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This paper aims to solve the problems related to poor motion continuity and the abrupt acceleration of a
small-diameter deep well rescue robot in the process of motion characteristics analysis. According to the
movement characteristics and the structural forms of the grasping mechanism and the bracket mecha-
nism of the deep well rescue robot, the finite element analysis of the key mechanism is carried out based
on the Hyperworks-Optistruct solver. According to the analysis results, the specific parameters to be
optimized are obtained. Moreover, the topology optimization of the key mechanism is carried out, and
the optimal design scheme of the clamping mechanism and the bracket mechanism of the deep well
rescue robot are obtained. The optimization results show that, on the premise of meeting the strength
requirements, the grid density distribution law is obtained. According to the variation law of the
lightweight curve, the overall weight of the grasping mechanism and the bracket mechanism decreases
obviously. The whole optimization process is completed, and the final optimization result is obtained.
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1 Introduction

The condition of the small-diameter deep well is
special, and the requirement for a deep well rescue ro-
bot is high. The rescue robot must maintain the con-
tinuity of motion and the stability of the system while
moving on the shaft wall, gripping the grasping me-
chanism, and lifting the bracket mechanism. Through
kinematic and dynamic analysis, it has been found
that, when performing the above actions, the rescue
robot system will have fluctuations and discontinuities
of some key actions and abrupt changes in accelera-
tion are also encountered|[1-2]. In order to improve
the efficiency of the whole mechanism, the structure
of the grasping and the bracket mechanisms are
further optimized[3].

Therefore, Hyperworks software integrates an
open architecture and a programmable workbench to
provide state-of-the-art CAE modeling, visualization
analysis, and optimization analysis, as well as robust-
ness analysis, multi-body simulation, manufacturing
simulation, and process automation. Moreover, Op-
tiStruct is the preeminent finite element structural ana-
lysis and optimization software with an accurate and
fast finite element solver for conceptual design and re-
finement. Using a library of standard cells and various
boundary condition types, users can perform linear
static and natural frequency optimization analyses[4-
0].

During the process of optimization design, the

operation is simple, and the tedious programming pro-
cess is avoided. The structural optimization can be re-
alized through the command window setting and
post-processing. Therefore, in this paper, through Hy-
perworks' Optistruct solver software, the grasping and
the bracket mechanisms of the deep well rescue robot
are optimized|7-§].

2 Optimization of key institutional structure

The optimization of the key institutional structure
consists of five phases that will be presented here
below:

2.1 Mathematical model establishment of the
grasping mechanism

For the convenience of calculation, a simplified
model is established, based on the grasping mecha-
nism structure, as shown in Fig. 1. With the electric
lead rod as the center, the center point is set as point
C whereas G is the highest point of the upward mo-
vement of the open frame and O indicates the lowest
point when the frame moves down.

Let the distance CD between the center point C
and the connection point D between the right clam-
ping arm and the front frame be x; (measured in
mm). Moreover, GH represents the distance between
the highest point G of the bracket moving upward and
the connecting point H (between the bracket and the
right connecting rod) that is set to x2. The distance HI
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between the connecting point H and the connecting
point I (between the right connecting rod and the right
clamping arm) is x3. Furthermore, let the distance DI
between the connection points D and I be x4 and the
distance DM between the connection point D and the
lower endpoint M of the right bracket opening frame
be x5. Added to that, the distance between the contact
point L of the right steering drive wheel and the grab-
bed object and the lower endpoint M of the right brac-
ket under the clamping state is x5 . Finally, the angle
DML value is represented by x7 (measured in de-
grees). Therefore, the design variables of the grasping
mechanism are:

X= Yoo
—[)cl,xz,x3,x4,x5,x6,x7] )

