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Abstract

In the last couple of decades, wire-driven mechanisms getting more attention in robotics and

medical instruments. The wire-driven actuation system is one of the effective ways of force

transmission in the distance. In continuum robots, a wire-driven mechanism plays a crucial

role in robot control. Likewise, power transmission in a range allows us to locate motors in

the base and improve robot design and dexterity features as well. However, a wire-driven

mechanism cannot provide stiffness to the robot structure, which can negatively affect the

robot's end-effector position. Therefore, many scholars and engineers contributing various

types of continuum robot’s backbone design to provide necessary rigidity to the robot
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backbone during the work. Also, wire-driven mechanisms have a problem with tension

control. Tendon actuated robots demand additional mechanisms to compensate for lost

tension during the motion as well. So, the investigation will cover a novel pretension

mechanism system to avoid wire slack and escape from the pulleys. The novelty of this

research is proposed by robot kinematics and a new robot control strategy.

This research will describe a continuum robot backbone design and robot control, moreover,

based on proposed robot design, forward kinematics, and control architecture of the robot.
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1. Introduction

Attention to the continuum manipulators dramatically increased in the last couple of decades.

One of the main reasons is a reaching ability in the unstructured and confined space, because

of inherited flexible features of the backbone [1]. Therefore, continuum manipulator finds

more application in rescue operations and minimally invasive surgery as well.

In continuum manipulators, the backbone plays a crucial role, so it holds all robot structure

and routes cables or actuators. By the backbone design of the continuum, robots could be

divided into three categories: discrete hyper-redundant, hard continuum robot, and a soft

continuum robot arm. The discrete hyper-redundant continuum robot backbone consists of

universal or ball joints and mostly supports by springs. Hyper-redundant continuum robots

bend only in joints, and the segment length always keeps constant. Moreover, primarily

hyper-redundant robot arms drive by wire [2,28,29]. Secondly, hard continuum robots

backbone made of an elastic material such as spring or rubber. In some cases backbone could

be made of magnet discs [3,27]. One of the main differences between hard continuum robots

from a hyper-redundant robot is a bending feature. Hard continuum robot arm could bend in

any segment and could be driven by wire and magnetic repulsion. Hard continuum

manipulators recommended itself as a useful tool for minimally invasive surgery. Soft

continuum manipulators are made of rubber and silicon materials. Mostly soft manipulator

drives by fluid (pneumo) or dielectric elastomer [9], (Table 1).

By the continuum robots actuating system, it divides into three groups: wire-driven, fluid-

driven (hydro or pneumo) actuation system, and dielectric elastomer system. The most
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popular actuation system is wire-driven because wire-driven actuation provides more torque

and also useful for maintenance. [4,5]. While pneumo actuators demand more design space

and difficult maintenance. The latest actuation system is a polymer material called dielectric

elastomer. This material can change the size by applying a voltage. despite the material

lightness, it requires high voltage, and the mechanical property of the material will decrease

after numerous applications.

Many researchers and engineers brought a valuable contribution to the development of

continuum robots. In spite of great robot, dexterity features controlling of continuum

manipulator is still a seriously challenging issue because of the flexibility of the shape

continuum robots suffering lack of payload capacity and provides less accuracy in comparison

with traditional rigid link manipulators. The continuum robot history starts from the 1960s

when Anderson and Horn presented the first continuum robot arm called Tensor Arm [6].

Furthermore, professor Hirose from the Tokyo Institute of Technology published a first book

dedicated to snake-like robots and also proposed motion kinematics [7]. In the late 1990s Jones

and Walker presented a novel continuum robot arm named “Elephant trunk,” and then

presented a new kinematic solution [18-21].

Moreover, Jones and Walker presented another fluid-driven robot arm called OctArm and also

presented a constant curvature kinematic method for soft and fluid-driven robots [14-17]. In

the early 2000’s UK company OC robotics presented a new continuum arm with tremendous

payload capacity and accurate [9]. Moreover, Han Yuan and Zheng li also proposed a

kinematic analysis of a continuum robot based on a static model [5, 10-13]. Furthermore, Dong.

et. al from Nottingham University proposed continuum robot arm design with twin-pivot

compliant joint, which actuated by a cable, and Dong proposed kinematics based on cable

length variation [8,22-25].

