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ABSTRACT

A slim manipulator with redundant degrees of freedom can be of great use for inspection and maintenance in
confined spaces. Cable-actuation is often preferred because of the possible proximal placement of the actuators.
However, tension induced elongation and friction of the cables may substantially vary under different manip-
ulator poses. It is then difficult to achieve high positioning accuracy under different loading conditions, even
when such a manipulator went through careful motion calibration and actuation compensation. This paper hence
proposes a 12-section cable-driven hyper-redundant manipulator with 24 degrees of freedom and closed-loop
control. Customized magnetic angle sensors were integrated at each joint with a carefully designed sensor
communication network to achieve rapid joint feedback. A novel puller-follower controller was proposed to
properly actuate three cables for each universal joint that connects adjacent manipulator sections. The two joint
angles of the universal joint and the cable tensions can be simultaneously controlled with the proposed puller-
follower controller. The design overview, system descriptions, kinematics and experimental characterizations are
reported in detail. After automatic straightening from arbitrary initial statuses, the proposed manipulator can

achieve +£0.5° precision at each joint, even under a tip load up to 500 g.

1. Introduction

Redundant manipulators with slim bodies and high dexterity are
capable of completing demanding tasks in confined space, such as the
inspection, cleaning and maintenance in aerospace [1], nuclear [2], and
medical industries [3]. With more motion DoFs,l hyper-redundant ma-
nipulators have several advantages, such as obstacle avoidance [4] and
follow-the-tip motions [5].

Since the development of the hyper-redundant tensor arm manipu-
lator [6] in the 1960s, quantities of hyper-redundant manipulators have
been proposed. They can be classified by their structures as follows.

1) Articulated multi-section structures: the manipulator usually
consists of serially articulated rigid links, implemented with either in-
tegrated actuators [7-11], or proximally arranged actuators [12-17].

2) Continuum mechanisms: the manipulator is composed of stacked
continuum segments whose motion is realized by the deformation of the

This paper was recommended for publication by Associate Editor Cong Wang.

composed material. The continuum mechanism brings advantages such
as compliance for safe interaction with the environment, compact
structural designs, and dexterity in confined spaces [18]. It seems
promising for field manipulation [19], industrial inspection [20], or
minimally invasive surgery [21]. However, the relatively low stiffness
and motion precision of the continuum mechanism are the major
limitations.

Cables (or tendons) have been extensively employed in hyper-
redundant manipulators, due to their capability to enable lightweight
structural designs, scalable sizes, and environmental compatibility (e.g.,
applications underwater or with electromagnetic noises), etc. However,
such benefits come with the requirements of properly maintaining the
cables tensions: the tensions are necessary to provide outputs and can
improve the joint stiffness, but high cable tension brings noticeable
friction and cable elongation (i.e. the axial elastic deformation of the
cable).
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Fig. 1. Overview of the CDHM system: (a) configuration of the CDHM system; (b) overall appearance.

Among the investigations on existing cable-driven CDHMs,” the
focus is placed onto the kinematics-based open-loop control [14,17]],
the dynamics-based open-loop control [15], motion planning [22], etc.
However, tension induced elongation and friction along the cables may
substantially vary under different manipulator poses. It is then difficult
to achieve high positioning accuracy under different loading conditions,
even when such a manipulator went through careful motion calibration
and actuation compensation. This paper hence proposes a 12-section
CDHM with 24 DoFs and the corresponding closed-loop controller. It
should be noted that it is not trivial to collect joint angle feedback to
form a closed-loop controller, besides the necessity of carefully
designing sensor communication network to achieve rapid joint angle
readings. According to the preliminary results reported in the confer-
ence paper [23], the cables underwent gradual slack if only the joint
angles are under closed-loop control. Even though a few approaches of
measuring the joint angles were proposed in [24,25] (e.g., via an optical
fiber or via distance measurements of adjacent joint structures), no
existing approaches can be directly adopted for the closed-loop control.
In the existing approaches, either the cable actuation lengths are
calculated according to the kinematics models [14,17], or the cable
actuation tensions are calculated according to the dynamics models
[15].

