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Abstract

Generic and high-performance feedback control is still challenging for tendon-driven continuum robots. Conventional
model-based controllers, based on the piecewise constant curvature (PCC) assumption, explicitly require the arc
parameters (bending angle and direction angle) to link the task (in Cartesian coordinates) and actuation spaces. However,
the approaches' effectiveness remains to be explored when robot shapes deviate from circular arcs. This paper proposed a
hybrid scheme for novel kinematic control of continuum robots. The error led by the slack state has been avoided through
tension supervision, while analytical differential kinematics is further developed to avoid the explicit call of arc parameters
by importing Cylindrical coordinates into task space and applying accurate piecewise linear approximation. Comparison
between a conventional PCC-based controller and the proposed controller has been done by implementing them to a twin-
pivot joint-based continuum section. An overall tip positioning accuracy of £0.35mm has been reached, and a result of root-
mean-square-error (RMSE): 0.3mm and Max error: 0.97mm has been observed when running two predefined path
tracking. Further, in order to evaluate the versatility of the proposed controller, a dual-revolute joint-based and a 3D-
printed continuum section were used to test for path tracking to prove the effectiveness of the controller on a wide range
of continuum robotic systems.
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1 Introduction

Continuum robots outperform conventional rigid-link robots in terms of the ability to have access to
confined environments owing to their compliant mechanical property achieved by various structural designs. It
can be classified into two categories based on their actuation mechanism: intrinsic actuation and extrinsic
actuation[1]. In extrinsically actuated continuum robots, the actuators are typically positioned at the base of the
backbone. Examples of such robots include tendon-driven continuum robots and concentric tube continuum
robots. Among them, tendon-driven continuum robots have been designed with various structures[2], such as
flexible backbone [3], twin-pivot [4]/dual-revolute joint [5] and elastic flexible material [6]. Regarding
intrinsically actuated continuum robots, their actuators are distributed along their backbone. This distribution
allows for various actuation methods, including pneumatic, hydraulic, shape-memory alloy (SMA), electrical
polymer actuation, and hygroscopic actuation[7]. Compared to hydraulic/pneumatic method, the tendon-driven
approach has faster responding speed, and allows large length-diameter-ratio structural design, enabling more
promising applications in confined environments, for example, minimally invasive surgery [3, 8, 9] and in-situ
maintenance of aero-engines [4, 5].

Open-loop control and Close-loop control have both been developed for continuum robots. The former
approach offers less dimensional limitations by freeing from the use of the integrated sensor. The significant
reliance of the actuation accuracy to the model inversion bloomed the improvement of accurate modellings. Ref.
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[10] applied a reinforcement learning method with Markov Decision Process to learn open-loop control strategy
from simulation on a 300mm-long pneumatic manipulator, achieving a mean error of 30.5mm for positioning.
Having a clearer comparison to the conventional approach, ref. [11] proposed a feed-forward method employing
neural network to learn the inverse statics of a 280mm-long soft robot. The experiments demonstrate that the
learning method outperforms the model-based Jacobian approach in terms of positional accuracy (mean error of
feedforward neural network (NN): 7.35mm; that of model-based Jacobian approach: 15.12mm). Overall, the
implementation of machine learnings from both works shows necessity of dealing with the hard-to-predict
factors such as potential frictions, dimensional errors, and actuation cable.

With respect to close-loop control of continuum robots, both model-based and model-less approaches have
been developed. The model-based methods, also called quantitative approaches, are induced from the physical
model of different robotic systems. Owing to the briefness and efficacy, the piecewise constant curvature (PCC)
assumption [12-14] is still the most common kinematic model applied for the feedback control of continuum
robots. As examples, optimal control was employed on a 170mm-long continuum robot with two extensible
modules for smooth path tracking by minimizing the overall cable displacements [15], which can keep the
maximum tracking error less than 3mm for a circular path. Orientation control is performed in [16] on a single-
section pneumatic robot (4.9mm in diameter and 20mm in length) in joint space, achieving average errors of
0.01° and 0.4° in bending angle and direction angle, respectively. Also, the weighted Jacobian controller is
realized in [17] by fuzzy-control rules on a 3 degree of freedoms (DoFs) cable-driven continuum manipulator
(length: 143mm; maximum contraction rate: 30%) for spatial linear path tracking, achieving 0.72mm positioning
accuracy at the end point. Performing the lumped parameter formulation to drive the dynamic model of a 2-DoF
cable-driven soft manipulator (length: 80mm) with additional 1-DoF for linear insertion in [18], the maximum
following error from 50mm (open-loop) to 18mm has been reduced at an average velocity of 16.7mm/s.

