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The hyper-redundant manipulator (HRM) can explore narrow and curved pipelines by leveraging its
high flexibility and redundancy. However, planning collision-free motion trajectories for HRMs in
confined environments remains a significant challenge. To address this issue, a pipeline inspection
approach that combines nonlinear model predictive control (NMPC) with the snake-inspired crawling
algorithm(SCA) is proposed. The approach consists of three processes: insertion, inspection, and exit.
Keywords: The insertion and exit processes utilize the SCA, inspired by snake motion, to significantly reduce path
HRM planning time. The inspection process employs NMPC to generate collision-free motion. The prototype
NMPC HRM is developed, and inspection experiments are conducted in various complex pipeline scenarios
Trajectory planning to validate the effectiveness and feasibility of the proposed method. Experimental results demonstrate
Bionics design that the approach effectively minimizes the computational cost of path planning, offering a practical
Collision avoidance solution for HRM applications in pipeline inspection.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of Shandong University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A hyper-redundant manipulator (HRM) refers to a manipulator
with significantly more degrees of freedom (DOF) than required
to perform a given task. It possesses exceptional flexibility and
adaptability, enabling it to navigate around obstacles and reach
into narrow spaces [1]. Therefore, HRMs are widely used in com-
plex environments such as space stations and satellites [2-5].
However, the complex environments and high redundancy of
HRMs bring significant challenges to path planning [6,7]. In recent
years, quickly identify collision-free motion trajectories within
constrained spaces, to guide the HRM end-effector to the target
inspection location has become a research focus.

The challenge in HRM path planning lies in guiding the end-
effector to the target position while avoiding collisions between
the manipulator and the surrounding environment. As redun-
dancy increases, exploration capability is strengthened, but this
also significantly increases the time and computational cost of
path planning [8,9].

Currently, the main path planning methods include graph-
based search algorithms and sampling-based approaches. Among
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the graph search algorithms, the A* algorithm [10-12] and Di-
jkstra’s algorithm [9] were commonly used. Tang et al. [13]
enhanced the A* algorithm with the artificial potential field
method. Their approach reduced search nodes, improved effi-
ciency, and optimized the manipulator’s obstacle-avoidance pos-
ture. Luo et al. [14] extended Dijkstra’s algorithm with Delaunay
triangulation and planar transformation to better handle com-
plex surfaces, improving path accuracy for both single-robot and
multi-robot tasks.

Sampling-based methods are exemplified by rapidly-exploring
random trees (RRT) [15]. Due to environmental constraints, sev-
eral RRT variants have been developed, with RRT* being the
most representative. Shen et al. [16] proposed an optimal RRT*
approach that introduced two constraints - path length and op-
erational metrics - and employed constrained closed-loop inverse
kinematics to optimize obstacle-avoidance paths for industrial
robots. Ji et al. [17] proposed the E-RRT* algorithm, which re-
placed straight-line node connections with elliptical structures.
This modification, together with an optimized sampling pro-
cess, effectively addressed path-planning challenges for hyper-
redundant manipulators in narrow spaces. Jia et al. [18] pro-
posed three improved algorithms that considered the maximum
joint deflection: MDA-RRT, MDA-RRT*, and MDA-QRRT. They
demonstrated these methods’ feasibility and optimization per-
formance compared to traditional approaches. These algorithms

2667-3797/© 2025 The Author(s). Published by Elsevier B.V. on behalf of Shandong University. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.birob.2025.100245
https://www.elsevier.com/locate/birob
https://www.elsevier.com/locate/birob
http://crossmark.crossref.org/dialog/?doi=10.1016/j.birob.2025.100245&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xxiao@tiangong.edu.cn
https://doi.org/10.1016/j.birob.2025.100245
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Zhu, M. Su, L. Li et al.

Fig. 1. The mechanical structure design of HRM and sliding rail.

typically require searching through numerous collision-free con-
figurations, leading to high computational costs for finding an
optimal solution. However, in space environments, computational
resources, energy, and planning time are strictly limited. There-
fore, finding a feasible solution that can be quickly planned is a
preferable approach.