In order to simultaneously realize the closed-loop control of the joint
angles while maintaining the cable tensions by controlling the cable
elongations, a puller-follower concept was introduced, for the first time,
to design the proposed closed-loop controller for this new scenario
where three cables antagonistically actuate a universal joint. In the
work, the cable tension control was realized by regulating the cable
elongation. Thus, the actuating motors all work in the position-servo
mode and the force control loop is not required. Previously, the
puller-follower controller was only applied in 1-DoF antagonistic cable
actuation [26-28]. The proposed three-cable puller-follower controller
may seem similar to the closed-loop controller in [29]. But the key
difference is that the controller in [29] is only based on the cable-joint
kinematics and no tension control was considered. Furthermore, a
prediction-based feedforward compensator was incorporated to reduce
the delay of the response mainly caused by the role switching between
the puller cable and the follower cable.

Based on the previously proposed CDHM prototype [23], this paper
presents a CDHM system that is mainly composed of a rigid-linked
snake-like manipulator with 12 sections and 12 universal joints, as
shown in Fig. 1. Substantially more works have been included in the

2 CDHM: Cable-Driven Hyper-redundant Manipulator.

present investigation, including: i) a multi-DoF mobile base has been
added for various operational scenarios, as shown in Fig. 1; ii) the
CDHM’s joint sensors were carefully re-designed, where magnetic sen-
sors were utilized to provide smooth and accurate joint feedback; iii) the
closed-loop puller-follower controller was modified to handle the
multi-section control while simultaneously maintaining cable tensions;
and iv) prediction-based feedforward compensator is incorporated to
reduce the delay mainly caused by the role switching between the puller
cable and the follower cable.

This paper is organized as follows. First, the design goals and system
overview are reported in Section 2. Then the CDHM system description
is elaborated in Section 3, including the mechanical designs and the
control infrastructure implementation. In Section 4, the kinematics
model and the closed-loop puller-follower controller of the CDHM sys-
tem is developed. The experimental characterizations and results are
reported in Section 5. At last, the conclusion is summarized in Section 6.

2. Design goals and overview

As shown in Fig. 1(a), the CDHM system consists of a snake-like
manipulator with 12 articulated sections. Each section has a 2-DoF
cable-driven universal joint. The system hence possesses 24 DoFs to
provide sufficient reachability and distal dexterity in confined spaces.
Due to the manipulator’s long reach and cantilever-like load condition
under gravity, both motion accuracy and payload capability are sub-
stantially affected by the tension-induced cable elongation. To address
these challenges, on-board angle sensors were utilized to realize joint
angle feedback for closed-loop control, which can substantially reduce
the positioning errors caused by cable elongation. With the closed-loop
controller, the CDHM system also promises the motion accuracy under
external load, leading to an enhanced payload capability.

Drawing on the aforementioned concepts, several key design goals
are proposed as follows.

1) To provide sufficient dexterity for intra-cavity operation, the total
length of the CDHM shall be over 1.5 m, and the universal joints
should have a motion range no less than 45°.

2) The rotary errors for the joint angles shall be controlled within £0.5°
(a. k. a., a 0.5° control dead zone). Setting higher joint control goal
may result in longer time to reach a steady status.

3) The tensions on the actuation cables shall be maintained within an
acceptable range to avoid fracture and slackness (shown as an axial
elongation below 2 mm).

4) The payload capability of the CDHM shall be at least 500 g (about
one third of the snake-like manipulator’s weight) which allows
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Fig. 2. Design of the multi-DoF mobile base: (a) the unfoldable supporting leg.

setting external end-effectors such as water jet for cleaning and soft
grippers for maintenance operations.

3. System descriptions

Based on the abovementioned design goals, the CDHM system was
designed and constructed. The system can be divided into three main
components: the snake-like manipulator, the actuation box and the
multi-DoF mobile base. This section presents the mechanical designs and
control infrastructure of the CDHM system in detail.

3.1. Multi-DoF mobile base

To facilitate the operation of the CDHM system for various possible
working scenarios, the multi-DoF mobile base was designed with several
DoFs. The completely expanded state is shown in Fig. 2. The main fea-
tures are described as follows.

1) The base can be conveniently moved with the four caster wheels. To
acquire a stable working state, 4 unfoldable supporting legs were
designed as shown in Fig. 2(a). The electric linear actuator #1 can
provides the angular unfolding motion while the electric linear
actuator #2 can support the whole system for a stable working state.

2) The base height of the snake-like manipulator can be adjusted with
the servo-hydraulic linear actuator #1, whereas the servo-hydraulic
linear actuator #2 can help adjust the pitch angle from 0° to 45°

3) To accomplish intra-cavity tasks, a feeding DoF is provided via a
motorized slider-screw mechanism a feeding motor.

3.2. Snake-like manipulator and the actuation box

The snake-like manipulator consists of 12 rigid arm tubes connected
by universal joints. Each arm tube and a proximally attached universal
joint is addressed as a section, as demonstrated in Fig. 3(a).

