vision system for assistants and computer
controller [33]. . . . . . ..
Variety of Endowrist instruments [34] (a) Monopolar curved scissors
(Hot shears), (b) Maryland bipolar forceps, (c) Fenestrated bipolar
forceps, (d) Medium-large clip applier,(e) Large needle driver, (f) Pro
Grasp forceps, (g) Potts scissors, (h) Resano forceps. . . .. ... ..
TELELAP ALF-X system: Surgeon console and patient carts [35]. . .
DLR’s Mirosurge surgical system: Surgeon console and patient cart
[B6]. .



List of Figures

1.13 Various parallelogram-based MIS devices proposed in past (a) LARS
[37], (b) Black Falcon [38], (¢) BlueDRAGON [39], (d) UCB/UCSF
RTW [40], (e) Robin Heart [41, 42], (f) kinematic model of shoulder
mechanism [43], (g) Prototype design of the presented mechanism
[44], (h) a parallelogram based dual RCM mechanism [45], (i) modified
parallelogram based RCM mechanism [18]. . . . . . ... ... .. ..

1.14 (a) DLR’s Mirosurge [36]; (b) A fully decoupled RCM manipulator
[46]; (c) Hybrid micromanipulator [47]; (d) A novel RCM mechanism
[A8]. o

1.15 (a) Transmission design of distal DoF's of Black Falcon [38, 49]; (b-
¢) RAVEN-II [50, 51]; (d) Tension adjustment arrangement [52]; (e)
Use of springs for pre-tensioning [53]; (f) Spring based pre-tensioning
method [B4]. . . . . . L

1.16 Flow chart outlining the methodology of the present thesis work. . . .

1.17 Flow chart describing the outline of the present thesis organization.

2.1 (a) Description of a double parallelogram-based 6-DoFs RCM mech-
anism, (b) Described mechanism revealing the RCM feature while in
motion. . . . ...

2.2 Closed-loop I (a) with assigned D-H frames, (b) with assigned frames
and marked D-H parameters. . . . ... ... .. ... ... .....

2.3 Closed-loop II (a) with assigned D-H frames, (b) with assigned D-H
frames and marked D-H parameters. . . . .. ... ... ... ....

2.4 Mapping of frames (f4, and fy,) and RCM into the base frame fy. . .

2.5 Schematic representation of a 6-DoF's double-parallelogram-based based

RCM mechanism with assigned link frames and marked D-H param-

2.6 Schematic representation of (a) the RCM deviation, (b) an exemplary
deviated joint Jo. . . . . ...
2.7 Initial prototype of mechanism for validation of the proposed kine-
matic model in various poses. . . . . . ... ..o
2.8 Ideal and deviated RCM on account of the identified type (N, =
12345) of the inequality among link parameters of the manufactured
prototype (a) with yaw motion; (b) with pitch motion; (¢) with yaw
and pitch motions (nested variation of the 6; and 6,), (d) magnified
view of the nested variation of the 8; and 6. . . . . . . . . . . .. ..
2.9 Ideal and deviated surgical end-effector, as a result of figuring out
the type of inequality (NN, = 12345) among link parameters, of the
manufactured prototype (a) with yaw motion; (b) with pitch motion;
(c) with yaw and pitch motions (nested variation of ¢; and fy from
—7% to 7, and d5 = 94.49mm; (d) Ideal, deviated, and experimentally
measured surgical end-effector coordinates. . . . . . . ... ... ...

