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Abstract Wire-driven hyper-redundant continuum manipulators are gaining more popularity and
finding more applications in industry and in minimally invasive surgery. Unlike traditional rigid link
manipulators, continuum robots with a flexible backbone structure are able to work in a highly
constrained workspace and in an unstructured environment. However, in spite of a possible wide range
of reachability, continuum manipulators have some issues related to payload capacity, accuracy and
control. Therefore, in this research, we propose a novel hyper-redundant continuum robot with a
passive sliding disc mechanism to improve payload capacity and accuracy. To prove the sliding
mechanism concept, we demonstrate a comparison analysis with a conventional non-sliding continuum
robot arm in a payload test, a bending test and a reachability test. Moreover, with this novel design, we
are proposing robot kinematics and kinetic formulation and simulation results to validate the
effectiveness of the sliding disc mechanism.

Keywords sliding disc, continuum robot, robot backbone, wire-driven, kinematics and kinetics, wire-
tension, design analysis.

1.Introduction

Hyper-redundant wire-driven continuum manipulators are very attractive to the scientific research
community. They can be utilized in applications for the nuclear industry, chemical plants or the
medical field, all of which demand work in a confined workspace and an extremely constrained
environment. Their unique capability could help us reach new horizons of robot application.

Despite their advantages, continuum manipulators have lower accuracy than traditional rigid type
robots because of their high structural redundancy [1]. To improve continuum robot precision, previous
research has attempted to formulate its kinematics by assuming a piecewise constant curvature [2,3].
However, the curvature in actual robotic systems is not constant and depends on position and posture.

Actuation of continuum manipulators could either be indirect on power transmission (as pneumatic
and hydraulic [4,5]) or direct through mechanical transmission (via tendon/wire/cable [6-9]). Among
the actuation systems classified, wire-driven continuum manipulators will be potentially applicable in
areas such as industry, medicine and agriculture. In terms of payload capacity and continuum
manipulators, it also depends on the actuation system. Wire-driven actuation is often used in
applications in which substantial accuracy and payload capacity are required. There are two types of
wire-driven continuum manipulators: hard continuum manipulators [10-12] and discrete hyper-
redundant continuum manipulators [13-15]. The backbones of the former type are mostly made of
elastic material (e.g. NiTi) and such a design allows it to bend at any point of the structure. The latter
type of continuum manipulators can bend only at the joints because the spacer discs are interconnected
by universal or ball joints. In this research, we deal with wire-driven discrete continuum robots
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classified as the latter type with a passive sliding backbone disc mechanism. Similar research with
sliding spacer discs was conducted by Burgner-Kahrs et.al. They developed a tendon-driven continuum
robot with extendable sections using permanent magnets. The robot sections extend or contract by
using an additional motor and another three motors to guide the manipulator bending. For extension,
magnets move the discs by their repulsion force, while maintaining a certain distance from each other
[16]. However, in our proposed design, the manipulator does not extend or contract. Instead, the sliding
mechanism is designed to make internal strain stress evenly distributed along the backbone structure.

Furthermore, Kang and co-workers also presented a similar robot interlaced continuum robot arm
with a sliding spacer disc along the backbone in the principle of following a master. However, the
proposed design has a complicated structure mostly suited for inspection tasks only [17].

Continuum manipulators have a problem related to twist deformation. During the motion, the
external load or impact might cause twist deformation. So, to avoid problems caused by twist
deformation, a wire-driven robot arm with constrained spherical joints has been proposed for minimally
invasive surgery[18]. Kai Xu also proposed a surgical robot with redundant backbones and constrained
bending curvature for continuously variable stiffness. Additionally, Xu developed a unique actuation
system for continuum manipulators, which prevents them from buckling under pressure [19].

There are many kinematic models for continuum manipulators based on the robot structure. The
most popular kinematic model is the constant curvature model, which simplifies formulation by
assuming the robot backbone kinematics in a planar deformed state. The great contribution on
continuum robots kinematics was made by Hannan and Walker, who proposed kinematics applicable
for concentric manipulators and hyper-redundant as well. Furthermore, to improve continuum robot
stiffness, Walker and Hannan proposed kinematics of continuum manipulator designed with springs
[22], for the manipulators with pneumatic actuation Ohno and Hirose method [23], and for the flexible
backboned manipulators Gravagne’s method [24]. The derived kinematic model for the wire-driven
continuum robot arm was also proposed by Zheng Li et al. [25].