2.2 Establishment of the mathematical model of
mechanical constraint

Fig. 1 shows the force analysis diagram of the gras-
ping mechanism. Driven by the electric lead rod, the
maximum distance CG is equal to 0.07 m for the open
frame to move up and down whereas the radius of the
grasping working space is equal to 160 mm, and the
distance from the center point to the lower surface of
the front frame is equal to 210 mm. The force equati-
ons of the deep well rescue robot during its movement
on the inner wall of the deep well can be expressed as
follows:

M (F)=-DS-F =x,sin/DIH -F" (2

2 2 2 2
ZDIH = arcco{’% T4 2C0 () 3)
2x,x,
F
=S A ®
2sin ZHIO
ZHIO = arctan (5)

X=X
M (Fy)=DP- -F, =x,sinx, - F, (0)

Where F is the rated tension of the electric lead rod
(measured in N), F'is the force exerted on point I (me-
asured in IN), and Fy is the pressure applied on the
clamping point M of the clamping arm when the clam-
ping arm is tightened (measured in N). More-
over, M) is the torque of tension on point D when
the clamping arm is tightened (measured in N-mm)
and M.(Fn) is the torque generated by the pressure Fi
between the clamping point M to point D when the
clamping arm is tightened (measured in N-mm).

2 2
\/xs +x, —2x.x,cosx, -cos(a+f—y)—x,

Fig. 1Structure of the grasping mechanism and the force ana-
lysis model

2.3 Establishment of the geometric dimension
constraint mathematical model

During the movement of the deep well rescue ro-
bot, the installation space of each component should
be complete, and non-interference should be ensured,
especially for the grasping mechanism. The clamping
arms on both sides should not collide with each other
when clamping[9-10]. Thus, combined with other
components of the deep well rescue robot, the geo-
metric constraints are established as follows (all varia-
bles are measured in mm except x7 that is measured in
degrees):

X, € [135,145]

X, € [15,20]

x, €[125,135]

x, €[123,128] @)
x5 €[327,332]

X, €[145,150]

x, €[40,50]

In view of the system requirements, it is also ne-
cessary to meet the following constraints:

X, + X3 > X, ®)
X, < X; )
60" < ZDIH < 90° (10)
ZBDI > 60 (11)

The Angle between the two clamping arms should
be 120°, so £KQT should be between 55° and 65°.
Thus, the formula is as follows:

55" <arctan

<65 (12)

-0.22 + \/xs2 + xj —2x.x, cosx, -sin(a+ - y)
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Where a, 5, and y represent, respectively, the angles
¢IDH, £]JCL, and £MDL.
When the frame is open and the two frame rods

are in a straight line, the horizontal distance of the cen-
ter point of the steering drive to the pipeline should
be greater than 160mm and the formula is as follows:

o2 +x2 = 2x.x, cosx; -sin(a— ZIDL) +x, <80 (13)

2.4 Establishment of objective function

According to the electric lead rod, when the clam-
ping arm is tightened, the maximum pressure of the
steering drive wheel on the surface of the pipeline re-
presents the objective function that is expressed as
follows:

F(x) = F_ (x, —x, co§x7)251n4H10 (14
F, x, sin ZDIH

N

f(x) = min[F,(x) + F,(x)] = min (%

The components should be as compact as possible,
so:

6
F(x)=)x (15
i=l

This yields in obtaining the final objective function
as follows:

2.4.1 Size determination

— 1 6
X5 cosx,)2sin ZHIO N zx[ 6
i=1

x,sin ZDIH

Fminocon () function is used to analyze and calculate the size of the clamping arm[11-13]. It can be expressed as

follows:

Ax<B
A,x=B

min f(x)qx, <x<x,, (17)

This function is called using the below parameters:

C(x)<0
C, =0

[x,fopt,ﬂag,c] = fmincon(F,x,,4,8,4,,,B,,,x,,x, ,CF,OPT) (18)

Where F is the objective function, CF is an M file
written by nonlinear constraint functions, X is the de-
sign variable, OPT is the control option and f, is the
optimization result of objective function[14-106]. After

Tab. 1 Clamping arm dimension parameters

eq?

calculation, the output parameters are the seven varia-
bles of vector X defined in Eq. (1). Finally, the size
calculation results of the grasping mechanism are
shown in Table 1.