43

47



List of Figures

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

4.1
4.2

4.3

4.4

(a) Concept of joint J, adjustment and in turn RCM adjustment; (b)
Adjustment scheme for some of the possible joint deviations. . . . . . 68
Finite element analysis of Al7075 designed sheet flexure (a) load and
boundary conditions; (b) input displacement in Y-direction; (c) re-
sultant von-Mises stress; (d) magnified view of the stress critical region. 71
Finite element analysis of Al 6101-T6 designed sheet flexure (a) dis-
placement in x—direction; (b) input displacement in y—direction; (c)
displacement in z—direction (d) resultant von-Mises stress. . . . . . . 72
Finite element analysis of SS304 designed sheet flexure (a) displace-
ment in z—direction; (b) input displacement in y—direction; (c) dis-
placement in z—direction (d) resultant von-Mises stress. . . . . . .. 72
Integrable and hysteresis-free design of proposed RCM Adjustment
System (from left) (a) right-hand side view; (b) front view; (c) left-
hand side view; (d) top view; (e) bottom view. . . . . . . .. ... .. 74
(a-b) Isometric views of an integrable and hysteresis-free RCM Ad-
justment System. . . . .. ... Lo 75
The embodiment of the RCM Adjustment System into the links (L
and Lsy) of the RCM mechanism under consideration to form joint J,. 76
The RCM mechanism, designed in SolidWorks environment, with the

provision of RCM Adjustment. . . . . . .. .. ... ... .. ..... 7
Plots of RCM deviation under N, as 1 and 12, and with actuation of
first two (67 and 6) DoFs. . . . . . . ... 80
RCM deviation under NN, as 12 and 123, and with actuation of 0,
and/or O, . ... 81

RCM deviation under (a) N, as 1234 and with actuation of 6,, (b)
N, as 1234, with actuation of #; and 6y , (c) N, as 12345 and with

actuation of 0y, (d) N, as 12345, with actuation of 6, and 6,. . . . . . 82
Plots of RCM and surgical end-effector deviation under N, as 1 and

12, and with actuation of first two (0; and/or 65) DoFs. . . . . . . .. 83
Plots of RCM and surgical end-effector deviation under N, as 12, 123,

and 1234, and with actuation of first two (f; and/or #2) DoFs. . . . . 84
Realized RCM Adjustment System for parallelogram-based RCM mech-
ANISINS. . . . . . e e e e e e e 87

Schematic representation of (a) closed and (b-c) open tendon drives. . 90
Schematics of (a) proposed Mechanism for Tension Adjustment (MTA);

(b) preferred embodiment of MTA. . . . . ... ... ... ... ... 91
Schematic representation of (a) lever, primary cable, pulley P; and
associated geometry when d=0; (b) lever, primary cable, pulley P;

and associated geometry when d > 0; (¢) magnified view of pulleys

Py, P3; (d) magnified view of pulley Py. . . . . . . ... ... ... .. 92

Schematic representation of angles v;, yand ¢. . . . . . . . .. .. .. 93



List of Figures

4.5

4.6
4.7

4.8

4.9
4.10

4.11

4.12

5.1

5.2

2.3

5.4

2.9

2.6

Schematic of principal forces on primary cable in MTA; (b) Force
triangle for 7, T; and F); (c) Forces, F; and Fy, at points A" and O}
of lever O300A". . . . . . . 95
Schematics of the preferred embodiment of MTA. . . . . . ... ... 100
Schematic representation of the invariant length of routed cable in
the preferred embodiment (a) is assumed home position; (b) in a con-
figuration after some input i.e. in-plane motion; (c¢) implementation
of MTA in assumed home position; (d) with some input and imple-

mentation of MTA. . . . . . . . . ... 102
Plots of ¢, a, (B, v and Y, angles and length of secondary cable
segment A’E of MTA against input d.. . . . ... ... ... ..... 104
Schematics of proposed MTA (a) initial pose; (b) limiting case . . . . 105
Plots of the angles ¢ and v converging to the same point in limiting
CASE  + v v e e e e e e 105
Plots of forces F;, F; and tension T" generated in primary cable against
input d. . ... 106
RCM mechanism prototype manufactured from acrylic sheets and
PLA by laser cutting and 3D printing. . . . . . ... ... ... ... 107

Quantification of prescribed wrap angles over pulleys (a) Py, P, Fg
and P; in assumed home position, (b) Pj, P, Ps and P; after some
given in-plane motion, (¢) P; and Ps in assumed home position, (d)
P3; and Ps after the specified input. . . . .. .. .. ... ... .... 114
(a) Detailed view of pulley P, wrap angle in the assumed home posi-
tion, (b) Pulley Py wrap angle with a given input, (c) calculation of

the true length of the cable between pulleys Py and P5. . . . . . . .. 116
Wrap angle change over pulleys P, and Ps with LPI and (a) a given
negative input, (b) a given positive input. . . . . ... ... L. 118