The model-less control of continuum and soft robots could be classified into two approaches: online learning
and off-line learning. Based on online learning, [19] applied real-time Jacobian estimation on a planar cable-
driven robot (length: 280mm) with linear feed-in mechanism, which reaches 1.22+0.93mm accuracy tracking a
square trajectory in free space. However, this work takes the assumption that tendon tensions are proportional
to tendon displacements, which neglects the disturbances of frictions and hence restricts its further application
on other cable-driven robotic systems. Similar method is implemented in [20] on a novel 5-section pneumatic
manipulator with each section constructed by four groups of inflatable airbags, realizing 5mm accuracy for
point-to-point motion at 1 Hz feedback frequency. Another case is shown in [21], which uses locally weighted
projection regression to learn the global controller from multiple controllers in local regions for orientation
control of a 2-DoF pneumatic soft manipulator (length: 93mm), achieving +4.24° maximum absolute error in
first cycle and +1.92° after several cycles. Additionally, Kalman filter is also applied for Jacobian estimation to
deal with system uncertainty and external disturbances (by assuming process and measurement noise as white
Gaussian noise) on a 2-section extensible pneumatic manipulator (original full length: 400mm) in [22], which
can reach 2.31mm average root-mean-square-error (RMSE) when tracking a circular path.

Off-line learning, especially neural network (NN), is a more widely used approach for the continuum robot.
In [23], adaptive neural network control is realized on compact bionic handling assistant, a 2-section inextensible
pneumatic manipulator (length: 360mm). The controller consists of two sub-controllers: the distal supervised
learning controller is for forward and inverse kinematic models offline training while the adaptive controller is
designed to learn controller by multilayer perceptron and emulator by modified EIman neural network and
reaches +5mm average error for path tracking. Also, an example is given in [24] where neural network is utilized
on a 2-section inextensible cable-driven continuum robot (length: 405mm) and the learnt model is integrated
into the feedback control, realizing 9.67mm mean error for point-to-point motion and 23mm average error for
line following. Overall, for those model-based methods, they are developed on explicit models and thus can be
analysed theoretically and modified for different tasks; however, they cannot deal with the uncertainty and
nonlinearity of continuum robots, so that the model uncertainties/errors are usually difficult to compensate for
[11, 25]. In terms of model-less methods, the control policies are usually learnt from massive data or developed
based on other algorithms, which can be directly deployed on different continuum robots, but their unclear
working mechanism makes it difficult for further optimisation and unsuitable for dynamic control especially
under external disturbances[26].

Aiming to combine the advantages of both model-based and model-less approaches, a generic controller
was developed in this paper. By describing the tip position using Cylindrical coordinates and applying piecewise
linear fitting, a novel analytical differential kinematics directly from task space to actuation space was derived
based on the conventional PCC model, which avoids the explicit call of arc parameters (bending angle 6 and
direction angle ¢). On the other hand, after the analysis of control schemes of tendon-driven continuum robots,



tension supervision was integrated into the controller design by setting a threshold value to the cable tension to
eliminate cables from being slack, which decouples the cable control and avoids the backlash in robot operation.
As a comparison, the proposed and PCC-based hybrid controllers are both implemented on the twin-pivot design
[27] for tip positioning and path tracking. Then, the proposed controller is further implemented on a dual-
revolute joint based continuum section and a 3D-printed based continuum section to prove the versatility of the
proposed controller.

The rest of the paper is organized as follows. Chapter Il proposes the innovative hybrid control scheme and
presents the formulation of the novel differential kinematics. Then, test-rig setup and experimental results on
different prototypes are given in Chapter Il1. Finally, Chapter IV goes to the conclusion and further discussion.