In this research paper, we consider a discrete hyper-redundant continuum manipulator named

TakoBot (Tako means octopus) design, kinematics, and kinetic solutions. Moreover, robot

simulation results will demonstrate manipulator potential.
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Table 1. Types of continuum manipulators

Discrete hyper-redundant Hard continuum

manipulator

Soft manipulator

2. Design concept

2.1 Continuum part design

Due to the robot application, the design could be various. Discrete continuum manipulator

structure consists of the following necessary parts: a universal joint, cable routing spacer discs,

cables, and helical springs (see fig. 3). The springs had been utilized as joints, such kind of

design provides 2DOF bending motion and stiffness to the structure. However, using springs

for backbone joints has a drawback, which means the slender part can elongate and shrink,

which affects the end-effector position and makes a problematic control process. Moreover,

springs consume more power. But there is no other material that can provide such freedom on

variable stiffness to the robot slender part, such as springs. To verify this concept, we build

two types of continuum manipulators, with a universal joint backbone and with a spring

backbone (Fig 2).
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Figure 1. Takobot design

a) Spring backbone b) Universal joint backbone

Figure 2. Continuum robot design with (a) spring backbone and (b) with a universal joint backbone.

Based on conducted experiments, the spring backboned continuum robot arm has numerous

drawbacks with precision and mobile mass [27]. According to the robot design, manipulator

could extend and retract, but in a real application, such motion led to inaccuracy, and due to

big spring’s robot, mobile mass significantly increased. Therefore, to improve robot accuracy,

we proposed the next following solutions: each segment should be fixed in length, and mobile

mass should be lighter to prevent massive stress to the driving motors [28,29] (Fig.3).
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a) Takobot design structure b) Single-segment design

Figure 3. Takobot design structure and single-segment design

The universal joint length could determine the distance between spacer discs, or it should not

exceed over 40 mm. Long-distance between two discs might lead to the spring to spring or

spring to universal joint interference. Moreover, inner intervention increases friction inside of

the structure. Thus, the desired distance is between 30-40 mm per segment. The disc diameter

is 50mm and universal joints interconnect spacer discs. Spring pins in figure 3b for fixing the

compressional helical springs. The springs had been selected from Misumi manufacturer

catalog. In this research, we used spring WF8-40 with spring constant 0.8N/mm, and the

deflection rate of the spring is 40%.

Figure 4. 3d printed universal joint

In this research, we utilized 3d printed universal joint ((Fig. 4). 3d printed universal joint

became lighter than commercially available prototypes, and also printed ABS material

reliability was acceptable.
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2.2 Actuating unit design

There are two types of tendon actuation on continuum manipulators: by a pulley and by a

linear shaft. Pulley actuation is a cheaper option, but the main drawback is on the design,

which makes difficult motors arrangement. In addition, pulleys cannot generate great torque,

which means to achieve enough torque requires big motors, while by linear shaft provides

high torque with small motors because of the linear moment and motor locations could be

more compact (Fig.5).

a) Linear actuation b) Pulley actuation

Figure 5. Wire-driven actuating unit types

In the proposed prototype, we used a linear actuating unit with a paired wire driving system.

One of the difficulties of the paired wire-driving system is a wire-tension; therefore, such kind

of wire-driven system requires a pre-tension mechanism system.

2.3. Pretension mechanism design

Moreover, in wire-driven system design tension issue also should be taking into account as

well. In practice, tension control is a quite difficult issue and always tendon slack takes place

during the control. Therefore, tendon actuated mechanisms require a pretension mechanism to

compensate for lost tension. Our proposed pretension mechanism (PTM) is a passive

mechanical device which could be applied almost for all types of actuation.
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Figure 6. Pretension mechanism CAD design and fabricated prototype

Figure 7. Takobot wire routing schematics

3. Kinematic formulations

3.1. Forward kinematic formulation

Coordinate systems are set at every universal joint.

The homogeneous coordinate transform
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: , (1)

: , , (2)

where, and are an initial position of the base. and are rotation matrices of

ith universal joint that has two rotation angles and , is a rotation matrix of the ith disk

with a rotation angle along the axial axis and L is a length between neighboring universal

joints (Fig.8). Two rotation matrices have

= = ,
(3)

Multiplying the H-matrices successively, we get unit vectors and position vector of the ith

coordinate system;

where, is the position of the ith universal joint Ui

The position vector of the end-point and position of sliding plates of

the manipulator are obtained by,

(4)

where, is a fixed length between the nth universal joint and the most distal plate.

Position vectors of 8 hole at the base plate are determined as,

(5)

Position vectors of 4 hole at the ith plate are obtained as,
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(6)

where, is an axial length between the ith universal joint and the ith plate, which varies as the

plate slides along rods, except .

