2024 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS)

October 14-18, 2024. Abu Dhabi, UAE

Design and Control of an Ultra-Slender Push-Pull Multisection
Continuum Manipulator for In-Situ Inspection of Aeroengine

Weiheng Zhong!, Yuancan Huang!, Senior Member, IEEE, Da Hong!, Nianfeng Shao'

Abstract— Since the shape of industrial endoscopes is pas-
sively altered according to the contact around it, manual
inspection approaches of aeroengines through the inspection
ports have unreachable areas, and it’s difficult to traverse
multistage blades and inspect them simultaneously, which
requires engine disassembly or the cooperation of multiple
operators, resulting in efficiency decline and increased costs. To
this end, this paper proposes a novel continuum manipulator
with push-pull multisection structure which provides a potential
solution for the disadvantages mentioned above due to its higher
flexibility, passability, and controllability in confined spaces. The
ultra-slender design combined with a tendon-driven mechanism
makes the manipulator acquire enough workspace and more
flexible postures while maintaining a light weight. Considering
the coupling between the tendons in multisection, a innovative
kinematics decoupling control method is implemented, which
can realize real-time control in the case of limited computational
resources. A prototype is built to validate the capabilities of
mechatronic design and the performance of the control algo-
rithm. The experimental results demonstrate the advantages
of our continuum manipulator in the in-situ inspection of
aeroengines’ multistage blades, which has the potential to be a
replacement solution for industrial endoscopes.

Continuum manipulator Drive station

Fig. 1. Conceptual illustration of the PPCM.

I. INTRODUCTION

Industrial endoscope-assisted manual in-situ inspection of
the areoengine through the inspection ports reserved in its
casing is the mainstream approach at present. However,
traversing the multistage blades with the endoscope proves
challenging due to its passive alteration in shape upon contact
with surroundings, which necessitates engine disassembly
and the collaborative effort of inspectors to maneuver the
detection head into invisible areas for comprehensive blade
inspection, resulting in efficiency decline and increased costs.

Due to the mature and extensive application of continuum
manipulators in medicine, researchers are increasingly inter-
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Fig. 2. a) Turbine inspection scenario; b) Compressor inspection scenario.

ested in their potential capabilities for industrial inspection
[1]. Several teams have previously explored or implemented
research focusing primarily on mechanism design (including
kinematics) [2]-[5], control methods [6], and the develop-
ment of various working tools [5], [7] or inspection sensors
[8] for continuum manipulators. The research in this paper
centers around mechanical design and control implementa-
tion.

Based on a comparative analysis of existing achievements
in practical applications, we have identified several key areas
that require further improvement. The ultra-slender structure
developed in [3] successfully overcomes the working range
limitations of continuum manipulators, allowing for applica-
tion in a turbine inspection scenario. However, the lack of
push-pull functionality restricts its ability to traverse narrow
gaps, and thus failing to meet the challenge of inspecting
multiple stages of blades through a single inspection port
in a compressor scenario. While [4] and [8] have basically
achieved the traversal of multi-stage blades, their proposed
mechanical designs lack consideration for constraints such as
inspection port limitations, blade stagger angle, and spacing
between blades, making them unsuitable for more challeng-
ing real-world scenarios.

To address the aforementioned shortcomings, we de-
veloped an ultra-slender push-pull multisection continuum
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Fig. 3. Schematic of the continuum manipulator: It is assembled by three single sections, of which three backbones form a concentric tube structure, and

tendons between the three sections are coupled to each other.

manipulator (PPCM) with a length-to-diameter ratio of up
to 62.5 (56.3 as reported in [3]), as illustrated in Fig. 1,
which, to our knowledge, represents the most slender design
for continuum robots in aeroengine inspection. The PPCM
facilitates multistage blade inspection through more intuitive
teleoperation and has been validated for its versatility in
various aeroengine inspection scenarios using a small simu-
lation platform built from real data, which presents greater
challenges compared to larger aeroengines.
In summary, our contributions are as follows:

¢ An ultra-slender continuum manipulator with push-pull
multisection structure is developed.

o A kinematic decoupling real-time control method for
tendon-driven mechanism is implemented.

o The advantages and adaptability of our continuum ma-
nipulator in various in-situ inspection scenarios are
validated in a simulation platform for a certain type of
aeroengine.