Wrap angle change over pulleys P; and Ps with LPI and (a) a given
negative input, (b) a given positive input. . . . ... ... ... L. 120
Wrap angles over pulleys under N, = 0 and (a) N, = 1 ie., ay, =
125 mm and ay = 125.5 mm; (b) N, = 12 i.e., as, = 125 mm, ay =
125.5 mm and dys = 50 mm, az, = 50.5 mm; Magnified view of the
wrap angle curves over pulleys P, and Py under N, = 0 and (c)

Ny=1,(d) Ny =12, . .. ..o 123
Wrap angles over pulleys under N, = 0 and (a) N, = 123 i.e., ay, =
125 mm and ay = 125.5 mm, dyy = 50 mm, az, = 50.5 mm, a3, =

210.5 mm and ag, = 210.0 mm; (b) Wrap angles over pulleys un-
der N, = 0 and N, = 1234 ie., ayp = 125 mm,ay = 125.5 mm
and dyy = 50 mm, asy, = 50.5 mm, a3, = 210.5 mm and az, =
210.0 mm, asp = 50.5 mm and a4, = 50.0 mm; (c) Invariance of
the theoretical cable length against the input joint variable 6s; (d)
N, = 12345 for measured parameters of the prototype. . . . . .. .. 124



List of Figures

5.7

6.1

6.2

6.4

6.5
6.6

6.7
6.8
6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

Variation of the routed cable length, in the manufactured prototype,
against the input joint variable 6y. . . . . . . . .. ..o 125

(a) Line diagram of the embodiment of MTA for its characterization,
(b) Concept of zero and non-zero initial input on the primary side of

MTA. 130
Concept of zero and non-zero initial input on the secondary side of
the MTA. . . . . 131

Six-DoF's kinematic clamp (a) an exploded view (b) assembled view. . 143
Detailed design of the SSRDJ produced in SolidWorks environment. . 144
Schematic representation of measurement scheme for primary cable

anglesavand B. . . . ... oL 147
Schematic representation of measurement scheme for secondary cable

0 2 148
Schematic representation of measurement of lever angle ¢. . . . . . . 150

Experimental setup design for MTA (a) Isometric view revealing its
constructional detail, (b) front view highlighting precise positioning

of base and top platforms and method of pretension. . . . . ... .. 151
Secondary Spring Rotation Decoupling Joint (SSRDJ) (a) manufac-
tured and standard components, (b) assembled view. . . ... .. .. 152

(a) SS cable termination concept, (b-c) Nesting force realization by
means of cable-spring arrangement, (d) Magnified view of cable rout-
ing and spot-faced top platform. . . . . . ... ... 153
(a-b) The arrangement of digital and analog (M Hy, M Hy, MHs,
MH,, MHs; and M Hg) micrometer heads for the measurement of
cable angles and given screw input displacement, (c¢) Measurement
scheme for lever angle ¢; (d) Cable-spring arrangement for measure-
ment of primary spring deformation. . . . . . . ... ... ... .. 154
Both cables are considered as inextensible elements, with zero input
on the secondary (non-screw) side and (a) zero initial input on the

primary side, (b) non-zero initial input on the primary side. . . . . . 155
Tension spring characteristics (a) ideal tension spring, (b) actual ten-
SION SPIING. .« « v v v e e e e 156

Both cables are considered as elastic elements and non-zero initial in-
put (d") on primary and zero non-screw input (d?.) on the secondary
side such that (a) Th > Sy, (b) Tk < S§". .. . ... ... ... .. 157
Both cables are considered as inextensible elements, zero initial input
(d¥) on the primary side and non-zero non-screw input (d?-.) on the
secondary side such that (a) 7% > S{", (b) Ty < S . . . . . .. .. 158
Both cables are considered as elastic elements, non-zero initial inputs
on primary (d!") and secondary (dF%) sides such that (a) 70 > S§,
(b) T < SE . o 158



