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Abstract: The current reliance on manual rescue is inefficient, and lightweight, highly flexible, and
intelligent robots need to be investigated. Global seismic disasters occur often, and rescue jobs are
defined by tight timetables and high functional and intellectual requirements. This study develops a
hydraulically powered redundant robotic arm with seven degrees of freedom. To determine the force
situation of the robotic arm in various positions, the common digging and handling conditions of the
robotic arm are dynamically simulated in ADAMS. A finite element analysis is then performed for
the dangerous force situation to confirm the structural strength of the robotic arm. The hydraulic
manipulator prototype is manufactured, and stress–strain experiments are conducted on the robotic
arm to verify the finite element simulation’s reliability.

Keywords: hydraulic robotic arm; redundant manipulator; manipulator dynamics simulation;
finite element analysis; stress–strain experiments

1. Introduction

Efficient and quick rescue operations in the aftermath of natural disasters such as
earthquakes and mudslides are a complex issue. Rescue equipment can be broadly catego-
rized into two types: search and rescue. While the search type is used to locate trapped
individuals, the rescue type is designed to perform tasks such as grasping, handling, and
shearing that would otherwise require manual labor. Robots are increasingly being used for
rescue operations to improve work flexibility and expand the range of operations. Over the
past decades, different types of rescue robots have been developed, such as snake-shaped
search and rescue robots [1–3], bionic crawling search and rescue robots [4,5], wheel-footed
robots with enhanced obstacle-crossing capabilities [6–8], aircraft-based rescue robots [9,10],
rope-assisted climbing robots for applications in mountainous environments [11], and de-
formable robots for water rescue [12]. However, few of these robots have significant
excavation and handling capabilities. Mitsubishi Heavy Industries developed a robot that
could load 5 kg heavy objects and a robot that could load 10 kg heavy objects by adapting
to a variety of environments, which are compact, flexible, and can enter narrow spaces [13].
Japan’s TMSUK developed the “Enryu T-53” [14]—a crawler-type double-robotic-arm robot
with high load capacity and suitable for handling, capable of lifting 100 kg of weight with a
single arm. Wolf et al. [15] of Carnegie Mellon University developed a rescue robot with a
wheeled motion platform and a multi-degree-of-freedom extension robotic arm, and the
bottom moving platform expands the operating range of the robot. Shandong University,
in cooperation with Luban Machinery Technology Corporation, developed a lightweight
multifunctional dual-arm rescue robot with an overall weight of less than 5 tons, which can
realize a variety of remote rescue functions [16].

The weight and load capacity of the rescue robot are the most important performance
indicators, and the robotic arm, as the main actuator of the robot, plays an important
role in the rescue process. Optimizing the structure and size of the robotic arm, reducing
its own weight, and improving its load to weight ratio under the premise of ensuring
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its load capacity can effectively reduce consumables and control production costs on
the one hand, and reduce energy consumption and improve work efficiency on the
other. There are various ways to optimize the robotic arm, which can be optimized and
improved in terms of structure [17–20], material [21–24], and process [25–27], in particular,
combining topology optimization with manufacturing processes [28–30]. Rout et al. [31]
used evolutionary optimization methods for two-degree-of-freedom planar manipulators
and four-degree-of-freedom SCARA manipulators to design dimensional parameters
and weights, and the method minimized the sensitivity of disturbing factors affecting
accuracy and repeatability to minimum. Zhou L et al. [17] from Aalborg University
combined finite element strength analysis based on kinematic performance, dynamics
requirements, and lightweight design of a five-degree-of-freedom robotic arm in terms of
both drive chain and structural dimensions. Liu W [32] used the non-inferiority ranking
genetic algorithm NSGA-II (non-dominated sorting genetic algorithm II) with bit matrix
representation to optimize the topology for multiple objectives such as mass and load
capacity for lightweighting.

In this study, a seven-degree-of-freedom hydraulic robotic arm for emergency rescue
is proposed. A model of the robotic arm is built, and in order to reduce the weight of the
robotic arm, 7075 aluminum alloy is used as the main body material. Milling is then used to
remove any excess material from the robotic arm while still maintaining the strength of the
device and ensuring that it meets the load premise of the ideal weight. This study builds
the dynamics model under the two working scenarios of excavation and heavy lifting and
explores the finite element statics under these two working scenarios in order to test the
strength of the robotic arm in the actual operation. The accuracy of the results of the finite
element analysis was then confirmed by conducting stress–strain testing on a robotic arm
prototype. This paper is organized as follows: the second part introduces the design and
basic parameters of the robotic arm; the third part introduces the dynamic simulation of
excavation and the handling of heavy objects; the fourth part introduces the finite element
analysis of these conditions; and the fifth part introduces the prototype and finite element
experiments carried out.