In this research, we conducted the motion simulations that combine kinematics with robot kinetics
because the proposed continuum manipulator design with sliding spacer disc mechanism requires
torque/force equilibrium equations to determine the positions of sliding discs that passively slide along
the backbone. It also formulates the way to control the tip-position.

The main contribution of this paper is the proposal of a new wire-driven continuum robot with the
following beneficial features:

* Passive bending stress distribution. During the bending motion, discs passively slide along the
backbone in order to avoid a bending torque concentrating on a certain joint.

* Simultaneous wire tension control with a proposed pre-tension mechanism.

* Improved payload capacity.

The remainder of this paper is organized as follows: design concept, design analysis, and proof of
the sliding backbone disc concept.

2. Robot design
2.1 Continuum manipulator design

The design of the proposed manipulator is demonstrated in Fig.1. In this research, we modified a
previous prototype with the non-sliding backbone disc (Fig. 2b). TakoBot with sliding discs consists of
three parts: the continuum part, the pre-tension part, and the control box. The continuum part, the
slender part of the robot, consists of two independent sections. Each section has five segments
separated by discs that slide along a backbone shaft. The neighboring two rods are interconnected by a
universal joint (Fig.2). Four compression springs are allocated at every 90 degrees between adjacent
discs to transfer forces and are firmly fixed on the disc surface by circular pins. The discs, except for
one that separates the first and second section, slide along the backbone through the linear bearing
equipped in the disc center.
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Control box ]

First section \
Pretension mechanism

Fig. 1 Overall appearance of TakoBot.

Fig. 2 shows the sliding backbone disc design. The mechanism endows two degrees of freedom into
every disc. One is a translational motion along the backbone axis, and the other is a rotational motion
around the same axis.

Spring Spring pin

Spacer disc SPring pin

Wire eyelet

AARAARAR A}

Linear bearing

U joint Linear shaft

(a) Sliding (b) Non-sliding model
Fig.2 Single segment of sliding structure (a) and non-sliding model (b)

The previous non-sliding prototype was inspired by the Elephant Trunk robot (Walker and Hanna,
1999) where Walker used cable-routing spacer discs, universal joints and extension springs [20].

Non-sliding segments

.o |
Sliding segments

Fig.3 Slender part architecture of TakoBot
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Fig. 4 Wire routing arrangement

As it shown in Fig. 3, the first and the last discs do not slide, which means that the total length of the
continuum part always remains constant. As shown in Fig.4, the wires pass through the inside of the
springs. This wire and spring arrangement makes the wire tension vector and spring force vector almost
parallel, which will avoid yielding to unnecessary torque that might occur if the two vectors are not
parallel.

2.2 Pretension mechanism design

Pretension mechanism (PtM) is a passive mechanical device that compensates for wire tension in any
possible posture the robot takes. The PtM device is required for the actuation system that TakoBot uses.
This system uses a pair of wires driven by one motor and multiple pairs of wires are used to control it.
The PtM device might be unnecessary if one motor controls one cable individually, but such a design
inevitably conduces a complexity in control.

All motors must be driven almost all the time during operation in order to keep a certain level of
tension in every wire by monitoring tension with sensors and relaying that information back to the
controller.

Also, the PtM contributes to stabilizing the motion of the manipulator by holding a certain level of
tension of all wires which avoids the sag effect.

Linear shaf

Sliding distance

=——— Guide shaft

Screw housing

Roller pin

Fig. 5 Wire routing schematics inside the pretension mechanism

A tendon passes through the PtM device as shown in Fig. 5. The PtM device is equipped with
rollers to prevent friction between the cable and robot parts. The PtM consists of several components:
PtM holder, inner base, springs, linear guide shaft and roller holders. The inner base is connected to the
PtM holder by the linear guide shaft and the roller holder slides along the linear shaft. Wire tension is
generated by compression springs along the linear shaft (Fig. 6,7). If high tension occurs on a wire, the
roller holder gets close to the inner base. Thus, the PtM device can compensate tension for eight cables
simultaneously with no electronic devises being required for operation, which will enhance device
reliability. Detailed analysis of pre-tension mechanism is here [26]. In order to avoid a spring buckling
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effect, the spring constant of pretension mechanism spring and single segment spring constant value
should be equal.