II. MECHANICAL DESIGN
A. Requirements Identification

Specific inspection scenarios of the aeroengine include
compressors with multiple stages of blades and high- and
low-pressure turbines. The inspection port of the turbine is
situated at a distance from the turbine, as shown in Fig.
2(a), and there are no contact points within the space for
the endoscope to properly align, resulting in sagging under

gravity. The inspection port of the compressor is located in
the middle of the two-stage blades, as shown in Fig. 2(b). The
confined space between the two-stage blades, along with the
large blade stagger angle, poses challenges for the endoscope
to reach deeper locations.

The difficulties presented by the aforementioned two in-
spection scenarios are to be addressed in the design of the
PPCM, and several constraints must be taken into consider-
ation [2]. The various diameters and orientations (horizontal
or obliquely upward) of the inspection ports determine the
maximum diameter of the PPCM and the adjustability of
the position and orientation of the detection probe. The
working length range of the PPCM is crucial for allowing
it to maneuver freely in confined spaces as well as traverse
large distances in open areas. It is necessary to consider the
maximum length and curvature of each section of the PPCM
to improve its adaptability to varying blade spacing and stag-
ger angles during the traversal of multiple stages of blades.
Moreover, the appropriate minimum payload capacity of the
PPCM is essential to ensuring the successful integration of
the inspection sensor.

B. Structure Analysis

The extrinsic actuation mechanism of the PPCM is funda-
mental to its application in aeroengine inspection scenarios,
where the motion of the continuum manipulator is converted
into motion at the drive station through mechanical com-
ponents. Placing the drive station far from the continuum

11394



manipulator makes it possible to miniaturize the manipulator
to fit tight spaces. In addition, considering that the continuum
manipulator needs to better handle motion within irregular
spaces, a three-section design is not only necessary but
also reasonable. Although the dexterity of the continuum
manipulator is directly related to the number of sections,
this requires being balanced with the challenges associated
with achieving more precise control.

The tendon-driven mechanism represents the optimal
method for achieving a highly slender configuration in
continuum manipulators, thereby reducing the manipulator’s
diameter to accommodate additional inspection ports of vary-
ing diameters and blades with different gaps. As illustrated
in Fig. 3, each section consists of a flexible tube with several
guide disks with evenly spaced holes as the backbone. The
guide disk located at the end of the backbone is fixed
to provide leverage for tendons to alter the shape of the
backbone (see Structure A), while the other guide disks
slide along the axial direction of the backbone. The spacing
between the guide disks is maintained by springs, alternating
between left- and right-handed springs effectively reduces the
torsional effects on the slender rod (see Structure B).

Intuitively, stacking hollow tubes of varying diameters to
form a concentric tube structure enables push-pull function-
ality, allowing the continuum manipulator to achieve signifi-
cant length variation and adapt to inspection requirements at
various depths. Compared to fixed-length structures of other
continuum manipulators, this enhances the flexibility and
maneuverability in multistage blade scenarios, significantly
reducing the difficulty of motion planning in confined spaces.
Although the shape of a single section is controlled by
three tendons, the shape of the distal, middle, and proxi-
mal sections is influenced by three, six, and nine tendons,
respectively, as tendons far from the drive station traverse
all guide disks of the section near the drive station (refer
to the bottom left of Fig. 3). Each tendon is individually
actuated and contains a tension-measuring unit. As illustrated
in Fig. 4, the fixation and release of the backbones of the
three sections are controlled by pneumatic grippers 1, 2,
and 3, respectively. Pneumatic gripper 4 is mounted on a
ballscrew mechanism controlled by a motor, and its position
in different areas can be combined with other pneumatic
grippers to achieve pushing and pulling motion of a single
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Fig. 4. Schematic of the backbone actuation: It features a pneumatic system
comprising three fixed pneumatic grippers and one movable gripper.

TABLE I
CONTROL STATUS OF THE BACKBONE ACTUATION

Pneumatic gripper Tube status’

a* b d* 1 2 3

v v v 1 Controllable Movable Movable
X v v I Fixed Controllable Movable
X X v 11 Fixed Fixed Controllable
X X X Any Fixed Fixed Fixed

* The states of grippers a, b, and c: open (v) and close (x).

