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In order to improve the structural performance of the out-of-pipe pipe-climbing robot, the out-of-pipe
pipe-climbing robot is optimized. First, MATLAB software was used to optimize the structure and size of the
robot according to the mathematical model of robot mechanics and size constraints. Then, SolidWorks software
was used to establish a three-dimensional model of the robot which was then imported into ANSYS Workbench
software. Static and modal analyses were then performed on key robot components under different working
conditions and the topology optimization module in ANSYS Workbench was used to perform the topology
optimization of the key components. Finally, the optimized components were statically analysed. By comparing
the performance of the components before and after optimization, it was found the weights of the optimized
frame and clamping arm were respectively reduced by 24 % and 20 %, and the maximum stress was respectively
reduced by 46 % and 20 %. Ultimately, it was found that the stiffness and strength of the robot were improved
and a lighter weight was achieved via optimization; thus, this work provides a reference for future research on

pipe-climbing robots.

Outer pipe-climbing robots (hereinafter referred to as pipe-
climbing robots) are industrial robots that work on the outer
wall of a pipeline. Instead of manual labour by humans, pipe-
climbing robots can be equipped to perform a series of work
in harsh conditions, such as via welding seam inspection and
repair equipment to detect and repair the outer weld seam
of the pipe or via scanning equipment to detect leaks in the
pipeline (Salehpour et al., 2018).

After years of development, industrial robots have almost
comprehensive functions and there are a variety of industrial
robots that can meet different job requirements. Therefore,
at present, the research focus of industrial robots has grad-
ually shifted from the development of new functions to the
optimization of existing robots. The objectives that need to
be optimized and how to optimize are the main issues that
people are now discussing (Bach et al., 2021). The optimiza-
tion of industrial robots mainly starts from two aspects: hard-

ware and software, and this paper mainly studies the structure
optimization in hardware optimization. The optimization of
the mechanical structure of the industrial robot is mainly to
improve the flexibility and enhance the load capacity of the
robot (Chen et al., 2021). On the premise of not changing
the main mechanical structure, improving flexibility can be
achieved by reducing the overall weight of the robot, such as
changing the size of parts or reducing some of the secondary
parts of the robot to make the structure more compact. In-
creasing the load capacity can be achieved by selecting ma-
terials with strong rigidity or increasing the overall weight
of the robot. It can be seen from the above that there is a
certain degree of contradiction between improving flexibil-
ity and enhancing load capacity, and structural optimization
needs to achieve a balance between the two to meet the re-
quirements to the greatest extent (Soliman et al., 2016).

For the out-pipe-climbing robot, the outer wall of the
pipe as its working environment is a cylinder. The out-pipe-



climbing robot should not only ensure that it does not fall
when it remains stationary on the outer wall of the pipe but
also maintain its own balance during the movement (Gao,
2021). Structural optimization is particularly important. The
improvement of flexibility means that the out-pipe-climbing
robot can adapt to more types of pipes and the enhance-
ment of load capacity means that it can carry more operating
equipment (Kermorgant, 2018).

This paper first presents the optimization of the existing
structure in MATLAB after which a mathematical model
was established, functions were used to find the most rea-
sonable structural distribution, and static and modal analyses
were conducted on key components of the robot to obtain the
strength and stiffness data before optimization.

Subsequently, different parameters were set for topology
optimization and the optimized model was obtained (Ma et
al., 2020). Topology optimization aims to find the best ma-
terial distribution with maximum structural performance in
a given design domain and is usually used in engineering
to determine a basic structural layout under complex load
conditions (Shen et al., 2021). Topology optimization cur-
rently includes the homogenization method (Liu et al., 2021),
the variable density method (Ding et al., 2021), the evolu-
tionary structural optimization (ESO) method (Zhang et al.,
2021), the level-set method (Kambampati et al., 2021), the
deformable hole method (Xue et al., 2019), and the moving
morphable void (MMV) method among others.

Static and modal analyses were then performed again on
the optimized components and the results were compared
with the original analysis results to confirm whether the op-
timization goal was met (L. Wang et al., 2020).

