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Abstract
Hyper-redundant manipulators (HRMs) exhibit promising adaptability and superior dexterity in cavity detection
tasks, owing to their snake-like segmented backbones. Due to the safety concern in contactless operating tasks,
reliable motion planning in a confined environment for HRMs is very challenging. However, existing expanding-
based obstacle avoidance methods are not feasible in narrow environments, as they will excessively occupy free
spaces required for maneuvering. In this work, a local collision-free motion planning strategy based on dynamic
safety envelope (DSE) is proposed for HRMs. First, the local motion of HRMs is analyzed in detail, and DSE is
proposed for the first time to describe the boundary of the collision-free area. Then, to maximize the efficient uti-
lization of narrow spaces, a reference trajectory for HRM is roughly planned without expanding obstacles. Further,
a tip-guided trajectory tracking method based on configuration prediction is proposed by considering the discrete
characteristics of rigid links to avoid obstacles. During the tracking process, DSEs are applied to evaluate collision
risk and optimize the configuration. Finally, to validate the effectiveness of our proposed method, simulations are
conducted, followed by experiments by using a 18-degrees of freedom mobile HRM prototype system.

1. Introduction
With advancements in robotics and automation, the capabilities to detect and maintain complex pre-
cision equipment have been significantly enhanced by a variety of specialized robots. These robots
can effectively replace human beings in performing tasks that require narrow space operations [1–3].
Compared with conventional detection robots, hyper-redundant manipulators (HRMs) have better per-
formances in diameter-to-length ratio, degrees of freedom (DOFs), and flexibility [4]. They provide a
more efficient and noninvasive solution for contactless operating tasks, e.g., assembling in space station
[5], maintaining pipelines in nuclear power plants [6], and detecting in deep cavity of huge equipment
[7, 8].

Since the first HRM was proposed by Robinson in 1999 [9], various types of this robot have emerged
in the past years. They can be roughly categorized in terms of their structures as a continuum type and
the discrete one [10–12]. Despite continuum HRM features an infinite number of DOFs in theory, it is
obviously impossible to activate all DOFs in practice. In contrast, the discrete one has higher accuracy
and load capacity due to several rigid links and corresponding active revolute joints, which is more
suitable for contactless operating tasks [13–15]. In our previous work, a cable-driven HRM with 16
independent DOFs was developed [16]. As shown in Fig. 1, the HRM is designed to inspect the narrow
inner chamber of an aircraft engine.
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Figure 1. Typical application scenario of HRM.

Redundant DOFs cause significant influence on HRMs’ dexterous control. Due to the strong non-
linearity and coupling constraints of HRMs, the motion planning and control of them pose significant
challenges. Its core task is to find a collision-free trajectory under strictly environmental constraints. To
solve it, various methods have been developed. In [17], Luo et al. propose a multiconstraint kinematic
planning method based on variable redundancy kinematic model. They consider smoothness of joints
and the mobility of base to obtain a collision-free path. Tian et al. [18] design an improved artificial
potential field method for path planning. In it, by restricting the movement of the manipulators to a vir-
tual guiding pipeline, the environmental adaptability of them in confined environments are improved.
In ref. [19], an ellipsoid-shape rapidly exploring random tree method is proposed to plan a trajectory in
a tunnel-like route. Zhang et al. [20] design an obstacle avoidance planning method based on the law
of conservation of energy, which aims to ensure the smooth movement of the manipulator and avoid
obstacles. Typically, expanded obstacles are commonly used to keep minimum safe distance in motion
planning methods. However, in the process of expanding obstacles from their original size, there is a lack
of established criteria for the expanded sizes. Each obstacle is uniformly expanded without distinction.
Thus, these methods lack applicability in narrow deep cavities of aircraft engines.