Parameter X, X,

x, X X x,

size 140mm 19mm

134mm

125mm  330mm 148mm 45°

3 Optimization design analysis of grasping
mechanism

The finite element analysis method is adopted to
carry out model discretization and mesh division for
the gripping mechanism[17-18]. Through the Op-
tistruct solver, the material of the gripping mecha-
nism is defined to be the aluminum alloy and the
effect after choosing it is shown in Fig. 2.

Moreover, the constraints have been defined and
the boundary conditions have been implemented as
shown in Fig. 3.

After the above prepatrations are made, simulation
parameters are set to simulate and analyze the motion
results of the gripping mechanism. The reaction force
is shown in Fig. 4.
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Fig. 2 Parameter enactment of the gripper
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Fig. 3 Adding constraints and load to the gripper model
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Fig. 4 Effect of the gripping mechanism reaction
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Fig. 5 Effect of stress on the gripping mechanism

Finally, the acting stress of the gripping mechanism
is shown in Fig. 5.
Referring to Fig. 4, there is a large reaction force at

the tip of the gripping mechanism and at the con-
nection point between the push-pull rod and the push-
pull part. As for Fig. 5, there is a relatively large force
under the connecting ear of the gripping mechanism.
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Moreover, there is a local red dense area and a stress
concentration [19-20]. Therefore, in the process of
optimization, it is necessary to reduce the influence of

the reaction force and the stress concentration. Thus,
the structure of the gripping mechanism is optimized,
and the optimization results are shown in Fig. 6.
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Fig. 6 Optimization results of the gripping mechanism

Through the mesh division of the gripping and the
bracket mechanisms, the definition of materials and
their properties has been proposed. During the mo-
vement of the mechanism, the motion boundary con-
ditions are set as well as the constraints between the
moving parts. Then, the loads are added and the simu-
lation analysis is conducted. Moteover, the position
with relatively large reaction force and the phenome-
non of stress concentration are obtained and the loca-
tion of stress concentration is determined. Therefore,
the goal of optimizing the grip and the bracket mecha-
nisms is to reduce the reaction force and limit the in-
fluence of stress concentration on the motion of the
gripper mechanism [21-22]. After ensuring the above
optimization analysis, the overall weight optimization
result of the small-caliber deep well rescue robot is
shown in Fig. 6. According to the variation of the
lightweight curve, the overall weight of the small-cali-
ber deep well rescue robot decreases significantly, the-
refore meeting the design requirements.

4 Conclusion

Aiming at the problems of small working space
and difficult rescue of small-caliber deep well rescue
robot, and in order to increase the movement flexibi-
lity of the robot during rescue, a mathematical model
representing the motion of small-caliber deep well
rescue robot grasping and bracket mechanisms is es-
tablished, and the function of motion and target vari-
ables is designed. The optimal design and the analysis
of the gripping and the bracket mechanisms were
carried out and the positions and the needed parame-
ters to achieve optimization. According to the relevant
parameters, the density distribution of the key mecha-
nism is set. Moreover, the optimization results show

that there is a large reaction force and stress concen-
tration in the tip of the gripping mechanism, the con-
nection between the push and pull rod, and the push
and pull parts which are the first positions to be opti-
mized. As the bracket mechanism consists of four
parts with a 90 degrees interval distribution, there is
also a large reaction force and stress concentration at
the tip of the bracket and the inclined tie rod. After
realizing the optimization design, the lightweight
change curve of the deep well rescue robot with lower
caliber is obtained. From the variation track of the
lightweight curve, it can be seen that the overall weight
decreases significantly when the functional application
requirements are met, and the putpose of structutre
optimization is achieved.
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