The universal joint contains two orthogonally arranged revolute
joints that connect a base support, a connecting hollow block, and an
end support, as shown in Fig. 3(b). The cables that actuate the universal
joints are attached to the end support and can slide in the holes in the
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base support. Two of the connecting shafts in the universal joint are
hollow to accommodate the magnetic disks, which generate variable
magnetic fields as the joint rotates, as shown in Fig. 3(c). All the struc-
tural components were made of aviation aluminum alloy (7076-T6),
while the cables were ¢1-mm stainless steel ropes with 200-N allowable
tension. A digital camera module (Sony IMX 322) with 1920 x 1080
resolution was integrated in the distal end of the snake-like manipulator
for visual inspection.

Two contactless magnetic rotary potentiometers (AS5600 from
Advanced Monolithic Systems) are integrated on two neighborly placed
sensor boards in each universal joint to provide angle feedback, as
shown in Fig. 3(d). They replaced the resistor-based potentiometers in
the joints that were reported in the authors’ previous work [23], for
improved feedback accuracy. When the joint angles of the universal
joint change, the sensor can detect the variation of the magnetic field
produced by the embedded magnet disks. The sensor provides absolute
angle information with 360° measurement range and 12-bit resolution,
which indicates a 0.088° angular sensitivity. Within each universal joint,
two magnetic disks are neighborly placed. To eliminate the magnetic
interference from the other nearby magnetic disk, customized shielding
cases made by silicon steel sheets were used to cover the AS5600 mag-
netic rotary potentiometers. For every four magnetic sensors, a
customized acquisition board was designed with an integrated CAN
transceiver (SN65HVD1050DR, TI Inc.) and an F103 microcontroller
(STMicroelectronics Inc.), as shown in Fig. 3(e). The F103 acquisition
board is connected with the AS5600 sensor boards via IIC (Inter-Inte-
grated Circuit) communication protocol.

The actuation box is proximal to the 1st section of the snake-like
manipulator. The actuation box consists of 36 actuation units, each of
which further includes a brushless servo motor (ECX22 from Maxon)
and a slider-screw assembly. The 36 actuation units are compactly ar-
ranged in two layers: 24 units in the outer layer and 12 units in the inner
layer, as shown in Fig. 4. Other devices such as the control boards,
network switch, industrial PC, etc., were also integrated in the actuation
box. A teaching panel with a touch screen and a joystick was integrated
for teleoperation and system control. The overall size of the actuation
box is ¢$324 mm x 590 mm, and its total mass is around 53 kg. The
structural parameters of the constructed CDHM system are listed in
Table I, which satisfy the design goals presented in Section 2.

3.3. Control infrastructure and software

The architecture of the CDHM system’s control infrastructure can be
divided into two levels, as shown in Fig. 5.

The upper level includes an industrial PC, the touch screen, and the
digital camera. The industrial PC, with a 2.4 GHz CPU and a 4 GB RAM,
runs programs for motion planning, kinematics, closed-loop control, as
well as the graphic user interface displayed on the touch screen. The
programs were developed in Linux. The digital camera was connected to
the industrial PC via a USB cable.

The lower level includes six F407 microcontrollers and other con-
nected control electronics. The F407 microcontrollers all communicate
with the industrial PC via UDP protocol over a LAN. The first F407 is
used for the data acquisition of the control inputs from the operating
joystick. There are 36 Maxon servo motors to be controlled and 24 joint
sensors to be read for the 12 universal joints. As shown in Fig. 5, every
two F103 acquisition boards are connected with one F407 microcon-
troller and each F103 acquisition boards collects readings from four
sensors. Hence, three F407 microcontrollers collect the readings from
the 24 joint sensors. Each F407 microcontroller is used to send control
signals to 9 EPOS 36/2 controllers via CAN bus. Hence, four F407
microcontrollers are used to control the 36 Maxon servo motors. The
sixth F407 microcontroller is used to control the Yaskawa AC motor for
the feeding motion as well as the servo-hydraulic actuators and the
electric actuators in the mobile base via the controller’s I/0 interface.
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Fig. 3. Design of the snake arm: (a) the distal two sections; (b) structure of a universal joint; (c) the hollow connecting shaft with a magnet disk; (d) the AS5600

sensor board; and (e) the F103 acquisition board.

assembly

Fig. 4. Actuation box: (a) an actuation unit.