2 Control Methodology

In this section, a model-based controller is developed, which can avoid the explicit call of arc parameters
and keeps the analytical form directly from task (desired position) to actuation space (cable displacement).
Further, the proposed controller is integrated with tension supervision to keep all driving cables in tension, thus
avoiding the robot backlash.

2.1 Analysis of different control schemes

In general, the controller design of tendon-driven continuum robots is mostly based on cable displacements
(Fig. 1 (a)), which are the only variables controlled directly at the hardware level. This control mode is used in
most of the research for close-loop control of continuum robots as it is easy to implement and control. Besides,
considering that the shape deformation of continuum robots is essentially the result of the interactions between
the robots and driving cables, an alternative control mode of continuum robots is by cable tensions (Fig. 1(b)).
However, this mode is hardly applied in feedback control owing to the great challenge of designing controllers
for the robot shape (tip position/orientation) and cable tensions, especially for multi-section continuum robots
where complex mechanics interactions exist between sections and cables.

Regarding single-section continuum robots, the tension loss of driving cables is negligible. As such, the
actual cable tensions can be measured relatively accurately with load cells at the actuation end. Therefore, cable
tensions can also be utilized to design controllers for single-section continuum robots. An example is given in
Fig. 1(c) to illustrate the schematic diagram of hybrid control. For the robot configuration indicated in the figure,
the red cable dominates the section’s bending motion, while the other two cables (green and blue) are responsible
for the circumferential motion. However, it is obvious that there is no need to control the green and blue cables
simultaneously for circumferential motion. The section motion can be fully operated with two active cables at
any moment, with the third passive cable in a proper tension to keep the robot structure compact. With such a
control scheme, the displacements of three driving cables can be decoupled in a kinematic level. More
importantly, by importing the tension supervision, ill cables states, such as over-tension or slack, can be avoided.
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Fig. 1 Different control modes for tendon-driven continuum robots: (a) by cable displacements (AL;, AL,, AL3); (b)

by cable tensions (AT, AT,, AT3); (c) combination of cable displacements and tensions (AL, &AT;, AL,&AT,,
AL;&ATS).



2.2 Formulation of the novel differential kinematics

The classical kinematic model is shown in Fig. 2(a), which consists of three levels in hierarchy, namely,
actuation space(Lq, L,, L3), configuration space (8, ¢) and task space(x, y, z). Configuration space is the bridge
to build the mapping between actuation and task space with a constant-curvature assumption. This kinematic
model provides a brief and effective way to describe and model the shape of continuum robots, based on which,
different model-based close-loop controllers are designed and validated on various prototypes of continuum
robots. However, this model introduced two additional variables which are actually unmeasurable intermediates.
This method would lead to singularity when the continuum section is in a zero bending angle. Also, it requires
an inverse calculation to the constructed Jacobian matrix.
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Fig. 2 Schematic of (a) the conventional PCC-based kinematic model and (b) the modified kinematic model.

Based on the above discussion, a modified kinematic model is proposed in this section to address the above -
mentioned challenges of the conventional model. As shown in Fig. 2(b), the tip position is described with
Cylindrical coordinates(p, ¢, z) instead of Cartesian coordinates (x,y, z) in Fig. 2(a). Further, since single
section of inextensible continuum robots have only 2-DoF, the variables (p, ¢, z) in task space are not totally
independent from each other. Once (p, ¢) is chosen, the value of z is determined, even though the explicit
expression of the function z = f(p, ¢) is unknown. Hence, the parameter pair of (p,¢) is necessary and
sufficient for the derivation of the modified kinematic model.

