Xuetal.
Chinese Journal of Mechanical Engineering
https://doi.org/10.1186/510033-023-00905-6

(2023) 36:90

Chinese Journal of Mechanical Engineering

NuBot: A Magnetic Adhesion Robot

®

Check for
updates

with Passive Suspension to Inspect the Steel
Lining

Hao Xu', Youcheng Han', Mingda He', Yinghui Li' and Weizhong Guo'"

Abstract

The steel lining of huge facilities is a significant structure, which experiences extreme environments and needs to be
inspected periodically after manufacture. However, due to the complexity (crisscross welds, curved surface, etc.)

of their inside environments, high demands for stable adhesion and curvature adaptability are put forward. This
paper presents a novel wheeled magnetic adhesion robot with passive suspension applied in nuclear power contain-
ment called NuBot, and mainly focuses on the following aspects: (1) proposing the wheeled locomotion suspension
to adapt the robot to the uneven surface; (2) implementing the parameter optimization of NuBot. A comprehensive

optimization model is established, and global optimal dimensions are properly chosen from performance atlases;

(3) determining the normalization factor and actual dimensional parameters by constraints of the steel lining envi-
ronment; (4) structure design of the overall robot and the magnetic wheels are completed. Experiments show

that the robot can achieve precise locomotion on both strong and weak magnetic walls with various inclination
angles, and can stably cross the 5 mm weld seam. Besides, its maximum payload capacity reaches 3.6 kg. Results
show that the NuBot designed by the proposed systematic method has good comprehensive capabilities of surface-
adaptability, adhesion stability, and payload. Besides, the robot can be applied in more ferromagnetic environments
and the design method offers guidance for similar wheeled robots with passive suspension.

Keywords Wheeled robot, Passive suspension, Magnetic adhesion, Steel lining, Design method

1 Introduction

Currently, the nuclear power industry takes large adop-
tion of steel lining construction as the inner wall of secu-
rity containment, and that is the last barrier to prevent
the radioactive substance from leaking in the nuclear
accident [1]. Hence, it is very essential to inspect the seal-
ing safety and welding reliability periodically, consider-
ing that the steel lining is a huge sealed container welded
by thousands of weld seams for hundreds of curved steel
plates. Traditional method for inspecting the steel lining
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weld is mainly relying on the worker’s manual examina-
tion standing on the scaffold, bringing the demerits of
long-period time, great difficulty, and high cost. Hence, it
is significant and challenging to develop a robot platform
for the (semi-)automatic inspection of steel lining welds.
The relevant research priorities/problems are:

The wall-climbing and surface-adaptive locomotion
mechanism to accommodate and move on the contain-
ment steel lining. The steel lining has a large curved sur-
face with massive crisscross arc welds and obstructed
surroundings, demanding that the robot should possess
a capable locomotion mechanism and reasonable setup
of degrees of freedom (DOF). In previous researches,
the climbing robots include: a) the crawler robots need
additional mechanisms to ensure the whole track fits the
wall shape. Seo et al. [2] adopted active compliant joints
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Table 1 Qualitative comparison of different types of climbing robots.
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Adhesion Example Locomotion  Wall type Adhesion  Velocity Payload Terrain- Wall-harmless  Build-in
mechanism force adaptable power
Magnetic NuBot (ours) Wheel Steel N N, N O N, N
Magnetic Track V o) vV o) ) v
crawler [3]
HIT robot [11] Leg N X @) \J \J X
Pneumatic MultiTrack [14]  Track Smooth surface  +/ N, N @) e) X
W-Climbot [4] Leg N X O V V X
Mechanical ~ SpinyBot Il [15]  Leg Rough surface X X X X X N
CSUrobot[17]  Wheel X N, X @) X N
Electrostatic ~ SJTUrobot [19]  Leg Flat surface N O \J O O X
Gecko-like Wheel-leg Smooth surface O o) O N N N

to increase the preload on the front track; Gao et al. [3]
adopted the linkage-spring system to connect two track
modules. However, the active joint increases the num-
ber of actuators, and the hard metal track scratches
the steel lining plating; b) the legged robots possess a
larger workspace with better adaptability. Guan et al.
[4] imitated an inchworm and proposed a biped serial
climbing robot with five DOFs. Liu et al. [5] presented
a robot with eight footpads and one active DOF, which
could adapt to the wall curvature by a passive four-
bar mechanism. However, the legged locomotion pro-
duces 19051270000dynamic adhesion-separation cycles
between the footpad and terrain surface, resulting in a
discrete gait slowing the speed; c) the wheeled robots with
no more than three wheels [6-8] can always keep each
wheel in contact with the wall. However, on one hand,
more wheels are preferred to provide stronger adhesion
force and larger driving force; on the other hand, more
wheels can make many of them separate from the wall,
unless the robot is designed with an adaptive suspension
or compliant mechanism: Eto et al. [9] developed a pas-
sive rocker arm suspension and spherical wheels to adapt
to the wall shape; Guo et al. [10] proposed a robot with
an electromagnetically driven compliant beam to effec-
tively negotiate corners. In conclusion, the wheeled robot
with passive suspension is a feasible option, which offers
sufficient DOFs to ensure that the wheels adapt to the
wall without increasing actuators.