In the domain of HRMs, various trajectory tracking control methods have been developed to make
HRMs’ shape fit their path curve. Wei et al. [21] present an autonomous motion planner with specialized
rapidly exploring random tree for leader-following motion control of HRMs. In ref. [22], a decoupling
control strategy for HRMs is proposed. The movements between their body and links are decoupled to
perform fast full-link trajectory tracking under complex disturbances. Gill et al. [23] propose a frame
curve-based method for path following control to determine the spline, which is currently closest to
system outputs. Trajectory tracking-based motion planning methods have sufficient obstacle avoidance
ability and high planning efficiency, which enhances the ability of HRMs to complete contactless operat-
ing tasks. Unfortunately, due to the discrete characteristic of HRM, it is not as flexible as the continuum
robots. Thus, it is impossible to attain a perfect alignment with the path curve and only approximate
trajectory tracking can be accomplished.

Despite the great progress of tracking-based motion planning methods, there is still a lack of consid-
eration for potential collision areas during the tracking process. Besides, expanded obstacles may cause
failed planning, especially in narrow environments. In this work, a local collision-free motion planning
strategy based on dynamic safety envelope (DSE) is proposed. Its main contributions include:

• The structural characteristics and local motion of HRMs are analyzed. The DSE is proposed for
the first time to describe the boundary of the potential collision area arising from approximate
path tracking.

• In order to tackle the problem of excessive occupation of free space caused by expanded
obstacles, the DSEs are applied to evaluate collision risks.

• Based on the designed HRM and the proposed DSE, a local collision-free motion planning
strategy is proposed to guarantee the safety and efficiency of planning in confined environments.
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Table I. Physical performance of HRM.

Parameters Values
Total DOFs 18
Motor numbers 26
Enveloped size of the manipulator (mm) � 100 × 1375
Maximum speed of the wheeled platform (m/s) 0.8
Total mass (kg) 87.3
Load capability (kg) 0.5
Cable size (mm) � 1

Figure 2. Mechanism design of the proposed mobile HRM.

The remainder of this paper is organized as follows. Section 2 details the mechanism design and
kinematics of our HRM. The DSEs are proposed and analyzed in Section 3. Section 4 presents the local
collision-free motion planning strategy based on DSEs. The simulations and experiments are conducted
in Section 5. Finally, a conclusion is drawn in Section 6.

2. Mechanism descriptions and modeling of HRM
2.1. Mechanism design
Our previous work has demonstrated the motion performance of a manipulator [16]. In this work, our
HRM is placed on a 2-DOFs wheeled platform to improve its wide-range mobility, as shown in Fig. 2.
It is designed for delivering the robot tip to desired locations in aircraft engines by following the inner
cavity. The main structure consists of a manipulator and a driving subsystem. The modular manipulator
has 8 active universal joints with 16 rotational DOFs. It is driven by wire cables in order to provide
accurate driving force and all driven cables are controlled by 24 driving modules. Each driving module
is composed of a linear guide rail, slider, ball screw, coupling, DC motor, and motor driver. For faster
installation and maintenance, the driving modules are arranged circularly. Its physical performances are
listed in Table I.

2.2. Kinematics modeling
For motion planning of HRM in confined environments, it is crucial to obtain an accurate kinematics
model. Based on the above mechanism design, the physical constraints are seriously considered. HRMs
are usually modeled in the task, joint, and driving spaces. Respectively, their kinematics are further
decomposed into two sub-kinematics as shown in Fig. 3.
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Table II. POE parameters of HRM.

Index ωi qi

1 [0, 0, 1]T [0, 0, 0]T

2 [0, −1, 0]T [0, 0, 0]T

3 [0, −1, 0]T [dl, 0, 0]T

4 [0, 0, 1]T [dl, 0, 0]T

...
...

...

15 [0, −1, 0]T [7dl, 0, 0]T

16 [0, 0, 1]T [7dl, 0, 0]T

Figure 3. Kinematics of: (a) the manipulator; (b) the driven cables.

2.2.1. Kinematics of the manipulator
During the motion planning process of HRM, the current posture of the end-effector is calculated accord-
ing to the rotational joints. In this work, product-of-exponential (POE) method is applied to describe
the geometrical relations of HRM and avoid singularity solutions [24, 25]. As shown in Fig. 3(a), a base
coordinate system B and an end coordinate system E are established.