In the same way, position vectors of 4 hole at the ith plate are obtained

as,

(7)

Figure 8. TakoBot Kinematic structure

3.2 Kinetic formulation

Our continuum manipulator is divided into two segments. The first segment is located by the

distal part and the second segment is located by the proximal part. The first segment is
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operated by 2 pairs of 2 wires; total 4wires. One pair of 2 wires is controlled by one motor

that pulls one wire and pushes the other wire in the same length by using the pulley. While,

the second segment is operated by 4 pair of 4 wires, total 8 wires. Therefore the second

segment is controlled by 4 motors.

The second segment has m units and the first segment has n-m units.

4 pairs of wires are labelled by and , and , and , d and ,

Equilibrium in moments at Un belonging to the first segment is

(8)

where, = , etc. is a payload applying at the end-point and is the gravity

acceleration vector.

Equilibrium in moments at Ui , , belonging to the first segment is

(9)

where. are wire tensions, are spring tensions

of the ith unit. “ ” means a cross product and “|*|”, is the

mass of one unit including the plate, the rod and the universal joint.

The spring tensions are obtained as,

(10)

with spring coefficient k. Equations (8) and (9) contain 3(n-m) equations including 4(n-m) -

1variables of the n-m universal joints angles , , , and slide length of

plates .

Equilibrium in force at the ith plate is,

(11)
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(11) provide n-m-1equations. 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;

for a given set of wire tensions

.

Equilibrium in moments at Um, the universal joint located at the most distal position

belonging to the second segment is

(12)

For the second segment, we can derive the similar equations as (9), (10) and (11) by replacing

{ with { , { , , , } with { , , , } for in

(10) and for in (10) and (11).

As a result, we obtain 4m equations included by (12), which suffices in number to solve for

4m variables; for a given set of wire tensions .

Wire tensions , . are determined according to 4 motors’ angles

as,

(13)

where, is a motor rotation angle to generate a pretension, is a lead of the screw rod and

is the spring constant of the pretension spring.
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Figure 9. Takobot kinetic structure.

4. Robot control

The proposed manipulator control is the teleoperated method. In this research, we used two

joysticks. According to the robot design, the manipulator in total has four motors; two motors

for end-effector and the other two for the mid-section. Each manipulator has two degrees of

freedom, and in actuation, it notes as x and y-axis. As an actuating unit, we used bipolar

stepping motors with 0.69Nm torque. The motor driver is TMC 2208 from (Trinamic Motion

INC). The controller is Arduino UNO.
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Figure 10. Takobot control schematics

Figure 10 shows that control schematics and control board wiring. The control board power

supply is variable, motor drivers and stepping motors consume 12V, Arduino board and

joysticks consumes only six voltages. For the continuous work, we included a cooler fan

additionally.

Motion stars from the joysticks; it gives the desired driving direction to the motors. In general,

the robot can move in four directions: up, down, left, and right. Those primitive motions

which are enough to reach the desired position. Due to 2 actuated sections, based on robot

wire arrangement design, it makes the control process complicated. The first section wires

located with the 90-degree arrangement, same as x and y –axes, but the second section wires

aligned in 45 degrees, which means co-directional motions of first and second sections should

be coherent. Otherwise, control would be very complicated. Moreover, both sections cannot

be controlled with a single joystick because to improve the reachability of the manipulator

robot should do ‘S’ shape motions, which is possible only with two joysticks control.
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1-section 2-section

Figure 11. Control arrangement

In figure 11, first section control is basic, but the second section control requires a combined

control method. Here M1, M2, M3, and M4 are motors, and the blue arrow is desired motion

direction, black arrow is motor direction; up –clockwise, down –counter-clockwise (Fig.11).

Figure 12. Takobot shape control combinations.

Based on control combinations, we can get the desired robot postures and shapes (Fig12).
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Figure 13. Basic manipulation experiments

Conclusion

In this research, we developed a 3dprinted wire-driven continuum robot arm.

Moreover, the research described the robot design, kinematics, and control strategy of the

proposed manipulator. According to the conducted experiments, we could determine the

optimal size of the robot segment and analyzed the robot backbone design. The proposed

design demonstrated better accuracy and smooth motion. Based on observation, using springs

in the segment provided rigidity and depends on the required stiffness, we could increase

spring constants by replacing them. Compare with other materials, and only spring can give

such freedom on selecting required hardness.

In the near future, we are planning to improve robot payload capacity and find a proper

application.
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