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Hybrid tension and configuration control of cable-driven
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Abstract—Due to the advantages of dexterity and adaptability,
cable-driven hyper-redundant robots (CDHRRSs) are promising
for detection in confined spaces like narrow internal cavities.
However, due to redundant degrees of freedom (DoFs), CDHRRs
are susceptible to the singular configuration, which aggravates
the difficulty of high-accuracy control and high-stable motion.
To solve these problems, this work proposes hybrid tension and
configuration control to improve motion accuracy and stability.
Firstly, a CDHRR model with structural optimization and friction
reduction is developed. The quasi-static and cable-hole length
estimation models are obtained, including cable-hole friction,
cable-hole interval, and cable deformation. Subsequently, single
and multi-segment controllers are designed. The controller can
distribute tension in the expected range with the above design
while featuring high accuracy, responsiveness, and stability. The
control algorithm optimizes configuration with an average error
under 1.00°. Moreover, the controller reaches the target with
controllable forces in 1.0 s and flattens the fluctuations within 0.3
s. The controller can be implemented into automatic zeroing and
tip loading. Experimental results demonstrate that the proposed
controller features speedy automatic zeroing (in 4 mins) and low
angle tracking errors (less than 1.50°) under various tip loads.

Index Terms—Soft Robot Applications, Hyper-redundant
robot, Friction reduction, Hybrid control, Stepwise force

I. INTRODUCTION

DHRRS have gained continuously growing attention

because of their high flexibility and slim body size [1-
3]. Thus, they are widely applied in various fields, such as
minimally invasive surgery [4], aerospace [5], and nuclear
industries [6]. Specialized missions call for corresponding
control methods.

In early research, open-loop controllers were widely utilized
to steer CDHRRs to desired positions [7]. Based on applied
models, open-loop controllers are categorized into kinematics-
based open-loop controllers [8, 9] and dynamics-based open-
loop controllers [10]. The kinematic controllers use geometric
models and spatial coordinate transformation matrices to es-
tablish mapping relationships among cables, joints, and end-
effectors [8]. They achieve good tracking performance, load
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carrying, and grasping capacity in complex scenarios like un-
derwater environments [9]. The dynamics controllers integrate
forward and inverse kinematics with recursive Newton-Euler
dynamics to compute. They control motion and compensate
for cable tension and contact forces effectively [10]. To
improve control accuracy, friction-feedforward compensation
is considered. The friction in the drive system is investigated,
and a dynamic model is established by Kane’s method [11].
Furthermore, neural networks are also applied to avoid the
complexity of modeling nonlinear dynamics [12, 13]. Though
straightforward, open-loop controllers are prone to position
errors, leading to low control accuracy.

Therefore, closed-loop controllers are needed for higher
control precision. The primary challenges involve the arrange-
ment of antagonistic cables and tension control [14]. Several
approaches had been proposed, such as fuzzy controllers [15],
[16], antagonistic impedance controllers [17, 18], and puller-
follower controllers [19, 20]. However, for robots equipped
solely with force sensors [20], accurately measuring and
compensating for cable elongation errors presents significant
challenges. Struggling with tension estimation, the precision
performance fell short of expectations.

Consequently, the demand for CDHRRSs incorporating both
force and position sensors is prompted [20]. With the improved
structure of the integrated sensor, the hybrid control method
is proposed [21]. By simultaneously tracking position and
force, the stability of the system is enhanced [22]. However,
some controllers are assessed in small-scale environments
[23], or validated in simulation [24]. Lacking of physical
verification platform, these controller’s efficiency diminished
at large scales, potentially resulting in instability.

To tackle these difficulties, we propose a hybrid tension
and configuration control method for CDHRRs to improve
accuracy and stability. Firstly, a CDHRR model with structural
optimization and friction reduction is designed. To enhance
control accuracy, geometric models and cable properties are
considered. The kinematic and quasi-static models are an-
alyzed, and the cable-hole length estimation algorithm is
developed. Based on the model, single and multi-segment hy-
brid tension and configuration controllers with stepwise force
arrangement are established. Experimental results demonstrate
optimization and control efficiency. Controllers are further
validated in automatic zeroing and tip loading.

The main contributions of this work are summarized as
follows.