PtM octagon 7is

Inner octagon

Roller holder

Springs
Idler rollers

Fig.6 Pretension mechanism CAD model Fig.7 Fabricated prototype

2.3 Actuation system

TakoBot employs long lead screw (¢ 5 mm, lead 6 mm) that transfer the rotation of the individual
stepping motor to linear operation of wire. Pair of wires is actuated by one motor using the push-pull
principle. Four motors are used in total: two for the first section and two other motors for the second
section. We use Hybrid Bipolar Stepping Motors with 0.49N/m torque (Trinamic Motion Control, Inc.).
The total shaft stroke is 150 mm. The linear guide shaft prevents the screw housing from twisting/
rotating around the screw rod (Fig. 8).

Lead screw Pulling wire

Coupler

Pushing wire T

] Tendon roller
Linear shaft Screw housing Motor

Fig.8 TakoBot wire actuating system
2.4 Design comparison analysis

The backbone is a crucial part of continuum manipulators. Therefore, based on the backbone
structure, robot characteristics and capabilities may be different. One of the main reasons for using
continuum manipulators is potential payload capacity and bending capability. For identification of the
best robot backbone design, we manufactured two prototypes (with sliding discs and without sliding
discs) (Table 1) and conducted several tests to figure out the optimal continuum robot design. In all
prototypes, we used the same springs and motors.

Features
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Name Non-sliding Sliding
Segment size Length: 35mm Length 35mm
Diameter: 50mm Diameter: 50mm
Num. of segments 10 10
Max. bending angle <45° <45°-50°
Torsional motion no yes
Required Torque 7> 0.69Nem 7<0.69N*m
Max. payload 175¢g 220g
capacity
Control Difficult Easy

Table 1. TakoBot prototypes comparison table
2.4.1.Test on payload capacity
Non-sliding
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Fig.10 Weight manipulability comparison graph

To conduct payload tests of both prototypes, we gave the same task with the same motor. In
this experimental setup, we put 175 g weight at the tip (Fig 9).The height trajectory of the tip is shown
in Fig. 10. In this experiment, we used a tracker to measure the manipulation trajectory and height, and
designed a special code to lift the load as height as possible. For the both prototype same code had been
used and motor torque was same as well. The better payload capacity feature was observed in the case
of sliding discs, which is explained by the following statements:

1. The sliding backbone can distribute applied force/torque equally to all of the segments.

2. In the non-sliding prototype, much of force/torque concentrated on the bending
segment that the wires directly connect, and the sharply bent segment consumes more power
than the sliding backbone (Fig 11).

2.4.2.Test on basic motions

First, we tested the simple bending operation to observe the difference of the resultant shape of
manipulator between the TakoBot and the prototype with non-sliding discs under the identical motor
driving (Fig.11). Next, we tested for “S” shaped motion as shown in Fig.12. For continuum
manipulators, must be able to form an S-shape when in operation. As shown in Fig.12 TakoBot
demonstrated more prominent ‘S’ bending with more small curvature.
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Non-sliding Sliding

S =) )

Motor a Motor c Motor b Motord

Actuation unit arrangement
Fig.11 Bending comparison between prototype model without sliding discs and the
TakoBot with sliding discs

Non-sliding Sliding

Pull wire
Push wire ] ] ‘ M
—
Lead
screw
Lead shaft—)| L @ t
Motora Motorc Motor b Motord

Actuation unit arrangement

Fig.12 “S” shape comparison between prototype model without sliding discs and the TakoBot with
sliding discs
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Finally, as evidence of our sliding concept, we measured angles that adjacent discs take. As
shown in Fig.13a, the disc positions of TakoBot passively change to balance the static force during
bending motions. Therefore, this minimized the bending stress along the backbone, which provides the
above mentioned beneficial features. To conduct this experiment we developed a special code only for
limited motions.