Based on the constant-curvature assumption, the kinematics from configuration to task space can be written
as:

—cos 6
] 1)
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where S denotes the backbone length of the continuum robot.
1—-cos 6

The red curve in Fig. 3(a) is the function of f(8) = 5 (9 € [O%D which is nonlinear but highly
positively related to 6. Thus, a linear fitting approach is considered to linearize f(@) for the following

derivation. To reach low deviation ratio e(8) = max (|%|,V9 € [Og]) a piece-wise line with three

segments is adopted for the curve fitting. The whole variation range of 6 is divided into three subsets: U, =
[0, g), U, = [g,g), Us = [g,g]. In each subset, £(8) is approximated by single segment whose endpoints overlap
with those of f(0). Fig. 3(b) gives the deviation ratio in the full range, of which the maximum deviation ratio
(2.26%) is below 2.5%. Obviously, the maximum deviation ratio can be further reduced by dividing the range
of 6 into more subsets. However, considering the balance of simplicity and accuracy, the division using three
segmented lines is finally adopted.
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Thus, £(0) can be linearized with high accuracy as below:
f(0) =k;j6+b;,0 €U;(j =12,3) (2)

ki by 0.4887 0
where |k2 bzl = l0.4232 0.0343].

k; bs 0.304 0.1592
Combining (1) and (2), the expression of the radial coordinate p can be rewritten as:
Hence, the derivative of p with respect to the bending angle 6 can be obtained:
dp .
25 = Skj0 € UG =1,23) (4)

Eq. (5) gives the kinematics from configuration space (60, ¢) to cable displacements in actuation space
(Ly, Ly, L3):

L, cos(a; — @)
ILZI =S —1710-]|cos(a, — @) (5)
Ly cos(az — @)

where r denotes the radius of circle on which all the driving cables are distributed while a,, a,, a5 are the phase
angles with respect to X axis in the XY plane indicating the location of each cable.
Since continuum robots are usually initialized to be straight, the initial values of L,, L, and L4 are all equal
to S. Therefore, the increment of all the cables within the continuum robot can be written as below:

6L, L,
|6Lzl = [Lzl -S (6)
oL L
Putting (5) into (6), we can get:
6L, cos(a; — @)
5Lzl = —r0 - [cos(a, — @) (")
6Ls cos(az — @)

Then, we can start to derive the differential kinematics from task space (p, ¢) to actuation space (L4, L,, L3),
based on which the feedback controller is designed. The derivative of the cable displacement changes dS§L; with
respect to the Cylindrical coordinates p and ¢ can be written as below:

d6L; 06L; )
~dp + -de,i =1,2,3 (8)




According to the chain rule for derivative and (4), the first coefficient on the right side of (8) can be

computed as:

d8L; _ 98L; d_p _r .
op o0 las sk; ~cos(a; —¢),j=1,2,3 )

It should be noticed that 8 is not explicitly called in (9), which is achieved by the linearization of p in (3).
The interval mapping relationship of 8 and p is given below:

T
Uy =1[0,2) © £, =5-[0,0.2559)

U, = [g,g) © 2, =5-[0.2559,0.4775)
T
[3-5]

There, we obtain the explicit expression of the differential kinematics directly from task space to actuation
space:

U, = o 0, =5-[0.4775,0.6366]

dSL; = kL] [—w dp + (2 — b)) - sin(a; — ¢) - dp (10)

Here, it can be found that a direct mapping between actuation and task space is established, while the
bending and direction angles are not involved.

Further, since Cartesian coordinate system is more intuitive and commonly used for both input and feedback,
the following transformations are necessary for algorithm implementation:

I( p= /x§+y§

{ = atan2(yq, Xq) 11

l dp = x3 +yi — /xd+yd

d¢ = atan2 (yatxa) — atan2 (:Vd’ xd)
where (x4, y4) denotes the desired tip position while (x,,y,) is the actual tip position.

Therefore, the inverse kinematic model could be obtained by substituting eq (11) for eq (10). In the
experiments, the actual tip position (x,, y,) are measured by a vision-based tracking system as a feedback of the
controller, while the bending angle 6 is not used.

In addition, since the angular coordinate ¢ € (—mu,m], the domain of d¢ becomes discontinuous for quadrant
switch between quadrant 2 and quadrant 4, which can be solved by the rules shown below:
d¢p < —m,d¢p + 2m > do
dp > m,dp —2n - do
By utilizing the derived model, the motion control of the continuum robot (p and ¢) can be decoupled and
linearized by controlling the variations of the three cables (L1, L, and Ls). Therefore, the sign (positive or
negative) of the control inputs can be correctly obtained from this model, ensuring the closed loop system to be
always stable.