(1) This study presents a theoretical model that integrates
structural optimization and friction-reduction techniques.
Specifically, the incorporation of a double side chamfered
cable guide disk with a low friction coefficient represents
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a distinct advancement over prior designs, enhancing
engineering applicability. Validation on SJTU-Snake III
platform confirms the model’s accuracy and efficiency,
addressing limitations in previous approaches.

(2) A hybrid tension and configuration control method is
developed by integrating the optimization strategy with
detailed geometric models and cable-specific properties.
By incorporating cable length estimation algorithm, the
cable-hole discrepancy is eliminated, and the real-time
tension estimation algorithm enables precise configura-
tion control. Experiments on SJTU-Snake III, including
automatic zeroing and tip-loading tests, demonstrate the
method’s efficiency and its advantages over existing tech-
niques.

The rest of this article is organized as follows. Section II
introduces the structural characteristics and improvements of
SJTU-Snake III. The kinetics and statics models are elaborated
in section III, including the mapping task and cable-hole error
factors. Based on this model, the hybrid tension and config-
uration control methods are developed in Section IV. Section
V verifies the accuracy and effectiveness of the proposed
methods. Section VI concludes the article and discusses future
work.

II. SYSTEM DESCRIPTION AND OPTIMIZATION

The structural design of SJTU-Snake III, a CDHRR, is
shown in Fig. 1(a). SJTU-Snake III comprises a motioning
platform, a linear-feeding platform, a drive box, a cable-
guiding mechanism, and a robotic manipulator. The linear-
feeding platform is situated atop the bottom motioning plat-
form, with the drive box mounted above it. The cable-guiding
mechanism, linking the drive box to the robotic manipulator,
comprises twelve 2-DoF parallel platforms. Each platform is
connected in series through gimbal joints and is controlled by
three driving cables.

In SJITU-Snake III, friction primarily originates from the
cable traversing through the guide disks, namely cable-hole
friction. The experiments for mitigation are conducted, as is
shown in Fig. 1(b). Synthesizing the experimental findings,
aluminum serves as the material for cable guide disks, employ-
ing a 0.5mm double-sided chamfer design. The robot is opti-
mally designed for lightweighting via finite element analysis
and topology optimization in ANSYS Workbench. Rectangular
segments are excised to equalize forces and minimize mass,
with rounded corners to mitigate stress concentration. The
mass of SJTU-Snake III’s segment and cable guide disk is
1237.8 g, achieving a 26.1% reduction. An increase in the
structural safety coefficient arises after weight reduction and
refinement. The robot’s drive burden is alleviated, enhancing
the system’s mechanical performance and consequently aug-
menting the end-load capacity. The optimization is shown in
Fig. 1(c).

As an advancement of its predecessor, SJITU-Snake III
features a streamlined design with external cable routing,
segment weight reduction, and friction reduction. It improves
the robot’s aspect ratio, size of the workspace, end-loading
ability, and ease of maintenance. Simultaneously, the joint

angle sensor and force sensor are integrated for instantaneous
feedback. The SJITU-Snake IIl communication system com-
prises AS5600 Hall magnetic sensors, and EPOS boards, and
STM32-F407VET6 boards. The comparisons between SJTU-
Snakes are listed in Table I.

TABLE I
MECHANICAL DESIGN INDICATORS OF SJTU-SNAKE

Description Version I~ Version II  Version III
Outer diameter 45 mm 55 mm 55 mm
Maximum angle 27.0° 48.0° 50.7°

Total arm length 1092 mm 1800 mm 2130 mm
Aspect ratio 24.27 32.73 38.73

Total mass of arm 1.25 kg 1.45 kg 0.91 kg

End load 1.0 kg 1.5 kg 1.5 kg

Cable change time 1 week 1 week 10 mins
Sensor Configuration  null angle angle and force

III. MODELING AND CABLE-HOLE LENGTH ESTIMATION
A. Cable-hole Length Estimation Model

In practical applications, to minimize the sliding friction,
the radius of the hole in the cable guide disk is designed to be
larger than the radius of the cable. During actual movement,
the centers of the cable and the hole do not coincide and are
subject to continuous changes. This discrepancy results in a
mismatch between the drive cable length calculated using a
simplified model and the actual drive length, thereby causing
substantial movement errors. To improve motion precision, it is
imperative to model and quantify these errors. Consequently,
a cable length estimation algorithm is proposed, which ac-
counts for cable-hole interval, cable-hole friction, and cable
deformation.