* The position of gripper d: area I, II, and III. *Any’ represents that the
gripper can be in any of the three areas.

*Controllable’ means capable of active movement by the gripper d.
’Movable’ means passive movement. 'Fixed’ means unable to move.

backbone. Table I displays the control statuses for backbone
actuation, with any other combination of statuses not listed
being considered invalid.

C. Prototype Implementation

A prototype of the PPCM is implemented as depicted in
Fig. 5, with the structural parameters detailed in Table II.
Using Ni-Ti hollow tubes as the backbone of the continuum
manipulator ensures its bending resistance (preventing ex-
cessive sagging under gravity) and high toughness (recovery
from large-angle bending), while maintaining a certain level
of lightweight design. Furthermore, guide disks made of resin
material using a light-curing printer further reduce weight
compared to metal materials ( [9] and [10]), which are crucial
for enhancing the length-to-diameter ratio of the continuum
manipulator and mitigating the need for compensating for
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Fig. 5. Prototype of the PPCM. a) Continuum manipulator; b) A set of
tendon actuation units comprising a winding unit and a force measurement
unit; ¢) Backbone actuation; d) Architecture of the mechatronic system.
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TABLE I
STRUCTURE PARAMETERS OF THE CONTINUUM MANIPULATOR

Backbone Guide disk

Parameters

Qinner (Mm)  doue (mm)  length (mm)  mass (g)  material  Gupehole (MM) — mMass (2)  Piendon hole (MM)  Pouter (mm)  height (mm)  material
Proximal section 1.32 1.44 380 1.14 1.59 0.19
Middle section 1.05 1.17 678 1.20 Ni-Ti 1.32 0.17 120.1 8+0.05 3£0.1 Resin
Distal section 0.56 0.9 975 1.85 1.05 0.14

¢ (mm) material plied yarn (Number) yarn count (Nden)
Tendon
0.3 ultra-high molecular weight polyethylene fibers 3 200

Parameters Imin (mm) Imax (mm) length-to-diameter ratio bending capability mass (g)
Continuum manipulator 160 502 20 ~ 62.75 Over 180° 13.376
Proximal section 38 162 4.75 ~ 20.25 About 75° 3.976
Middle section 44 158 5.50 ~ 19.75 About 75° 3.960
Distal section 78 182 9.75 ~ 22.75 About 85° 5.440

self-weight. Correspondingly, tendons must possess excellent
tensile and shear strength to provide significant torque to the
backbone. Therefore, utilizing braided wire made from ultra-
high-molecular-weight polyethylene fiber (five times that of
nylon) with outstanding wear resistance is an intuitive choice
for tendons. In addition, the torque of the stepper motor
actuating the tendon reaches 1.5 N - m. To ensure the effec-
tiveness of pneumatic grippers in controlling the deformation
and axial movement of the backbone, the clamping force of
the grippers is maintained by the pneumatic control panel
(at a pressure of 6 MPa). A custom endoscope camera
(1280x720 pixel, 30 FPS, 120° view angle, and 10~120mm
depth of field) is integrated at the end of the continuum
manipulator to capture a clear image of the blade surface,
and its cables can be hidden in the hollow backbone.

Even though the performance of the PPCM depends on
the physical limits of the tendons, our testing of the tendons
is limited to typical operating conditions of the PPCM. The
tendon, initially 1125 mm in length, shows an elongation rate
of only 1.408% under a 4 kg load, as illustrated in Fig. 6
depicting the relationship between static load and elongation.
This not only directly aids in the selection of sensor range
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Fig. 6. Tension test of a single tendon.

and accuracy but also indirectly validates the feasibility of
the simplified kinematic model in III. It is important to note
that these values are believed to be below the performance
limits of the tendon, as the PPCM can effectively operate
with tendon tensions up to 65 N in practical usage scenarios.
Furthermore, permanent deformation of the backbone and
tendon breakage are potential issues during PPCM usage.
This is due to the tendons being fixed to the drive shaft,
experiencing maximum stress, and being more susceptible to
cutting, ultimately resulting in uncontrolled bending of the
backbone. Therefore, regular replacement of severely worn
tendons is necessary, along with checking pneumatic pressure
to ensure effective movement of the backbone.