Non-sliding Sliding

Torque concentrated
area

Fig.13 b) Torque concentrated area in non-sliding prototype

3. Kinematic and kinetic formulation

There are some kinematic models for continuum manipulators describing robot structure and
design in some ways. The recently published work of Sadati that is a comparative study of five
methods of kinematic solutions gives a detailed explanation of models for continuum manipulators [27].
According to this study, most discrete wire-driven continuum robots use an equivalent lumped system
model, where the manipulator is a highly articulated rigid link system with a high number of links
connected through universal joints or spherical joints bridged by virtual springs and a damper. In our
proposed robot, we can also use such modelling to represent the actual kinematic and kinetic structure.

In this chapter, we derive equations representing the force balance between adjacent sliding discs
in addition to equations representing the torque balance between adjacent universal joints.

Nomenclature
Symbol Definition
n Total number of segments
m Number of segments belonging to the second section
2 i th coordinate system
ij homogeneous transformation matrix from ith coordinate system to jth
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R, (Byi) R, (6,1 rotational matrices on y-axis and x-axis in ith coordinate system

Uj_q location of the ith universal joint U; (i = 1,:--,n — 1) from the X;_;
Di the position vector of the sliding disc
a;, ¢;, 4;, C; position vectors of the wire-eyelet hole ( first section) (i = 1,:+-,n — 1)
b;, d;, Bi' ai position vectors of the wire-eyelet hole ( second section) (i = 1,---,n — 1)
for far for fe wire tensions of the first section

fo, 5 far fg- ~ Wwire tension of the second section
Sair Sair Sci»Sei the spring tension of the first section (i = 1,---,n — 1)
Spi» Spi» Sa,i» Sa;  the spring tension of the second section (i = 1,---,n — 1)

m, is the mass of one unit including the plate, the rod and the universal joint
k spring hardness coefficient
bar Ppr e Pa motor angles of motor-a, motor-b, motor-c and motor-d
Upg » Upg compression length of the pretension spring (¢ = a, b, ¢, d)
kp the spring constant of pretension spring
A a lead of the screw rod
l; the length between neighbouring universal joints (i = 1,---,n — 1)
L Total wire length

3.1 Assumptions.
(1) No friction is assumed that might be occurred between wires and eyelets in discs.
Wires go through the inside springs (see Fig.4), which will avoid any undue bending of the wire at
the edge of an eyelet. It will prevent it from generating too much friction.
(2) All discs do not rotate about a backbone shatft.
Discs located at the base and the tip do not rotate (see Fig.2 ), which means that the twisting angle
of the slender part is totally zero. Therefore, rotation of any other discs will be considered to be close to
Zero.

3.2 Forward kinematics formulation
Coordinate systems are set at every universal joint
The homogeneous coordinate transform matrices

Xo €))
5o - Zy:Hyq = (Ry(gyl)Rx(Qm) uo,1>, g1 = | Yo
000 1 Lo

Ry (6,:)Rx(6x) u-_1->
14— X Hi_ -=( y\Vyi)BxUxi) Ui-1,i
-1 2 i—1,i 0 0 0 1

0
ui—1; =(0],=2-,n)
L

where (X9 Vo lO)T is an initial position of the base. Two rotation matrices have:
1 0 0 cos Hyl- 0 sin Hyi

Rx(exi)_<0 oS Oy; _Singxi>, Ry(eyi): 0 1 0 3
0 sinf,; cosBy —sinfy,; 0 cos0y,;

2

Multiplying the H-matrices successively, we get unit vectors and the position vector of the ith
coordinate system (Fig.14)
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Fig.14 Coordinate system of ith segment
; | — Ly, — 1)

“)

The position vector p; of the end-point Py, and position of sliding plates P; (i = 1

of the manipulator are obtained by (see Fig.15)
(%) =Ho0 0 L DT, (=1-m)
is a fixed length between the nth universal joint and the tip plate

a, b, Cy d,
0 0 (5)

where [,

0

0
Ay R Ex Cx R ax
ag=\a,|, by= by |- Go=(¢ do = d,
0 0 0 0
Position vectors of 4 hole are obtained as
ay dx Cx é\x
ay _ gy | % ay_py |8 _py | AT
= T} @ =P} @) @)
1 1 1 1
(=1,

where [; is an axial length between the ith universal joint and the ith plate, which varies as the plate
slides along rods, except L.
In the same way, position vectors of 4-hole b, b;,d;, d; at the ith plate (i = 1,:-,m) are
dy
(7)

obtained as
b, b d,
bi _ . by A dy (al) — i dAy
(1)_H0,1 li ’ 1 HOL\ / HOL li ’ 1 _HO,l\li/'