The cable-hole interval denotes the lateral separation be-
tween the driving cable and the hole’s center. It is assumed that
the centroid of the actuation cable coincides with the cable-
hole center for simplification. However, the cable’s contact
surface shifts, leading to errors between the modeled and
actual cable lengths. To address the problem, a recursive
approximate solution-based cable-hole interval estimation al-
gorithm is utilized [25]. The recursive algorithm approximates
cable length using a cable-hole contact model, as is detailed in
Fig. 2. The algorithm presents a modeling and computational
method for the driving cable length estimation, which ensures
real-time control while sustaining computational precision.

B. Quasi-Static Model

The forces at the cable-holes are shown in Fig. 3(a). Given
the motion process is quasi-static, a static force analysis
suffices. The force equilibrium equations of each segment are
listed as:

Tis if =0

Ti—isina; . (D

T, =
if =1

1 — p;cosay

where T; is the tension on the i" segment. 3 is the state of

cable-hole contact. 3 = 0 means that the cable and hole are
not in contact, while 8 = 1 implies contact. «; is the angle
between i*" and i + 15" segment.
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Fig. 1. (a) Structural design of SJITU-Snake III. (b) Friction measurement plates are designed for cable-hole friction experiments. (c) Lightweight segment
design based on finite element analysis and topology optimization. (d) Overall assembly of SITU-Snake III.

Both «; and S are calculated using the cable-hole interval
calculation algorithm. p; is the friction coefficient. Since T;
is approximated by the force sensor, only u; needs to be
calculated. The experiments conducted in Fig. 1(b) show that
the friction coefficient does not depend on velocity and contact
area but varies with the tilt angle and the stretching-relaxing
process. A linear regression with the cosine of the tilt angle («)
as the independent variable and the friction coefficient as the
dependent variable is depicted in Fig. 3(b). The experimen-
tal data corroborates linear characteristics, and the Stribeck
model, similar to the Coulomb model, is applicable.

The cable deformation refers to the elastic phase displace-
ment. Length discrepancies are due to cumulative errors, with
each segment’s cable operating independently. The Newton-
Euler approach is employed to deduce the equilibrium among
cable forces. Fig. 2 illustrates the force correlation of the seg-
ments. Gy, N, and Fj, denote gravitational force, octahedral
support force, and cable tension of k' segment, respectively.
The homogeneous transformation matrix from the 7t to the
kth segment is denoted as T;. The reaction force on the
octahedron of the k + 1°* segment at the k" segment N k41
is expressed as:

~1
Niwt1 =-TF Nip 2

Introducing CDHRR parameters and applying the Newton-
Euler approach, the force balance equation is obtained:

Fr|  [-Gr—Nggri1
SR
where P is parameter matrix, incorporating the length of

octahedron [,.; and the radius of segment r. M is the torque
of the force.

The solution of the 24-DoF CDHRR results in twelve
free force variables, with quadratic programming employed
to minimize cable tension. In other words, the following
optimization problem is addressed in determining the force
F;, in the k' section.

1 [F T [Fy
m1n§ {Nk] H [NJ 4)

where H is the penalty parameter matrix to avoid force
overruns. Force constraints are set as:

[200—151? < [Fk} < {200
—00 — |INg| = | 0

IV. HYBRID TENSION AND CONFIGURATION
CLOSED-LOOP CONTROLLER

(&)

A. Single-segment Controller

We propose a hybrid closed-loop control method to prevent
cable failure. It integrates force control with position control,
as is depicted in Fig. 4. Calculations are based on the current
angle to determine the discrepancy between the target and the
subsequent angle. The position closed-loop control is shown
as follows:

Dy =Ty — Ay (6)
Dp@ = Png (7)

where Ty is the target angle. Ay is the current value of the
horizontal and vertical angles measured by the robot’s joint
angle sensor. Dy is the difference between the robot’s target
angle and the current angle. D py is the angle of the robot’s
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plane —x

hole
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STEP 1: Construct a vertical line from x; to the
plane of the circular region n,. If this line intersects
the circle, the shortest path is the line segment from
X, to the intersection point. Otherwise, the optimal
path is the direct line from x, to x, (red line).