ITII. KINEMATICS ANALYSIS AND DECOUPLING
CONTROL

A. Methodology Overview

Based on the piecewise constant curvature (PCC) assump-
tion, the shape of the backbone of each section in the space
can be described as a planar arc, which enables the kinemat-
ics to be decomposed into two sub-mappings between the
three spaces [11]. By introducing the configuration space
between the joint space and the task space of the rigid ma-
nipulator, a continuum manipulator, theoretically possessing
infinite degrees of freedom, can be fully characterized using
a finite number of parameters.

Compared with the Cosserat rod [12], [13], Kirchhoff
rod [14], and Euler-Bernoulli beam theories [15], [16],
which provide an exact continuous formulation in infinite-
dimensional configuration space, in cases where external
factors [17] (such as self-weight, load, etc.) and internal
factors [18] (such as tendon hysteresis, friction, etc.) are
less influential, the application of a simplified kinematic
model has a distinct advantage due to its low computational
complexity [19]. By designing novel control algorithms, it
is feasible to relatively improve control performance. In
addition, the simplified kinematic model should be developed
in a steady state, and path coupling among sections in
tendon-driven mechanisms is a fundamental difficulty [20].

11396



In the case of aeroengine inspection, due to the PPCM’s
difficulty in obtaining prior knowledge of various types of
aeroengines’ internal structural environments in advance,
autonomous motion planning in task space is not possible.
Therefore, teleoperation is an effective method for increasing
the versatility of the PPCM in various scenarios, as explained
in [21]. Furthermore, this approach is consistent with the
inspectors’ practice of using industrial endoscopes, which
are more intuitive and user-friendly. As a result, robot-
independent mapping is no longer required, and the robot-
specific mapping between configuration space and joint space
is the first thing we must investigate.

B. Single Section Kinematics

To intuitively control the shape of a continuum manipu-
lator, it is essential to derive the Jacobian formulation from
joint space (actuator space) to configuration space. However,
the multisection structure discussed in this paper introduces
additional complexity to this mapping because the tendons
that actuate the distal sections pass through the proximal
sections and affect their shape, necessitating a decoupling
method. In consideration of the fixed arc length and curva-
ture of the backbone, along with the continuous variation
in planar angle during motion, this section implements a
decoupling method based on torsion-free mechanical con-
struction, which necessitates only straightforward coordinate
transformations.

Since each section is divided into multiple segments by
several guide disks, under the same posture of the con-
tinuum manipulator, the relative positions of the backbone
and tendons in each segment are identical. Therefore, by
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Fig. 7. Schematic for the kinematics. a) Definition of coordinate system and
configuration space parameters; b) Geometric relationship between tendons
and backbone in one segment; c) Viewing curvatures of single tendon
as vector quantities to calculate the formulation of tendons’ length and
backbone parameters; d) Rotate the coordinate system around the z-axis
to calculate the length of all tendons passing through a single section.

analyzing the geometric relationships of a single segment,
it is possible to directly derive the mapping formulation of
a single section. As shown in Fig. 7(a), frame ) ,(O; —
X;Y;Y;)(i = 0,1,...,n) is fixed in i*" guide disk’s center,
Y;-axis intersects the same tendon (No.l), and Z;-axis is
perpendicular to i*" guide disk (frame > is the base,
only 1*" segment is shown). Assuming a specific bending
posture where two tendons are of equal length, a series of
similar triangle relationships can be employed to establish
the current relationship between tendon lengths (I1,11,13)
and backbone parameters (k;, ¢;,s;)(i = 1,2, 3), as shown
in Fig. 7(b). Considering the existence of three such postures
and the periodicity of planar angles, the three sets of back-
bone parameters obtained can be considered as vectors in
polar coordinates, as shown in Fig. 7(c). By utilizing basic
transformation matrices, the parameters of the backbone for
any posture can be obtained and represented as

o,
Ksingle = dl,
I3 +1s — 214
i = arctan ——— 1
d)sngle \/g(lg — ld) ( )
) = % T inlﬂ
Ssingle = I arcs 3n

where [,, = \/l% + l% + l% —l1log — l3ls — l1l3, and [, =
ly +1ls + I3 — 3nh. n, d, and h represent the number of
segments, spacing between the tendon and backbone, and
height of the guide disk, respectively. Meanwhile, the inverse
kinematics from backbone parameters to tendon lengths
can be derived using the similar geometric relationships,
represented as