2.3 Construction of the hybrid feedback controller

In the previous sub-section, the differential kinematics directly from task space (p, ¢) to actuation space
(L4, L,, Ls) was derived, based on which a universal controller for various arc-like tendon driven continuum
robots can be developed. However, the slack state of driving cables is still inevitable as the errors accumulate
owing to the factors like robot shape deviation, cable elongation caused by friction etc., which can result in
backlash during robot manipulation. To solve the problem, tension supervision is integrated into the developed
controller to keep all the driving cables in tension. It is worth mentioning that maintaining a certain cable with
a constant tension cannot be achieved for the control of continuum robots since the state switching between
active/passive cables in Section I1.A occurs to all three cables when the robot moves in the whole workspace
and the movement direction of the section tip varies. Instead, a lower limit 7 is set to the tensions T; of all the
cables to prevent them from being slack, which can be expressed in the form of pseudo-code:

if(T; <1 &ddL; > 0),then déL; =0 (i = 1,2,3).

where the setting of the tension threshold is to select the largest possible value after considering the friction
between the cable and vertebrae and the design of the robot.



For comparison, the proposed controller, as well as the PCC-based approach are both implemented with the
tension supervision integrated. Fig. 4(a) shows the control diagram of the conventional PCC-based static
controller [29]. As shown in the figure, the desired cable length L, and actual cable length L, are computed
utilizing the inverse kinematics from the task space to the configuration space (“T.S-C.S IK”) and from the
configuration space to the actuation space (“C.S-A.S IK”), whose difference AL will then be multiplied by the
gain coefficient K(€ (0,1]) and be regulated by the tension supervision block. In aspect to the proposed
controller in Fig. 4(b), the target position (x4, y4) and the actual position (x,,y,) are firstly converted to
(P4, pa) and (pg, @) from the Cartesian coordinates to the Cylindrical coordinates. Then the desired position
(pa, @q) and position error (Ap, Agp) are used as the input of the modified differential inverse kinematics directly
from the task space to the actuation space (“T.S-A.S Differential IK”), whose output, the cable displacements
AL, will be multiplied by the gain coefficient n(€ (0,1]) and be regulated by the tension supervision block.
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Fig. 4 Control architectures of (a) the PCC-based static controller and (b) the proposed controller. In the PCC-based
controller, the arc parameters in configuration space are used as a transition to perform the differential inverse
kinematics from task space to actuation space, while in the proposed controller, the target tip position is converted
from Cartesian coordinates to cylindrical coordinates, with which the direct inverse kinematics is implemented
without the explicit call of arc parameters. Additionally, tension supervision is integrated into both controllers at the
level of cable displacement control. Where the abbreviations where as follow: T.S.: task space, CS: configuration
space, AS: actuation space, and IK: inverse kinemactics.

3 Experimental Validation

In this section, a series of experiments are conducted to validate the hybrid controllers developed in the
previous section. The test-rig is first introduced, which will be used as the platform to test continuum robots with
various designs. Then, for the purpose of comparison, both the PCC-based and proposed hybrid controllers are
implemented on the twin-pivot design for tip positioning and path tracking. Further experiments are also
conducted on the other two prototypes (dual-revolute design and soft robot) to prove the versatility of the
proposed controller.

3.1 Test-rig Setup
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Fig. 5 (a) Test-rig setup, (b) 3D-printed cable adapter and (c) single motor module.

The whole test-rig is shown in Fig. 5(a), which consists of a host controller, a visual feedback device and
an actuation pack. The host controller is a 64-bit Windows 7 based computer with an Intel Xeon E5-1620
processor @3.5 GHz and 16 GB RAM, and the VICON system is deployed as the visual feedback device to
track the tip position and stream data at the frequency of 100 Hz. The main control program runs the proposed
controller and sends commands to the motor controllers for cable displacement control while the data acquisition
program reads the data from VICON and computes the real-time tip position for the main program to read. Two
traceable objects are set for Vicon to respectively capture the position of the continuum section tip and root. The
object for the continuum section root has a 100mm horizontal offset to avoid the robot body blocking the capture
of the object. The mentioned horizontal offset and the vertical offset of the object for continuum tip, which
caused by the thickness of the object base, have latterly been compensated for during the data processing.