The slender and flexible body of a snake enables it to ef-
fectively explore confined spaces. Inspired by this characteristic,
some studies developed modular snake-like structures to con-
struct HRMs [19]. For instance, Qin et al. [20] designed a layered
drive system and a composite spool mechanism to achieve syn-
chronized angular motion, simulating the modular structure and
locomotion of a snake. Tang et al. [21] utilized a hybrid manipu-
lator structure composed of 12 parallel segments, each including
three spherical-prismatic-spherical (SPS) chains and a universal
joint chain (3-SPS-U), to replicate serpentine motion. Further-
more, snake movement exhibits a head-following characteristic,
where the motion of the entire body depends on the trajectory of
the snake’s head. This mechanism can be applied to the motion
planning of snake-like HRMs. Thus, by planning only the end-
effector’s target configuration - analogous to the snake’s head
trajectory — the remaining body joints can automatically follow
that path.

Based on this algorithm, we design a pipeline inspection ap-
proach tailored for HRMs, which includes three processes: inser-
tion, inspection, and exit. Both the insertion and exit processes
utilize the SCA, significantly reducing the planning time for these
two phases. The inspection process is controlled using a NMPC
approach, which governs the HRM’s motion within the pipeline.

The contributions are summarized as follows:

(1) A pipeline inspection approach is designed that can rapidly
plan collision-free insertion and exit trajectories for the
HRM in curved pipes. This approach generates a feasible
motion plan instead of an optimal one. It reduces the
number of collision-free configurations that need to be
searched, significantly decreasing the planning time.

(2) A prototype of the HRM is developed, and inspection exper-
iments are conducted in multiple complex narrow pipes,
validating the efficiency and feasibility of the algorithm.

The remainder of this article is organized as follows. Section 2
introduces the kinematic modeling of the HRM and discusses the
path planning problem. Section 3 provides a detailed explanation
of the pipeline control approach, including the insertion, inspec-
tion, and exit algorithms. Section 4 focuses on the design and
composition of the pipeline inspection system. Section 5 presents
the simulation results and experimentally validates the feasibility
of the pipeline inspection approach. Section 6 concludes the study
and outlines future research directions.

2. Problem formulation
2.1. Modeling

To validate the feasibility of the proposed approach, we de-
sign a HRM with 9-DOFs. The system includes a movable base
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Table 1
D-H parameters of the snake manipulator.
Link i 6: (°) @i (°) a;(m) di (m)
i=1,3,5,7 0 —90° 0.1 0
i=2,4,6,8 0 90° 0.1 0

mounted on a sliding rail, eight joints, and interconnecting bodies.
The base can move both forward and backward along the rail.
The rotational axes of adjacent joints are orthogonal. The specific
structure is shown in Fig. 1.

To describe the motion characteristics of the manipulator,
its kinematic model is established using Denavit-Hartenberg
(DH) parameters and forward kinematics. The DH parameters are
shown in Table 1.

Subsequently, the kinematic model is employed to establish
the coordinate systems for each link, and the homogeneous trans-
formation matrix between adjacent links is derived. Specifically,
L]T(i = 1,2...n) represents the homogeneous transformation
matrices as shown in Eq. (1).

C9,‘ —SQjCOlj SG,‘SO{,' a,-c@i

i _ 501‘ CQ,'CO[,' —CQ,‘SO[i (1,'59,'

i_lT - 0 NeA Coj d,‘ (])
0 0 0 1

Where s represents the sine function (sin), and c represents the
cosine function (cos).

OT denotes the transformation matrix from the world co-
ordinate system to the base. | T represents the homogeneous
transformation matrix between the world coordinate system and
the end effector. Then, we can get the forward kinematics formula
as follows.
fkine(q) ="T =T {T---I T (2)

‘n—1

Where q = [61, 05, ..., 6,] is the configuration vector of HRM.

2.2. Self-motion

Self-motion enables the end-effector to maintain its position
and orientation while other robot links adjust their positions
and orientations via redundant joints [22]. The derivation of
self-motion is as follows.

The ith Jacobian column j; is obtainable through the following
vector product calculation.