POE parameters of the proposed HRM are listed in Table II, where ωi is the unit direction vector of
each axis, qi represents the position of each joint. The motion of HRM can be described in the form of
an exponential product as eξ̂ θ . Therefore, its posture of HRM can be expressed as

f1 = TB,E(θ1, θ2, θ3, . . . , θ16) = eξ̂1θ1 eξ̂2θ2 eξ̂3θ3 . . . eξ̂16θ16 TB,E(0), (1)

where TB,E represents the transformation matrix from S to B and θ1, θ2, . . . , θ16 are angles of rotational
axes. The twist ξ̂i = [ω̂i, νi; 0, 0], where ω̂i is the skew symmetric matrix of ωi and νi = −ωi × qi. Besides,
TB,E(0) is the initial posture of HRM. In this work, the initial joint angles corresponding to initial state
of HRM are set as θi = 0◦.
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Figure 4. Potential issues by using traditional methods during the trajectory tracking process:
(a) excessive-expanded obstacles; (b) deviation from ideal trajectory.

2.2.2. Kinematics of the driven cable
The main task in kinematics of the driven cable is to establish the mapping relationship between cable
lengths and rotational joint angles. As shown in Fig. 3(b), a kinematic model is established to analyze the
universal joint, and POE methods are applied to solve this problem. M and N are reference coordinate
systems of two disks. The two rotational axes are intersect at the center of the universal joint. h represents
the vertical distance between the disk and center of the universal joint. Further, the POE parameters are
described by ωM = [0, 1, 0]T , ωN = [1, 0, 0]T , and qM = qN = [0, 0, h]T . The initial posture of the
joint is

TM,N(0) =

⎡
⎢⎢⎣

1 0 0 0
0 1 0 0
0 0 1 2h
0 1 0 1

⎤
⎥⎥⎦ . (2)

Then, the transformation matrix from M to N is

TM,N(θM, θN) = eξ̂1θM eξ̂2θN TM,N(0)

=

⎡
⎢⎢⎢⎢⎣

cos θM sin θM sin θN sin θM cos θN h sin θM cos θN

0 cos θN − sin θN −h sin θN

− sin θM cos θM sin θN cos θM cos θN h + h cos θM cos θN

0 0 0 1

⎤
⎥⎥⎥⎥⎦

.
(3)

The cable length LCi is the distance between the corresponding holes on disks, where i is the index of
each cable. The position of cables in M is MCi =

[
ρ cos ϕ, ρ sin ϕ, 0, 1

]T
, where ρ is the distance from

cable hole to the center of disk. After that, the kinematic of driven cables can be obtained as

Lc(θM, θN , ϕ) = ‖TM,N
NCϕ − MCϕ‖

= ((ρ cos ϕ(cos θM − 1) + h sin θM cos θN + ρ sin ϕ sin θM sin θN)2

+ (ρ sin ϕ(cos θN − 1) − h sin θN)2 + (h(cos θM cos θN + 1) − ρ cos ϕ sin θM

+ ρ sin ϕ cos θM sin θN)2)
1
2 .

(4)

3. DSE-based collision detection method
As shown in Fig. 4(a), free space for maneuvering will be occupied by using traditional expanding-based
methods. Excessive-expanded obstacles result in the failure of the planning process. Besides, due to the
HRM cannot completely track the trajectory, area swept by rigid links during the tracking process needs
to be researched. As shown in Fig. 4(b), HRMs deviate from the ideal trajectory, and collision risks
may occur. However, in the presence of obstacles, there lacks detailed analysis related to this swept area.
Therefore, the collision detection method based on DSE is proposed.
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Figure 5. Ladder problem with: (a) L-shaped corner; (b) irregular corner.

3.1. Ladder problem
In order to provide a better understanding, the classical ladder problem is introduced first. As shown
in Fig. 5(a), it can be described that how to operate a ladder to cross the L-shaped corner. In the ide-
alized geometry, a line of constant length moves along the coordinate axes and forms a swept area. By
definition, the envelope is a curve which is tangent at each of its points to the ladder. Interestingly, the
envelope of this area is a part of a 4-cusped hypocycloid called astroid, with an equation in Cartesian
coordinates:

x
2
3 + y

2
3 = L

2
3 , (5)

where L is the length of the ladder [26]. In order for the ladder to pass through the corner without
collision, the corner point Pα(a, b) needs to be outside the envelope and satisfy a

2
3 + b

2
3 > L

2
3 .