Among other components, a pipe-climbing robot is com-
posed of a driving device, a suction device, and a clamping
and rotating device. The driving device drives the robot to
move. The suction device is composed of a permanent mag-
net and a yoke, and the permanent magnet is moved up and
down by a screw in the suction device. The increase and de-
crease of the adsorption force are realized so that the robot
can adhere to the pipe wall without falling. The clamping and
rotating device is used as the auxiliary of the adsorption de-
vice to maintain the travelling direction and rotation of the
robot. Figure 1 shows the specific structure of the robot.

The clamping arms on both sides are the key components
of the clamping and rotating device, and their size is related
to whether clamping and rotating actions can be carried out.
Thus, the dimensional parameters of the clamping arms and
connecting components were optimized in the present study.
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The two-dimensional model of the pipe-climbing robot.
1 — Carrier shelf, 2 — carrier, 3 — front frame, 4 — connecting rod,
5 — steering gear, 6 — steering gear, 7 — rear frame, 8 — drive wheel
bracket, 9 — absorption screw, 10 — absorption sleeve, 11 — absorp-
tion permanent magnet, 12 — pushing screw, 13 — link block, 14 —
connecting rod, 15 — cushion spring, 16 — drive wheel motor, 17
— rotating wheel motor, 18 — steering wheel, 19 — clamping arm,
20 — pipeline, 21 — pushing screw-stepper motor, 22 — absorption
screw-stepper motor, and 23 — driving wheel.

For the convenience of calculation, a simplified model was
established. As shown in Fig. 1, because the clamping and
rotating device is symmetrical, only the right side is analysed.
G is the upper end of the connecting frame block and O is
the downward movement of the connecting frame block. In
Fig. 2, let CD, GH, HI, DI, DM, and LM respectively be x1,
X2, X3, X4, X5, and xg, (mm), and let /DML be x7 (°).

The design variables of the clamping and rotating device
are as follows:

T
X =[x1,x2, X3, X4, X5, X6, X7]" . (D



A simplified robot model.

Figure 3 presents the force analysis of the clamping arm.
The maximum distance that the connecting frame can move
up and down under the drive of the screw rod was set as
CG =70mm, the diameter of the pipe was set as 180 mm,
and the distance from the centre of the pipe to the lower sur-
face of the front frame was set as 220 mm. The force equa-
tion of the pipe-climbing robot during movement can be ex-
pressed as

M(F')=—DS- F' = xysina - F', )
MC(FN)ZDP-FN =x5sinx7-FN, (3)

where F is the rated tension of the screw rod, F”’ is the pulling
force at point I, @ is /DIH, Fy is the clamping force gener-
ated by the clamping point M of the clamping arm in the
clamping state, M.(F’) is the moment of pull-down force F’
on point D in the clamping state, and M (Fy) is the moment
generated by the clamping force F generated at the clamp-
ing point M to point D in the clamping state.

During the movement of the robot, it must first be ensured
that the installation space of each component is complete and
does not interfere with other components; for the clamping
and rotating device in particular, it must be ensured that the
clamping arms on both sides do not collide with each other
during the clamping action and that the robot can move nor-
mally on the outside of the pipe. Because collision with the
pipe cannot occur, the geometric constraints are established
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The force analysis model of the clamping arm.

as follows:

x1 € [135mm, 145 mm]

x2 € [20mm, 30 mm]

x3 € [125mm, 135 mm]

x4 € [105mm, 115 mm] @
x5 € [335mm, 345 mm)]

X6 € [155mm, 165 mm)]

x7 € [40°, 50°]

The following conditions must also be met in order to avoid
motion interference. /BDI is .

x2+Xx3 > X (5)
X4 < X5 (6)
60° <o <90° (7
B > 60°. (8)

When the pipe is clamped by the clamping and rotating de-
vice, the angle between the two clamping arms should be
120°; thus, ZKQT should be between 55 and 65° and the for-
mula is as follows. ZIDH is x, ZJCL is 8, and /MDL is ¢.

\/xsz + xé — 2X5X6COS X7
55° < arctan

—0.22 + x52 + xg — 2X5X6COS X7

cos(x +8 —¢e)—x
sin(y +6 — &)

<65°. ®)

When the connecting frame block and the two connecting
rods are in a straight line, the horizontal distance from the
steering wheel to the centre point of the pipeline should be
greater than 0.16 m, and the formula is as follows. ZIDL is

¢.