2. Structural Design of 7-DOFs Rescue Robotic Arm

The main challenges encountered during the process of its operation and performance
requirements are as follows for earthquakes and other disasters that need to be specifically
implemented after the rescue task to carry out the structural design of a rescue robotic arm,
mainly including handling heavy objects, digging the ground, supporting the wall, and
shear crushing and other conditions.

(1) Because the homes of the current population are mostly made of reinforced concrete,
earthquakes cause the walls to come off and crack. As a result, the robotic arm should
be able to support and transport the collapsed wall with enough weight capacity.

(2) The post-earthquake debris formation is largely random, and the situation for rescue
operations is very unstable. The robotic arm must have a high degree of flexibility as
well as strong adaptive and movement capabilities for the complex road surface in
order to respond to the complex and changing rescue needs. In order to rescue the
trapped people from the small space, the robotic arm must be able to quickly adjust
its position to the best rescue state.

(3) After the earthquake, the rescue road is severely blocked, making it impossible for
rescue supplies to be transported to the disaster site by land at first. In order to meet
helicopter lifting requirements, the weight of the entire robot arm should be kept
within a reasonable range.

Table 1 below displays the primary design criteria for the hydraulic rescue robot arm.
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Table 1. Mechanical arm design parameters table.

Performance Indicators Parameters

Number of degrees of freedom 7
Weight 500 kg

Working radius 4 m
Maximum load capacity 300 kg

Power type Hydraulic

Contrarily, industrial robots have greater flexibility and finer operations, but their
drawbacks are insufficient load capacity and more stringent environmental requirements.
Conventional construction machinery and equipment have strong environmental adapt-
ability and large load capacities, but their disadvantages are relatively bulky and inflexible
activities. A hydraulic machinery arm with seven degrees of freedom is thus constructed
as follows Figure 1 after combining the benefits and drawbacks of industrial machinery
equipment and industrial robots. The rotary base, boom, two arms, three arms, rotary
hammer joint, swing, and end rotary joint are the key parts.
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Figure 1. Mechanical arm structure schematic.

Aluminum alloy 7075 is the primary material utilized to meet the robotic arm’s high
strength and lightweight criteria. However, compared with steel, aluminum alloy material
performs far poorer when it comes to welding. As a result, none of the robotic arm’s arms
are machined and no welding technology is used. The arm makes extensive use of carving
and excavation to ensure lightweight. Figure 2 depicts the key parts of the robotic arm,
with (a)–(e) standing for the base, primary arm, second arm, third arm, and end wrist.
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3. Mechanical Performance Analysis of Robotic Arm under Different
Working Conditions

In the actual post-earthquake rescue process, the most typical working conditions of
the rescue robotic arm are excavating and damaging the road and lifting heavy objects,
and the robotic arm is prone to structural failure due to insufficient strength or excessive
deformation under these two dangerous working conditions. In this section, the virtual
prototype of the robotic arm is built, and the mechanical performance analysis of the
working device is completed by using ADAMS (version 2019) simulation software for these
two typical working conditions.

3.1. Dynamic Simulation of Robotic Arm under Excavation Conditions

When the robotic arm performs the task of digging and damaging the road, it will
adjust its digging posture according to the changes of the digging target, and it needs to
carry out simulation analysis for the most typical and extreme working conditions of the
force on the robotic arm during the digging operation. If the arm can operate normally
under this condition and there is no safety hazard, then other digging conditions will
also meet the requirements of safe operation, so this subsection will simulate the most
dangerous and extreme conditions of the force on the arm during digging.