I — K (1 — dEKsingle SN ¢single)
Rsingle
_ K(]. + dﬁsingle sin ((bsingle + 600))
ly = (2)
Ksingle
= K (1 — dKsingle Sin (@singtle — 30°))
3 Rsingle

where K = 2nsin (F@single(ssingle - nh)/2n)

C. Decoupling Method

For single section, forward and inverse kinematics can
be writen as Csingle = f(lsingle) and lsingle = fﬁl(csinglex
respectively, whose mapping formulation f and f~! have
been derived in Subsection B. For the multisection design
discussed in this paper, it is essential to provide specific
clarification regarding the configuration space and actuator
space in order to apply these kinematic mappings effectively.

The actuator space parameters of the PPCM, denoted as
L;(1=1,2,...,9), can be decomposed into the sum of three
single section parameters: L; = L + L™d 4 [ which
specifies that the tendon that does not pass through the single
section has 0 length in it. As shown in Fig. 7(d), by dividing
tendons into three groups, actuator space parameters can be
expressed as
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Lip Ly Lo
L= |Ly| +|Lp¢|+| 0 |, 3)
L 0 0

where L;(g € {A,B,C},s € {in, mid, out}) is equivalent to
lsingle'

Note that L', L4, and LI directly determine the back-
bone’s shape in the proximal, middle, and distal sections,
respectively; therefore, they can be calculated using the
inverse kinematics mapping £ 1. Considering LI, L4, and
L' are passively adapted to the backbone, to apply the
derived mapping directly, we can rotate the frame about the
Z-axis so that the Y-axis intersects with the other tendons.
Because rotating the frame only affects the planar angle ¢,
while the arc length s and curvature x of the backbone
remain unchanged, the tendon lengths derived from the new
backbone parameters (K, Ppew, ) in new frame correspond
to other three tendons. For example, Fig. 7(d), the lengths
of tendon 4, 5, and 6 in this single section can be derived
using the inverse kinematics of the backbone parameters in
the x5Oy, frame rotated counterclockwise by 40° around the
z-axis, where the y,-axis passes through tendon 4. Based on
this, the mapping between the PPCM’s actuator space and
configuration space C = [Cjy, Cpia, Cou]? can be expressed
as

g1(Cin) 22(Chid) £ (Cou)
L=|gCi) |+ [fHCma)| + 0 , @)
fﬁl(Cjn) 0 0

where go(k,¢,s) = f71(k,¢ + 40°,s) and g;(k, P, s) =
ga(k, 9+40°, s). Therefore, the inverse Jacobian formulation
of the PPCM from the configuration space to actuator space
can be obtained by converting (4) into differential form,
expressed as

g1(Cin)  €2(Cmia) J ' (Cou) .
L=|g(Cn) J Cuma) 0 C, ©®
J1(Cp) 0 0

where isingle = J 1 (Cyingle)-

D. Closed-loop Control

Given the slackness of tendons under open-loop control
[22], it is essential to consider the tension of the tendons to
ensure the effectiveness of the mapping derived in Subsection
C. The advantages of the PID control algorithm have been
validated in the continuum manipulator [23]. Incorporating
the error in tendon tension as a feedforward loop effectively
ensures the tautness of the tendons without requiring a
complex model. The entire control procedure is elucidated
in Algorithm 1.

Algorithm 1 Decoupling and Closed-loop Control

Input: Desired velocity of 3 single sections in configuration
space C = [Cin, Cmid, Cou? and initial position of 9
tendons in actuator space (length) L = [Lq, Lo, ..., Lg]*.