(1) The stable and practical adhesive approach to
attach to the containment steel lining. Adhesion
principles are the direct factor that determines
the adhesion stability and payload. Table 1 com-
pares five types of adhesive approaches in various
aspects of performances, where +, X, O indicate
respectively that the robot can, basically can, can-
not meet the current demands. Thereinto, magnetic

()

adhesion [3, 6-8, 11-13] works well on a ferromag-
netic surface, which is an effective choice for the
steel lining. Generally, the adhesion force depends
on the magnet material, size, shape, and distance
from the wall. In contrast, pneumatic adhesion [4,
14] can be employed for more occasions. However,
the required pump limits the minimum size and
weight, and the adhesion force will decrease when
the gap occurs between the adhesion mechanism
and the curved wall. Mechanical adhesion [15-17]
imitates the structure of insects in nature, such as
claws, hooking tiny grooves on rough walls. Never-
theless, they cannot adapt to the steep and smooth
wall of containment due to insufficient adhesion
force. Electrostatic adhesion [18, 19] generates
adhesion and actuation force by energizing the soft
material. However, the current conducted to the
wall increases the risk to cause nuclear accidents.
Gecko-like adhesion [20, 21] relies on the van der
Waals force between the footpads and the wall.
However, this method is not workable because the
dust on the surface of the containment affects the
adhesion. Considering environmental constraints,
the NuBot is expected to be endowed with good
comprehensive capabilities of surface adaptability,
adhesion stability, steel-lining surface harmlessness,
locomotion velocity, lightweight with high inte-
gration of build-in power and other mechatronic
devices. Based on the above analysis and demands,
magnetic adhesion is the optimal option for the
steel lining.

The systematic design method to develop the robot
platform  under the comprehensive operation
demands. In the environment of nuclear power
containment, the adhesion robot is required with
a big adaptive workspace for the varying terrains,
good payload and stiffness, small size and weight. In
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the climbing robot field, Zhang et al. [22] designed
a passive adaptive moving mechanism utilizing
the magnetic circuit optimization, and ensures the
allowable motor torque in a stable operation mode;
Liu et al. [23] optimized the footpad of a vertical-
climbing robot for various curvatures according to
the experiment-based Taguchi method; Song et al.
[6] optimized the water-jetting wall-climbing robot
with the optimum structure of magnetic adhe-
sion system, etc. One can see there does not exist
a systematic method for the overall optimization
design of the climbing robot, considering the cou-
pling relations among the size, workspace, adhesion
force, driving force, stability, etc. Some works in the
mechanism optimization field can provide a few ref-
erences: Hoff et al. [24] optimized the bat-inspired
biological robot for better flight characteristics after
employing the principal component analysis; Liu
et al. [25] proposed the performance-chart-based
design methodology (PCbDM) as a general opti-
mization approach to designing the less-parameter
mechanism, obtained optimized parameters of a
3-DOF parallel manufacturing module [26], and
investigated the 2T1R-type parallel mechanisms
applying the Grassmann line geometry method
[27]; thereafter, Li et al. [28] analyzed the influence
of limb arrangements on the parasitic motion of
3-PRS parallel mechanism, and generated the sin-
gularity-free and high-performance workspace for
a 3-DOF 2-CRRR-CRR parallel manipulator [29];
Han et al. [30] solved the sixteen-parameter optimi-
zation for the reconfigurable legged mobile lander,
under the demands of multiple operation modes
and multiple performance criteria, etc.

This paper proposes a magnetic adhesion robot called
NuBot to inspect the steel lining weld on the nuclear
power containment. As aforementioned, the magnetic
adhesion wheeled robot with passive suspension is the
optimal option under the special environment. Hence,
this research will be mainly focused on the demand-ori-
ented systematic design method for the NuBot from type
identification to topology parameter optimization for the
NuBot first, and then demonstrate the experimental vali-
dation based on the semi-automatic mechatronics system
utilizing a proportional integral (PI) control strategy.

The rest of this work is organized as follows. Sec-
tion 2 presents an overview of the robot platform and
the design strategy. Section 3 describes the type design
of the suspension, its kinematic model, and the over-
all robot dynamics. Section 4 presents the optimization
design process. Overall parameters are obtained from
non-dimensional to dimensional, from partial to global
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utilizing PCbDM. In Section 5, the unit design is com-
pleted and the prototype is developed. Locomotion and
payload experiments are conducted in Section 6. Sec-
tion 7 presents the comparison between several climbing
robots. Finally, the conclusion is presented in Section 8.

2 Overview of the Robot Platform and Design

Method
Figure 1(a) shows the nuclear power plant containment
[1], which has a cylindrical ferromagnetic steel lining
with a diameter of 37 m and a height of 61.6 m. Its sur-
face is distributed with massive crisscross arc welds with
a maximum height of 5 mm. The support structure inside
the steel lining is only 0.2 m away from the wall, which
limits the height of the robot. Besides, the adhesion force
must be reliable because it is not allowable to attach the
protective rope inside the containment. And the load of
NuBot is required to be no less than 0.4 kg, including
the controller, camera, communication equipment, bat-
tery, etc. Figures 1(b, c¢) show the structure of NuBot,
including two passive suspensions, six magnetic adhe-
sion wheels, the chassis, an image capture system, and
a control system. When inspecting the weld seam inside
the containment, the technician controls NuBot to move
and monitor the images captured by the camera. During
locomotion, the 3-DOF suspension ensures all wheels
are in contact with the complex surface of steel lining,
and adapt to the surrounding environment like support
structure.

Figure 2 shows the structure of the magnetic adhesion
wheel. Each wheel is driven independently with a built-
in permanent magnet unit and a motor-reducer-encoder
unit. It is connected to the suspension through a passive
revolute joint, whose axis is perpendicular to the wheel
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Figure 1 Structures of the nuclear power containment and NuBot.
a Nuclear power containment, (D a plate of steel lining, @ weld,
@ support structure; b Axonometric view of the NuBot; ¢ Exploded
view of the NuBot, @ magnetic adhesion wheel, & suspension, ®
support, @ shell, ® camera, @ chassis



Xu et al. Chinese Journal of Mechanical Engineering (2023) 36:90

Hub Anti-slip rubber

Revolute joint

~
— Gear motor
Hall encoder ﬁ

Yoke iron

Arc magnet Bearifzi

Figure 2 Exploded view of the magnetic adhesion wheel

axis. The magnet inside the wheel is installed under the
motor, so the magnetic force will not change periodically
as the wheel rotates.

