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ABSTRACT

Dramatic growth in the robotics industry demands robots with exceptional working capabilities such as
working in a confined environment and with safety features. Likewise, high requirement needs to meet
robots of the new generation. In such a case, bio-inspired continuum robots could be a good alternative
solution for such needs. This research paper proposes a continuum robot arm inspired by an elephant trunk.
The novelty of this research is proposed variable backbone hardness provided by coil compression springs,
such as elephant trunk muscles. Thus, the proposed robot design allows working in a highly constrained
environment, such as the agriculture sector or in the rescue operations, where the working environment is
unstructured and severe which requires exceptional features from the robot. This research paper will cover
the following topics; backbone design concept, geometry modelling, forward kinematic solution and the
robot application as well.

Keywords: Bio-Inspired Manipulator, Continuum Robot, Elephant Trunk, Kinematics, Design.
1. INTRODUCTION inspection purpose, for example in minimally
invasive surgery [2]. One of the main difference of
those backbone type with a discrete continuum
robot arm is torque and payload capacity property.
Relatively, discrete continuum robots provide
higher payload capacity rather than other

According to the continuum robot backbone, it
divides into three main types: discrete continuum
robot, hard continuum robot, and a soft continuum
robot arm. Discrete continuum robot arm backbone

consists of universal joints and mostly actuates by
cable. Moreover, discrete continuum robot arm
relatively heavier and could produce more torque
rather than other types of continuum robots. In
other words, discrete continuum arm looks like a
multi-joint robot arm or gripper [1,25]. Secondly,
hard continuum robots represent robot with shape
memory alloy and springs backbone and connected
by spacer discs which are made of plastic or metal.
Soft continuum robot arm backbone is made of
rubber or silicone. Hard continuum robots and soft
continuum robots features are similar, for instance,
in their application those robots designed mostly for

continuum manipulators [3] In this research we
consider hard continuum robot, but with variable
backbone hardness .which is changed the traditional
view on backbone properties.

In the case of the actuation system,
continuum robots divide into three groups: wire-
driven, hydro or pneumo actuation system and
dielectric elastomer system. The most popular
actuation system is wire-driven, because of
precision and payload capacity properties, the next
popular actuation system is pneumo actuators
[4,5,23,24].
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However, pneumo actuators demand more
space and maintenance. The less popular actuation
system is provided by the dielectric elastomer [6].
Dielectric elastomer is polymer material which can
change the shape by applying voltage,
unfortunately, it requires high voltage and
mechanical property of the material will decrease
after numerous application. However, the
exceptional property of the material is lightness. In
the proposed robot, we utilize a wire driven system
of actuation.

In the field of robotics, continuum robots
became more popular because of their exceptional
properties such as dexterity and flexibility, which is
inherited from hyper-redundant design and soft
materials [7,8]. However, controlling of continuum
manipulator is a seriously challenging issue
because of the flexibility of the shape and structure
it demands constant cable or body tension.

continuum robots work upside down to neglect
gravitation or for inspection scientists miniaturize
the size of continuum robot. For example,
Suzumori and his team designed a flexible
microactuator powered by compressed air
[9,11,12], and Dupont and his team developed a
mesosize continuum manipulator for minimally
invasive surgery [13,14].

This paper is an extended work of
conference proceeding ICMMR 2018 [26] . will
explain the continuum robot construction design
with variable helical compressional springs.
Moreover, the robot design concept, kinematic
formulation and kinematics of a single section
would be discussed.

Table 1: History and classification of the
continuum robot arm.