(1—1
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Fig.15 TakoBot kinematic structure

3.3 Kinetic formulation

Our continuum manipulator is divided into two sections (see Fig3). The first section is located
near the distal part, and the second section is located near the proximal part. The first section is
operated by two pairs of two wires for a total of four wires. One pair of wires is controlled by one
motor that pulls one wire and pushes the other wire by the same length by using the pulley. While the
second section is operated by four pairs of wires for a total of eight wires. Therefore, the second section

is controlled by four motors (see Figure 11).
The second section has m units and the first section has n-m units. Four pairs of wires are labelled

by @ and @, b and b.cand & dand d,
Equilibrium in moments at U,, belonging to the first section is,

( fa)(an an_1) X (ap —up) + (Sdn fa) (an an- 1) X (Gn — uy)
+ (Sc,n fc)(cn Cn- 1) X (Cn Un ) + (Sé,n fc)(cn Cn 1)
X (Ep—up) +my(Pr—u) Xg=(0 0 O)T

where @, — a,_,== (a, — ay_1)/la, — a,_4|, etc. m,, is a payload applying at the end-point and g

is the gravity acceleration vector.

®)
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a) First section b) Second section

Fig.16 TakoBot kinetic structure
Equilibrium in moments at U;, (i = m + 1,---,n — 1), belonging to the first section is
where f;, fa, f. feare wire tensions (Fig 16a), S,; Sai Sci Sei,(i=m+1,---,n) are spring
tensions of the ith unit. “X” means a cross product M, is the mass of one unit including the plate, the

rod and the universal joint.
The spring tensions are obtained as,

(—Sa,i+1(ai+1 —a;) + Sqi(a; — ai—l)) x (a; —uy) + (_S&,i+1(di+1 —a;)+

—F N ©)
Sa,i(ai - ai—l)) X (@; —u;) + (—Sc,i+1(Ci+1 = ¢) +Scici = Ci—1)) x (cp —up) +
(—Sé,i+1(5i+1 — &) + Sei(éi — 5i—1)) X (& = u;) + (1M (P — u)+mp TRZi1 (Dx —
u))xg=0 0 0)F
Sqi =k(L = la; — a;_11), Sa; =k(L — |8; — G;—4), (10)

Sei =k(L —|c; —ci—1]), Sei = k(L —1¢ — ¢i—4]),

with the spring coefficient k. Equations (8) and (9) contain 3(n-m) equations including 4(n-m)-1 variables
of the n-m universal joints angles 0,;, 0,;, 8,;, (i =m + 1,-:-,n) and slide length of plates [ i=
m+1,--,n—1).

Equilibrium in force at ith plate (i =m + 1,--,n — 1) is,

(=Sai+1@iv1 — @) + Sai(@; = @_1)—Sa,i+1(Ais1 — @)
+ S04 = @i1)=Sein1 @t = D + Sei @ =D =Seini (@ — &) 1V
+8ei(6 = Gio1) + (=) mpg) - (p; —u) =0
Equation (11) provides n-m-1 equations. Combined it with (8) and (9), we obtain 4(n-m)-1
equations, which suffices in number to solve for 4(n-m)-1 variables; 0,;, 0,; ,0,; (i=m+
1,---,n)andl; (i =m+1,---,n— 1) for a given set of wire tensions f,, fz, f. fe-
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Equilibrium in moments at U,, , the universal joint located at the most distal position belonging to
the second section is
—Sam+1@mr1 = Gm) X (@m = Um) + Som = f5) (b = bm—1) X (b — )
— Sams1@me1 — @) X @ — ) + Sgm = £5) (b — bn—s ) X (b — 1) 12
—Sem+1 @t = Em) X (Cm = tm) + Sam = fa) (dim — din—1) X (dm — Upm)
—Sema1 (Eme1 — Em) X (G — wpm) + Sam—fa) ( m m—l) X (dm — Um)

n-1
+<mw(pn_um)+mp Z (pk_um)>x.g =0 o 07

k=m+1
For the second segment, we can derive similar equations as (9), (10) and (11) by replacing