List of Figures

6.19

7.1
7.2
7.3
7.4
7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

717

Force analysis of manufactured MTA: (a) Analytically obtained pri-
mary cable tension, lever input and output forces (b) comparison of
the analytical and experimental results of the primary cable tension. . 162

Schematic representation of the dimensional synthesis of a parallelo-

gram mechanism. . . . . .. .. ..o 172
Detailed design description of Link 0 and Link 1 assembly. . . . . . . 202
Detailed description of Link 2 and Link 3. . . . . ... ... .. ... 203
Detailed description of Links 4, 5,6, 7, and 8. . . . . . .. ... ... 204
Assembled view of the proposed RCM mechanism highlighting RCM

feature in different poses. . . . . . . ..o 205

(a) Manufactured and assembled base link (Link 0), (b) a closer view
of a capstan with split clamps and a fitted double bearing block,
(c) physical stoppers for the first joint axis, (d) manufactured single
bearing block along with a bearing (NTN 6900-ZZ) and retaining ring

for 22mm internal diameter. . . . . . . . ... ... L. 206
Design realization for Link 1 highlighting various constructional com-
ponents. . ... 207
The manufactured and assembled links highlighting their various fea-
tures (a) Link 2 and (b-c) Link 3. . . . ... ... ... 208

Detailed description of the manufactured and assembled (a) Link 4,
(b) Link 5, (¢) magnified view of Link 4, and (d) Links 5, 6, 7, and 8. 209
Realized RCM mechanism in (a-c) different in-plane (pitching) poses

and (d) an isometric orientation. . . . . . . .. ... 210
(a-b) Description of the wire rope structure [55, 56] (¢) wire rope
diameter measurement technique [57]. . . . . ... ..o 211
(a) Different patterns of the wire rope strands [58], (b-c) schematic
representation of wire rope lays [59, 60]. . . ... ... ... 211
Typical description of a wire rope designation. . . . . . . . .. .. .. 211

(a) Several types of end terminations [61], (b) wire rope application
technique [62], (c) key steps in the formation of a Flemish eye [63],
(d) proper method of applying a thimble, (e) methods for closing the
dead ends of the wire ropes [64] and (f) different stages in the kink
formation [65] . . . . ... 212
Transmission design for the 1st DoF (yaw motion): (a) An arrange-
ment of the required components and (b) cable routing and compo-

nents description. . . . . . . ... 213
(a) Schematic representation of the adopted cable end termination
and (b) conceptualized capstan and termination design. . . . . . . . . 213

(a) An arrangement of the required components for the transmission
design of the 2nd DoF (pitch motion) and (b) cable routing and com-
ponents description. . . . . . . ..o 213



List of Figures

7.18

7.19

7.20

7.21

7.22

7.23

7.24

7.25

7.26
7.27

7.28
7.29

7.30

B.1

Realized transmission design of 2" DoF (a) manufactured and as-
sembled primary elements, (b) tensioning lever-pulley arrangement
and end termination by means of a Flemish eye and wire rope knot
using aluminum wire, (¢) manufactured and assembled DBBj3, BBg,
SSDRJ, SSDRJ bracket, etc. and (d) capstan drive design revealing
cable start, travel, end, and terminations. . . . . . . . ... ... ... 214
The spring-screw rotation decoupling joint (SSRDJ) (a) construc-
tional components and (b) assembly. . . . .. ... 215
The proposed capstan drive design for 3¢ DoF (a) cable start, travel
over several pulleys to terminate at capstan only, and (b) incorpora-
tion of MTA into the proposed cabling scheme. . . . . . . ... ... 215
Realized cable design for the 3" DoF (a) cabling scheme over capstan,
pulleys Py, P, Ps, Py, Ps, Py, Ps and P, (c-d) embodiment of the
mechanism for tension adjustment. . . . .. ... ... 216
Magnified view of the 3" DoF cable drive design (a-b) cable termina-
tions using split clamps along with cable in and out from the capstan
and pulleys, (b) achieved cable-instrument carrier connection. . . . . 217
Different poses of the realized RCM mechanism demonstrating the
cable drive design for 1%, 2"¢ and 3" DoFs. . . . . ... ... .... 218
Estimation of the joint torques for the yawing and pitching motion of
the RCM mechanism (a) mechanism on extreme left w.r.t the yaw mo-
tion and extreme forward w.r.t the pitching motion, (b) mechanism
on extreme right w.r.t yaw motion and extreme backward w.r.t pitch-
ing motion, (¢) mechanism on extreme right w.r.t yaw motion and
extreme forward w.r.t pitching motion, (d) mechanism on extreme
left w.r.t yaw motion and in the middle w.r.t pitching motion. . . . . 219
The proposed control box for the 15t and 2"¢ DoFs (a) components
details, (b) complete assembly. . . . . .. ... 219
The manufactured and assembled control box for the 1% and 2"¢ DoFs.220
The proposed control box for the 3" DoF (a) components details, (b)
complete assembly. . . . . ..o 220
The manufactured and assembled control box for the 15 and 2"¢ DoFs.220
Joint limits measurements for the (a) first DoF i.e. out-of-plane mo-
tion and (b-c) second DoF i.e. in-plane motion (extreme backward)
of the mechanism. . . . . . . . . . ... ... 0L 221
Joint limit measurement for the (a) second DoF i.e. in-plane motion
(extreme forward) of the mechanism, (b) magnified view. . . . . . . . 222