Output: Velocity of 9 tendons in actuator space L.
1: Give number of segments in 3 single sections nj,, Nmid,
and noye
2: Give spacing between tendon and backbone d
3. Set length range s;, € (sM sMar) g4 €

mn ? “1n
min  omax min  max
(Stmid " Smid)» Sout € (Sout™s Sear )
4: Set curvature range Kin € (KIV',KINOY), Kmia €

min ,max min ,mazx
(Kmid » Fmid )’ Kout € (K‘oul » Kout )

5: Initialize controller parameters K,,, K;, Kg, Frt

6: Integral F; = 0 and Differential F4 = 0 of tension error

7: while ¢ < T and K, Ssec(sec € {in, mid, out})) are in

range do

8:  Cin = f(L7, Ls, Ly), then LP LE, LY = g2(Ciy),
and LY, LY, LY = g1(Cin)

90 Cma = f(Ls — LM Lg — LI" Ly
Ly, Ly, Lgnid = 82(Chia)

10:  Cou = f(Ly — LIt — LY Ly — [in — [oid [5— [in
L)

11:  Inverse kinematics Lix = J r;jmc

12:  PID compensation L. = K, (Fi—Frp)+ K, Fi+ K Fq

13:  Update F; and Fy

14: id = L[K + ]:_lc

15: end while

— L"), then

IV. EXPERIMENT AND RESULTS

An experimental layout is presented in Fig. 8. Note that
after each power-up of the PPCM, it needs to be calibrated
to ensure consistency in the initial posture (with the shortest
length and zero curvature of all sections) of the continuum
manipulator, which can be achieved by implementing con-
stant force control on the tendons. Open all pneumatic grip-
pers to allow axial movement of the three backbones, with all
tendons in a relaxed state (tension approximately zero). Until
each tendon reaches its desired tension, it will be continu-
ously stretched, causing the corresponding backbone affected
by this tendon to continuously deform (shorten or/and bend)
along with the tendon’s movement. This deformation can be
manually controlled to maintain all backbones in a horizontal
posture through hand guidance. Simultaneously, tendons
adaptively move (tighten or loosen) in response to changes
in tension until the continuum manipulator reaches a steady
state, at which point measuring the length of each section
yields the initial kinematics parameters.

A. Validation of kinematics and Decoupling Method

The decoupling method of kinematics is validated by
sequentially applying velocity control to the configuration
space of each section and observing the resulting changes
in the posture of other sections. As shown in Fig. 9, the
experimental results indicate that there is a certain deviation
between the curvature of each section and the expected
value at most moments, primarily compensating for tendon
slackness during movement. However, the overall motion
trend remains consistent, suggesting that there is no mutual
effect among sections, confirming decoupling.
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Fig. 8.  The PPCM prototype and a 3D-printed aeroengine platform.
Teleoperation is achieved through an external joystick that is connected
to an industrial PC.

B. Inspection Experiment

The PPCM showcases superior performance in practical
inspection experiments with its push-pull multisection de-
sign. These experiments were conducted on a significantly
smaller experimental platform compared to previous work,
and the motion process is illustrated in Fig. 10. The PPCM
achieves both extensive range of motion and precise ma-
neuvering of its end effector, which is a capability beyond
conventional continuum manipulator mechanisms. Similar to
mobile manipulation, the proximal and middle sections can
be seen as a platform providing flexible spatial movement
for the distal section. As the proximal section approaches the
blades closely, while maintaining the shape of the continuum
manipulator unchanged, strategies are devised to guide the
detection probe through narrow gaps between the blades. The
images of the blade surfaces captured by the endoscopic
camera confirm the feasibility of the PPCM in aerospace
engine blade detection tasks and demonstrate its adaptability
across various task scenarios.

V. CONCLUSIONS AND FUTURE WORK

In this paper, we have proposed an ultra-slender (length-
to-diameter ratio > 60) push-pull multisection continuum
manipulator for the inspection of compressor and turbine
blades in aeroengines through external inspection ports. To
improve the capability to traverse the confined space between
blades, especially in small engines, we have developed a
push-pull multisection structure combined with a tendon-
driven mechanism, allowing the PPCM to inspect multi-
stage blades through a single inspection port. A kinematic
model for the PPCM has been derived, which simplifies
the submapping transformation and Jacobian formulation for
multiple sections and introduces a decoupling method. We
successfully constructed a prototype with an experimental
platform, confirmed the effectiveness of kinematics and the
decoupling method, implemented closed-loop control, and
carried out blade inspection tasks through teleoperation.