STEP 2: Optimizing the shortest path x,
to circle ¢, (applying STEP 1) and
refining the approximate route.

Xo

STEP 3: The recursive calculation of the
driving cable's perforation position and
cable-hole interval size can be efficiently
performed based on the concept.

Fig. 2. Schematic diagram of the Cable-hole length estimation algorithm. z, ¢, and n denote intersection, center of circle, and normal vector, respectively.
The cable guide disk, outlined in the upper dashed box, is modeled as a black plane with apertures. Auxiliary lines are depicted in blue, and operational cable
states are denoted by red lines. (upper left) Force relationships between adjacent segments. The yellow arrows denote the coordinate system, and the blue
arrows denote the forces on the segments. (lower left) Cable length estimation for CDHRR based on cable-hole interval calculation.
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Fig. 3. (a) Force analysis diagram at the cable-hole. 77 and 7% are the
tensions on the first and second segment, respectively. Fy is the support force
at the contact location of the cable-hole. f is the cable-hole friction. « is the
angle between neighboring segments. (b) Linear fitting of friction coefficients
at different tilt angles. The coefficients correlate with the tilt angle and the
process of stretching-relaxing.

motion in the next frame. Py is the scaling factor of the joint
angle closed-loop control.

If the cable relaxation length in one frame is excessive, the
joint angle will remain unaffected by subsequent cable tension
adjustments. Therefore, the force closed-loop controller is
designed:

AF; = Fy; — Fy (8)
Agarj = Adaj — Aqrj (10)

where Fy; is the ideal tension of the 4P cable, F,; is the
actual tension measured on the j** cable force sensor, Agrj
is the size of the corrected driving amount estimated according
to AF;, AF; is the difference between Fy; and F,;, Pr is
the proportionality coefficient of the force closed-loop control,
Agqr; is the theoretical driving amount of the 4t cable after

the correction of the force closed-loop control, and Agg; is
the theoretical driving amount of the ;' cable before the
correction of the force closed-loop control.

The roles of the driving cables are differentiated according
to Ag.rj. They are categorized into ‘stretching’ and ‘relaxing’
cables, as shown in Fig. 4(a). F},4, and F,,;, are the max-
imum and the minimum tensions, respectively. If the tension
exceeds F,q, or is below Fip, set Agqr; to 0.

B. Multi-segment controller

Algorithm 1 Multi-Segment Hybrid Controller
Input: Current target angles Ty and current angles Ag.
Output: Cable driving amount Ag,r;.
1: while TRUE do
20 Agaj, Agej, Agij + CABLE LENGTH CALCULATION
ALGORITHM.
3 Agrj < QUASI-STATIC MODEL(Ty, Ay)
4:  FORCE AND POSITION CLOSED-LOOP CONTROL.
50 Tjz,Tjn, Ag < Updating force and angle data.
6: Aqapj — Aqa]’, chj, Aqtj, and AqFj.
7.
8
9

if Aanj > 0 then
Mark cables as stretching.

else
10 Mark cables as relaxing.
11:  end if
12:  if T is out of range then
13: Aanj +— 0.
14:  end if

15: end while
16: return Ag,r;.
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Fig. 4. Design of (a) single-segment and (b) multi-segment hybrid configuration controllers. Relative to single-segment controllers, multi-segment controllers
require the management of inter-segment coupling and antagonistic forces. Furthermore, the impact of error factors (i.e., the cable-hole interval, the cable

deformation, and the cable-hole friction) is also considered.

To execute collaborative control across all segments, a
multi-segment controller is engineered, which is introduced in
Algorithm 1 to manage the coupling and antagonistic forces.
Furthermore, error factors (i.e., cable-hole friction, cable-hole
interval, and cable deformation) are integrated into the control
strategy. The theoretical driving amount of the position closed-
loop control is listed as:

Y

where Agqrj, Aqaj, Agr; have the same definitions as in
the single-segment controller. Ag,; is the cable-hole interval
error, Agqy; is the cable deformation error. They are solved by
the model proposed in Section III.