A systematic design method is proposed to design and
optimize the magnetic adhesion robot by comparison
of various performance indices and specific application
occasions: (1) Design the suspension type considering the
adaptability, payload, and compliance. (2) Non-dimen-
sional optimization of the suspension. Based on its kin-
ematic model, proper indices such as workspace, payload,
and stiffness are chosen to illustrate the performance in
workspace, payload, and stiffness capacity. Eventually,
optimum parameters with desired comprehensive perfor-
mance in atlases are selected. (3) Non-dimensional opti-
mization of the overall robot (including the wheel radius).
Based on the dynamic model of the robot, the optimum
parameters are selected through the adhesion stability on
the steel lining. Thus, all non-dimensional parameters of
the suspension and overall robot can be determined. (4)
Obtaining actual dimension parameters considering the
weld-seam traverse capability to determine the wheel
radius, the smooth locomotion, and better curvature
adaptability to derive the size of suspension and overall
robot, and the interference-free conditions to constrain
the bottom and top of the overall robot. (5) Magnet unit
design in Maxwell, and overall structure and topological
optimization are completed. (6) Experimental validation
of the capabilities of surface-adaptability, adhesion stabil-
ity, and payload of NuBot.

3 Type Design, Kinematics and Dynamics

3.1 Type Design of the Suspension

To ensure good motion and force properties, the design
for the wheeled locomotion suspension of NuBot requires
to meet multiple demands: (1) Good adaptability to the
steel lining with varying geometrical morphology, includ-
ing adapting to the curvature of the cylindrical wall, and
also the uneven weld. The first-line importance is to keep
all wheels in contact with the steel lining surface, so the
robot can move more smoothly and steadily. (2) Good
payload capability. The type design should enhance the
load-weight ratio—carry more detection devices while
possessing a lightweight structure. (3) Passive compliance
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Figure 3 Type synthesis of the suspension mechanism based
on the passive compliance utilizing cylindrical spring

rather than active compliance. It should utilize the energy
component (cylindrical spring, coil spring, etc.) to pas-
sively match the deformation demands, and not uti-
lize the motor in case of adding much weight and cost.
Furthermore, NuBot takes the eudipleural structure on
both sides, the base of suspension has a rigid connection
with the robot body. So for the type synthesis of passive
suspension based on the environmental adaptability of
steel lining, the varying surface morphology is regarded
as input that makes the length of spring-installed joint
change, and the robot body is taken as output which has
a significantly reduced fluctuation utilizing the designed
suspension.

Based on the topological graph and the DOF equation,
the number synthesis [31, 32] is implemented initially.
Thereinto, Eq. (1) reveals the relations among the limb
number k, the independent closed loop number L, the
edge number e, the vertex number v; Eq. (2) reveals the
relations among the DOF Fp, the motor number in the i
th limb ¢; (i = 1 ~ n), the limb number &, the active limb
number #, and the passive limb number p

L=e—v+k, (1)

Fp=Y (g—D+k—p. (2)

i=1

To navigate on the irregular surface of steel lin-
ing, the six-wheeled NuBot is a feasible scheme with a
good balance of adaptability and lightweight, consid-
ering the four-wheeled one reduces stability while the
eight-wheeled one adds too much weight. Namely, each
suspension should be installed with three wheels. So fol-
lowing the number synthesis, the type results of three-
wheeled locomotion suspension are listed in Figure 3.
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They have better adaptability to the irregular surface as
the DOF increases along the vertical axis, and the types
have more complexity with more loops and links along
the horizontal axis.

Once many types of suspension have been obtained,
the next work should be focused on the identification of
the optimal one for practical application. The basic selec-
tion rules are as follows.

(1) The optimal type should satisfy the navigation
demand on a complex surface: 3 DOF with motion
characteristics of two translations and one rotation.
Moreover, it is more preferred to employ the three-
wheeled locomotion suspension based on the pas-
sive compliance utilizing cylindrical spring.

(2) The optimal type should adapt to the surface well
and have a good mechanism stiffness. As shown
in Figures 3(a, d, g), the wheel is connected to the
robot body directly through a cylindrical spring.
They just have an open-chain topology while not a
closed-loop topology—a lower stiffness and adapt-
ability.

(3) The optimal type should have fewer loops and fewer
links. On one hand, the type with more loops and
links has a strong motion non-linearity and com-
plex force distribution; on the other hand, it pro-
duces more weight and doesn't make any particular
significance for engineering practice.

Above all, Figure 3(h) is finally identified with a 3 DOF
single-loop topology. Compared with the traditional
independent suspension, it can guarantee real-time con-
tact between the wheel and the steel lining, as well as a
higher stiffness and adaptability.

3.2 Kinematic Modeling of the Suspension

After identifying the suspension type, the kinematic
and dynamic models can be established. In Figure 4,
{O} denotes the suspension coordinate frame. In the

Figure 4 Sketch of the suspension structure and mechanism
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mechanism view, Iy, [5,ls are regarded as three inputs,
and the relative motions (two translations and one
rotation) of suspension with respect to the steel lining
are regarded as outputs. Hence, B, C, and E are three
independent point positions that can be chosen to
install three locomotion wheels, as a reflection of three
outputs.

Given B, C, and E are all taken as the outputs, so the
position kinematics of the suspension can be defined by
a loop-closure equation given as

roA +rac =rop + rpc,
YOB = T0A + V4B, (3)
Yor = rop + YDk,

where rp4 is a vector from O to A, and other vectors have
the same naming rule.

Next, three differential kinematic equations can be
derived to indicate the influence of outputs on the
inputs. According to the theory of mechanism, the
linkage between C and F has three DOFs, while AB
and DE are 2-DOF linkages, due to the redundancy of
the 6¢c and Op. Inverse Jacobian matrix of C can be

obtained as g = [24,25,26} =]ICKVC, where g denotes

the input matrix, ]ICK is the inverse Jacobian matrix
obtained by Eq. (4), and v is the velocity of point C.