: Zi X lpg 3
Ji= [ z (3)
Where z; is the ith joint axis vector and ipg is the vector from

the end-effector to the ith joint. Then the Jacobian matrix can be
expressed as:

J=1Ui j» ... Jnl (4)

The core of self-motion control is the Jacobian matrix J, which
relates end-effector velocity vector x to joint velocity vector q.

x=]q (5)
Due to the redundancy of HRM, the dimension of q is typically
higher than that of . To track a desired %, we solve for q in the
underdetermined system, which admits infinitely many solutions.
To solve this problem, q is decomposed into the minimum

norm solution s and the general solution of homogeneous equa-
tions qy.

q=4qs+qy

Sk (U — g ©
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Fig. 2. Flow chart of the pipeline inspection process: qq(initial horizontal configuration), Po(initial position), Py(target position).

Where J' is the pseudo inverse of the Jacobi matrix. JT& is the
minimum-norm particular solution (primary task). (I — Ji))M
generates null-space motions for secondary tasks (e.g., obstacle
avoidance), with M = kVH(q) (Eq. (7)).

The null space of the Jacobian matrix enables self-motion—
reconfiguring joints without affecting the end-effector. This is
exploited by the gradient projection method [21] to optimize M.

9H(q) aH(q)T

(7)

90, 7 96,
Where k is a scale factor. H is the gradient optimization function,
and VH is the gradient of H.

Then Eq. (6) can be derived as follows:

q =J'x+kI-]J'J)VH (8)

A desired pose vector is achieved by iteratively updating the
configuration vector q using q. The following equation describes
the update in a small time step At.

q(t + At) = q(t) + At (9)

Where q(t) represents the joint position at time t, and q(t + At)

represents the updated joint position at time t + At.
Repeatedly conducting the iteration process with At will en-

able a gradual progression towards the optimal configuration.

M = kVH(q) =k |:

2.3. Problem formulation

Due to its high redundancy, the HRM is capable of performing
flexible and efficient motion in confined spaces. However, this
characteristic also increases the complexity of control. Collision-
free path planning is crucial to ensuring the safe operation of
the HRM during pipeline inspection. Collision-free path planning
between the initial and target positions presents the following
challenges.

(1) Kinematic constraints: Precise joint control is required to
avoid collisions in confined spaces.

(2) Complexity of path planning: As the HRM has redundant
degrees of freedom, enabling multiple configurations to
reach the same position, finding the optimal solution re-
quires significant computational power and time.

To tackle these challenges, we take inspiration from the greedy
algorithm, opting for suboptimal rather than optimal solutions. By
reducing the number of samples and optimization iterations dur-
ing the path planning process, the strategy significantly shortens
planning time, lowers computational cost, and achieves obstacle
avoidance.

3. Control approach

This section outlines the pipeline inspection approach, which
consists of three primary stages: pipeline insertion, inspection,
and exit. The overall workflow is shown in Fig. 2.

Fig. 2(a) shows the insertion process. In this stage, a method
combining NMPC with the SCA is employed, allowing the HRM
to insert into the pipeline and reach the target point. The NMPC
method finds a collision-free configuration that reaches the tar-
get position. Subsequently, the SCA directs the HRM along this
configuration within the pipeline, ensuring smooth progression
to the target point. This method completes the insertion task
by computing only one collision-free configuration, significantly
reducing computational overhead.

Fig. 2(b) shows the inspection process, which conducts after
the insertion process is complete. NMPC optimization strategies
are employed for trajectory tracking to ensure the end-effector of
the HRM adheres to the inspection path.

Fig. 2(c) shows the exit process. During the exit process, the
HRM utilizes the SCA to slowly exit the pipeline along its current
collision-free configuration without re-optimization. This process
is essentially the reverse process of the insertion operation.

3.1. Insertion algorithm

3.1.1. Snake-inspired crawling algorithm

Inspired by the serpentine locomotion, we propose the SCA,
which allows the HRM to rapidly navigate through pipelines
along a collision-free configuration. During insertion, the HRM
advances along the sliding rail into the pipeline. The head joints
of the HRM are controlled to move along the optimized collision-
free configuration, while the body joints follow the trajectory of
the preceding joint group.
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Target point

Fig. 3. The specific process diagram of SCA.