The actuation system consists of a cable adapter (Fig. 5(b)) and three sets of motor modules (Fig. 5(c)). The
adapter is 3D printed by PLA with three channels (¢p4mm) inside to guide the driving cables (¢0.8mm includes the
clear plastic protection tube) from the robot to the motor modules with negligible friction. Each motor module is
made up of a Maxon DC motor, an EPOS2 50/5 position controller and a load cell (LCM201-200N). Two rods fixed
on the stand pass through the slider on the motor shaft to prevent it from rotation so that the slider can only do linear
motion along the shaft, which is precisely controlled by the motor controller. In addition, the load cell is taken as the
intermediate between the slider and the driven cable, with one side mounted on the slider and the other side connected
to the cable for tension measurement.



Smg.le section

------

Single section Smgle segment Single disk

(C) T O L Cable holes
a2 BEEEE L
o W
Bl | i
B | =
I | N

Single section Rotating section view

.

Fig. 6 Various prototypes of continuum robots for experiments: (a) twin-pivot design (2—DoF; length: 80mm;
diameter: 15mm, cable hole size 1mm); (b) dual-revolute design (2-DoF; length: 55mm; diameter: 12.5mm, cable
hole size 1mm), (c) soft robot by 3D printing (3-DoF; length: 80mm; diameter; 15mm, cable hole size 1mm).

The prototypes of single-section continuum robots utilized for experiments are shown in Fig. 6(a), and Fig. 6(b)
illustrate the structure of the twin-pivot design in [4] and the dual-revolute design in [5], respectively. Both designs
adopt NiTi rods for the connection between disks and to obtain compliant capability for bending motion. The soft-
robot design is given in Fig. 6(c), which is 3D printed by resin and can be compressed along the length direction. The
hybrid controllers are to be implemented on those designs for experimental validation.

3.2 Experiment I: tip positioning

a) Comparison of both controllers

The PCC-based method is widely accepted as a fundamental model-based approach in the entire field of
continuum robotics, since it can represent the shape of continuum sections with minimal errors and computing

time. Hence, the PCC-based method is usually selected as the baseline method to compare when new approaches
are developed.

To achieve the optimal performance, the parameter tuning process is needed for the gain coefficients K in
the PCC-based controller and 7 in the proposed controller before the comprehensive experiments. Comparing
the response curves of positioning experiments under different controller parameters, 0.1 and 0.02 were taken
as the best parameters through this comparative process.

Further comparisons of tip positioning were made between both controllers after the parameter tuning
process. Eight sets of motions are chosen within the workspace for testing, among which the results of two tests
(Fig.7 (a)) shows that both controllers perform well for the motion (—30,35) — (—35,35). However, when the
motion comes to the boundary of the workspace ((—35,35) — (—40,40)), oscillation occurs to the PCC-based
controller while the proposed controller keeps steady with fast converging speed.
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Fig. 7 Experimental comparison between the PCC-based and proposed hybrid controllers for tip positioning: (a)
(=30,30)—(—35,35); (b) (—35,35)—(—40,40) (This set of experiments was taken by VICON system. The static error
of the system is +0.15 + 0.025mm [30].)

Overall, both controllers behave similarly to each other for most of the target points within the workspace,
demonstrating the effectiveness of both kinematic models within most of the workspace. However, the proposed
differential kinematic model is superior in terms of the global stability near the workspace boundary. This is due
to the fact that when the tip position of the continuum robot is close to the workspace boundary, the deviation
between the actual shape of the robot and circular arc becomes nonnegligible. Therefore, model error will be
imported into the kinematic model resulting from the conversion between arc parameters and tip position,
resulting in the oscillation of the PCC-based controller in the neighbourhood of certain target point. On the
contrary, the proposed controller is developed based on the novel differential kinematics, which abandons the

arc parameters and thus avoids the conversion error.

b) Overall positioning performance

After the comparison with the PCC-based approach, a comprehensive set of tests were performed to
characterize the overall positioning performance of the proposed controller.