— __*C
tanfc 1 ——3 e

4 h=xc 4 0

Cc _
Jik = B—(l—xc)? ’
1 xcsinfc
cosfc 0 COSZGC (4)
xc
vc = }.fC
Oc

The inverse Jacobian matrices of linkages AB
and DE can be obtained from pseudo-inverse of
vg = (&5, 98]" =54,
VE = [a'cE,j/E]T = ]’;Kq, where vg and vg are the veloci-
ties of points B and E, and ]?K and ]EK are their Jaco-
bian matrices obtained by Egs. (5) and (6).

Jacobian matrices as and

]B . k1sinfp  —k1sinfp  k1cos(Bc — Op)
FK' ™ | 1 — kysinfp  «kasinfp  —kacos(@c — Op) |’
(5)
]E _ | kasinfp  —k4sinfp  k3sinfp
FK ™ | g4cos8p 1+ kacosfp —k3cosOp |’ (6)

where
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_ lgsin@c

k1= Tesin(Oc )"
_ 3COS0C

2= Issin(éc ~0p)”
— 3

K3 = I sin(9c—6p)’
_ sinfp I3

kg = (cosbp + 7%1“(%7%)) L

Hence
B _ B\t yE _ qE \t @)
]IK - (]FK) ’]IK - (]FK) )

where ]fK and ]fK represent the inverse Jacobian
matrices of wheels B and E, and the symbol t denotes
pseudo-inverse.

3.3 Dynamic Modeling of the Overall Robot
The dynamic model of the robot describes the relationship
between the motor torques and the motion of NuBot, and
can be further used to analyze the adhesion stability (Fig-
ure 5(a)) and the weld-crossing capacity on the inclined
surface (Figure 5(b)).

Dynamics of the robot can be expressed by Lagrange for-
mulation. The kinetic energy Tor and the potential energy
Uor of the overall robot are obtained by

_112 G TG, | 1\12 G, TGy.G,,.
Tor = 5 2 j=o M, v/ v}+22j=0 w; “1;% wj,

_ 12 TG 1 6 2
UOR = - Z]'ZO m]g pc;' ) ijzl ksAjk:

“pg =P + “Ri"py;,

GIj _ (GRBBRPj)PjIj (GRBBRPj)T,

(8)
where {B} is the coordinate frame located in the center of
gravity (COQG) of body, {G} is the global coordinate frame.
To arrange the sequence number of overall robot: j = 01is
the robot body, j = 1 ~ 6 are the wheels, j =7 ~ 12 are
the suspension parts, and jx = 1 ~ 6 are the cylindrical
springs. Furthermore, ks and Aj, are the rate and com-
pression of the ji th spring; p,; is the COG position of the
jth part; m;j, vj, ®; and I; are the corresponding masses,
linear velocities, angular velocities, moments of inertia;
GRp is the orientation matrix of {B} with respect to {G},
BRp]. is the orientation matrix of the jth link frame {Pj}
with respect to {B}, g is the gravitational acceleration.

Thus, the Lagrange function can be yielded by
Lor = Tor — Upg, indicating the composite effects of
kinetic and potential energies, given by

d (9Lor \ _ 9Llor _ 4

de \ 9g; dg; RWT/ ffric’ )
d (9Lor \ _ 9Lor __ kA

dt \ 9g;, ag, sk

where g; and g;, are the generalized coordinates com-
posed by the joint variables of wheels and springs respec-
tively; Ry, is the wheel radius; 7; is the jth motor torque,
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f%nag
Figure 5 Dynamic force analysis: (a) Adhesion stability and (b)
Weld-crossing ability of the robot

and ff]riC is the friction between the jth wheel and steel
lining surface.

4 Optimization Design Using PCbDM

To reveal the relations between the parameters (suspen-
sion mechanism and overall robot respectively) and per-
formances of NuBot, the physical model and PCbDM
method [25] are utilized for their visualization and global
optimization merits. The physical model transforms the
design variables from infinite solution space to finite
solution space based on the non-dimensional operation,
so that it lays the foundation for global optimization and
finally requires solving the factor from the non-dimen-
sional solution to the actual dimension parameters. And
the PCbDM method provides an atlas-based formulation
for the optimization process and result, and facilitates
engineering optimization.

4.1 Non-Dimensional Optimization of the Suspension

To establish the optimization model of suspension, the
design variables are [, /3, /3 for the sake that they are
constants while I,/5,/5 are prismatic joint variables.
Moreover, the constraint conditions are translational and
rotational ranges of all joints. Last but not least, three
criteria (i.e. objective functions) are employed to give a
comprehensive performance evaluation on suspension:

(1) The workspace area index (WAI) is utilized to
describe its motion range which determines the
surface adaptability formed by three wheels to trav-
erse the complex surface. The wheels should reach
more areas to satisfy the needs of different situa-
tions, and can be expressed as
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Amax Ymax
nw=/d5=/ dx/ dy, (10)
S Xmin Ymin
where x € [Xmin, ¥max] and ¥ € [Ymin, Ymax) are the
integral variables of the three outputs workspace.
(2) The global payload index (GPI) is used to evalu-
ate the extremum payload force that the suspen-
sion can bear during locomotion. The suspension
bears the most mass of the body and the force from
the wheel centers. To obtain the suspension with
a larger payload capacity, we use GPIs to evaluate
the extremum force the suspension can bear dur-
ing locomotion on uneven steel lining. The force
equation is: F = Gt, where F is the output general
force at wheel centers while 7 is the input general
force at prismatic joint A, D, and F, and Gy is the
inverse force Jacobian matrix. From the relationship
G= ]I_KT, the GPIs can be given by
_ J/mands

NNFmax = i ’

ds
s
_ Jsv/min(ZrDdS
nlen — [ a¢c
JsdS

(11)

where AF; are the eigenvalues of the matrix GTG.