Numerous researches had been conducted Literature | Continuou | Actuation Application
on continuum robots from the late of 1960s s/ discrete
Anderson and Horn made a first continuum robot
arm called Tensor Arm for underwater Tensor arm D Tendon Underwater
manipulation (Table 1). Moreover, a great (Anderson manipulatio
contribution to the development of continuum and Horn, n
robots had been done by professor Hirose from 1967)
Tokyo Institute of Technology, Prof. Hirose OCRobotics D Tendon Reactor
proposed kinematic modelling based on pure (Buckingha repair
bending and geometric formulation. m, 2002,

Furthermore, novel kinematics for any 2008)
type of continuum robots had been proposed by | Elephant D Tendon/spring | Bio-
Jones and Walker, proposed kinematics was Trunk inspired
adapted via DH convention for continuum robots %{:ﬁ:; and mami ulatio
[18,19,20,21]. One of the main features of this 2003) ’
solution is a shape control [15,16]. In the early
2000’s UK company OC robotics presented new Elephant C Tendon/spring Liquid
continuum arm with tremendous payload capacity | Lrunk transportati
and accurate [8]. Similar research had been ﬁéﬁiﬁg and on
conducted by Hanna and Walker presented a 1999
continuum robot named Elephant Trunk which is
able to perform a linear motion and with solved |EMMA D Tendon/spring | Sanding,
inverse kinematics [10]. Moreover, Han Yuan and (Bostelman Nuclear
Zheng li also proposed a kinematic analysis of the ng’zl)l’
continuum robot based on a static model [5].
Furthermore, Dong. et. all from Nottingham  |Backbone C Tendon/Rod General
University proposed continuum robot arm design | (Gavagne purpose
with twin-pivot compliant joint, which actuated by ~|¢t-all. 2003)
a cable, and Dgng proposed kinematics based on Artroscope D Tendon/Rods General
cable length variation [7]. (Dario et.all, purpose

Moreover, in continuum robot dynamic 2000
problem is also a challenging issue, soft backbone
and less rigid structure bring more difficulties in
statics and dynamics. Therefore, the majority of

e —
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Catheter C Tendon/sleeve Cardiac
(Camarilo surgery
et.all,

2008,2009

Colobot C Pneumatic Colonoscop
(Chen y
et.all, 2004,

2005, 2006)

OctArm C Pneumatic General
(Jones and purpose
Walker,

2006a )

Slim Slimel C Pneumatic Search and
(Ohno and rescue
Hirose,

2000, 2001)

Air-OCTOR C Tendon/Pneuma | General
(Jones and tic purpose
Walker,

2006)

Table 2. Continuum robots backbone
types

Likewise, gradually increased value from the tip to
the base of the robot could help to imitate elephant
muscle. Overall, the prototype has 9 spacer discs
connected by springs and four cables actuate each
segment.

Figure 1. Experimental continuum robot prototype.

Hard Soft
continuum

manipulator

Discrete hyper-
redundant

2. DESIGN CONCEPT

This research paper presents continuum
robot arm inspired from elephant trunk, and with
multi-segment actuating system. The structure of
the robot is similar to the traditional snake-like
manipulator, slender arm, serially connected hard
spacers discs via helical springs. The robot actuated
via 1 mm steel wire connected to the stepping
motor pulley.

One of the main specified features of the
robot is designed backbone structure. For this
prototype, we utilized 3 types of helical
compressional springs with variable constant
values. For instance, for a first segment we used
compression spring WL20-30 with spring constant
35.3H/mm, for middle segment WF20-30 with
constant value 13.2H/mm, and for tip segment
WR20-30 with the lowest value 8.8H/mm.

manipulator

Figure 2. CAD view of the robot

The reason for using variable spring
constant comes from a concern about static and
natural formation. For this idea, an optimal choice
drawn came after several experiments in the
laboratory.

So, the main conclusion is the backbone
hardness should be gradually decreased, from,
bottom to the top section of the robot. Such kind of
variation will increase stability and dexterity of the
robot as well [figure4].

Moreover, the proposed design can solve
the wire tension problem in a passive way as well.
This means that the slender part of the manipulator
can shrink and extend as well, which means the
wire slack would be compensated by the extension
of the springs. Such a problem is a serious issue in
wire-driven  discrete continuum  manipulators
actuation. When continuum manipulator actuates
by paired wire actuating way, it demands additional
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pretension device to compensate cable tension and
provide a constant hardness to the slender part of
the continuum manipulators [27,28].