4. Kinematics and closed-loop controller

In this section, the actuation kinematics model is first presented in
Section 4.1. To eliminate joint angle errors caused by cable elongation
while maintaining cable tensions for slackness avoidance, a puller-
follower closed-loop controller is then designed, as detailed in Section
4.2. The manipulator kinematics is introduced in Section 4.3.

Several coordinates are first defined to facilitate the derivations of
the kinematics model, as referred to Fig. 6. The nomenclatures used in
the kinematics model and the control framework are presented in

Table I

Structural parameters of the CDHM system.
Description Quantity
Diameter of snake-like manipulator 55 mm
Section length (including the corresponding universal joint) 150 mm
Total length of the snake-like manipulator 1800 mm
Maximum joint angles of the universal joints 45°
Height variation range of the mobile base 900 mm
Pitch angle motion range of mobile base 45°

Table II.

e Universal joint coordinate: {ui} = {Xu, ¥,; 2ui} is attached to the

center of the universal joint of the ith

section. X,; and y,; coincide

with the axes of two revolute joints (designated in red and green

dashed lines in Fig. 6.

o Base support coordinate: {bi} = {Xp;, ¥y, 2p; } is attached to the front

-th

surface of the base support of the i section. 2p; coincides with the
central axis of the ith base support, whereas Xy; is parallel to Xy;.

o End support coordinate: {ei} = {Xei, Y, Zei} is attached to the front
surface of the end support disk of the i'" section. Z; coincides with
the central axis of the ith arm tube, whereas y,; is parallel to y,;.

e Manipulator base coordinate: {w} = {Xy,Y,,2w} is a stationary
global reference coordinate. {b1} is obtained from {w} by a trans-

lation along 2,,.
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Fig. 5. Control infrastructure diagram.

Fig. 6. Definition of the coordinates and kinematic variables.

 Manipulator tip coordinate: {tip} = {Xup,¥ s, Zip} is attached to the
tip of the 12th arm tube. {tip} is obtained from {e12} by a translation
along Ze12 by lupe-

4.1. Actuation kinematics

Firstly, ppij and peij, the intersection points of the xy-plane of

coordinates {bi} (or {ei}) with the jth cable, can be expressed in a ho-
mogeneous form in {bi} and {ei} respectively:

PPy ij="Pesj = [rcosg; rsing; 0 I}T e))
The homogeneous transformation from {bi} to {ei} is
biTei = biTuiuiTm 2)

Where
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Table II
Nomenclatures used in the kinematics model and the controller.
Symbol  Definition
i Index of the sections, denoted from the proximal end to the distal end. i =
1,2, ..,12.
j Index of the cables.j =1, 2, ..., 36.
@j The angle from Xy; to the line pointing from the center of {bi} to pp,;j about
2y , indicating the circumferential location of the j* cable. @j=({ - Dn/
18.
n; Index of the section where the j™ cable is the driving cable.
L; Distance between points py,;; and p,;;. l;; represents the length of the jth
cable in the i" universal joint.
qj Actuation length of the j™ cable calculated from the actuation kinematics.
Gja Actuation length of the j cable calculated from the cable-driving motor
encoder reading.
a, Bi a; is the rotation angle from 2j; to Z,; about X;, whereas f; is the rotation
angle from z,; to Z,; about Xy;.
h Distance between the origins of coordinates {bi} (or {ei}) and coordinates
{ui}.
r Distribution radius of the cable holes in the base or end supports.
Lube Length of the arm tube.
& Elongation of the j™ cable, relative to the initial status after initial tension.
A negative ¢; represents an increased elongation from the initial status.
Ag; Incremental actuation length of the j™ cable within each control time step,
calculated from actuation kinematics.
Agja Incremental actuation length of the j cable for motor input within each
control time step.
vy, _ [ Rot(Rusa) } g, _ [Rot@8) } .
0 1 0 1

where Rot(n, 0) represents the rotation matrix about the axis i with an
angle 6.
Next, the point p,;; can be expressed in {bi} as follows.

bipe,i,j = hiTeieiPe.i;w )
The length of the jth cable in the i universal joint is calculated by
Lij =|| biPe.i.j*hin,i,/ Il %)

Puiller

A
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%
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Lastly, the actuation length required for the j cable to reach the target
joint angles (a;, f;) can be expressed as follows.