To clearly describe the movement process of the HRM, we
introduce the following definitions.

e Loop-body: each loop-body B; comprises two adjacent joints,
where i € {1,2,...,[n/2]}. Here, B; denotes the end-
effector’s loop-body and By, the base-proximal one.

e S : the length of a loop-body.

During insertion, the SCA operates in loop-body units. As
the sliding rail advances, the HRM gradually transitions from
the horizontal configuration q, to an optimized collision-free
configuration q.

Go = O1xn
q=[61. 6 ... 6]

The SCA controls the HRM to move along the optimized
collision-free configuration, as illustrated in Fig. 3. Initially, the
HRM is in configuration q. It then advances along the sliding rail
by a distance S, inserting loop-body B; into the pipeline. During
this process, loop-body B is precisely adjusted to the correspond-
ing joint angles of the collision-free configuration. Subsequently,
the sliding rail advances a distance S, inserting loop-body B,
into the pipeline and precisely aligning its joint angles with
those of By, while By continues to move deeper into the pipeline
according to the collision-free configuration. Repeat this process,
and the sliding rail continuously supplies new loop-body into
the pipeline. The insertion process is completed when the HRM's
configuration reaches the target collision-free configuration q and
the end-effector arrives at the target point.

(10)

3.1.2. Collision-free configuration planning

The NMPC method is employed to determine the optimal
collision-free configuration of the HRM for the SCA. In the prob-
lem modeling, the collision constraints are simplified by ensuring
that no joint collides with the pipe wall. We use the forward
kinematics to calculate the position of each joint p;, and further
calculate the distance D{)ipe from each joint to the pipeline center
based on the pipeline geometry, as follows.
p; = fkine(g)[0 0 0 1]T

Dhipe Ip; — (%, ¥, 2) |12

. (11)
= min

(x,y,2)epipe
Where p, denotes the position of the base, and the homogeneous
coordinate redundancy term of p, is ignored. (x, y, z) represents
points on the pipeline centerline.

The HRM is ensured to maintain a safe distance D from
the pipeline. The configuration planning of the HRM aims to
determine the configuration with the minimum sum of the ab-
solute joint angles, ensuring smooth motion and avoiding abrupt
changes in movement. The inputs include the desired pose vec-
tor xp of the HRM’s end-effector, the safety distance Ds,, the
pipeline shape and the pipeline radius R. The output is the op-
timized configuration q = [61, 65, ..., 6,]. We also consider the
rotational angle limits of the HRM'’s joints. The final path planning
method can be expressed as.

n
minimize ) " |6
i=1
llxp — pose(fkine(q))ll, = 0 (12)
subject to  { D} . < R — D, i € [1,1]
i € [Ob, Oub], i € [1, 1]

Where the pose function denotes extracting the actual pose vec-
tor of the end-effector from the homogeneous transformation
matrix returned by the fkine function. 6y, 6, denote the upper
and lower limits of the joint angles, respectively, and Dsae in-
dicates the minimum safe distance between the joint and the
pipeline wall.

3.2. Inspection section

After insertion, the inspection process is performed by moving
the HRM'’s end-effector along a trajectory to scan the pipeline’s
inner wall. The trajectory is discretized into points
M;i(i =1, ..., m), and the NMPC method computes the collision-
free configuration q; € R" for each trajectory segment. Here, 6;
denotes the jth joint angle of the ith configuration j =1, ..., n).