As is shown in Fig. 8(a), the scanning path covering the whole workspace of the continuum robot was
divided into four quadrants mainly owing to the measuring range and stability of the VICON system, which are
marked using different colors (red, green, blue, and black). Fig. 8(b) gives the top view of the scanning paths,
which are composed of discrete points whose projection in the XY plane are evenly distributed in the region
Q= {(x,y)| x,y € [-40,40]} in the interval of 2.5mm. And the time interval for updating the target point is

3.5s in the experiment.
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Fig. 8 Overall positioning performance of the proposed controller: (a) scanning path of tip position in 3D space; (b)
top view of the scanning path with the tip position indicated by coloured dots; (c) desired workspace and actual
workspace; (d) scatter diagram of the positioning error in X and Y axes for all 1088 test points. (This set of
experiments was taken by VICON system. The static error of the system is +0.15 + 0.025mm [30].)

Fig. 8(c) compares the actual workspace with the theoretical workspace. It can be observed that there is a
positive offset in the Z axis between the actual and theoretical workspaces, and the offset value becomes larger



as the bending angle increases. The factor contributing to this phenomenon is that all the disks are incompressible
rigid bodies, which cannot deform elastically as the NiTi rods do to form an arc-like shape. While Fig. 8(d)
shows the scatter diagram of the positioning error (AX, AY) for all target points. According to [30], the static
error of the motion capture system used in this paper is 0.15mm. Which illustrates that the overall positioning

accuracy is £0.35 + 0.15mm in the XY plane, and +0.18mm control accuracy can be reached for over 60%
of the tested points.

3.3 Experiment Il: path tracking

This section presents the experimental results of path tracking. First, comparisons are conducted between
the PCC-based and the proposed controllers with the twin-pivot design. Then, the proposed controller is also

implemented on the dual-revolute (Fig. 6(b)) and soft-robot (Fig. 6(c)) designs for comprehensive performance
characterization.

The numerical comparisons of both controllers are given using RMSE (root mean square error) and
maximum error as the performance indices. The RMSE of the PCC-based approach is slightly smaller than the
proposed method, whose performance exceeds the former one in aspect of maximum error.

Two different spatial trajectories are used for the experiments of path tracking: the first path (Path 1) is a
segmented curve whose projection is a 20mmx20mm square centered at (—15,15) in the XY plane while the
second path (Path I1) is a smooth curve whose projection is a 20mm-diameter circle centered at (—15,15). Since
both approaches are essentially static controllers, each path is discretized into a series of points, and the path
tracking is achieved by updating the target position in a constant time interval (1s). In addition, both controllers
are running at the frequency of 20 Hz, which is mainly restricted by the communication speed and execution
time of the actuation system.
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Fig. 9 Experimental comparison of both controllers tracking Path I: (a) desired trajectory (dotted line in black), actual
trajectories based on the PCC-based controller (line in blue) and the proposed controller (dashed line in red); (b)
positioning error in X and Y axes; (c) cable tensions with proposed controller; (d) cable tensions with PCC-based
controller. (This set of experiments was taken by VICON system. The dynamic error of the system is 0.3mm [30].)

Fig.9 gives the experimental results of Path I. The desired path for reference and the actual trajectories
obtained by the PCC-based and the proposed controllers are shown in Fig.9 (a). Also, the tracking errors
(AX,AY) of both controllers in the X and Y axes are plotted in Fig.9 (b). Furthermore, the real-time changes of
cable tensions are monitored for both controllers, which are given in Fig.9 (c) and (d), respectively. The
fluctuations of cable tensions for the proposed controller are much smoother than the PCC-based controller.
Likewise, the experimental results of Path Il are illustrated in Fig. 10.
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Fig. 10 Experimental comparison of both controllers tracking Path 1l: (a) desired trajectory (dotted line in black),
actual trajectories based on the PCC-based controller (line in blue) and the proposed controller (dashed line in red);
(b) positioning error in X and Y axes; (c) cable tensions with proposed controller; (d) cable tensions with PCC-based
controller. (This set of experiments was taken by VICON system. The dynamic error of the system is 0.3mm [30].)