4 = Z:lj:l [ ("Tei — I4><4)biph,i,j | =2n;h. (6)

4.2. Closed-loop puller-follower controller

With the help of the two magnetic rotary sensors integrated in each
universal joint providing joint angle feedback, a closed-loop puller-fol-
lower controller is proposed. Hence, the closed-loop joint angle control
and the cable tension maintenance for all the sections are carried out
simultaneously in the CDHM system with this controller.

As the three driving cables of each section are antagonistic, the
tension on one cable might be affected by the other two cables for the
same section. When the CDHM is in its initial state, all cables are first
pre-tensioned to avoid slackness. The pre-tension process is described in
Section 5.2.

The core design philosophy of the puller-follower controller is that
the puller cables drive the universal joint to a desired pose, while the
follower cables maintain the tensions on the cables to avoid slackness
and fracture. Please note that one or two cables can be puller cables
within the three cables for each universal joint, while the others are
follower cables. The puller-follower controller was shown effective to
reduce gradual cable slackness or over-tension in [23]. But the effec-
tiveness was only tested in a single section. The efficacy of the proposed
control scheme is further examined here, taking into consideration the
coupling from all the proximal sections. e.g. For the jth cable in the i
section, coupling from the 1st section and the (njfl)th section is
included.

The proposed puller-follower controller takes two sets of control
inputs: the desired joint angles (a;g, fiq) and the desired cable elongation
length (gja, )y)-

Firstly, a PD (proportional-derivative) controller is used for the joint
angle control. The desired joint angles (aig, fig), as shown in the blue
rectangle in Fig. 7, are compared with the actual joint angles (a4, fid)

measured by the joint sensors. The resultant angle differences (%Zl»), as

Aciuption

feedforward compensatar

Agl g,
Motors p{ mechamizm and -
universal joink
k4
Encoders ¥
Magnetie
Prodiction-bascd L SETISOrS

Transmissi

_‘ -
Actuation 5 (
kinematics g Actuation {o. i)
+ kinematies |
iy, o}
o 4id 3 L]
The prediction-hased b
feedforward compensator :
il &g,
=l Dilferential ! Saturation -
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Fig. 7. Multi-section puller-follower closed-loop controller with a prediction-based feedforward compensator.
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well as their variations compared to the last control time step (Aai,Aﬁi),
are inputs to the PD controller:

Aa,} 7 -

~tar

i
=k,

~tar

b;

@
AR

where ((7?“, Ear) are the control output of the PD controller; k, and kq are
the proportional and derivative gains.

Following the actuation kinematics model in Egs. (1) to (6), the
target actuation length q}ar and the current actuation length g; are

calculated from the target joint angles (i + aia,ﬁ;m +fie) and the
sensed joint angles (a;q, fiq), respectively.

Next, the target incremental actuation length for the driving cable is
calculated as follows:

Ag =g —g;. ®)

Also, the cable elongation ¢; is assumed to be the cable length dif-
ference calculated from the encoder reading and from the actuation
kinematics:

& =4;j — Gja- (C))

The puller-follower controller behaves differently according to the
values of Ag; and &;.

If Agj > 0, the cable will be released (i.e., as a follower cable). The
possible slackness in this cable will be compensated according to the
elongation ¢;. A proportional controller is hence employed to track the
desired cable elongation length ¢jg, as shown in the blue rectangle in
Fig. 7, in the follower cable:

Agje = ke (8/ - fjd)7 (10)

Where k. is a proportional gain.

The control output Agj. of the proportional controller is used for the
elongation compensation. Hence, the output of the puller-follower
controller is given by Eq. (11).

Agi™ = Agj + Age, (IFAg;> 0) an

If Agj < 0, the cable will be pulled (i.e., as a puller cable). In this
condition, the cable elongation, which can be calculated as in Eq. (9),
will not be controlled unless it exceeds an upper limit &may. Here the
output of the puller-follower controller is given by Eq. (12).

AT = {ks (e]Aqi,max)v 2 i 2: , (IfAg; <0). (12)

In order to relieve the responding delay of the angle joints while the
corresponding cables’ roles are switched between the puller and the
follower, a prediction-based feedforward compensator is incorporated
to adjust the cable tensions rapidly, as shown in the purple rectangle in
Fig. 7. The inputs of this compensator are g, g;,ande;.

According to the experimental results, there are two main kinds of
phenomena appearing during the role switch: (1) The joint angles do not
change while the corresponding cables are keeping actuated; (2) The
joint angles change in the opposite direction of the target joint angles.
The reasons of the two phenomena are that the cable tension is too loose
for the puller cable or too tight for the follower cable.