Figure 3. A single section of the robot: 1-spacer disc, 2-
constraint for spring, 3- helical compression spring.

The distance between spacer discs could be
determined by the length of compressional springs
and it should not exceed over 40 mm. Because of
the long-distance of the segment evoke to the
friction and interference between cables and robot
parts. Moreover, inner interference increases
friction inside of the structure. Thus, the desired
distance is between 30-40 mm per segment.
Likewise, design with an extensional feature makes
solves one issue related to wire tension. During the
work manipulators, the slender part requires an
extensional length of the wire and at the same time
opposite motor should pull wire, so in such case,
the slender part of the robot can handle this
problem mechanically. So, this is one of the main
beneficial features of the robot design.

Figure 4. Comparison of continuum robot backbone
hardness

Figure 3 illustrates the main difference of
the backbone hardness, so in the construction of the
robot, this fact had been taking into an account.
Therefore, in prototype, there are 3 sections[figl],
so in section-1 mounted the hardest spring WL20-
30, in section-2 WF20-30, in section-3 softest
spring WR20-30, these customized springs had
been ordered from company MISUMI. The reason
for using springs for the backbone is elongation and
shrinking feature. Which gives one more additional
degree of freedom. However, using of flexible
backbone will accuse buckling of the flexible
backbone of the force along the backbone exceeds
the bucking load [7]. Therefore, the better solution
in such case is to design the backbone which can
mechanically minimize the twisting angle.

There are some parameters which require a
justification, for example, the number of discs in
one segment, the length of the section, gap distance,
joint length, and spacer disc diameter. Gap distance
or joint length is mostly depending on output
bending of the robot and numbers of the sections.
Therefore, the length and the bending of the section
should keep the following condition: Above
condition could change in terms of final output
continuum bending angle. Disc diameter, in this
prototype, is constant 50 mm, although [4,6] claims
the diameter size of the disc should gradually
increase from top to the base, same as spring
constant, it is because of robot singularity and
dynamics. In additional such kind of approach
would make simple routing of the tendon, because
of different size of disc allow actuating separately.
Compliant joint hardness is one the crucial part of
the continuum robot, so in this prototype springs,
variable hardness constants applied. According to
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the conducted experiments, the same backbone
hardness could increase the required motor torque
for joint bending.
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Figure 6. Relation of serially connected number of
springs and hardness.

KINEMATICS OF TENDON-DRIVEN
CONTINUUM ROBOT

3.1. STRUCTURE

The Flexible backbone continuum robot
structure proposed in this paper consists of three
modules. Each module contains three sections of
individual helical compression springs connected
with a 3d printed compliant joints. Each module is
divided into three segments and consists of springs
with different spring stiffness. The pictorial
description for the nomenclature of the structure is
given below in Fig. 1 and Fig. 3.

The kinematic model of each module of
the continuum robot is based on four assumptions
reported as follows

Assumption 1: The centre curve of the
helical compression spring is constant.

Assumption 2: The piece-wise curvature
of the helical compression spring is constant.

Assumption 3: No friction force is acting
on the vertical spring-mass system.

Assumption 4: It is assumed that the
centerline keeps a constant value because of
symmetry of the spring module.

Continuum  manipulators  kinematics
nowadays could be solved with two different
approaches; firstly, we can calculate kinematics by
using a shape angles and radiuses, this approach is
pretty popular and applied in such manipulators
where manipulator shape plays the main role.
Secondly, by using homogenous transformation
matrices which is the pretty similar method of DH
convention, such a way provides an easier solution
and could be applied mostly for discrete continuum
manipulators.

XY.Z

Figure 7. shape control method

Figure 8. Modified DH method
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In this research, the robot actuates a single
wire with a single motor with drum-type pulleys,
which make to neglect a problem with wire tension.
In addition, the robot working arrangement is a
vertical, where we could neglect a gravity as well.