When the mechanical arm is digging at the maximum depth, the force on the big arm
and the second arm is the greatest, and it is at the weakest state of the working arm. At
this time, the hydraulic cylinders of the big arm and the third arm are fully extended, the
hydraulic cylinders of the second arm are fully retracted, and the bucket tip is vertically
downward, as shown in Figure 3a. When the line between the tip of the bucket tooth
and the articulation point of the third arm and the swing frame is perpendicular to the
swing-frame cylinder, the torque on the swing-frame cylinder is the greatest at this time, as
shown in Figure 3b. Special attention is needed, when the bucket tooth tip is in common
line with the swing frame, swing-frame cylinder, and three arms, as shown in Figure 3c. At
this time, the mechanical arm is in the posture of digging radius, and the digging depth
is large; the form of force is more dangerous and an extreme situation, which needs to be
taken into account during simulation.
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Figure 3. Dangerous posture of the robot arm under digging conditions. (a) Maximum depth attitude,
(b) Maximum bending moment attitude, (c) Tooth tip and working arm co-linear attitude.

According to the actual action requirements of excavation, and at the same time to
include the above three extreme postures, the design of the excavation working conditions
shown in Figure 4, first of all, the big arm and three-arm cylinders in turn extended to
the state of full stroke, the second arm hydraulic cylinder fully retracted and maintained
the state of no movement with drive, and, then, the swing-frame hydraulic cylinder from
being fully retracted gradually extended, driving the bucket around the rotation point to
dig, while the mechanical arm, in turn, went through the above three extreme postures and
finally the three arms, big arm, and swing-frame hydraulic cylinder in turn retracted. The
mechanical arm returned back to the original posture.
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The main purpose of this simulation is to measure the force at the articulation point
of each working arm, and the calculation and analysis found that the internal force of the
wrist joint has almost no effect on the simulation results. Therefore, in order to simplify the
operation, based on the ADAMS virtual prototype simulation model of the arm digging
conditions, verified in the previous subsection, we use Boolean operations to combine
the wrist joints into a whole. The tangential resistance gradually increases from 0 at 6.6 s,
reaches the peak value of 8500 N after 4 s, and decreases to 0 after 2 s; the lifting resistance
gradually increases from 0 at 6.6 s, reaches the maximum value of 2460 N after 6 s, and
decreases rapidly at 20 s, and decreases to 0 after 1 s. Firstly, marker points are established
at the position of the center of gravity of the bucket and the center point of the tooth tip,
respectively, and the corresponding one-way force is added. The displacement driving
function of each hydraulic cylinder and the change curve of the digging resistance are set
by using STEP function, as shown in Table 2 and Figure 5.

Table 2. The displacement drive function of each hydraulic cylinder of the robot arm under digging
conditions.

Drivers Motion Functions

The first arm hydraulic cylinder driver STEP(TIME, 0, 0, 2.7 , 270) + STEP(TIME, 16.6 , 0, 19, − 270)
The second arm hydraulic cylinder driver 0
The third arm hydraulic cylinder driver STEP(TIME, 2.7 , 0, 6.6 , 390) + STEP(TIME, 12.6 , 0, 16.6, − 390)

Rotary hammer hydraulic cylinder driver STEP(TIME, 6.6 , 0, 12.6 , 295) + STEP(TIME, 19, 0, 22, − 295)
Tangential resistance STEP(TIME, 6.6 , 0, 10.6 , 8500) + STEP(TIME, 10.6 , 0, 12.6, − 8500)

Normal resistance STEP(TIME, 6.6 , 0, 8.6,−1700) + STEP(TIME, 8.6 , 0, 12.6 , 1700)
Lifting resistance STEP(TIME, 6.6 , 0, 12.6,−2460) + STEP(TIME, 20, 0, 21, 2460)
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Before running the simulation, in order to quickly identify and extract the force change
curves at the target articulation points in the “ADAMS/Postprocessor” module and to
make the following clearer, the articulation points of the robot arm are numbered and
named as shown in Figure 6.
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We set the simulation time to 22 s, step size 0.01, and ran the simulation. After the
simulation, the force situation of each articulation point of the robot arm is viewed by the
post-processing module. The load components of each joint’s articulation point in X-axis
and Y-axis are shown in Figure 7, and (a) to (d) indicate the force of the articulation points
of the base, large arm, second arm, and third arm joints, respectively.
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Analysis of Figure 7 shows that the trend of the force at the articulation points of the
base, large arm, and two arm joints is basically the same. Among them, the positive and
negative force values only indicate the direction of the force. For the first 6.6 s, the big arm
and the three-arm hydraulic cylinders were extended to the state of full stroke in turn, and
the mechanical arm under the influence of the self-weight force is small. As the digging