For force closed-loop control, the force employed for cal-
culation is estimated by sensor data. The force is ascertained
through an analysis of cable-hole conditions. The formula for
the force closed-loop correction is obtained as follows:

Aqarj = Aqqj — Aqr; — Age; — Agyj

AFy, = thk._ Tix (12)
T; = @ (13)
Eec
PrT;
Prji = ;; ! (14)
Aqpj = icPijAij (15)
k=1

where I, is the discrepancy between the target and the actual
force at the k' segment of the j*" cable. The drive correction

Agr;j is defined in the same way as in the single-segment
controller, but it is necessary to sum up the drive corrections
generated by all the cable segments. The definitions of F};,q,;
and F,,;,; are the same as in the single-segment controller.
Other parameters are explained in Table II.

TABLE II
EXPLANATION OF PARAMETERS IN EQUATIONS 12-15
Symbol Meaning
F} the force on jt segment
nt the number of segments on the j¢ cable
Tj the average value of all T},
Prjg the k*" element of Pp;
Pr the value of the P control
Tie the maximum value of all T},
Tjn the minimum value of all T}y,

As long as the tension of the corresponding driving cable is
not between F},;,; and Fj, ., the controller should issue a
zero-drive amount. It is prioritized to ensure the safety of the
controller. To ensure the consistency of actuation correction,
Prj; will vary in tandem with changes in Tj;. That is, the
controller focuses on the deviation between the desired and
actual forces as a proportion of the desired force, irrespective
of the magnitude of the desired force itself. The driving
correction qr; is defined similarly to that in single-segment
control. However, it encompasses the aggregate of driving
corrections from all cable parts. The theoretical actuation
extent derived from the position of closed-loop output mirrors
that of the single one. Conversely, the actual force imple-
mented for closed-loop computations is no longer equivalent
to the sensor’s force measurement. The tension correction also
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parallels the single-segment approach. However, it necessitates
evaluating all segment forces to ascertain if the prevailing
tension aligns with the target range.

C. Stepwise Force Arrangement

CDHRRs are susceptible to instability in control tasks. As
the deformation of the actuation cable increases, the position
closed-loop controller augments the tension to counteract the
deformation. This exacerbates the unstable condition, leading
to cable failure once the tension limit is surpassed. Therefore,
the stepwise force arrangement is introduced to calculate
desired tension. Fy;; in the force closed-loop control is set
as:

Fijk = Fi — Fuep L% | (16)

where F; is desired force. F.p, is stepwise force. Both Fy and
Fiepp are ascertained via a combination of theoretical deriva-
tion and empirical validation. The desired tension ensures the
cable is neither insufficient for control nor excessive to cause
instability.

TABLE III
IDEAL FORCE FOR EACH SEGMENT
No.  Fy1 Fy 2 Frs No.  Fp1 Fi 2 Fi3
1 203.11  200.00  200.00 7 103.11 100.00  103.11
2 153.37 150.00  150.62 8 102.75 100.00 103.37
3 153.53 150.00 151.23 9 102.31 100.00  103.53
4 153.59 150.00 151.79 10 101.79  100.00  103.59
5 103.53 100.00  102.31 11 61.23 60.00 63.53
6 103.37 100.00  102.75 12 40.78 40.00 44.22

Table III is calculated by the model derived in Section III.
F},; is the tension on it" cable of segment No. k. It shows
the ideal force requirements for each segment. The theoretical
results marginally underestimate the actual operational scenar-
ios, which is attributed to cable-hole friction.

V. EXPERIMENTAL VALIDATION
A. Structural Optimization

The optimization of the robot structure is shown in Fig. 1(c).
Compared to the SJITU-Snake II, the thickness of the cable
guide disk is reduced from 8 mm to 6 mm, and the weight is
reduced from 31.18 g to 27.01 g. The weight of the segment
is reduced from 83.12 g to 49.13 g. Table IV shows the
experiments on friction reduction during stretching-relaxing
process. The plastic coating of the steel wire cable deteriorates
rapidly, and slight wear is observed on the bushing. Self-
lubricating bushings can be used for larger diameters of the
CDHRR design. The driving cable can choose steel wire or
PBO according to specific scenario.