The numerical comparisons of both controllers are given in Table I, including RMSE (root mean square
error) and maximum error. The RMSE of the PCC-based approach is slightly smaller than the proposed method,
whose performance exceeds the former one in terms of maximum tracking error. Furthermore, as shown in Table

11, the performance of the proposed controller has also been characterized on the dual-revolute and soft-robot
designs.

Table I: Numerical comparison of both controllers on the twin-pivot design for path tracking

Path | Path |1
RMSE Max error RMSE Max error
PCC-based controller 0.17 mm 0.67 mm 0.21 mm 0.97 mm
Proposed controller 0.21 mm 0.47 mm 0.31 mm 0.72 mm

In order to demonstrate the robustness of the controller, we used one optimized design (twin-pivot design)
(Table 1) and two unoptimized designs (a dual-revolute design and a soft-robot design) to demonstrate the
performance of the controller (Table I1). It can be noted that the numerical performance of the three designs are
incomparable due to the intrinsic issue of the dual-revolute based and soft continuum sections. Specifically, the
dual-revolute design and the soft-robot design have a higher tracking error compared with the twin-pivot design.
This is caused by the design of these two prototypes. For the dual-revolute design, the friction between the rigid
joints is significant, which added an extra challenge for the controller. Similarly, the compression and the torsion
of the soft section introduced more uncertainties for the control. Hence, the errors of these two designs are higher
than the optimized twin-pivot design.

Table I1: Path tracking performance of the dual-revolute and soft-robot designs with the proposed controller

Path | Path 11
RMSE Max error RMSE Max error
Dual-revolute design 0.7mm 2.14 mm 1.04 mm 2.02 mm
Soft-robot design 0.4 mm 1.62 mm 0.53 mm 1.13 mm

In conclusion, the effectiveness of the novel proposed controller is experimentally validated on the twin-
pivot, the dual-revolute and the soft-robot designs. Among the three prototypes, the best control performance
(RMSE and max error) has been achieved on the twin-pivot design. Furthermore, strictly speaking, the proposed



controller is unsuitable for the soft robot, since the differential kinematics does not work if the backbone length
variable S is not a constant. However, since the controllers are all developed for quasi-static control, together
with the fact that the compression rate of the soft robot is quite low (under 6%, the maximum shrink length is
around 5mm, and the original full length is 80mm), the backbone length can be approximated as constant in the
short term of operation. Therefore, the proposed controller can still be applied on the soft robot, as demonstrated
in the experiments.

4 Conclusion

This paper presents a novel model-based hybrid controller for the high-performance control of various
single-section continuum robots, which has two main features: firstly, an analytical differential kinematic model
, directly from task space to actuation space, is developed by describing the tip position in Cylindrical coordinate
system instead of the Cartesian coordinate system and applying piecewise linear approximation. This avoids the
explicit call of arc parameters. Secondly, based on the preliminary analysis of common control modes for
tendon-driven continuum robots and combining the advantage of single-section continuum robots, a hybrid
control scheme is proposed to decouple the control of cable displacements so that tension supervision can be
achieved to avoid slack or over-tension states of driving cables.

Further, for evaluating the controllers, a set of experimental validation is carried out from two aspects, i.e.,
stability and versatility. On one hand, the proposed hybrid controller is compared with the PCC-based one on
the twin-pivot-based continuum robot. It turns out that both controllers are mostly equivalent to each other, but
the proposed controller outperforms the PCC-based one in terms of global stability for tip positioning and the
tension fluctuations for path tracking. On the other hand, comprehensive experiments are conducted on three
prototypes of continuum robots for the performance characterization of the proposed controller. The versatility
of the proposed controller is demonstrated. Also, it can be found that the controller performs best on the twin-
pivot design in aspects of RMSE (0.31 mm) and maximum deviation error (0.72 mm) for path tracking.

Future work will include extending hybrid control scheme for multi-section continuum robots and
developing dynamic controller with the modified kinematic model. The combination of cable
displacement/tension control can further be implemented to operate extra DoF of soft robots owing to the
elasticity of the fabricating material. In addition, since the state space equation can be obtained based on the
proposed differential kinematics, dynamic control can also be developed for smooth/continuous trajectory
following.
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