3.2 Forward Kinematic Model for a Single
Module

The purpose of the forward kinematics on
the continuum robot is an analysis to determine tip
position with given cable length. As mentioned
above the joints of the robot is compliant, so is
assumed to perform pure arc shape in case of
bending.

For this prototype, we used kinematic
formulation developed by Jones and Walker, which
is the modified formulation of DH convention for
continuum robots. In this new proposed design, the
kinematic error related to the twisting problem is
minimized thus the system provides us with a more
accurate original configuration. The model is first
presented with all the assumptions mentioned in
this paper to compute the kinematics of the
continuum robot and the follow-up experiments
indicate that these assumptions are reasonable. The
required cable lengths at default configuration of
the continuum robot are calculated and compared
with the real lengths, which is a constant value with
cables fully tensioned to prove that cables can
maintain the tension well based this design
proposed.

End-effector and orientation of the single
section are derived by via DH method, after
obtaining DH parameters (B1 and B2) with given
cable length (11 12,13, and 14), in this case, 11 and 13
are cable pairs and 12 and 14 pairs too. Based on
cable length, we need to find bending angles. Due
to the length of the pair of cables in one gap is
constant to 21 join.

I3 -1 = (21joint —11)—11

&)

Lioint . .
where /"™ s given
As shown in Fig 9. The projection of line
B1B3 on joint 1 bending plane can be calculated as:

m3132 =2r sin(é?l) o

where r and 4, are given.
Hence, from jointl bending section view,
the following equation can be given by:

(ZZjoin[—lij—l{ ~mp 5, sin[%jZZ [2 r sin(6))] sir{%l] o

Similarly, the difference between 2 and

l4 can be calculated.

' ' . T . ﬁl
2linint =l |-1h =2 |2 r sin| —-6 sin| —
( Joint 2) 2 { rosi [2 lﬂ (2

Likewise, from joint 2 bending section
view, another two equations can be obtained.

] “)

(leoint—li,)—li’ =2 [2 r cos(91 )] sin(ﬂ%)
Q)

and

(2ljoint—11”j—lf =2 [2 r cos(%—@lﬂ sin[ﬂTzJ
(0)

’

Then in order to eliminate parameters h

and 11 , adding the left and right side of Eq.(3)

with the left and right sides of Eq.(5), respectively

2 Lgip= =2 7 sid6) sir{%ljﬂ r coddy) si.{%zj
(7

where h is given.
Similarly,
obtained.

the other equation can be

2 Ljgin—la =2 r cody) si{ﬁjﬂ r sin(6)) si{&j
? 2)8)

Iy .. .
where is given.

Based on equations (7) and (8), the
bending angles B; and B, can be written in terms of
cable length 1; and 15, 9;, r and the joint length Loint
as:

5041



Journal of Theoretical and Applied Information Technology
15" October 2019. Vol.97. No 19
© 2005 — ongoing JATIT & LLS ‘ -
1

ISSN: 1992-8645 WWwWw jatit.org E-ISSN: 181-'_7:'1;'5
fy s 2 jginksiden) —coden)) —sirl6y) +acodeh)
2{seP(t)-co?(0)
b =sin_1 2 jaingSi"(Hl) _00491)) HICOS(Hl) +12si1{01)
2 seP{t)-co?(0)

)

Then, by using all these parameters DH table would
be obtained (Tablel).

Figure 11. Joint bending section. Disc B top view.

At first, the kinematics for a single section
of a module was analyzed and then further the
forward kinematic analysis for that complete
module was derived. Since all the segments in one
module has the same configuration and arranged
parallel to each other it was simple to apply the
analysis a single segment to other remaining
segments of a module. In other modules since the
spring stiffness is different from the previous
modules, the spring stiffness constant value varies
with different modules in the derived model.