(3) The global stiffness index (GSI) is used to evalu-
ate the extreme linear displacement capacity. The
suspension should possess larger mechanism stiff-
ness to produce linear displacement in the input
joints, so the robot can adapt to the terrain with
the displacement of the input joints. Therefore, we
use GSIs to evaluate the displacement deforma-
tion and hope them to be as larger as possible. The
deformation equation is: P = CF, where P is linear
displacement deformation of the three prismatic
joints, C =] FK]EK are the compliance matrix.
Therefore, the GSIs can be given by

_ [gv/max(IZpi[)dS

NPmax = )
T35
[ ¢/min(7pDds (12)
Pmin = as ’

where Ap; are the eigenvalues of the matrix C Tc.
There are three optimization parameters in the sus-
pension model, including [, I, and /3. The mean of the
parameters is obtained by:
1
g(h +h+6L)=T. (13)
We can get the normalized equation by dividing both
sides of equation by T:

i+t +it3=3 (14)
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Figure 6 Parameter design space of the suspension

where ] = 171, ty) = 172 and t3 = 173 Thus, the optimization
parameters are converted to ¢;(i = 1,2, 3).

Considering dimensional constraint /, < /3, the con-
straint equations can be given as:

tr < t1,
0<t,t3 <3
0<t <15,

(15)

Egs. (14) and (15) show the parameter design space of
the suspension, as shown in Figure 6.

The mapping function of variables between frame
O — t1trtz and frame U — xyz can be given as

3—Hh+t

X = —F—=
N
3—t1—1b

(16)
V="

Consequently, the ASI, GPI and GSI performance
atlases of the suspension from wheel B, C, and E are
shown in Figures 7, 8, 9 and 10, respectively.

The WAI performance atlases of three wheels
are shown in Figure 7, where t1,£,t3 are the non-
dimensional forms of [1,l5,/3. One can see that
wheel B has the smallest motion area, while wheel
C has the largest area. Considering a larger out-
put range to better adapt to the complex sur-
face, the solution domain of WAI is assigned as
Qwar = {(t1, &2, 3) 105, > 02,75, > 0.5,and 7§, > 0.5},
where n@, n%, ngy denote the WAI of wheels B, C, and
E.

The GPIs (denoted as #nrmax,HFmin) and GSIs
(denoted as Npmax, NPmin) atlases of wheel B are shown
in Figure 8. One can see that they show the differ-
ent distribution principles with the design vari-
ables changing. Considering a larger payload capacity
of suspension, the solution domain is assigned as
Qapr = {(t1, £2, £3)[NE i = 02,0 = 07, mF i > 0.5},
Likewise, due to better adaptability to the com-
plex surface, the solution domain is assigned as
Qast = {(t1, 2, 13) INBin = 0.5, 0 = 0.9,m5 i > 0.3).
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Figure 7 The suspension WAI performance atlases: (a) Wheel B, (b) Wheel C, (c) Wheel £
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Figure 8 The suspension performance atlases of wheel B: (@) nrmax, (b) nemin, (€) npmax. (d) npmin

The analysis method is also applicable to wheel C and
wheel E. And the above results provide us with credible
evidence to compare multiple parameters to satisfy the
optimum comprehensive performances for the suspen-
sion. Hence, we can conclude that the optimum domain
solution of the suspension (denoted as Qgusp) is the
intersection set of Qwap, Qgpr and Qgg. Further, if we

assign each sub-domain (Q2way, Q2gpr or Q2gs1) with more
strict demands, then the size of Qgysp will be smaller and
smaller and tend to be a unique value. In this case, the
global optimum non-dimensional solution is finally iden-
tified. Besides, it can also be assigned directly in Qgysp
according to the designer’s initiative (Figure 11). Fol-
lowing a series of trade-offs among WAI, GPI, and GSI,
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Figure 9 The suspension performance atlases of wheel C: (@) nrmax, (0) nrmin, (€) 1pmax, (d) 1pmin

the red star represents our final identification: the global
optimum non-dimensional solution with #; = 1.5 and
fr,t3 = 0.75, thatistosay, /1 : [ : l3=2:1: 1

4.2 Non-Dimensional Optimization of the Overall Robot
The overall robot is comprised of two suspensions in par-
allel connection, so it is reasonable to be taken as a par-
allel mechanism; the body is the moving platform and
the contact surface of steel lining is the static platform.
To establish its optimization model, the design variables
(Figure 5) include /1, Ry, and the width of body wy,.

The adhesion stability is an important performance cri-
terion, and affects the locomotion security of both robot
and equipment inside the containment. It can be described
as that the robot will not tip over across any line formed
by two adjacent wheels. Based on the force-angle stabil-
ity measure [33], the adhesion stability index (ASI) takes
the resultant tipover force, support polygon, COG posi-
tion, etc. into account simultaneously. Given the reliable
magnetic adhesion to the steel lining surface, six wheels
form a support polygon, and they together with the COG
can eventually form a rectangular pyramid. Figure 5(a)

illustrates the geometric analyses (support polygon
PPy P3Py P5 P, tipover axis a; and its normal I;, tipover
arm d;, tipover angle 6;) and force analyses (wheel-sur-
face resultant force f;, tipover resultant force f,, tipover
resultant moment #,, effective tipover resultant force f}*)
to evaluate the tipover cost of overall robot, which has an
essential significance to move securely on the steel lining.
According to the D’Alembert principle in Figure 5(a), the
kineto-static equation is

ngrav + Zf{nag + Zfélm + Zféric - Zfiner =0,

(17)
where j =1~ 6 refers to the numbers of six wheels;
S grav 1s the gravitational load; Smag is the magnetic adhe-

sion force; f]Sup is the support force applied to the con-
tact points between wheel and surface, and f,, is the
inertial force. Notebly, f]mag, f]Sup and f’fri . can only be
applied to the six wheels, while f,,, and fi,, exist in all
parts of the robot.

The general tipover resultant force Q, acting on the COG

may lead to a tipover instability, given by
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Figure 11 The global solution domain and the optimum solution
of suspension

ngrav + Ef{nag - Zfiner

0 — {fr ] =1y % (S gy + S o~ e

ny

(18)

where p; (j =1~ 6) is the position vectors of each vertex
of the support polygon.