Further discussion of the ladder problem is illustrated in Figure 5(b), where the L-shaped corner is
replaced by an irregular corner. Accordingly, we assume that the irregular corner is formed by curve Cα,
and (xα, yα) is a point of Cα. To avoid collisions, (xα, yα) needs to satisfy xα

2
3 + yα

2
3 > L

2
3 .

Similarly, collision risks occur where the trajectory is curved tightly during the tracking process of
HRM. Inspired by the ladder problem, the potential collision area Cp is defined as is the interior of the
swept area. DSE is defined as the inner boundary curve of Cp. The main properties of Cp are

• Cp usually occurs on the concave side of the trajectory.
• When the curvature of trajectory tends to be infinitesimal, which means the trajectory tends to a

straight line, the area of Cp tends to be infinitesimal.

3.2. Parameterization of DSE
An extended variation on the above ladder problem is shown in Fig. 6. When the tracking trajectory
is no longer vertical, the other side of the ladder Pi+1 moves on any line passing through the origin of
coordinates. α is the angle between the line and the horizontal axis.

To facilitate the calculation, the X′OY ′ coordinate system is established with ∠X′OX = α

2
. In XOY

coordinate system, we assume that Pi(u, 0),Pi+1 (v cos α, v sin α), where u ∈ [−1, 0] and v ∈ [0, 1]. Then,
in X′OY ′ coordinate system, we have P′

i

(
u cos α

2
, −u sin α

2

)
,P′

i+1

(
v cos α

2
, v sin α

2

)
. Ld is the length of

P′
iP

′
i+1. In the derivation process, we assume that Ld = 1. G(x′, y′, v) is defined as a family of lines with

parameters u and v. According to P′
iP

′
i+1, it can be obtained:

G(x′, y′, v) =
y′ + u sin

α

2

v sin
α

2
+ u sin

α

2

−
x′ − u cos

α

2

v cos
α

2
− u cos

α

2

. (6)

By the cosine theorem in 
P′
iOP′

i+1, u and v linked by the relation (u + v)2 = 1 + 4uv cos2 α

2
.
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Figure 6. Illustration of geometric approach for DSE.

In general, the DSE can be obtained:

G(x′, y′, v) = 0,

∂G(x′, y′, v)

∂v
= 0. (7)

It represents that an envelope of the family G(x′, y′, v) is a curve that is tangent to each member of the
family at some point. By combining (6) and (7), the envelope in X′OY ′ coordinate system is

⎧⎪⎪⎨
⎪⎪⎩

x′ = Ld(v + u) cos
α

2

(
1 − 2uv sin2 α

2

)
,

y′ = Ld(v − u) sin
α

2

(
1 + 2uv cos2 α

2

)
.

(8)

Therefore, the corresponding envelope in XOY coordinate system can be obtained in the form:
⎧⎨
⎩

x = Ldv cos α + 1

2
Ldu(2 − v2 + v2 cos 2α),

y = Ldv(1 − u2 + uv cos α) sin α.
(9)

As shown in Fig. 7(a), E1-E4 are envelope curves, and the potential collision area Cp tends to be
infinitesimal when α tend to be 0◦. It indicates that as deflection angle of the trajectory increases, the
collision risk of HRM increases correspondingly. Figure 7(b) illustrates the positive correlations between
Cp and Ld, which means the geometric parameters of the HRM are crucial in its ability to navigate
through obstacles. Further, the potential collision area Cp is formed by multiple envelope curves E1-E4

in case of multisegment trajectories as shown in Fig. 7(c). Especially, if the trajectory is a continuous
arc as shown in Fig. 7(d), Cp can be formed by overlaying the envelopes of multiple discrete trajectories.
By parameterizing the DSE, multisegment HRM can effectively avoid collision-risk areas.