Compared with Eq. (12), the objective function of collision-
free configuration planning in inspection has been changed. The
optimization objective is changed to minimize the sum of abso-
lute values of all joint angles and their changes between adjacent
configurations. By restricting the variation of the joint angles, it
is feasible to prevent violent movements of the HRM and local
extreme values near the joint limits. The configuration planning
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Table 2
Algorithm performance comparison.
Algorithm Pipe type Time-consuming (s) End-effector error (m) Minimum distance (m)
RRT Pipe 1 109.5849 1.0259e—7 0.0841
Pipe 2 125.6237 1.8367e—7 0.0793
Obtimize Pipe 1 0.4461 1.5474e—7 0.0543
p Pipe 2 0.8863 4.9493e—7 0.0643

® e e
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Fig. 4. Experimental platform and equipment display.

method for the ith configuration is as follows.

n n
minimize Z 165] + Z 0 — 6i—1;]
= =1

| — pose(fkine(q;))|, = 0 (13)
subject to Diipe < R — Dsare

03 € [0, Oub]
AOp < 10 — 0i_qj] < Abyp

Where x; is the desired pose vector of the ith target point. Afy,
A6y, represent the upper and lower limits of the joint angle
variation range. The other parameters follow the same defini-
tions as in Eq. (12). In Eq. (13), the fourth constraint ensures
that adjacent configurations meet the configuration similarity
criterion. Specifically, the corresponding joint angles between
adjacent configurations must lie within a predefined range to
reduce oscillations during transitions.

After optimizing and obtaining multiple collision-free config-
urations, the HRM is controlled to follow the target configura-
tions sequentially, reaching each target point to complete the
end-effector inspection task.

3.3. Exit algorithm

After completing the inspection, the system executes the
pipeline exit task. The exit process reverses the insertion process
and also uses the SCA. The HRM exits the pipeline based on
its current collision-free configuration and returns to the initial
configuration, in preparation for the next insertion.

4. Experimental platform implementation

To validate the feasibility of the HRM pipeline inspection
approach, we developed an experimental pipeline platform. The
platform consisted of HRM, sliding rail, detection camera fixed at
the end of HRM, and PC-based control system, as shown in Fig. 4.

The HRM adopted a “3 +5” hierarchical design: three XH540-
W270-R high-torque motors for the base section, connected via
magnesium-aluminum alloy joints, and five XH430-W270-R
lightweight motors for the end section, with resin connectors.
This hierarchical design ensured a balance between mechanical
strength and mobility.

The sliding rail mechanism utilized a ball screw drive system,
primarily comprising a stepper motor, a lead screw, and a mount-
ing base for the HRM. This integration significantly expanded the
robot’s flexible working space.

The PC control system sent control instructions to the HRM via
the TTL protocol and to the sliding rail via the RS485 protocol.
Additionally, a detection camera was mounted on the HRM'’s
end-effector to detect collisions and record pipeline exploration
throughout the inspection.

5. Experimental verification

The experiments were conducted to verify the feasibility of
the pipeline inspection approach. Firstly, two different collision-
free trajectory planning algorithms were compared to evaluate
the efficiency of the NMPC algorithm. Secondly, we carried out
insertion and exit experiments using two pipelines of different
shapes and designed two inspection trajectories to verify that the
algorithm can achieve collision-free performance for various pipe
shapes.

5.1. Algorithm efficiency test

To evaluate the efficiency of the optimization approach pro-
posed in this article, we utilized the NMPC and RRT algorithms
for collision-free configuration optimization of the HRM. In the
experiment, both algorithms were tested under identical target
poses and obstacle environments. Two different pipes were used
in the experiment, as shown in Fig. 6.

MATLAB was used to simulate the process of the HRM insert-
ing into the pipeline, and the simulation results were shown in
Fig. 5. Specific results were shown in Table 2, where the minimum
distance referred to the shortest distance between the HRM and
the pipe wall.

The experimental results indicated that under identical tar-
get poses and obstacle environments, the proposed algorithm
reduced the computation time compared to the RRT while achiev-
ing comparable end-effector accuracy. However, the collision-free
configurations obtained through RRT algorithm exhibited bet-
ter control over the spacing between the HRM body and pipe
wall, ensuring safer HRM movement. In summary, although the
proposed algorithm improved computational efficiency, this im-
provement came with a slight trade-off in path planning quality.

5.2. Insert and exit experiment

This section presented insertion and exit experiments in two
structurally distinct pipelines, validating the feasibility of the
proposed algorithm.

Firstly, we determined the position of the target point (the
blue sphere in Fig. 7). The sequential quadratic programming
approach was used to find the optimal configuration and ensure
it was collision-free for the HRM.