To predict whether the cable tension need be adjusted rapidly, a
trigger condition is designed as follows.

q; > kg, 1fAg <0 13
q < kyd, 1Ag >0 (13)

Where qjandaja are the differential values (e.g., increments) of
g;andgj,, respectively; k. is a trigger coefficient that is less than 1; and
Agj = ;" — g; is the difference with respect to the target g;.
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If the trigger condition is satisfied (i.e. the actual actuation length of
the cable doesn’t reflect in the theoretical actuation length calculated
from the actual joint angles), an extra proportional controller is used to
rapidly adjust the cable tension with a desired cable elongation length
e]’.d and a proportional gain k:

Agy =k, (g—¢,) a4

je

while its output is limited as follows.

0, Agif >0
AgT = kaAgy, AgY < kuAg;, If Agi< 0; Agl"
Aq;;F , Else
0, Aglf <0
=1 kalq;, Agy >kyoAgy, If Ag; >0 (15)
AgtF Else

Jje
Then, the incremental actuation length Agj, is calculated by Eq. (16).
Agj, = Aqf’F + quFF (16)

Last, the incremental actuation length Agj, for all the cables are sent
to the corresponding motors that are working in the position-servo
mode. The joint angle errors can be stabilized after several control
time steps with the proposed controller.

4.3. Manipulator kinematics

Combining Eq. (2), the homogenous transformation matrix from
{b1} to {tip} can be formulated as in Eq. (17).

b1 b1 12 1 p; bi
blp Ri, Pip | _ Ryiv1) Poi+1)
T””’[ 0 1 ’g 0 1 i an
where PRy (is1) = Rot(Xpi, i) RO (i, ;) and P Dpis1) =
(Lupe + h)sing;
— (ke + h)sina;cosp;

h + (Lupe + h)cosaicosp;
Similarly, the homogenous transformation matrix from {b1} to {ui}
can be derived as

i—1

H(hka(k+l)) Ty,i>2 (18)

k=1

b1 b1
N, = { gm ?m} _
blTu] i=1

As for the instantaneous kinematics, the linear Jacobian matrix for
the i section is in Eq. (19).

J., = |:abiph(i+l) abiph(i+]):|
" o B,
0 (Lube + h)cosp;
= | = (hae + h)cosaicosf;  (Luve + h)sina;sing; | . 19)
— (hwe + h)sina;cosP;  — (ke + h)cosa;sing,
The angular velocity Jacobian for the i section is derived as follows.
1 0
Jiw =10 cosa; |. (20)
0 sina;

The Jacobian for the 12-section manipulator can be written in Eq.
2n.

T, "RpT,
Jio "Rinda

bl
RhiTi
bl
RbiJ[(u

b1
R,12T12

Ji =
"Ryindize

(21)

where T1 = J1, — 0'py, — "'pu2) " J10, T2 = Jov — 'y, — P'p13) J2ws
oo T =Ty — 0'pgy — P Poiis1) Jiws > and T1z = Jray.
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Fig. 9. The automatic straightening procedure: (a) automatic pre-tension done;
(b, ¢) automatic straightening; (d) automatic straightening done.
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The Jacobians can be utilized to solve inverse kinematics problems to
accomplish tip target-reaching tasks, while satisfying additional con-
straints (e.g., obstacle avoidance or follow-the-tip planning) utilizing
redundancy resolution [30].

5. Experimental characterization

Various experiments have been carried out to characterize the
CDHM’s performance. Before the conducted experiments, the magnetic
rotary sensors were calibrated to verify the sensing precision. The CDHM
system then underwent an automatic straightening procedure to initiate
a straight and pre-tensioned state. Next, the performance of the CDHM
system was demonstrated through a follow-the-tip motion experiment
and payload capability tests.

5.1. Calibration of the magnetic sensor

With respect to each rotary magnet disk, the AS5600 magnetic po-
tentiometers shall be calibrated to obtain the actual input-output re-
lations. The zero positions of the sensors corresponding to a straight
manipulator configuration were first obtained. For each section, the
universal joint was set to an initial state (i.e., @; = f; = 0) by four 3D-
printed fixtures, as shown in Fig. 8(a). The corresponding readings
from the two sensors were recorded as the zero references.

To verify the accuracy, the sensor input-output curve was calibrated
within the joint angle range which is +45° During the process, a Maxon
DCX16L servomotor, with GPX-16 gearhead and ENX16 encoder, was
connected to the connecting shaft of the universal joint via a 3D- printed
housing to provide the actual angle of sensor, as shown in Fig. 8(b-c).