\/xsz + xg — 2Xx5X6COS X7

-sin(x — ¢) +x; <0.08. (10)



The objective function is established with the maximum
clamping force of the clamping and rotating device on the
pipe when the screw is in the clamping state. ZHIO is ¢.

F (x6 — x5c08x7)2sin¢
Fl(x)z F_N = .

)

X48ino

To meet the optimization goal, each component should be as
compact as possible; therefore,

6
Fz(x):Zx,‘. (12)
i=1
Thus, the final objective function is as follows (mm):

f&x)=min[Fi(x)+ ()] =

_ 7 6
min|:(x6 X5C0SX7) s1n<p+2xi|. (13)

X4 8ina =

The use of the fiminocon() function is optimized as follows:

Ax <B

Aegx = B

Xm <X <Xxm (14)
C(x)<0

Ceq=0

min f(x)

The calling format of this function is as follows:

[x,fopt,ﬂag,c] = fmincon(F, xg, A, B, Aeq,
Beq, X, xm, CF, OPT). 15)

In the formula, F is the objective function, CF is the M file
for the nonlinear constraint function, OPT is the control op-
tion, X is the design variable, and fop is the optimization
result of the objective function. The optimization results are
reported in Table 1 and the optimized 3D models of the robot
are respectively illustrated in Fig. 4.

By analysing the maximum deformation and equivalent
stress distribution of the robot under different loads, the rel-
evant performance of the robot was determined and then op-
timized. Different load applications of the robot were con-
verted into the states of the related components under differ-
ent working conditions (W. Wang et al., 2020). The move-
ment of the robot can be divided into two working condi-
tions, namely, the no-load and full-load conditions. The full-
load condition has an impact on the performance of the robot
components and the requirements are the greatest under this

The three-dimensional model of the pipe-climbing robot.
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The robot under the full-load condition.

condition. When the robot is fully loaded, the displacement
and deformation of the robot frame and the clamping arm are
the greatest. Therefore, the key components of the robot were
analysed under the full-load condition.

It was assumed that the working equipment carried by the
robot was 5 kg, the suction force was 20 N when fully loaded,
the rear suction force was 45 N when the front end was lifted,
and the working equipment was fixed on the front frame. In
Fig. 5, under the full-load condition, the robot is parallel to
the pipeline and the front of the robot is lifted.
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Table 1. The optimization results.

X (mm)  xp (mm) x3(mm) x4 (mm) x5 (mm) xg(mm) x7(°)
Before optimization 138.3 22.5 127.3 113.6 342.2 156.2 48
After optimization 140 24 130 108 339 158 45
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44307
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Figure 6. The cloud diagrams of the stress and deformation of the
front frame.

3.1 Static analysis

The simplified robot model was imported into ANSYS
Workbench software. The material was set as aluminium al-
loy (6063-T5), the yield strength of which was 145 MPa, the
elastic modulus of which was 69GPa, and the Poisson’s ratio
of which was 0.33 (Yan et al., 2020).

3.1.1 Parallel to the pipeline

When the robot is working on the pipeline, the detection de-
vice is mounted on the front frame; thus, the front frame and
the part of the clamping arm connected to the front frame
were statically analysed.

Front frame

The front frame receives the pressure of the upper-end
weight, the adsorption force of the lower-end adsorption de-
vice, the support force of the lower drive wheel, and the sup-
port force of the clamping and rotating device on both sides.

Figure 6 presents the cloud diagrams of the stress and de-
formation of the front frame, and it can be seen from Fig. 6a

https://doi.org/10.5194/ms-13-725-2022
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Figure 7. The cloud diagrams of the stress and deformation of the
front-frame clamping arm.

that the maximum stress of the front frame (99.69 MPa) oc-
curred at the joint with the clamp arm hinge. Moreover, the
maximum displacement was 1.4 mm. The maximum stress
was less than the yield strength (145 Mpa), and the strength
and stiffness of the structure were reasonable.

Front-frame clamping arm

The front-frame clamping arm receives the pressure of the
front frame and the upper part of the frame. When the robot
is stationary, the clamping arm is in a clamped state and is
subjected to the pulling force of the pushing screw, the ad-
sorption force of the suction device, its own gravity, and the
supporting force of the pipeline.