3.3. DSEs considering the geometric dimensions of HRM
The authenticity of the scenario is enhanced by recognizing that the HRM actually has some positive
width. As shown in Fig. 8, the centerline of HRM’s link is aligned with the tracking trajectory, which
forms an original safety envelope E1. Similarly, an envelope E2 occurs by the H family, which consists
of line segments separated from G family by width dw. The parameterized representation of E1 has been
derived above, and the relationships between E1 and E2 are obtained in this part.

In X′OY ′ coordinate system, lines of G family are described in (6), which can be rewrote as

G(x′, y′, v) = (u + v) sin
α

2
x′ + (u − v) cos

α

2
y′ − uv sin

α

2
, (10)
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Figure 7. Related properties of DSEs: (a) change α under constant Ld; (b) change Ld under
constant α; (c) envelope curves of multisegment trajectories; (d) envelope curves of continuous
trajectory.

Figure 8. DSEs generated by actual cylindrical link.

where
(

(u + v) sin
α

2

)2 +
(

(u − v) cos
α

2

)2 = 1. (11)

The normal unit vector of G is defined as

−→n =
(

(u + v) sin
α

2
, (u − v) cos

α

2

)
. (12)

To be convenient, the functions can be expressed as

G(x′, y′, v) = −→n · (x′, y′) − uv sin α,

H(x′, y′, v) = −→n · (x′, y′) − uv sin α − dw, (13)
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Figure 9. The configuration prediction method: (a) Illustration of the method; (b) prediction results of
different reference trajectories.

Considering that (x′, y′) is on the envelope of G family, (x′′, y′′) is the corresponding point that is dw

units away in the normal direction. Thus, the H family is

H(x′′, y′′, v) = −→n · (x′′, y′′) − uv sin α − dw

= −→n · [(x′, y′) + dw
−→n ] − uv sin α − dw

= G(x′, y′, v). (14)

Similarly, the partial derivative with respect to v is computed as ∂H(x′′ ,y′′ ,v)
∂v

= ∂G(x′ ,y′ ,v)
∂v

. The results show
that if H family consists of parallel lines in G family separated by width dw, the envelope E2 is the parallel
of E1. In addition, E3 is defined as the outer safety envelope. Obviously, it is parallel to the reference
trajectory. Considering the geometric dimension, the ladder problem is transformed into couch problem.
Indeed, as for the couch problem, the DSE and one of its parallel curves are applied to make it more in
line with the actual situation of HRM. Cp is defined as the potential collision area formed by the inner

safety envelope E2 and the outer safety envelope E3. In case of multiple obstacles On =
n⋂

i=1

Oi, where n

is the number of obstacles, the collision avoidance conditions can be expressed as
{
Cp

⋂
On = ∅}

. In
fact, evaluating potential collision areas rather than expanded obstacles gives more permissible space
for motion planning.

4. Local collision-free motion planning strategy
Typically, deep cavities of an aircraft engine are more narrow and confined than normal environments,
where more precise obstacle avoidance strategies are needed. Based on the designed HRM and the
proposed DSE, a local collision-free motion planning strategy is proposed in detail. The motion planning
of the HRM mainly includes two steps: a) configuration prediction, followed by b) configuration update.
In the following, each module of the approach is described in detail.

4.1. Configuration prediction
To avoid failure planning results caused by over occupation of free space, the links’ collision volumes and
potential collision area are not considered during the planning process. With the reference trajectory,
the traditional tracking method is to fit its link to the desired curve. However, it is difficult to give
the mathematical expression of continuous curve, which may cause more computation time. To fully
utilize the potential of the DSE, a configuration switching-based planning strategy is first proposed by
discretizing motion process. Different with the real-time link fitting method, our approach is to directly
predict future configurations of the HRM.