In future work, we intend to optimize the structure design
to enhance portability. Subsequently, we aim to integrate it
onto a specific mobile platform, such as an in-pipe robot, to
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Fig. 9. Results of the validation of the decoupling method of kinematics.
Sub-figure (a) shows the proximal section (red curve) being bent first does
not affect the straight state of the middle section (green line) and distal
section (blue line). Sub-figure (b) shows that bending the middle section
(green curve) and distal section (blue curve) in sequence also does not alter
the curvature of the proximal section and can cause a significant rotation of
the end effector in the plane (greater than 180°). Sub-figure (c) shows that
rotating the plane of the three sections allows the continuum manipulator
to form an arbitrary spatial curve. Sub-figure (d) illustrates the changes
in curvature for each section throughout the aforementioned entire motion
process.

access the aircraft’s jet nozzle and inspect the hidden engine
without requiring reserved inspection ports.

REFERENCES

[1] Matteo Russo, Seyed Mohammad Hadi Sadati, Xin Dong, Abdelkhal-
ick Mohammad, Ian D. Walker, Christos Bergeles, Kai Xu, and
Dragos A. Axinte. Continuum robots: An overview. Advanced
Intelligent Systems, 5(5):2200367, 2023.

[2] Mingfeng Wang, David Palmer, Xin Dong, David Alatorre, Dragos
Axinte, and Andy Norton. Design and development of a slender
dual-structure continuum robot for in-situ aeroengine repair. In 2018
IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS), pages 5648-5653, 2018.

[3] Mingfeng Wang, Xin Dong, Weiming Ba, Abdelkhalick Mohammad,
Dragos Axinte, and Andy Norton. Design, modelling and validation of
a novel extra slender continuum robot for in-situ inspection and repair

11399



Surface
damage

Fig. 10. Inspection experiment of the aeroengine blades. Sub-figures (a) to (e) show the performance of PPCM in a turbine inspection scenario. By bending
and extending the proximal and middle sections, the continuum manipulator moves away from its initial position, positioning the endoscope camera closer
to the turbine, while the distal section remains contracted and straight. Bending and extending the distal section allows the continuum manipulator to pass
through the gap and enter the next stage, the image captured by the endoscope camera is shown in sub-figure (f). Sub-figure (g) shows the continuum
manipulator entering the inspection port in the middle of the compressor to inspect its blades. Image of the blade surface in sub-figure (h) can directly

validate the feasibility of the continuum manipulator in aeroengine blade inspection.

[4]

[51

[6]

[71

[8]

[91

[10]

(1]

[12]

[13]

in aeroengine. Robotics and Computer-Integrated Manufacturing,
67:102054, 2021.

Zheshuai Yang, Laihao Yang, Yu Sun, Xuefeng Chen, Ian D. Walker,
Christos Bergeles, Kai Xu, and Dragos A. Axinte. Comprehensive
kinetostatic modeling and morphology characterization of cable-driven
continuum robots for in-situ aero-engine maintenance. Frontiers of
Mechanical Engineering, 18(3):40-63, 2023.

Matteo Russo, Luca Raimondi, Xin Dong, Dragos Axinte, and James
Kell. Task-oriented optimal dimensional synthesis of robotic ma-
nipulators with limited mobility. Robotics and Computer-Integrated
Manufacturing, 69:102096, 2021.

Weiming Ba, Xin Dong, Abdelkhalick Mohammad, Mingfeng Wang,
Dragos Axinte, and Andy Norton. Design and validation of a novel
fuzzy-logic-based static feedback controller for tendon-driven contin-
uum robots. IEEE/ASME Transactions on Mechatronics, 26(6):3010—
3021, 2021.

Xin Dong, Mingfeng Wang, Abdelkhalick Mohammad, Weiming Ba,
Matteo Russo, Andy Norton, James Kell, and Dragos Axinte. Con-
tinuum robots collaborate for safe manipulation of high-temperature
flame to enable repairs in challenging environments. IEEE/ASME
Transactions on Mechatronics, 27(5):4217-4220, 2022.