{a;, a;, c;, €} with {by, by, dy, di}, (Sais Sais Seiir Seiy with {Spis Sp i Sair Sa,ib for i =

1,~-,m—1in(10)and fori = 1,---,min (10) and (11) (see Fig 16b).
As a result, we obtain 4m equations included by Equation (12), which suffices in number to solve

for 4m variables; O ;, 0,;, 6;;andl; (i =1,-:-,m) for a given set of wire tensions

for flS' far f&'

Wire tensions fo, fa, for fes foo f5» far fa are determined according to 4 motors’
angles Pg, $p, Pc, Pa (Fig 17)

Motor ¢
fo |

Motor b

fa

- Motor d
d

fe

First section spacer disc Second section spacer disc

Fig.17 Wire eyelet arrangement on the disc

3.4 Pretention Mechanism Formulation
Fig.18 shows a model of pretension mechanism (see Fig.5).

Fig.18 Pretension mechanism nomenclature

The pretension spring receives 2f, therefore:
2f; = kpyups, (0 = a,b,c,d), 2fs =kyuys, (6 =a,b,éd) (13)

Where Uy, and Up 4 are determined by motor rotation angle and wire length
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_ (p _ Ao
2Upg = 2Upg + =7 + Yiziloy —oi_1| —nl, 2Upg = 2Upg — z_na + (14)
Yi=1l6; — 6;1] —nL

where Zﬁpo and Zﬁp& are compression length of the pretension spring, which are preset initially.
Substituting Equation (14) into Equation (13), we have;

1 Ap, 1 Zn 1 Ao, 1 Zn
— _ A o
fo = Ekp Zupa' + 4—J+E< |O'i—Ui_1|—TlL> Je _—Ekp Zupcf - 4—U+E( Io-i_o'i—ll —TlL)
i=1 i=1

1 T T T VL S
fa—Ekp 20 |a1 a1l —nL :fa—Ekp 2pa =7 —+3 l@; — @;_q1| —nL
n n
1 2, 1 1 g 1™
fe =5k <2Uw+4—{+z<zlci—ci-u —nL)>. fe=3ky <2Upe—4—,f+z(2'“i = Gl ‘”L>>
1 1< 1 s 1% (15)
fb_zkp 2Upb+E+E Zlbi—bi_ll—nL ) flj—zkp ZUPE—E‘I‘E Zlbi—Bi_ll—nL

1 Apg 1 o 1 Aqb 1/~
= d
fd=5kp<2Upd +4—T[d+z< |di_di—1|_nL)>; f;i__zkp<2Upd - +E< E |di—di_1|—nL>
i=1 [

3.5 Formulation of inverse solution
According to the given set of variables Oy ;, 0y; ,0,; (i=1,--,n)andl; (i =
1,-:-,n — 1), we calculate the end-point position by Equation (4),

0 0
(pln ) = Hopn 1?1 :(ig {)n kS In) l(:L - (knln1+ Tn) o
1 1

Taking a total differentiation of P, = kyl, +7, with respect to Oy ;, 0y, , 0,; (i =
-,n)andl; (i =1,:--,n — 1) and also motor angles ¢4, Pp, Pcr Dy,

0pn dpn
Ap, = —A +—A
Where v = (exlr 9x2; exn; eyll 9y2; b eyn . l1 , lz )ttt ln—l ) (S R4n_1 and
ap ap
¢ = (bar b ber Pa)- 2t € RE4 ang aq;l € R
Letw = (Wy, w,, - W4n_1) = 04y,_1 represents the 4n-1 equations provided by Equations

(8-11), which also includes 8, ;, ey,i , i=1,-,n),1; i=1,--,n—1) and also motor

angles ¢a) d)b) d)c' d)d-

Taking a total differentiation for w = (Wl, WZ, . W4n) = 045,_1 as well, we have,

adw (18)
AW——AU+% ¢ 04-7’1—1

aw _ — . ow .
where ™ € RUN-Dx(Un-1) 54 ﬁ € RUN-DX4 gince 3, 1S @ square matrix, we can solve