As the tipover resultant force Q, has various unstable
influences on various tipover axes a;. Hence, the relative
tipover force component Q,; with respect to the tipover
axis 4; is extracted and given by

er = |:fr1:| =

nrj

~ AT
(ngg —aja; )fr
)
<aja]T>nr

where 4 is the j th unit tipover axis vector from pj to

(19)

P and a; = (P/’H —I’,’>/||Pj+1 —pill

Next, n,; is transformed into an equivalent force cou-
ple (7] X n,/)/llle (I; is the tipover axis normal with
respect to aj and [; = (I - ﬁ;ﬁf)p,;ﬂ lying in the nor-

mal plane of n,j, so as to formulate a unified expression
considering both effects of f; and ;. Therefore, the
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effective tipover resultant force fl* with respect to the
tipover axis a; is given by
* L
17 =1+ gy (G ma) (20)
Herein, the ASI (7;) is defined to evaluate the average

adhesion stability of the robot in a posture with all con-
figurations of the suspension by

_usdW

n=aw

s =min(6 Il -IF71), @)
where us denotes the FASM; dW is the traversal of the
suspension workspace; 6; is the tipover angle, and the
negative value indicates the robot will tip over along the
jth axis directly; d; denotes the tipover radius vector; f}*
is the resultant tipover force.
The means of the optimization parameters /1, wy, and
R,, are obtained by
1
g(h +wo+Ry) =U. (22)
We can get the normalized equation by dividing both
sides of the equation by U

u1 +uz +uz =3, (23)

where 11 = IU‘, Uy = %, and u3 = %‘” Thus, the optimiza-
tion parameters are converted to u1, Uy, us.

Considering dimensional constraint R, < wo < 2/,
the constraint equations can be given as

0<us <12, (24)

{ us < uy < 2ui,

Egs. (13) and (14) show the parameter design space of
the suspension, as shown in Figure 12.

During the locomotion process, the NuBot experiences
various postures affected by the complex surface of the
steel lining. Thereinto, the complete handstand pos-
ture is the most dangerous one. Herein, the mass of the

Figure 12 Parameter design space of the overall robot
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Figure 13 The ASI performance atlases of the overall robot

suspension and the inertial force of the robot are ignored
for simplification, and the magnetic force increases grad-
ually until the negative value disappears in the ASI per-
formance. Figure 13 shows the ASI performance atlas,
where u1, uy, us are the non-dimensional parameters cor-
responding to I3, wo, Ry,.

The ASI atlas shows that there are three ways to
improve the adhesion stability of overall robot, i.e., larger
length of suspension, larger width of support polygon,
and smaller radius of the wheel. We can conclude that
u1 =1, up = 2 and u3 = 0 is the optimal choice, that is,
wo = 2[; and R,, = 0. Although in practice, R, is lim-
ited by the actual size and cannot be zero, this suggests
that the height of COG should be minimized as much as
possible.

4.3 Identification of Actual Dimensions by Working
Condition

The above obtain the optimum proportion relations
among all design variables of both suspension and overall
robot, ie. I1 :lp:l3:wp=2:1:1:4. In the following,
we will first solve the normalization factor to transform
the non-dimensional solution to actual dimension
parameters; according to the working conditions inside
the environment of steel lining, we will finally obtain
these actual dimension parameters. Three major aspects
should be taken into account.

(1) The weld-seam traverse capability requires to meet
the contact angle condition. Eq. (25) illustrates that
a small wheel radius R,, or weld radius rs, or a big
weld height 4, can make a large contact angle §
between wheel and weld, further resulting to make
all wheels slippery and unable to traverse the weld
seam. Eq. (26) illustrates that the friction force of
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Figure 15 Configurations of the suspension: (a) The middle wheel
crosses the weld, (b) The robot moves on curved surface

wheel-surface contact has a maximum limit to

avoid slip.
Ry +rs — hs>
8 = arccos| ————— | < 6,
< Ry 1 < 0m (25)
Tie < Bsfups (26)

where u; is the sliding friction coefficient, us = 0.5.

Moreover, considering the critical slipping condi-
tion, a force equilibrium equation can be derived by
Eq. (17) regardless of the inertial force term. Thus,
the maximum contact angle for a successful traverse
under various wall inclination angle is obtained in Fig-
ure 14. One can see the minimum §,, is 47.2° when ¢
is around £90°, so the actual contact angle must be
no more than §,,.

Summing up the above extreme conditions for
traversing successfully, the maximum arc weld seam
has a height #; = 5 mm and radius rs = 11.8 mm, and
the allowable §,,, is assigned to be 31°. As a result, we
can derive R, = 27 mm according to Eq. (25).

(2) The orientation fluctuation quantity caused by the
weld-seam height (Figure 15(a)), and the minimum
steel lining radius of curvature Ry that NuBot can
adapt to (Figure 15(b)) should be reduced as little
as possible. To ensure smooth locomotion and bet-
ter curvature adaptability, |0c| and Ry is chosen to
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Figure 16 The orientation fluctuation and minimum radius
of curvature when the robot crosses the weld and adapts to steel
lining

evaluate the orientation fluctuation and minimum

steel lining radius, and smaller values are desired.
The relationship between |0c|,Ry and [; can be

derived by geometry relationship. The interference-

free conditions of adjacent wheels can be expressed
by

2Ry < I3+ 16,
2Ry, < 12 + 137
2Ry, < (I3 + lg)cosOc — (Iy + I3)cosOp.
(27)

Considering each configuration of the suspension,
eventually /; > 54 mm is obtained. After leaving
some gap, the travel range of /; is finally chosen to
be 60—-140 mm. The results of the above cases are
shown in Figure 16.

One can see that: when crossing the weld, |6c¢|
decreases as /j increases, while Ry shows the oppo-
site change when the robot adapts to the curved
steel lining. After making a trade-off between the
two cases, /1 is chosen to be 100 mm.

Hence, the other two lengths of the suspension are
given by /3 =3 = 50 mm, and parameters of the
robot are given by wy = 2/; = 200 mm.