TABLE IV
FRICTION COEFFICIENT OF DIFFERENT ROPES

Cable type Stretching coefficient  Relaxing coefficient
Steel with coat 0.34 0.25
Steel with bush 0.21 0.11
Polyethylene 0.20 0.15
Aramid 0.23 0.18
PBO 0.22 0.12

B. Validation of Hybrid Control

To verify the single-segment hybrid controller, the rear seg-
ment is controlled to move at specified angles. The horizontal
and vertical angles are modulated from an initial state of 0° to
10.00° and subsequently from 10.00° back to 0°. The angular
variation as a function of time is depicted in Fig. 5. The
controller exhibits swift responsiveness and precise control,
fulfilling the criteria for CDHRRs.

Cable No.1 Cable No.2 Cable No.3
Horizontal angle Vertical angle
200 12
1 10
. 100 ~
Z {8 T
8 g
= Or 16 5
B g
3 {14 %
3 -100 ;
S 12 2
S %
200 <
0
-300 a = 2
0 5 10 15

Time (s)

Fig. 5. Angular tracking performance and cable force distributions. The initial
angular, starting from 0°, is calibrated by sequentially adjusting the three
actuation cables in an open-loop configuration. Consequently, a substantial
zeroing discrepancy emerged, with the deviation approximating 1.00°. After
2.9 s, the controller adjusted the horizontal and vertical angles to 10.03°,
reducing the error by 97.0%. Following the second command, the controller
adjusted the horizontal and vertical angles to 0.09° and 0° within 2.7 s, with
an average error of 0.04°, thereby reducing the error by 95.6%.

As depicted in Fig. 5, the cable tensions fall within the
force range, preventing both excessive slackness and potential
breakage due to over-tightening. The cables’ tension do not
uniformly approach 200.0 N due to the intentional undersized
Pr. It preserves the precision of the position loop control, and
mitigates the impact of overwhelmed force control.

No.2 No.4 No.6 No.8 No.10 No.12

St 34
g0y 22}
§—1 F F0F
= =
5ot g2t
> 3 1 1 §_4 L L

0 2 4 6 0 2 4 6

Time (s) Time (s)
(2) (®)
Fig. 6. Angular tracking performance. The command is to maintain the

vertical angle while alternating the horizontal angle of the rear eight segments.
(a) The vertical angles are maintained near the initial angle of 0° during the
movement. (b) After 0.9 s, the controller adjusted the horizontal angles to
around 5.00°, with an average error of 0.63°. After the second command,
the controller adjusted all angles to around 0° within 1.0 s, with an average
tracking error of 0.66°.

The angle variation curves of cables under multi-segment
hybrid control are described in Fig. 6. All the horizontal
angles of the rear eight segments (No. 5 to No. 12) can
be actuated from an initial state of 0° to a final angle of
5.00°, while the first four segments (No. 1 to No. 4) are
unaffected. Subsequently, the angles of all segments are reset
to 0°. Relative to the single-segment controller, the average
angular error may increase due to inter-segment interactions,

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on April 16,2025 at 07:15:23 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Robotics and Automation Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LRA.2025.3559829

ZHU et al.: HYBRID TENSION AND CONFIGURATION CONTROL OF CDHRRS FOR HIGH ACCURACY AND STABILITY 7

which are still within the operational specifications for the
SJTU-Snake III.
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Fig. 7. Cable force distributions. The command is to maintain the vertical
angle while alternating the horizontal angle of the rear eight segments. The
’2-1" in the figure denotes the force sensor reading for the first actuation
cable of the segment No. 2, and so on. Fy,qz and Fi,4p are set to 370.00 N
and 60.00 N, respectively. Fy and Fsiep configured at 200.00 N and 10.00
N, respectively. (a) The tension on the driving cables was regulated between
Fraz and Fpyip. It fluctuated within a small range, and large fluctuations
were flattened within 0.3 s. (b) The cable tension decremented sequentially
from the 15¢ to the 12" segment, following the stepwise force configuration.