Actuators 2023, 12, 362 7 of 25

depth increases, the strength slowly rises. From the 6.6 s to start digging, due to the bucket
contact with the ground at 7.2 s, the ground support force on the bucket offsets the influence
of the mechanical arm self-weight, so that the force component at each articulation point
gradually decreases between 6.6 s and 7.2 s to 0. With the increase of digging resistance, the
force of each articulation point also gradually increases, and at 10.6 s, the digging depth
and resistance reach the maximum, while the component of each joint articulation point
in the X and Y axes is also close to the maximum. After the moment of 10.6 s, the digging
resistance starts to decrease, and at the moment of 11.5 s, the force at each articulation
point is again close to 0 under the compound action of cutting resistance and self-weight of
the arm, and stops digging at 12.6 s, when the amount of material in the bucket reaches
the maximum and the lifting resistance increases to another peak, and the force at each
articulation point reaches the maximum at this time. After 12.6 s, hydraulic cylinders of
the three arms start to shrink while driving the full-load bucket up, and the force on the
articulation point of each joint is gradually reduced by the reduction of the force arm. At
20 s, the material is unloaded, the lifting resistance starts to decrease rapidly, and the force
at each articulation point also decreases rapidly. At 21 s, the material is unloaded, and the
swing hydraulic cylinder gradually retracts to the shortest state and drives the unloaded
bucket to the initial attitude of the arm at 22 s, during which the force component at each
articulation point remains basically unchanged.

3.2. Dynamic Simulation of Robotic Arm Handling Heavy Objects

Firstly, a workpiece with a weight of 200 kg is created in Solidworks and assembled
with the end appliance gripper. Then, the end appliance bucket of the robot arm is deleted
and replaced with the end appliance gripper, and finally a virtual simulation model of
the robot arm under handling conditions is created in ADAMS according to the method
described in the previous section. In order to accurately measure the force at each articula-
tion point of the robot arm in the process of lifting the workpiece, the end gripper is set to
carry the workpiece in the whole working range of the robot arm and to go through three
extreme cases of highest position, horizontal position, and lowest position in turn. The
initial position and the movement trajectory of the gripper finger end are shown in Figure 8.
STEP function is used to set the displacement drive function of each hydraulic cylinder, as
shown in Table 3 below. Firstly, the two-arm cylinder and the three-arm cylinder are set
to extend to the full-stroke posture from the shortest state, and the swing-frame cylinder
is retracted to the shortest state from the full-stroke state, at which time the mechanical
arm reaches the highest point, then the mechanical arm passes through the horizontal
position during the extension of the large-arm cylinder and swing-frame cylinder, and the
mechanical arm passes through the lowest position when the two-arm cylinder retracts to
the shortest posture, and finally the large-arm cylinder and the three-arm cylinder retract
to the shortest state in turn, and the mechanical arm returns to the original posture.

We set the simulation time to 118 s, and got the force change curve of each articulation
point of the robot arm under the handling condition, where the load components of each
joint’s articulation point in X-axis and Y-axis are shown in Figure 9, and (a) to (d) indicate
the force of the articulation points of the base, large arm, second arm, and third arm joints,
respectively.

Table 3. The displacement drive function of each hydraulic cylinder of the robot arm under handling
conditions.

Drivers Motion Functions

The first arm hydraulic cylinder driver STEP(TIME, 49, 0, 59, 270) + STEP(TIME, 108, 0, 118, − 270)
The second arm hydraulic cylinder driver STEP(TIME, 0, 0, 10, 378) + STEP(TIME, 82, 0, 92, − 378)
The third arm hydraulic cylinder driver STEP(TIME, 10, 0, 26, 390) + STEP(TIME, 92, 0, 108, − 390)