Equation (20) with respect to the vector AV as,

ow\ L ow (19)
(%) 3020

Substituting Equation (17) into Equation (15), we have
op, (GW) Low op, Ap = <apn op, (6W> Low

v \av) 352%19e o¢ v \av) 3¢

Av =—

(20)

App = — >A¢ JA¢
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which can be solved for A¢, by using a generalized inverse of the Jacobian | € R3*4

Ap = JtAp, + PL(DAGY @1

where JT € R**3 is a generalized inverse of J and P1(J) € R*** is a null projection operator of ],
and Apy € R* is a correction of ¢ so as to minimize a positive scalar potential ¢ by making use of
a redundant actuation. We use JT = JT(J JT) "L and PL(J) = 1 — JTJ.

Equation (19) provides a variation of motor angles A¢ for a given position and direction variation

.ﬁggl};ing the Euler method, we have the following variety equation
@+ 09/ 0d)Ady =0 (22)
which is solved by
Apy = — ¢ (a_(P>T @)
(0¢/ 0b)(0p/ 0p)T \od

As a candidate, we take k2, , where, k2, is the z component of k,,: The unit vector of the end-point
orienting an axial direction. It means that the axial direction and the end-point takes on a horizontal
plain as far as possible while keeping a designated position (see Fig 19).

Fig. 19 Orientation of the end-effector
4. Simulation studies

The simulation studies were done for the following purposes.
(1) To validate the formulations described in the former section.
(2) To validate the effect of disc sliding by comparing cases of sliding discs and non-sliding discs.

Due to the limitations of computer memory capacity, we confined the number of segments to 4 in the
first section and 3 in the second section (the actual Takobot has 4 and 5, respectively). Therefore, the
total number of segments n is 7 and total number of equations 3x-1 is 20. Table 2 shows the physical
parameters used in the simulation.

Table 2. Values used for the simulation

Ls Natural length of spring 60[mm]

ks Spring constant of the springs between UlJs 0.8 [N/mm]

kp Spring constant of the pretension springs 1.6 [N/mm)]

m,, Payload 0 [kg]

Ip Pulling length to yield pretension 30 [mm)]

gz Gravity acceleration 9.80665[mm/s"2]

4.1 Forward motions
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% :

(a) the case of sliding discs (b) the case of non-sliding discs
Fig.20 Simulation results when only the motor-a rotates 6 revolution

It observes the motion of the TakoBot when only motor-a rotates 12x[rad] (6 [rev]) with a constant rate.
It aims to compare motions between the disc sliding and non-sliding. Newton’s method was employed
to converge 20 equations close to be zero with the specified motor angles. Fig.20 shows the motion of
the TakoBot. Small spheres represent universal joints. The springs located between adjacent discs are
not drawn. As shown in Fig.20, the end-plate takes a monotonically movement with the monotonically
rotation of the motor-a in the case of disc sliding. It’s desirable for control. However, the end-plate
takes back and forth motion with the same rotation of motor-a in the case of non-sliding disc. It is due
to a high-bending torque yielded at the last universal joint. This non-monotonically response will make
the control difficult. In the case of real application (Fig. 11), applied motor torque concentrates on the
bending joint which causes more friction interference between the wire and spacer disc eyelets. Thus,
the non-sliding prototype consumes more power as well.

25
=
8 20 o |

= 5
o 15 5 ?
=, 4
2" 3
6 I.5
step No.
10 20 30 40 SC 60 70
Time (sec)
(a) Motion of TakoBot (b) Positions of discs (length from the former UJ)

Fig.21 Simulation results when the motor-a, and motor-c rotates 6 rotations and the motor-d rotates -6
revolutions simultaneously
Fig.21 (a) shows the motion of the TacoBot when motor-a and motor-c rotate 12n[rad] (6 [rev]) and
motor-d rotates -12n[rad] (-6 [rev]) at a constant rate. Fig.21(b) shows the sliding length of the discs
during the motion. The initial positions of all discs are 25 [mm]. At the first, all of them slide largely
because the specified pre-tension is assumed to be loaded at the first step.
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Fig.22 Simulation results for the case of non-sliding discs when motor-a, and motor-c rotates 6
rotations and motor-d rotates -6 revolutions simultaneously

Fig.22 shows the motion of the prototype with non-sliding discs when the motors rotate in the same
way as shown in Fig.21. As shown, the tip of the manipulator lifts up less than the case of sliding discs.
This phenomenon is the same as those observed in the actual experiment shown in Fig.9.