When the AS5600 magnetic potentiometers were not covered with
the silicone steel shielding cases, the calibration result of a certain sensor
is shown in Fig. 8(d). The resultant sensor input-output curve was not
linear, RMSE = 4.104° for the linear regression, mainly due to the
magnetic interference between the two neighborly placed magnetic
disks integrated in one universal joint. To diminish the interference,
silicon steel shielding cases were mounted. Improved results, RMSE =
0.2022°, were obtained when the shielding case was added, as shown in
Fig. 8(e).

After adding shielding cases, all the 24 magnetic potentiometers
were calibrated for both the zero references and the input-output curves
before usage.

5.2. Automatic straightening and pre-tension

In order to make the CDHM always start with a straight and pre-
tensioned initial state, an automatic straightening procedure is
desired. The procedure includes two steps: the automatic pretension step
and the automatic straightening step.

Before the two steps, the motor current was first experimentally
obtained for an appropriate pre-tension on the cable. A dynamometer
was attached to one end of the cable, and the driving motor was set to
work in the current mode to tension the cable. Then the motor current
was adjusted such that the corresponding cable tension was maintained
at about 100 N. The motor current values were recorded as the pre-
tension current references for the automatic pre-tension step.

In the automatic pre-tension step, all the EPOS 36/2 motor con-
trollers are set to work in the position mode and then loosen the cables
for a short distance (e.g., 20 mm in the following experiments). Then,
the motor controllers are switched to the current mode to tension the
cables until the corresponding pre-tension motor current is sustained for
several seconds (e.g., 3 s in the following experiments).

During the automatic straightening step, the linearly descending
target joint angles (i.e., the target angles are set to zero gradually) for the
proximal four sections (the 1st to 4th sections) are sent to the proposed
puller-follower controller in the period time from 3 s to 4.5 s. Then the
target joint angles for the next four sections and the last four sections are
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Fig. 10. Joint angles during the automatic straightening for (a) the 1st—4th sections, (b) the 5th—8th sections, and (c) the 9th—12th sections and the tracking errors
for (d) the 1st—4th sections, (e) the 5th—8th sections, and (f) the 9th—12th sections.

successively set to zero gradually for the same duration of 1.5 s. This
procedure continues until all joint angles of the 12 sections are stabilized
around zero within the +0.5° tolerance with acceptable tensions in all
the cables.

To validate the effectiveness of the automatic straightening proced-
ure, the CDHM was set to a random initial state (all 24 joint angles were
not 0°). The automatic straightening was then carried out, and the
procedure is shown in Fig. 9. Please refer to the multimedia extension for
the process of the experiment. The CDHM completed the automatic pre-
tension within 3 s and automatic straightening within the next 5.5 s (at
8.5 s in Fig. 10).

The target values, the actual values and the tracking errors of the
joint angles were recorded and plotted in Fig. 10. It can be seen that
some of the joint angle responded relatively slow (e.g., f4q during 3—4s,
Psq during 4.5—5.2 s). This may be due to i) the movement of the
proximal universal joints, ii) dry friction at the contacts along the
actuation cable for the stick-slip like vibration, and iii) the mild
parameter setting in the puller-follower PD controller, since an aggres-
sive parameter setting easily causes the CDHM to fluctuate even longer
than the present settle time.

5.3. Follow-the-tip path tracking experiment

A follow-the-tip path tracking was conducted to demonstrate the
kinematic redundancy of the CDHM system. Several works have pro-
posed various approaches to realize the follow-the-tip path tracking for
redundant manipulators, such as the sequential quadratic programming
optimization approach [5] and the prediction lookup & interpolation
algorithm in [22]. This work adopts a concise follow-the-tip motion
tracking algorithm similar to the one proposed in [31] for analytically
parameterized continuous paths. The approach is described as follows.

Firstly, the path "Ppen(s) = [Xpath(s) Ypath(s) zpath(s)]T is parametrized
by s € [0,1]. It is then considered that the mobile base can adjust the
starting pose of the snake-like manipulator such that the manipulator’s
tip is initially (i.e., at the straight state) on the starting position of the
target path aligned with the direction of the curve tangent. Next, the
snake-like manipulator is actuated by the feeding motor to follow the
path for each control time step with an arbitrary feeding length d.