(3) The interference-free conditions considering the
weld seam and support structure effects constrain
the bottom and top of the overall robot. To avoid
interference between the chassis and weld seam,
the initial height of the bottom chassis /. and the
travel ranges of /4 and /5 should be as large as possi-
ble (Figure 15(a)), which in turn causes higher COG
and smaller ASI. Thus, the limit case is considered
and /iy, l4 and I5 are respectively chosen to be 15
mm, 10 mm, and 10 mm after trade-off.



Xu et al. Chinese Journal of Mechanical Engineering (2023) 36:90

(a)
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Magnetic force (N)
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Figure 17 aTopological optimization results of the chassis,
suspension, and wheel hub, b Structure of the magnet unit, ¢ The
relationship between magnetic force and wall distance

5 Unit Design and Prototype

With all sizes determined, the rest parameters regarding
mass, magnet, etc. can be determined through the fol-
lowing steps: (1) obtaining the robot mass after designing
and topological optimization of the structure; (2) design-
ing the magnet unit in Maxwell software.

(1) The overall robot can be designed with correspond-
ing parameters proportion. To reduce weight, all
structural components including chassis, suspen-
sion, and the wheel hub are obtained by topologi-
cal optimization and finite element simulation in
the software of solidThinking Inspire (Figure 17(a)).
Considering the weight of the electronic compo-
nents, the overall mass of NuBot is around 1 kg.

(2) Next, the parameters of magnet can be determined
by simulation in Maxwell (Figure 17(b)), includ-
ing the radius of magnet Ry, 1,4, the angle of sec-
tor magnet 6, the thickness of yoke d,, and the
gap distance between the magnet and the wall.
Considering the magnetic force is supposed to sup-
port the entire robot and ensure certain safety, the
design magnetic force is set to be 55 N. Simulation
shows that the magnet weight is 75% less than the
magnet with a full circle, but the magnetic force
only decreases by 15%. To reduce steering friction
[6], per middle wheel shares twice the magnetic
force of a front or rear wheel. Figure 17(c) shows

Table 2 Specifications of the sector magnets
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that the magnetic force decreases when the gap dis-
tance increases, and the 6 mm gap that satisfies the
desired force is finally selected. The detailed sizes of
the magnet unit are shown in Table 2.

So far, all design parameters and specific structures of
NuBot can be determined, and the prototype composed
of six magnetic wheels, two pairs of suspensions, and a
platform is developed, as shown in Figure 18. And the
specifications of NuBot are listed in Table 3.

The control system is shown in Figure 18(d). The
Arduino Uno works as an upper machine, which

Wheel Rm (mm) rm (Mmm) Axial thickness (mm) 6, (°) dy (mm) Simulated
magnetic
force (N)

Front/rear 17.6 9.9 20 90 3 6.96

Middle 30 13.75




Xu et al. Chinese Journal of Mechanical Engineering (2023) 36:90

Table 3 Specifications of NuBot platform

Items Features
Total mass 980 g
Partial mass Front/rear wheel: 72 g

Middle wheel: 80 g

Suspension: 32 g

Others: 468 g

260 % 200 x 100mm?

100 mm

27 mm

I4,15 € [0,70mm]

6c € [—15°,15°]

Carbon fiber board (chassis)

3D printing resin (other body parts)

Type: GA12-N20 (0.2 Nm)
Max. angular speed: 120 r/min

Length x width X height
Length of wheelbase
Radius of wheel

Joint limits of suspension
Material

DC motor (encoder inside)

Controller Arduino Uno (upper machine)
Arduino Nano (lower machine)
IMU JY901 (9-axis: accelerometer, gyro-

scope, and magnetometer)

transmits desired speed to the lower machine through
Bluetooth. The Arduino Nano works as a lower machine,
which processes data from encoders and IMU, and
controls driving motors through a speed PI controller.
Speeds of the wheels are read from the encoders and
the closed-loop control is formed by comparison with
the desired speed from the joystick. All the components
are powered by an 11.1 V and 3000 mAh battery, and
can work continuously for more than 30 min. The cam-
era works independently with the above control system,
which will not be described in detail for it is secondary
here. Sensor data and weld images can be transmitted to
the laptop for monitoring.

6 Experimental Results and Discussion
6.1 Locomotion on Different Types of Walls
Figures 19(a, b) show the locomotion on a strong mag-
netic curved wall with a radius of 2 m. The maximum
speed of NuBot is 0.5 m/s, which is around 1.92 times
the robot length. Due to the strong magnetic force,
the robot can only turn with a radius of 3 m. Please
see the Additional file 1: Video. Figure 19(c) shows the
locomotion on the weak magnetic blackboard, and the
minimum turning radius is 0.2 m. The magnetic force
herein is around one-third of that on the curved wall.
Locomotion experiments on the blackboard with vari-
ous inclination angles are conducted in Figures 19(d—f),
which validate the adhesion stability of NuBot.
Experiments on the vertical blackboard are con-
ducted to test the precise movement. Given desired
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¥\

® .
Figure 19 Locomotion experiments. a Moving forward, b Steering
on a strong magnetic curved wall; ¢ Steering on a weak magnetic
blackboard; locomotion on the blackboard with an inclination angle
of (d) 90°, (e) 135°, and (f) 180°

wheel speed on both sides, the desired trace can be
obtained. The actual trace is calculated by accumulat-
ing the mileage from encoders inside the left and right
wheels. As shown in Figure 20, the robot turns around
a circle at a constant speed. The actual trace coincides
well with the expected one, and the trace radius error
tends to be a minor value.

6.2 Validation of Weld-crossing Capacity

Crossing the welds on the containment surface may
cause instability of the robot body, which in turn affects
the adhesion stability. Herein we tested this process with
3D printed welds with two typical heights of 3 mm and 5
mm (the maximum weld height), as shown in Figure 21.
Results show that the crossing process hardly affects the
adhesion stability of the robot.