4.2 Control motions

Moreover, to validate the formulation of control, we created the following task: move the end-
effector disc 50 mm along the z-axis and x-axis by 50 steps (Fig 23, 24) (1 mm at every step). Eq.(21)
without null-projection term is used. To visualize the motion of the manipulator, we used three motors
to get a visual result on a two-dimensional plane (Y-Z). Motion on the other planes would be difficult
to identify and verify. TakoBot’s four motors are labelled as motor a, motor b, motor ¢ and motor d.
The first two motors are for actuating the first section, and the other two motors are for the second
section actuation. In this simulation, we actuated motor a, motor b and motor d. Motor ¢ mostly
remains at zero. This is for manipulator motion on Y-Z plane.

100

Main view Zoom view

Disc position Motor angles (motor-a, b, ¢, d)
Fig. 23 The end-effector moves straight upward along X-axis 50 mm.
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Fig. 24 The end-point moves straight upward along Z-axis 130 mm.

According to the obtained results, the sliding backbone disc mechanism engages several segments
when bending simultaneously, while the non-sliding backbone bends the actuating segment greatly
bend. In order to reach the same bending shape as the sliding one, it requires more torque and power
(Fig. 25). To catch the disc displacement by the camera or tracker is very difficult process. Therefore,
by conduction of simulation of discs displacement makes possible to prove the concept, for instance in
figure 23 where shown disc position displacement and motor angles.
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Fig. 25 (a) sliding backbone disk (b) non-sliding backbone disk
5. Test on robot accuracy

To conduct the test on robot accuracy, we designed a task that manipulator should move from
point A to point B with a linear trajectory. In this experiment, we utilized a slide potentiometers in the
pretension mechanism part, which provides a wire-tension feedback information. By using of such
method, we actuated only two of four motors to move the end effector of the manipulator from point A
to B (Fig.26). The main task of the experiment, the robot end-effector shold move linearly with less
disturbace and fluctuation. To track the end-effector trajectory, we utilesed a camera with tracker. The
camera tracked end-effector during the whole experiment.

In figure 27, the graph shows that the sliding prototype demostrates more stable and accurate
motion trajectory rather than non-sliding prototype. The main reason of such phenomena is a wire
friction along the non-sliding proottype backbone. As in Fig 25, non-sliding prototype concentrates
torgue in only single segment and do not distributes the internal bending stress equally.

—_
E -100

—e—sliding
~
i

=f=Non-sliding

300 — Desired
trajectory

X (mm)

Fig. 27 The graph of accuracy obtained from the tracker

6. Conclusion and discussion
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This paper presented a wire-driven continuum robot arm design with a passive sliding backbone
using a pre-tension mechanism. The kinematics and kinetics validation of the robot were explained and
illustrated using simulations. Compared to previous prototypes, we improved robot rigidity and tension
control. Based on previous results, we gained necessary information on robot part fabrication and
design and continuum robot control methods. Moreover, the proposed pre-tension mechanism device
improved robot tension control and helped solve the problem related to sag effect and prevent twist
deformation.

According to the obtained findings, the sliding backbone manipulator can reach a sharper bending
angle than the previous prototype. The bending discs slide along the slender part by engaging several
discs to move simultaneously and distribute the bending stress equally, which makes it possible to
achieve such a motion. Furthermore, during the motion, the sliding discs can compensate cable tension
in a passive way as well. The proposed design could be one of the best design solutions for continuum
manipulators.

In future, we are planning to use a gyro sensor in the tip of the robot to obtain robot orientation
and this method will help to simplify kinematics as well. Moreover, the pretension mechanism would
be improved as well. From passive mechanism it would be improved as a active mechanism by
embedding a linear potentiometers to measure a wire-tension feedback to improve trajectory
smoothness.

Supplementary material

There is a supplementary video material of experiment. The video demonstrates proposed robot general
manipulation and payload comparison test. https://www.youtube.com/watch?v=Jvy8z u0BfE&t=1s
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