Figure 7 presents the cloud diagrams of the stress and de-
formation of the front-frame clamping arm, and it can be
seen from Fig. 7a that the maximum stress of the front-frame
clamping arm (84.407 MPa) occurred at the hinge connection
between the clamping arm and the front frame. The maxi-
mum stress was less than the yield strength (145 MPa) and
the maximum displacement was 0.069 mm.

3.1.2 Raised front frame

When the front frame is raised, the weight on the front frame
falls on the rear frame and this analysis was also performed
under full-load conditions.

Mech. Sci., 13, 725-733, 2022
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Figure 8. The cloud diagrams of the stress and deformation of the
rear frame.

Rear frame

The upper end of the rear frame is under the pressure of the
upper object and the lower end is supported by the clamp-
ing arms on both sides and its own gravity. The adsorption
force was 45N, and the stress and deformation cloud dia-
grams were obtained after applying the corresponding load
and contact constraints.

The cloud diagrams of the stress and deformation of the
rear frame are exhibited in Fig. 8. It can be seen from Fig. 8a
that the maximum stress of the rear frame (136.75 MPa) oc-
curred at the connection between the middle and the front
frame. Figure 8b reveals that the maximum displacement was
1.7 mm. Moreover, the maximum stress was less than the
yield strength which, therefore, meets the strength require-
ments.

Rear-frame clamping arm

The rear-frame clamping arm receives the pressure of the rear
frame and the part of the front frame mounted on the end of
the rear frame. When the robot is stationary, the clamping
arm is in a clamped state and is subjected to the pulling force
of the pushing screw, the adsorption force of the suction de-
vice, its own gravity, and support from the pipeline.

The cloud diagrams of the stress and deformation of the
rear-frame clamping arm are exhibited in Fig. 9. It can be
seen from the figure that the maximum stress of the rear-
frame clamping arm (94.276 MPa) occurred at the hinge con-
nection with the frame and the connection with the steering

Mech. Sci., 13, 725-733, 2022
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Figure 9. The cloud diagrams of the stress and deformation of the
clamping arm of the rear frame.

Table 2. The sixth-order modal frequencies of the frame (Hz).

Mode 1 2 3 4 5 6
order

Modal 44.224 8537 20371 237.02 26624 390.24
frequency

wheel, and meets the strength requirements. Furthermore, the
maximum displacement was 1.65 mm.

3.2 Modal analysis

The simplified robot model was imported into ANSYS
Workbench software. The corresponding material properties
were set, mesh division was performed, the constraint rela-
tionships were set, and modal analysis was performed on the
frame and clamping arm.

3.2.1 Frame

Table 2 presents the sixth-order modal frequencies of the
frame and Fig. 10 exhibits the first-order mode shape. It can
be seen from the modal analysis that the lowest frequency
of the frame was 44.224 and the overall dynamic character-
istics were improved. The deformation of the intermediate
shaft pin hole is large and the rigidity is small.

3.2.2 Clamping arm

Table 3 reports the sixth-order modal frequencies of the rear-
frame clamping arm and Fig. 11 presents the first-order mode
shape. It can be seen from the modal analysis that the sixth-
order modal frequencies of the clamping arm were between
225 and 1131 Hz. It can be seen from the figure that the de-
formation is larger in the lower half of the clamping arm,
that is, between the connection with the connecting rod and
the connection between the steering wheel mainly due to the
excessive pressure when the frame is lifted. Greater defor-

https://doi.org/10.5194/ms-13-725-2022



27423 Max
33.265
28107
24,9412
20,791
16.633
12474
8.3163
4.1581
0 Min

The first-order mode shape of the frame (Hz).

The sixth-order modal frequencies of the clamping arm

(Hz).

Mode 1 2 3 4 5 6
order

Modal 225.18 453.6 549.15 753.87 99451 1131.2
frequency

mation occurred between the connection of the connecting
frame rod and the steering wheel which was primarily due to
the lifting of the frame. So, optimize it by topology optimiza-
tion.

The variable density topology optimization method was ap-
plied in this research (Sookchanchai et al., 2021). Topol-
ogy optimization is usually employed to determine the best
material utilization or distribution in the design space un-
der a given load. Therefore, structural optimization aims to
achieve a local minimum, as given by Eq. (16).

Minimum f(x)
subject to c(x) > 0. (16)

In Eq. (16), the vector x represents the parameterization of
the problem, f(x) is the objective function, and c(x) is the
constraint condition of optimization. The objective function
and constraints are the structural responses obtained from the
finite-element analysis.