Another function of the suspension is to reduce the
fluctuation of the robot body when crossing uneven ter-
rain. Herein, when the robot crosses the weld, the change
of its body pitch angle is recorded by IMU, as shown in
Figure 22. In general, the theoretical and experimental
results fit well before the peak, while after the peak, the
suspension makes the body stabilize quickly. And the
maximum peak error is within 9%.

6.3 Validation of Payload Capacity

Payload capacity is a significant index of the climbing
robot. Herein, experiments on payload capacity under
different walls are conducted, as shown in Figure 23. The
maximum load of the robot on the blackboard is 0.6 kg
with a speed of 0.08 m/s (Figure 23(a)), and the wheels
will slip when the load continues to increase. Besides,
the load on the curved wall reaches 0.8 kg with a speed
of 0.065 m/s (Figure 23(b)). In either case, the robot can
load enough weight of the equipment for weld inspection.



Xu et al. Chinese Journal of Mechanical Engineering (2023) 36:90 Page 15 of 18
40 0 n
«— Desired race | -
| ol A iz
o) 4 | & ¢
gl @ | & = A [
_- g f g 0, [
] 180 1 & 40+ L
_E, B ; W s 1 & e ?"*, [
= T e e *,
> _5_ woll ] | % 0 04 8 K |
2 1204/ * Right wheel 2 5 0.2 ":" asaonad 1
f Lef wheel e ‘:W‘
100 ¢ e Dsired vedocity | E 0 A |
o) B L IR ol
: st i ] ol e : '
2 100 00 00 @0 0 L2 ' 5 28 k] o os ._‘_-.__'2-_--’_____'.‘_‘!_.__‘__: kR
X (mm) 1(s) 1(s)
(a) (b) (©)

Figure 20 Steering motion accuracy experiments. a Comparison between the actual trace and desired trace (desired radius is 375 mm), b Change
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Figure 21 Weld crossing experiments. The robot crosses the weld
with a height of (a-c): 3 mm; (d-e): 5 mm
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Figure 22 Comparison of theoretical and experimental results
of the body pitch when crossing the weld

Besides, extreme payload experiments are conducted
to verify the payload capacity (Figures 23(c—f), namely
cases 1 to 4). The case of robot handstand is selected,
because the influence of wheel friction can be ignored,
and we can focus on the influence of adhesion stability
on the robot. Figure 24 illustrates the magnetic force,
corresponding ASI, and experimental maximum load
under the four cases. As expected, NuBot in case 1 pos-
sesses the maximum payload of up to 3.6 kg. Notably,
the magnetic force in case 4 is not the smallest, but
the payload capacity is the worst, which indicates the
asymmetry of magnetic force distribution will reduce
the payload capacity.

Figure 23 Payload capacity experiments: a Locomotion

on the vertical blackboard, b Locomotion on curved wall, ¢ Static
adhesion to the inverted wall, d-f Crossing the weld on inverted wall
by two front, middle, lateral wheels
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Figure 24 The magnetic force under different cases in experiment
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6.4 Results and Discussion

The experimental results show that NuBot can carry a 0.6
kg load on the weak magnetic wall and a load of no less
than 0.8 kg on the strong magnetic wall with a radius of
2 m. The actual trace has a small error compared to the
desired one. Besides, the robot reaches a maximum load
of 3.6 kg, which is 3.67 times its mass, and the experi-
mental results of its maximum payload are consistent
with the analysis of ASI. In addition, the robot can stably
cross the simulated welds and move on the walls with dif-
ferent inclination angles.

The payload capacity is an important indicator of its
performance and can be evaluated by the ratio of the pay-
load to its mass. Robots that can carry more load with
less of their mass are favored. Figure 25 shows a com-
parison of the performances of several climbing robots.
Notably, the weight of robots with soft bodies or footpads
[2, 5,21, 34—37] are all less than 1 kg, moreover, robots in
[2, 34, 37] are with an excellent payload capacity of more
than 2.5 times their weight. By contrast, wheeled [6, 7, 9,
38] or crawler [3, 14, 39, 40] magnetic adhesion robots
are heavier due to the mechanical components. Particu-
larly, NuBot obtained under our design strategy has a
light body with a good payload capacity, and the number
of driving motors ensures it has sufficient driving force.

7 Conclusions

This paper proposes a magnetic adhesion robot with
passive suspension and six wheels called NuBot, which
is used to inspect the steel lining weld of the ferromag-
netic wall (nuclear power containment is chosen as an
application here). The main contribution of this article is
to establish a systematic design method for the wheeled
adhesion robot.

(1) A 3-DOF suspension with good adaptability to the
steel lining, good payload capability, and passive
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compliance is proposed, which ensures that the
robot adapts to the curvature of the steel lining.

(2) Building a comprehensive optimization design
model for NuBot. Based on the kinematic model
of suspension and the dynamic model of the over-
all robot, the optimization model is established,
including the parameters of topological structure
and the performance indices of WAI, GPI, GSI,
and ASIL Then, the PCbDM is applied to optimize
NuBot with five parameters from the suspension
(local) to the overall robot (whole). Optimal param-
eters are properly chosen from the performance
atlases perceptually and credibly.

(3) The normalization factor and actual dimension
parameters are determined by constraints of the
working conditions inside the environment of the
steel lining.

The electronic system with a PI controller is con-
structed to accomplish a higher control accuracy. Criti-
cal experiments are conducted to validate the design and
recorded as a video, seen in the Additional file 1. The
experimental results show that NuBot meets the compre-
hensive requirements on size, weight, locomotion, pay-
load, and adhesion stability.

Applications of NuBot can be further expanded. On the
one hand, the robot can be equipped with more inspec-
tion instruments, such as ultrasonic flaw detectors, mag-
netic flaw detectors, etc. And devices that exceed the
robot payload can be equipped by the hard connection
of several robots. On the other hand, NuBot can be used
on more occasions with ferromagnetic walls, such as oil
and gas tanks and pipelines, vessels, and wind turbines.
NuBot can be modified to adapt to the specific environ-
ment constraints based on the proposed design method.
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