Experiments were conducted to verify the effectiveness of the pro-
posed controller and the follow-the-tip path tracking algorithm. A 3D
path comprising 3 consecutively tangent arcs, each with a 300 mm
radius of curvature, was generated. The CDHM system was controlled to
perform the follow-the-tip motion while tracking the path. The video
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Fig. 11. Follow-the-tip path tracking experiment: (a) experimental setup, (b)
actual tip positions compared to the target path, (c) the tracking errors.
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Fig. 12. The joint angles of the follow-the-tip motion.

clip for this procedure is available in the multimedia extension.

To evaluate the tracking performance, an optical motion capture
system OptiTrack (NaturalPoint, Inc.) was used to obtain the tip position
of the CDHM. Six trackers were set around the CDHM system to track the
marker attached to the tip section, as shown in Fig. 11(a). The com-
parison between the motion data and the target path is shown in Fig. 11
(b). The minimum distances between the measured positions and the
positions on the target path were then regarded as the tracking error, as
shown in Fig. 11(c). The average tracking error was 6.94 mm, about
0.385% of the CDHM total length, whereas maximum tracking error was
13.91 mm.

The target joint angles and the corresponding actual joint angles
obtained from the sensors for the distal 6 sections (i.e. the 7th to 12th
sections) were recorded and are plotted in Fig. 12. With the proposed
controller, the actual angles were able to track the target angles with the
average angle tracking error of 0.283° over all joints and the maximum
angle error was 1.906° The mean and maximum absolute elongation
errors (i.e. the difference between ¢jq and ¢;) were 0.356 mm and 2.744

Mechatronics 78 (2021) 102605

mm, respectively. The elongation errors around 0 mm would indicate
that desired tensions in these cables are maintained.

5.4. Payload capability tests

Due to the manipulator’s long reach, a distal payload can substan-
tially affect the pose accuracy of the manipulator, as shown in Fig. 13(a).
The proposed controller can improve such adverse effects by reducing
the joint angle errors. Experiments were hence carried out to demon-
strate the improved payload capability using the proposed puller-
follower controller. The CDHM was set at its straight state, and a 200-
g payload and a 500-g payload were then separately applied to the
distal end of the CDHM. Using the same optical tracking system as
shown in Fig. 11(a), the tip positions of the CDHM in both the unloaded
and the loaded conditions were obtained. The experiment was repeated
for three times and the results are presented in Fig. 13(b). With the
proposed controller, the position errors were controlled under 15 mm
for all payload conditions. Similarly, the 0.5° actuation dead zone might
have contributed to these errors.

In order to further demonstrate the performance of the proposed
controller against external loads, a follow-the-tip path tracking experi-
ment was performed, with 0, 200 g, and 500 g payload added on the
distal end, as demonstrated in Fig. 14 and the multimedia extension. The
procedure showed the CDHM’s capability to track target paths with
external tip disturbances.

5.5. Application demonstration

To demonstrate the operational capability of the proposed CDHM
system, a center wing tank model of a commercial airplane was estab-
lished with aluminum profiles and acrylic board. Then the CDHM system
was used to inspect several cavities of the model with a 200-g payload
for the simulation of functional end-effectors, as shown in Fig. 15.

6. Conclusion

This paper proposes a 12-section CDHM system with 24 DoFs and a
closed-loop controller for enhanced motion precision and payload
capability. The mechanical design of the CDHM is described and the
kinematics model is developed. A puller-follower controller is proposed
to achieve tension maintenance and closed-loop joint angle control
based on the magnetic potentiometer sensor feedback.

Several experiments were carried out to validate the performance of
the CDHM and its controller. Via proper sensor calibration and initial-
ization of a pretension procedure, the CDHM could accomplish follow-
the-tip path tracking motion with an average tracking error of 6.94
mm. Owing to the proposed controller, the joint angles followed the
target angles at an acceptable precision (with 0.283° average error) and
the cable tensions were maintained to track the target elongation value
(with a 0.356 mm average error).

Future works mainly concern two aspects. Firstly, the teleoperation
of the CDHM system, especially with redundancy resolution, shall be
conducted for industrial operations in confined spaces, to fully exploit

= Fositss error withoui pay hosd
& Poiibies givor with 200-g payload

Fig. 13. Payload capability test: (a) the straight manipulator deflected by a 500-g weight without the closed-loop controller; (b) tip position errors under different

payload conditions.
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Fig. 14. Path tracking motions with 500-g, 200-g payloads and without payload.

Fig. 15. Inspections to different cavities of a center wing tank model.

the system’s motion capability. Secondly, visual servoing for further
improvement of the tip positioning accuracy can be investigated in order
to alleviate the effects brought by the 0.5° actuation dead zone in the
joints.
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