Rotary hammer hydraulic cylinder driver STEP(TIME, 26, 0, 49, − 295) + STEP(TIME, 59, 0, 82, 295)
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As can be seen from Figure 9, the change in patterns and trends of the base, big arm,
and second arm amplitude curves are basically the same, and the force at the hinge point
of the third arm is slightly more complicated. Before the first 26 s, the second arm cylinder
and the third arm cylinder are extended in turn while making the workpiece rise slowly.
As the center of gravity of the workpiece is farther and farther from the base, the moment
of action on the base hinge point becomes bigger and bigger, and the force at each hinge
point also rises slowly. At the moment of 26 s, the swing-frame cylinder starts to shrink
while driving the workpiece close to the base, the moment gradually decreases so that the
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force at each articulation point slowly decreases until 49 s, and the robot arm moves to the
highest position. After 49 s, the big arm cylinder starts to elongate, driving the workpiece
away from the base while making the robot arm posture gradually approach the horizontal
position; the workpiece and the wrist joint gravity on each articulation point produces
the moment gradually increases, so that the force at the articulation point continuously
increases. At the instance of 70 s, the end wrist joint is in common with the three arms and
the second arm; at this time, the arm is in horizontal posture, the force component and
amplitude of each articulation point reach the maximum value, and, after the horizontal
position, the force at each articulation point gradually decreases. At 92 s, the hydraulic
cylinder of the second arm is completely retracted; at this time, the arm is in the lowest
position. After 92 s, the three-arm hydraulic cylinder starts to retract while driving the
workpiece closer to the base. Due to the reduction of the action moment, the force at each
articulation point slowly decreases, reaching 108 s, and the three-arm hydraulic cylinder
completely retracts. The force at each articulation point reaches the minimum value, and
then the big arm hydraulic cylinder starts to retract while driving the workpiece away from
the base. Due to the increase of the action moment, the combined force at each articulation
point increases, and, by 118 s, the mechanical arm returns to the original posture.

4. Finite Element Static Analysis of Key Components
4.1. Pre-Processing of Robot Arm Finite Element Model

Although the seven-degrees-of-freedom redundant rescue robot arm designed in this
topic is completed in Solidworks, the overall structure is more complex. Considering the
aesthetic appearance of the robot arm and the requirements of some parts’ processing
characteristics, many features such as rounded corners, small holes, chamfers, and tabs are
retained at the early stage of structural design, and if these features are not simplified, stress
singularities will be easily generated during analysis, which will lead to a large difference
between the analysis results and the real value, and even the failure of the mesh division
and the crash of the solver. Therefore, before the analysis, the analysis object should be
reasonably simplified, the insignificant geometric features compressed or removed, and
the reinforcement retained. Rounded corners and other geometric features have a greater
impact on the calculation results, and special attention must be paid to the location where
the analysis object is very likely to produce stress concentration to reduce the impact of
stress concentration. The stress results of different nodes of the base at different mesh
densities are shown in Figure 10. Therefore, when carrying out the mesh division, the
region with greater influence on the analysis results uses the mesh control function to refine
the mesh, and the quality should be high. When carrying out pre-processing work, it is
necessary to ensure that the stiffness of the finite element analysis model before and after
simplification is consistent; otherwise, it is likely to lead to a large difference between the
analysis results and the actual value. The results of the mesh division of the three arms,
two arms, large arm, and base are shown in Figure 11a–d, respectively.

In order to limit the degrees of freedom of each rigid body, the boundary conditions of
the model need to be set before the analysis; according to the actual working conditions of the
fixed end and free end of the robot arm, to add constraints and loads, the process is as follows:

(1) Add reasonable restraint: The robot arm near the base member can be regarded as the
fixed end, and near the end apparatus as the free end. Using the fixture function, a
fixed hinge constraint is set on the selected axis hole surface to restrict the hinge point.

(2) Applying load: Therefore, the bearing load is added to the pin hole at the free end.
When assigning the load size, considering that each hole has two bearing surfaces,
half of the combined force obtained from the motion simulation should be added to
each bearing surface. Since the force at the hinge point is not constant, but fluctuates
according to a certain rule, according to engineering experience, the fluctuation is in
line with the parabolic distribution, so the distribution of load is more compounded
with the actual working condition by choosing parabolic distribution. The mesh
parameters for each component are shown in Table 4.
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Table 4. Grid parameters.

Component Number of Nodes Number of Cells Aspect Ratio < 3 (%) Flexure Unit (%)