Next, the SCA was employed to move the HRM along this
configuration towards the target point. Finally, the HRM exited
the pipeline in the current configuration and returned to the
horizontal insertion configuration.
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Fig. 6. Structure diagram of two kinds of pipes (right: Pipe 1, left: Pipe 2).

We designed three different target points for two distinct
types of pipelines, conducting a total of six experiments to val-
idate the feasibility of the SCA during the insertion process. The
experimental process is illustrated in Fig. 7. Based on the exper-
imental results, the average error of the HRM'’s end position was
0.9533 cm. The detailed results are presented in Table 3.

The experimental results validated the performance of the
proposed SCA and configuration planning method.

5.3. Pipeline inspection experiment

In the pipeline inspection experiment, we designed two dif-
ferent inspection routes as follows.

(1) A circular trajectory with a radius of 5 cm.
(2) An equilateral triangular trajectory with a side length of
10 cm.

After completing the pipeline insertion process, the HRM
moved along the predetermined trajectory. On the inspection
path, we selected 3 to 4 points and marked them with spheres,
each with a diameter of 3.2 cm, as shown in Fig. 8. During the
inspection experiment, the HRM’s end-effector was theoretically
required to pass through the blue sphere, (purple sphere), red
sphere, yellow sphere, and finally the blue sphere again, with the
blue sphere serving as both the starting and ending point of the
inspection.

Based on the proposed method, target points were selected
along the inspection path. The configurations required to reach

Table 3
The collision situation and the error results of each group of experiments.
Pipe Experiment Collision Error (cm)
(Y/N) Average Maximum
Pipe 1 No. 1 N 13176 1.5345
No. 2 N 0.9496 1.1733
No. 3 N 1.2407 1.6823
Pipe 2 No. 4 N 0.3222 0.6159
No. 5 N 0.4841 0.5612
No. 6 N 1.4055 1.5478

these points were computed via sequential quadratic program-
ming (SQP), and the HRM followed the planned trajectory by
sequentially achieving each configuration.

Based on the returned motor joint angles, the Euclidean dis-
tance between the actual and expected end-effector positions
was calculated using forward kinematics as the positioning error.
The comparison between the expected and actual trajectories of
the HRM’s end-effector is shown in Figs. 8 and 9. According to
the trajectory comparison diagram, the maximum end-effector
tracking error along the planned trajectory was observed to be
below 2 cm.

In the same pipeline environment, when executing different
trajectories, the HRM demonstrated significantly better tracking
performance in straight segments compared to curved ones, with
pronounced errors occurring at bends. When executing the same
trajectory in different pipeline environments, the HRM exhib-
ited larger tracking errors during lateral movements but demon-
strated more stable performance in the upper space. This dis-
crepancy can be attributed to the upper space’s proximity to the
center of the HRM’s dexterous workspace, where motion control
achieves higher precision and is less susceptible to interference.
In contrast, the lateral space approaches the boundary of the
dexterous workspace, resulting in reduced motion accuracy.

6. Conclusion

This article proposed a pipeline inspection approach for ex-
ploring target points within confined pipeline environments
without collisions for HRMs. The approach combined NMPC with
the SCA to handle the insertion, exit, and inspection processes
separately. An experimental platform was constructed and vali-
dated through tests in two types of pipelines.

Throughout the experiments, the HRM maintained smooth
movement along the predetermined trajectory without collisions
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Fig. 7. Diagram of the experimental process of pipeline insertion and exit (Green dots: actual locations; red dots: target locations)
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with the pipeline. During insertion and exit experiments, the
HRM efficiently entered and exited the pipeline, reaching the
target point with an average positioning error of 0.9533 cm. In
the inspection experiments, the end-effector’s maximum tracking
deviation remained below 2 cm.

Future work will expand the testing and application of the
pipeline inspection approach to validate its performance in a
wider range of real-world scenarios. Additionally, improving the
accuracy of the end-effector and optimizing the approach’s per-
formance will remain key challenges. To enhance the versatility
of the inspection approach, future research will focus on real-time
modeling and dynamic planning for unknown environments.
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