Schematic of the poses of the RCM mechanism for validation. . . . . 245



List of Tables

2.1
2.2
2.3
24
2.5
2.6

2.7
2.8

3.1
3.2
3.3

3.4

4.1

5.1
5.2
2.3

6.1

6.2
6.3

6.4

6.5

6.6

D-H parameters of KC7. . . . . . . . . ... 39
D-H parameters of KCs. . . . . . . . . ... 39
D-H parameters of KC3. . . . . . . . . . ... ... ... 40
D-H parameters of KCy. . . . . . . . . ... 40
D-H parameters of the 6-DOFs kinematic chain . . . . .. .. .. .. 45
Comparison of results obtained from the classical model, the proposed

model, and measured experimentally . . . . . . ... ... ... ... 55
Theoretical and actual link parameters of mechanism prototype. . . . 57
Possible ways of RCM deviation in mechanism. . ... .. .. 61
Adopted materials properties for the design of sheet flexure. . . . . . 69
Design specifications of required flexure for different materials. . . . . 70
Order of RCM deviation with error assumed as 0.5mm in link param-

eLers. . . . L e 79
Order of surgical end-effector deviation with error assumed as 0.5mm

in link parameters. . . . . . .. ... L 81
Specifications of parameters used for the study of MTA. . . . . . . .. 109
Geometric parameters of the mechanism. . . . . . . ... .. .. ... 121
Analytical validation of the proposed wrap angles formulation. . . . . 122
Difference between theoretical wrap angles and wrap angles calculated

based on the measured parameters of the prototype. . . . . . . . . .. 126

Specifications of the standard hardware utilized in the experimental
setup design. . . . . ... 145
Specifications of the measuring devices used in the experimental setup.146
Specifications of MTA parameters used for the theoretical study of

MTA. 156
Specifications of MTA parameters used for the theoretical study of
MTA. 159
MTA parameters for the calculation of primary and secondary cable
angles. . . ... 161

Experimental data recorded during the performed experiment on MTA.164



List of Tables

6.6
6.6

7.1
7.2

7.2

7.3
7.4
7.5

B.1

Experimental data recorded during the performed experiment on MTA.165
Experimental data recorded during the performed experiment on MTA.166

Range of the slave robot motions proposed in the past. . . . . . . .. 169
Joint torque and power specifications for various poses of the devised

RCM mechanism. . . . . . ... .. ... ... ... 194
Joint torque and power specifications for various poses of the devised

RCM mechanism. . . . . . .. . ... . ... . . ... ... 195
Required BLDC motors specifications for the first three DoF's. . . . . 195
Standard available motors specifications . . . . . ... ... ... .. 196
Transmission design parameters of the mechanism. . . . .. ... .. 199

Description of the values of the joint variables for different poses of
the mechanism . . . . . . . . . ... 244