/[\1
241 joiat I

Table2. D-H parameters for a single segment

D-H Table

Link d «

T 0 I 0 0
Jjoint tar{ﬂj

1 ljomt r{ﬂlj‘i'l disk ]omt m{ﬂ2] _T[
2
T
2

3 B. jomt ﬁzj

[\
™

ldisk

The purpose of forward kinematics
analysis is to determine the position and orientation
of the end-effector or the tip of the continuum robot
Figure 10. Projection of the structure. given the lengths of the cables and motor-pulley
specifications. The tip position and orientation for a
single section of the continuum robot was derived
using the Denavit-Hartenberg (DH) method. First,
the DH parameters were obtained, which are
basically the cable lengths 1; and 1, and the bending
angles B; and B,. Later based on the transformation
matrix for each link, the tip position and orientation
of a segment was calculated.
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Tp=[1 0 0 [ |
0 Jjoint an(ﬁJ
b 2
0100
0 0
0 0 01 J (10)
n= Lioint

—_cos(,b’l) 0 —sin(,b’l) (
Al

sin(B1) 1 cos(B1) (1 jpime
0 B
0 010
L 0 1
7= 0 i ol |
2 COS(ﬂl) s1n(ﬂ1) [ldisk . ljomt tan[&]J cos(ﬁl)
B2 2
3 1 — ..
(S)m(ﬂ]) conlft) [ldisk +ZJ ;Zﬂ tan(%zjj sin()
0 010
| 00 1 i

Then the position and orientation of the
single segment could be calculated as:

T2

0 ~To T

T,

(13)

In the case of calculation all segments of
one section would be in a similar way, as expressed
below:

_ 12"

o =To T

T segment T

(14)

So, the whole robot segments or the
robot’s final end-effector would be calculated as :

Trobot =11 Tq1 ToII (15)

Here Tr. Ty and T are segments of
the robot.

tan(%) + ldiSk +

ljoint

tan(%} +gick +

t(ﬁ%n cos(s1)
tan(%z]] sin(3)

! joint

(11)
4. EXPERIMENTAL VALIDATION

For the experiment of the proposed
prototype, Arduino Uno had been used as a
controller and servo shield to control eight DC
servo motors. Servo shield can provide extra
current to the motors in case of loading, on this
experiment servo motors work on 6 voltage and
0.5A. Technically, during the motion servo motors
consumed more current than the rated current on
their datasheet. So, in control, 8 motors we divided
into 3 groups: 2 motors for the base section, 2
motors for the middle section and 4 motors for the
tip section. The main limitation of the conducted
experiment is a servo motor rotational limitations,
standard servo motors can rotate only 180 degrees,
which constrains the robot bending motions.
Actuation of the wires are pulleys which are
directly connected to the servo motors, so in case of
increasing of the pulley diameter, motor required
more torque, so in this experiment, we tested
various pulley diameters to figure out proper
diameter for servo motor with the rated torque
0.12Nem.
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Figure 12. Robot motor arrangement.

For the simulation of the robot kinematics
Matematica software had been used. Simulation
and actual experiment had been done separately,
because of Matematica cannot handle the speed of
calculation to control a robot in real-time. Fig 13,
demonstrates of correlation of simulation and
experimental robot kinematics.

Figure 13. Simulation results

5. INTENDED APPLICATION

Proposed flexible manipulator would be
utilized as a harvesting tool in CNC based farming
robot machine prototype named FaRo.(see fig. 14).

The design of the proposed agriculture
robot based on a CNC machine platform. Likewise,
robot design makes the environment structured and
predictable for the robot, rather than planting in a
greenhouse or on the field. Therefore, it has three
degrees of freedom, which is well enough for
watering, weeding and seeding processes. On Z-
axis tip mounted special universal tool mount
system for changing tools for watering, weeding,
seeding and measuring soil moisture.

As shown in Figure 3, the farming robot
has 4 stepper motors (5), two for the x-axis and
single motors for y and z-axes. The base platform
of the robot is made from wood (1). The overhead
robot frame is constructed with aluminium beams
which are supported by corner brackets (2). The
gantry (3) serves as the translation along the x-axis
which simultaneously holds the aluminium profile
(4) for z and y-axes. The cross gantry (6) performs
two functions simultaneously: translates motion
along the y-axis and holds the z-axis.