The tension variation of the cable is delineated in Fig. 7.
Relative to the single-segment controller, the fluctuation scope
of cable tension is further constricted. The Pr is increased to
avoid the failure of the driving cable, and the step force is set to
mitigate instability phenomena. The tension across all thirty-
six cables is regulated between F,,, and F),;,, exhibiting
minor fluctuations. Additionally, the controller is capable of
rectifying significant fluctuations within 0.3 s. From segment
No. 1 to No. 12, the tension gradually decreased, aligning with
the stepwise force control objective. The undersized Pr results
in a discrepancy between the cable tension and the target force.
This phenomenon arises as the position closed-loop accuracy
takes precedence, diminishing the impact of the force closed-
loop control on the actuator’s driving length. The experiment
confirms the hybrid control system’s ability to integrate force
and position feedback, enhancing system responsiveness and
accuracy.

(=}

o N S S S S —

before
after
()
m=0.5kg
|}
m=1.0kg
| )
.
m=1.5kg
b
L
(b)

Fig. 8. (a) Automatic zeroing without and with hybrid configuration control
method. The unstable state arises in the absence of the proposed controller,
leading to control system instability or even cable failure. The implementation
of stepwise force enhances the stability of the system. (b) Demonstration of
automatic zeroing with loads of 0.5 kg, 1.0 kg, and 1.5 kg. (c) Demonstration
of automatic zeroing facilitated by hybrid configuration closed-loop control.
The zeroing process is completed in 4 mins.

As depicted in Fig. 8(a), instability is mitigated with the
control strategy employing stepwise force. Reducing the step

force incrementally precludes instabilities across segments.
The hybrid control algorithm rectifies the W-shaped config-
uration resulting from antagonistic forces.

C. Automatic Zeroing and Tip-Loading

Cable tension facilitates automatic zeroing initialization,
but relax state impedes it due to lack of initial tension.
Conventional manual procedures are inefficient, impeding the
operational effectiveness of CDHRR, particularly in scenarios
that preclude intervention, such as nuclear inspections. A
hybrid control-based fully automatic zeroing controller is de-
signed, verifying tension compliance and modulating it to zero
via single-segment controllers sequentially across all twelve
segments. The safety factor is 1.5, initial segment force is 200
N, and the statics model-derived force serves as the desired
actuation force for closed-loop control.

TABLE V
ANGLES OF SEGMENTS AFTER ZEROING
No. Vertical Horizontal No. Vertical Horizontal
1 0.18° 0.17° 7 0.00° 0.00°
2 —0.27° —0.64° 8 0.18° —0.35°
3 —0.09° 0.18° 9 —0.35° 0.36°
4 0.81° —0.81° 10 0.09° 0.00°
5 —0.80° 0.68° 11 —0.08° -0.17°
6 0.18° 0.09° 12 0.18° 0.18°

Table V presents the angle of segments after zeroing. The
mean angle error is 0.30°, with a peak deviation of 0.81°,
satisfying the operational criteria for the CDHRR. In contrast,
the previous generation SJTU-Snake II has a maximum error
angle of 1.91°. The controller autonomously tensions the
actuation cables for each segment sequentially before zeroing.
It enhances operational efficiency and establishes a foundation
for exploring spaces that are challenging for manual interven-
tion. As is illustrated in Fig. 8(b), the average angular deviation
remains below 1.00°, and the maximum angular deviation is
within 1.50°, fulfilling the operational specifications. Fig. 8(c)
reveals the zeroing time has been dramatically reduced to 4
minutes, while the previous robot takes as long as 1 hour to
accomplish the same task.

VI. CONCLUSION

In this work, a novel hybrid tension and configuration
closed-loop control method is introduced to tackle the chal-
lenges of imprecision and instability associated with CDHRRs.
To actualize this approach, SJTU-Snake III is utilized for the
physical construction and modeling of the system. Moreover,
cable-specific error factors (cable-hole interval, cable-hole
friction, and cable deformation) are incorporated to enhance
model accuracy, achieving a mean angle error of less than
0.30°. Furthermore, algorithms for hybrid controller design,
both single and multi-segmented, are designed based on the
refined model. The experimental results demonstrate that the
developed controller facilitates rapid automatic zeroing within
4 mins, and achieves mean errors ranging from 0.5% to 1.5%
across diverse loads of 0.5 to 1.5 kg. Future work will focus
on refining the model’s precision by delving deeper into the
study of friction and instability.
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