Abbreviations

AO
CTP
CCW
CMM
D-H
DoF's
DoF
EDM
FEA
LPE
LPI
MSW
MEMS
MIS
MTA
PLA
RAMIS
RCM
RMS
SSRDJ
IWRC
WSC
3D

Analytically Obtained

Capstan Thread Pitch

Counter Clockwise Direction
Coordinate Measuring Machine
Denavit and Hartenberg

Degrees of Freedom

Degree of Freedom

Electric Discharge Machine

Finite Element Analysis

Link Parameters Equality

Link Parameters Z Inequality
Measured in SolidWorks Environment
Micro-electromechanical Ssystem
Minimally Invasive Surgery
Mechanism for Tension Adjustment
Polylactic Acid

Robot-Assisted Minimally Invasive Surgery
Remote Center-of- Motion

Root Mean Square

Secondary Spring Rotation Decoupling Joint
IndependentWire Rope Core
WireStrand Core

Three Dimensional



Symbols

'pc
EC

Homogeneous transformation matrix (4 x 4)

Kinematic model of the ideal /theoretical RCM

Kinematic model of the deviated RCM

Cross-sectional area of the primary cable

Cross-sectional area of the secondary cable

distance between frames f, and f;, measured along z oy
Kinematic model of the deviated surgical end-effector tip

Input displacement to the MTA

Distance between points O; to O;

Vertical distance from the i** link axis to the lever rotation center
Vertical distance between O; to O;

Young’s Modulus of flexure material

Young’s Modulus of primary cable

Structural angle of the RCM mechanism

it" frame attached to the ** link

Force at the lever input (point A) i.e. end attached to the secondary cable
Force at the lever output (point O3) i.e. end carrying tensioning pulley Pj
Secondary spring force

(i + 1) joint of the RCM mechanism

Stiffness of the primary spring

Stiffness of the secondary spring

Stiffness of the primary cable

Stiffness of the secondary cable

Flexure length

Length of the secondary cable passed over the pulley P

i'" link of the considered RCM mechanism, i=0 to 8



Symbols

cr Initial deformed/undeformed length of the primary cable
cy Final length of the primary cable
7 Free length of the primary spring
£r Undeformed length of the primary cable
Lrr Length of the primary elements arrangement
o Undeformed length of the secondary cable

LP"(¢)  Lenght of the primary cable between pulleys P, and P,

Ly Lenght of the secondary cable passed over pulley pulley P,

LE(¢)  Lenght of the primary elements arrangement excluding £27(¢) and L2 (¢;)
N; Number of the link parameter inequalities

N, Possible combination of the inequalities

Ny Number of ways in which the RCM can deviate

n Factor of safety

r

Joint vector for base parallelograms

Tp Pulley radius

To Radius of lever rotation at point Oy

T Radius of lever rotation at point A’

Sy Tensile strength in yield

Sh" Initial tension of the primary spring

S Initial tension of the secondary spring

T Total tension in the primary cable

T Initial tension in the primary cable

T, Supplemental tension generated by the MTA
t Flexure thickness

w Flexure width

Lbi Increase in the wrap angle over pulley P, i=1, 2
v Poisson’s ratio

i Wrap angle over pulley P; for d=0, i=1, 2

10) Lever rotation angle

Ao Change in the lever angle

o Initial deformation of the primary spring

0% Initial deformation of the secondary spring
orr Deformation of the primary spring

o Deformation of the secondary spring

orr Deformation of the primary cable



Symbols

ST
0;

Deformation of the secondary cable

Excluded angle of the lever

it" joint variable of the considered RCM mechanism, ¢= 1 to 8
Primary cable angle on the right-hand side of the pulley P;

Primary cable angle on the left-hand side of the pulley P;

Secondary cable angle

Angle of the lever segment OyO3

Lever output force vector at Oj

Wrap angle of the primary cable over pulley P

Angle between horizontal and the line joining pulleys P, and Ps
Angle between horizontal and the line joining pulleys P, and P
Angle between the routed cable and the line joining pulleys P; and Ps
Angle between the routed cable and the line joining pulleys P, and Py