Simultaneously, we are developing a new
algorithm of fruits recognition system based on
machine learning convolutional neural network
system. One of the main intended application of the
robot is a tomato harvesting process, so now we are
training a ripe tomato recognition and detection
system.

Figure 14. FaRo design structure.
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Figure 15. The intended application

The harvesting process is a very work heavy
and time- consuming process which scientists have
been investigating for over five decades. Arguenon
and his team developed Multi-agent based
prototyping of agriculture robot for the harvesting
of grapes in vineyards. The main features of the
robot were detecting grapes, grasping them,
harvesting and finally transporting the grapes.
Many agricultural systems have been explained in
the references for the automation of various
harvesting processes.

Figure 16. FaRo laboratory prototype

By wusing such robot design and control
algorithm it makes possible for full automation of
the greenhouses. The design of the robot is still in
its development stage due to implementation issues.
Future works include adding a bio-inspired
harvesting module based on a continuum robot
design. A continuum robot hand would help
improve robot features and will improve the robot
dexterity. Moreover, machine learning will be
utilized in the future to execute object recognition
in the garden and improve robot performance. Plans

are set to implement this system in a greenhouse to
see its feasibility and to see what benefits it can
contribute to society.

6. DISCUSSION AND CONCLUSION

In conclusion, backbone design
validation with variable hardness had been tested.
According to the conducted results, following
assumptions had been confirmed: Firstly, backbone
hardness became more rigid in control and shaking
problems decreased significantly. Secondly,
because of compressional springs, the problem with
constant tension solved mechanically, which plays
a crucial role in robot accuracy and control.
Thirdly, because of the variety of hardness, bending
occurred more smoothly and the algorithm of
bending had been controlled mechanically.

According to the obtained experimental
results, wire-driven discrete continuum
manipulator recommended as one of the
best candidate flexible robot arm, to work
in the confined workspace. Moreover, with
great dexterity function, the proposed
manipulator demonstrated pretty good
rigidity and stiffness feature.

The robot application arrangement is
also matters, for instance, in case of
horizontal application variable backbone
hardness design demonstrated nice work
and output, additional twist and sliding
motion along the z-axis provided pretty
good torsional motion capability, which
decreased strain energy stress inside of the
structure. In the case of horizontal
application, robots twist motion creates a
problem, such as shifting to the heavier
side. Such problem associated with lack of
constraining of twist along the z-axis. In
horizontal robot application dynamic
problems is the main problem for flexible

structure.

However, there is a disadvantage of using
compliant joint, during the experiments, we figure
out that elongation or extension ability of the
backbone is less required. Extensional backbone
creates the following problems: firstly, control
becomes too difficult to reach the desired point,
secondly, the robot motion became unpredictable
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after 90 degrees of bending. In spite of that, after
numerous experiments, would be better to build
continuum robots with constant backbone length,
for example, universal joints, and compressional
springs for rigidity of the structure.

Based on acquired experience, another
main drawback of the hard continuum manipulator
is a payload capacity limitation. Manipulability and
lifting of the weight, become highly constrained
because of complaint structure. In comparison of
wire-driven discrete continuum arms, such as
[4,7,10,27] manipulators, proposed arm could not
compete on payload ability.

APPENDIX A
A; = Guide points for the cables on the disc A
(i=1,2,3,4)

Bi = Guide points for the cables on the disc B
(i=1,2,3,4)

Ci = Guide points for the cables on the disc C
(i=1,2,3,4)

laisc = the thickness of the spacer disk
lioint = length of the compliant joint

l; and 1, = total length of the cable 1 and 2
respectively
h ,ll =lengths of the cable 1 in gaps 1 and 2
respectively

12 12 _jengths of the cable 2 in gaps 1 and 2
respectively

3 ,13 =lengths of the cable 3 in gaps | and 2
respectively

l4 ,l 4 =lengths of the cable 4 in gaps 1 and 2
respectively
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