In order to provide the reader with a better understanding of the proposed method, a detailed illustra-
tion is given as shown in Fig. 9(a). The main idea of this method is tip-guided motion, which means that
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Figure 10. The configuration update method of the HRM: (a) modeling of the internal environment
of aircraft engine; (b) predicted configuration under the reference trajectory; (c) calculating DSEs and
updating G′

1, G′
2; (d) updating G′

3, G′
4 and predicting G′

5; (e) update result of collision-free configuration.

only the motion of the last two links is considered. Pn−1Pn and PnPE represent the current configuration
of the last two links. To track the reference trajectory, the first step is to predict the next configuration of
HRM. The statement of the problem is

min
Gi

‖Gi − Pt‖ ,

s.t. ‖Gi − Gi−1‖ − Ld = 0,

Gi ∈ Cref , G0 = PE

i = 1, 2, 3, · · · , nj, (15)

where Cref is the curve of the reference trajectory and Gi is the point on Cref . Once the position of PE is
determined, the next nj key nodes can be obtained. The distance between each two nodes is equal to the
length of HRM’s link, which means that the future configuration can be predicted.

It’s worth noting that in the process of link PnPE transfer to PEG1, joint P′
n is on PnPE and joint P′

E is
on PEG1. As mentioned in Section 3, it can be regarded as a local ladder problem with collision volume
constraints. With the application of the DSE, the regions swept by the head links can be parameterized.
Further, configuration prediction results are obtained from different reference trajectories as shown in
Fig. 9(b). Ec1, Ec2, . . . , Ec7 are envelope curves of them.

4.2. Configuration update
After predicting the configuration, it is necessary to update the configuration according to the obstacle
situation. As shown in Fig. 10(a), the main task for HRM is to keep the manipulator moving within
intracavity without colliding with local obstacles. The whole DSE-based configuration update method
for HRM is shown in Algorithm 1.
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Algorithm 1 The DSE-based configuration update algorithm.
Input: Reference trajectory , position of exist obstacles , end position , joint positions

1, 2,... , target position , the maximum iterations , distance threshold

Output: Updated position of predicted configuration 0, 1,...

1 Initialize the number of successful step = 0;

2 The distance between end-effector and target =
−−−−→

;

3 while do
4 = 0;

5 Predict configuration and obtain +1 +4 via (15);

6 Generate envelope of +1 +2 via (9)–(14);

7 Check collision risk from and ;

8 if There exists collision risk then
9 while do

10 Obtain the index of nearby obstacles ;

11 Update +1 by joint rotation in the direction away from the obstacle with as

the radius of rotation;

12 +2 = 1 − −−−−−−−→

+1 +4
+1 + −−−−−−−→

+1 +4
+4;

13 Recheck collision risk;

14 = + 1;

15 end
16 end
17 Update +1 +2 ;

18 = + 1;

19 end
20 Return 0 1 .

First, the desired configuration is predicted and G0, G1, . . . , G4 are obtained via (15) as shown in
Figure 10(b). G0 coincides with point PE. G1, G2, G3, G4 are located on the reference trajectory Tr and
satisfy the distance constraints. Then, the envelope E1,2 is calculated by considering G0, G1, G2 as shown
in Fig. 10(c). Obviously, E1,2 is found in contact with the obstacle nearby. By fixing G0, G1 is rotated by
angle δθ in the direction away from the obstacle with Ld as the radius of rotation where δθ represents
the incremental angle for each iteration. Since our approach involves local updates, G2 cannot deviate
too far from the reference trajectory. After obtaining G′

1, G′
2 is planned on G′

1G4 and calculated as

G′
2 =

⎛
⎝1 − Ld∣∣∣−−→

G′
1G4

∣∣∣

⎞
⎠ G′

1 + Ld∣∣∣−−→
G′

1G4

∣∣∣
G4. (16)

The next step is to recalculate the envelope and assess collision risk according to G0, G′
1, G′

2. As
shown in Fig. 10(d), the above steps are repeated until there exists no collision risks. G′

3, G′
4, and G′

5

are predicted in the same way via (15). After a step-by-step optimization, a collision-free configuration
within narrow aircraft engine can finally be obtained, as shown in Fig. 10(e). In the above example,
the calculation of G0, G1, G2 and the evaluation of collision are the key to our method. G3 and G4 are
thoughtfully crafted to make the most of the reference trajectory Tr, ensuring that all subsequent points
are smoothly updated toward the ultimate goal.