Base 415,702 275,829 99.4 0
The first arm 453,166 296,149 99.5 0

The second arm 1,248,279 827,042 99.2 0
The third arm 774,436 510,797 99.1 0

4.2. Results of the Static Analysis of the Robot Arm under Excavation Conditions

According to the dynamic simulation results of ADAMS under the digging condition
of the arm, the working arm is adjusted to the attitude corresponding to the maximum
force at the articulation point, and the pre-processing of the finite element analysis model
of the working arm and the displacement boundary conditions are completed according
to the static force analysis process under the handling condition in the previous section,
and finally the X-axis and Y-axis load components corresponding to the maximum force at
the articulation point are added to the corresponding articulated shaft holes in the form
of bearing load with the local coordinate system as the reference coordinate system to
complete the application of the load boundary conditions.
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The parts of the base with large stress changes and stress maxima are shown in
Figure 12. The maximum stress appears at the bolt hole; the stress maxima is 158.04 MPa,
far less than the stress limit 505 MPa. According to the stress cloud diagram, it can be seen
that the overall stress on the base is small, and it is only at the bolt hole that a larger stress
appears. From the deformation cloud shown in Figure 13, it can be seen that the maximum
deformation of the base is only 0.01 mm; the deformation is very small, which means that
the base is relatively safe under stress.
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The parts of the big arm with large stress changes and stress maxima are shown in
Figure 14. The maximum stress appears at the open hole of the big arm, and the stress maxima
is 103.85 MPa, which is much smaller than the stress limit of 505 MPa. According to the stress
cloud diagram, it is seen that the big arm is under greater stress at the middle digging position.
From the deformation cloud diagram shown in Figure 15, it can be seen that the deformation at
the articulated shaft hole of the big arm and the cylinder barrel of the second arm is the largest,
the maximum deformation is 0.24 mm, and the relative deformation is small.
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The parts of the second arm where the stress changes more and the stress maximum are
shown in Figure 16. The maximum stress appears at the articulation hole linked with the big
arm. The stress maximum is 47.82 MPa, much less than the stress limit 505 MPa. According
to the stress cloud diagram, the stress at the middle reinforcement of the second arm, the
articulation hole, and the stress at the back is larger. The maximum position of deformation
appears at the end of the second arm and the three arms’ articulated shaft hole ear plate, as
shown in Figure 17. The maximum value of deformation is 0.96 mm, and close to the robot
arm base direction, the deformation is relatively small.
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The maximum stress of the third arm is 98.06 MPa, as shown in Figure 18, which
is much less than the stress limit of 505 MPa. According to the stress cloud diagram in
Figure 19, the middle reinforcement and the transition lug plate of the hinge hole of the
three arms are under greater stress. The deformation cloud under excavation condition is
shown in Figure 18, the maximum deformation is 3.27 mm at the end of the three arms and
the swing-frame articulated shaft hole, and the remaining parts are relatively small.
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4.3. Results of the Static Analysis of the Robot Arm under Handling Conditions

According to the dynamic simulation results of ADAMS under the handling condition
of the robot arm, the working arm is adjusted to the attitude corresponding to the maximum
force at the articulation point, and the pre-processing and displacement boundary condi-
tions of the finite element analysis model of each working arm are completed according to
the static force analysis process under the handling condition in the previous section.

The parts of the base with large stress variation and stress maximum are shown
in Figure 20. The maximum stress appears at the bolt hole, and the stress maximum is
174.89 MPa, which is much smaller than the stress limit of 505 MPa. From the deformation
cloud shown in Figure 21, it can be seen that the maximum deformation of the base is only
0.03 mm; the deformation is very small, which means that the base is relatively safe under
stress.
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Big-arm stress changes and stress maximum parts as shown in Figure 22. The max-
imum stress appears in the open hole of the big arm, and the stress maximum value is
38.25 MPa, far less than the stress limit 505 MPa. According to the stress cloud diagram,
the big arm in the middle of the digging position can be seen near the larger force. From
the deformation cloud diagram shown in Figure 23, it can be seen that the maximum
deformation occurs at the articulated shaft hole of the big arm and the cylinder barrel of the
second arm, the maximum deformation is 0.01 mm, and the relative deformation is small.
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The parts of the second arm where the stress changes more and the stress maximum
are shown in Figure 24. The maximum stress appears at the articulated hole linked with
the big arm; the stress maximum is 48.35 MPa, much less than the stress limit 505 MPa.
According to the stress cloud diagram, at the middle reinforcement of the second arm and
the articulated hole, the stress is larger. The maximum position of deformation appears at
the end of the second arm and the three arms’ articulated shaft hole trunnion, as shown in
Figure 25. The maximum value of deformation is 1.49 mm, and close to the direction of the
base of the robot arm, the deformation is relatively small.
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The maximum stress of the third arm is 20.12 MPa, as shown in Figure 26, which
is much less than the stress limit of 505 MPa. According to the stress cloud diagram in
Figure 26, the middle reinforcement bar and the transition lug plate of the hinge hole of the
three arms are under greater stress. The deformation cloud under excavation condition is
shown in Figure 27. The maximum deformation is 0.72 mm at the end of the three arms
and the swing-frame articulated shaft hole. The remaining parts have a relatively small
deformation.
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5. Prototype and Analysis of Hydraulic Machinery Arm
5.1. Prototype