Yaming Wang, Feng Ju, Yanfei Cao, Yahui Yun, Yaoyao Wang,
Dongming Bai, and Bai Chen. An aero-engine inspection continuum
robot with tactile sensor based on eit for exploration and navigation in
unknown environment. In 2019 IEEE/ASME International Conference
on Advanced Intelligent Mechatronics (AIM), pages 1157-1162, 2019.
Thien-Dang Nguyen and Jessica Burgner-Kahrs. A tendon-driven con-
tinuum robot with extensible sections. In 2015 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), pages 2130-
2135, 2015.

Ernar Amanov, Thien-Dang Nguyen, and Jessica Burgner-Kahrs.
Tendon-driven continuum robots with extensible sections—a model-
based evaluation of path-following motions. The International Journal
of Robotics Research, 40(1):7-23, 2021.

III Robert J. Webster and Bryan A. Jones. Design and kinematic
modeling of constant curvature continuum robots: A review. The
International Journal of Robotics Research, 29(13):1661-1683, 2010.
Deepak Trivedi, Amir Lotfi, and Christopher D. Rahn. Geometrically
exact models for soft robotic manipulators. [EEE Transactions on
Robotics, 24(4):773-780, 2008.

John Till, Vincent Aloi, and Caleb Rucker. Real-time dynamics of soft

[14]

[15]

[16]

(171

(18]

[19]

[20]

(21]

[22]

[23]

11400

and continuum robots based on cosserat rod models. The International
Journal of Robotics Research, 38(6):723-746, 2019.

John Till and D. Caleb Rucker. Elastic rod dynamics: Validation
of a real-time implicit approach. In 2017 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), pages 3013—
3019, 2017.

S.M. Hadi Sadati, S. Elnaz Naghibi, Ali Shiva, Brendan Michael, Lu-
dovic Renson, Matthew Howard, Caleb D. Rucker, Kaspar Althoefer,
Thrishantha Nanayakkara, Steffen Zschaler, Christos Bergeles, Helmut
Hauser, and Ian D. Walker. Tmtdyn: A matlab package for modeling
and control of hybrid rigid—continuum robots based on discretized
lumped systems and reduced-order models. The International Journal
of Robotics Research, 40(1):296-347, 2021.

ILA. Gravagne, C.D. Rahn, and I.D. Walker. Large deflection dynamics
and control for planar continuum robots. /[EEE/ASME Transactions on
Mechatronics, 8(2):299-307, 2003.

Ziwen Wang, Teng Wang, Baoliang Zhao, Yucheng He, Ying Hu,
Bing Li, Peng Zhang, and Max Q.-H. Meng. Hybrid adaptive control
strategy for continuum surgical robot under external load. I[EEE
Robotics and Automation Letters, 6(2):1407-1414, 2021.

Kai Xu and N. Simaan. Actuation compensation for flexible surgical
snake-like robots with redundant remote actuation. In Proceedings
2006 IEEE International Conference on Robotics and Automation,
2006. ICRA 2006., pages 4148-4154, 2006.

Thomas George Thuruthel, Yasmin Ansari, Egidio Falotico, and Ce-
cilia Laschi. Control strategies for soft robotic manipulators: A survey.
Soft Robotics, 5(2):149-163, 2018. PMID: 29297756.

Andrea Bajo, Roger E. Goldman, and Nabil Simaan. Configuration and
joint feedback for enhanced performance of multi-segment continuum
robots. In 2011 IEEE International Conference on Robotics and
Automation, pages 2905-2912, 2011.

M. Csencsits, B.A. Jones, W. McMahan, V. Iyengar, and I.D. Walker.
User interfaces for continuum robot arms. In 2005 IEEE/RSJ Inter-
national Conference on Intelligent Robots and Systems, pages 3123—
3130, 2005.

David B. Camarillo, Christopher R. Carlson, and J. Kenneth Salisbury.
Task-space control of continuum manipulators with coupled tendon
drive. In Experimental Robotics, pages 271-280, 2009.

Ryan S. Penning, Jinwoo Jung, Nicola J. Ferrier, and Michael R.
Zinn. An evaluation of closed-loop control options for continuum
manipulators. In 2012 IEEE International Conference on Robotics
and Automation, pages 5392-5397, 2012.