It should be emphasized that the advantage of our strategy lies in the utilization of confined space.
The geometric dimensions of HRM’s links and potential collision areas are considered in the envelope
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Figure 11. Simulation of HRM in narrow environment by the proposed method.

calculation process. On this base, the links are simplified into length-fixed segments, and obstacles are
maintained in their original size.

5. Simulation and experimental validation
5.1. Simulations of HRM in narrow environments
In order to verify the proposed methods, simulations are implemented. This serves to illustrate the unique
advantage of DSEs in motion planning. All of the numerical simulations are performed on a PC with an
AMD Ryzen 7 3700X 8-Core Processor 3.60 GHz and 16-GB memory.

As shown in Fig. 11(a), the virtual model of an aircraft engine and a mobile HRM are established.
The initial configuration of HRM is set to horizontal. The length of each rigid link Ld is set to 128.5mm,
the same size as the actual robot. The red arcs indicate the inner and outer boundary of the aircraft
engine, and the distance between these boundaries is set to 500mm. The obstacles are tightly arranged
within two boundaries and the radius of each obstacle is 60mm. In compact part, narrow gaps are set for
HRM to pass through. The common method of expanded obstacles is shown in Fig. 11(b). To ensure
the safety of planning, the link width dw and the potential collision areas are considered to calculate
the expanded size of obstacles. In this work, dw = 25mm. According to (9) and (14), the maximum
safety expanded size is set to 89.25mm where the path deflection angle α = 90◦. However, expanded
areas excessively occupy narrow spaces, and there exists no free space for the HRM to obtain a proper
trajectory.

The result of proposed method based on DSEs is shown in Fig. 11(c). The reference trajectory is
obtained by the combination of an artificial bee colony algorithm and a particle swarm optimization
algorithm [27]. The DSE is calculated, and the collision-free trajectory is obtained by our strategy.
Figs. 11(d)-(f) show the trajectory tracking results during the movement of HRM.
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Figure 12. Pitch rotation joint angles of simulation.

Figure 13. Experiments of intracavity exploration by the proposed method.

As shown in Fig. 12, the pitch rotation joint angles θp1, θp2, . . . , θp8 are solved. θp8 represents the
end pitch rotation joint angle. Due to the tip-guided trajectory tracking method, the rest joints are fol-
lowed sequentially by the end joint. The simulations indicate that the proposed strategy enable HRM to
precisely avoid obstacles in confined aircraft engines.

5.2. Experiments of intracavity exploration
In this part, experimental validation is conducted on an actual HRM system to verify the adaptability of
our strategy as shown in Fig. 13(a). In order to accomplish detection tasks in aircraft engine, an annular
cavity is constructed first. The same virtual model is built in COPPELIASIM, as shown in the right part
of Fig. 13(a). The HRM is supposed to cross a narrow space and reach the faulty electronic component
to conduct detection tasks. In this experiment, the initial joint angles corresponding to initial state of
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HRM are set to θi = 0◦. Figs. 13(a)-(c) are current motion images of HRM move into obstacle array
at t = 0s, 110s, and 200s, respectively. It is concluded that the proposed strategy makes HRM to avoid
obstacles and reach the target point accurately.

6. Conclusion
Driven by the safety concern in contactless operating tasks, a local collision-free motion planning strat-
egy is proposed for HRMs based on DSE. For the method, the tracking processes of HRMs are analyzed
in detail, and the concept of DSE is first proposed to describe the boundary of the collision-free area.
In order to guarantee the efficiency of motion planning in confined environments, trajectory of HRM’s
end-effector is roughly planned without expanded obstacles. Further, the DSEs are applied to evalu-
ate collision risk and optimize the trajectory in real time. Performances of our strategy are verified by
simulations and experiments. Advantage of the DSE in the motion planning of HRMs is demonstrated.

Our strategy proposed in this work expands the potential of HRM in maintenance of narrow air-
craft engines. Our future work includes dynamic modeling, energy optimization, and precise motion
control of HRMs [28–31]. The DSE can be extended to three-dimensional space. Furthermore, intelli-
gent optimization and other advanced methods should be applied to improve the performance of HRMs
[32, 33].
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