The material, contact, and other parameters of the structure
were set in ANSYS Workbench software, the corresponding
load was applied according to the motion mode of the robot,
and the topology optimization module was applied for topol-
ogy optimization. To meet the strength and rigidity require-
ments, the quality of the components was reduced as much
as possible to make the structure more reasonable.

Compared with the state of being parallel to the pipe, the
requirements for the frame when the front part is lifted are
higher; thus, topology optimization was conducted for the
frame and the clamping arm in the rear part under the lifted
condition.

82.639 Max
73457
64.275
55.093
45.911
36.729
27.546
18.364
9.1821
0 Min

The first-order mode shape of the clamping arm (Hz).

(a) Topology optimization results (b) Model after optimization

The frame optimization results.

First, the frame was optimized according to the static anal-
ysis results; rounded corners were set, the maximum stress
was improved, and topology optimization was performed.
The topology optimization results are exhibited in Fig. 12.

In the two states under the full-load condition, the maximum
stress of the clamping arm occurred at the connection of the
hinge with the frame. Therefore, this was first improved and
topology optimization was performed. The optimization re-
sults are exhibited in Fig. 13.

The analysis results of the rear frame were compared with
those of the front lifted state and the rear-frame clamping
arm.

The static analysis results of the frame and clamping arm are
respectively presented in Figs. 14 and 15.

Compared with the results before optimization, the maxi-
mum stress of the front frame and the maximum stress of the
clamping arm are obviously reduced to a certain extent.



(a) Topology optimization results (b) Model after optimization

The clamping arm optimization results.

68.55 Max
60.83
adil
4548
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30.97
22.25
11.54
5.822
0.1043 Min

(a) Stress (MPa)

0.1579 Max
014036
012281
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0.052633
0.035089
0.017544

0 Min

(b) Deformation (mm)

The cloud diagrams of the optimized stress and defor-
mation of the frame.

The sixth-order modal frequencies of the frame and clamping
arm are respectively reported in Tables 4 and 5.

In this work, a pipe-climbing robot was designed and its
structure was optimized by MATLAB to make the structure
more reasonable. Then, static and modal analyses were per-
formed on the robot frame and clamping arm, and the frame
was analysed under different working conditions. Moreover,
the structural performance and the stiffness and stress distri-

0027623 Max

74.981 Max 0.024553
66.65 0.021484
Gy 0.018415
st 0015346
33.325 0.012277
24.904 0.0092075
e 0.0061383
V2 Min 00030692
0 Min
(a) Stress (MPa) (b) Deformation (mm)

The cloud diagrams of the optimized stress and defor-
mation of the clamping arm.

The sixth-order modal frequencies of the frame (Hz).

Mode 1 2 3 4 5 6
order

Modal 45444 70.597 149.07 152.84 200.54 26991
frequency

The sixth-order modal frequencies of the clamping arm

(Hz).

Mode 1 2 3 4 5 6
order

Modal 165.65 268.69 350.55 46527 750.36 778.6
frequency

butions of the clamping arm were evaluated. Then, ANSYS
Workbench software was employed to optimize the topolo-
gies of the frame and the clamping arm. By setting different
parameters, the maximum deformation resistance that could
be withstood relative to the defined load condition and the de-
sign space, the best structural material layout, and the most
effective structure were determined.

After comparing the analysis results before and after opti-
mization, it was found that the maximum stress of the frame
was reduced by 46 %, the maximum displacement was re-
duced by 1.5 mm, and the mass was reduced by 24 % after
optimization from the original 0.98 kg to the current 0.8 kg.
Moreover, after optimization, the maximum stress of the
clamping arm was reduced by 20 %, the maximum displace-
ment was reduced by 1.6 mm, and the mass was reduced
by 20 % from the original 0.36kg to the current 0.3 kg. Ul-
timately, the rigidity and strength performances were en-
hanced, the quality was reduced, the structure was lightened,
and the optimization goal was achieved. Thus, this work pro-
vides a reference for future research on pipe-climbing robots.



ANSYS finite-element analysis software was
used to analyse the design of a climbing robot outside the tube. The
code is not publicly available. For further information, please con-
tact the corresponding author.
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