It has been established through finite element analysis and dynamic simulation that
the designed structure satisfies the necessary strength standards. Based on the planned
robotic arm concept, a hydraulic robotic arm prototype is made and shown in Figure 28.
The oil cylinder and hydraulic motor, which serve as the robotic arm’s drive units, both
have displacement sensors, setting the groundwork for eventual displacement closed-loop
control. The hydraulic flow rate of each of the robotic arm’s driving components is managed
by a number of hydraulic proportional directional valves.
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5.2. Finite Element Experiments

The finite element method is widely used in structural design optimization, but
the structural model is simplified for the sake of calculation simplicity, there are some
differences with the actual structure and process, and the boundary conditions are set
differently from the actual one. Therefore, the correctness of the finite element model is
tested by the test results and, the smaller the error, the closer it is to the actual one. In this
section, based on the completed FEM analysis, the stress–strain test is conducted on the
robot arm to verify the feasibility of the finite element model.

5.2.1. Preliminary Preparation of the Experiment

(1) Experimental equipment: JINGYAN Stress Tester: SG04 type, as shown in Figure 29
below.
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Figure 29. Jingyan SG04 stress tester.

The strain flower, with a resistance value 120Ω, sensitivity factor 2.0, Poisson’s ratio
0.27, resolution 0.1, three axes at 45◦ to each other, can be used to test the strain in the
direction of unknown principal stress. The strain flower schematic diagram and installation
are shown in Figures 30 and 31.
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(2) Measuring bridge design and principle: A simple and reliable 1/4 bridge was used
for the bridges, where each strain flower needs to be connected to three bridges, and the
measuring bridge principle is shown in Figure 32 below.
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When the analyzer calculates the strain magnitude of the three bridge paths of the
strain flower, the ultimate strain value of this experimental object can be found by the
following equation:

εx = ε0◦ , εy = ε90◦ , γxy = ε0◦ + ε90◦ − 2ε45◦ (1)

σx =
E

(1 − µ2)

(
εx + µεy

)
(2)

σy =
E

(1 − µ2)

(
εy + µεx

)
(3)

τx =
E

2(1 + µ)
γxy (4)

where σx, σy, τx are the plane stresses; εx, εx, γxy are the corresponding strain values. This
leads to:

σmax =
σx + σy

2
+

√(
σx − σy

2

)2
+ τx2 (5)

σmin =
σx + σy

2
−

√(
σx − σy

2

)2
+ τx2 (6)

σ1 = σmax, σ2 = 0, σ3 = σmin (7)

Then, the equivalent force value σs at this measurement location can be derived from
the fourth strength theory as:

σs =

√
1
2

(
(σ1 − σ2)

2 + (σ1 − σ3)
2 + (σ2 − σ3)

2
)

(8)

(3) Cautions: In order to improve the accuracy of the experiment, the measurement
locations should be polished before the patching, and, in addition, the stress concentrations
appearing in the finite element analysis should be selected as much as possible when
patching the strain gauges, such as axial holes and other easily damaged parts. The location
of the patch point should be recorded. Some patch point locations are shown in Figure 33.
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(4) Test Method: The weight hanging at the end of the robotic arm is 300 kg. The robotic
arm is adjusted to a specific attitude, the individual cylinder extensions are recorded, apply
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strain gauges, and the channels are zeroed. The weight is weighed and gently suspended
at the end of the robotic arm and, after the arm is balanced, the strain value at each test
point is collected. The test arrangement is shown in Figure 34.
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After the test is completed, the robot arm is adjusted to the corresponding attitude,
the corresponding load is applied, the load distribution at each point is simulated, the load
distribution data is exported and loaded onto the finite element model of the robot arm,
multiple points are taken for the experimental patch position, and the average value of
the simulated value at that point is obtained as the simulated value of that position. The
position of all measurement points on the robot arm is shown in Figure 35.
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5.2.2. Results and Analysis of the Experiment

The expansion and contraction of each hydraulic cylinder is shown in Table 5 below.
The test point processing results are shown in Table 6. Referring to the above calculation
and analysis process, we can see that the difference between the simulated value and the
experimental measured stress value is not large, and the error between the experimental
and simulated values may come from the model simplification and the error caused by
the unevenness of the patch in the experiment. However, according to the above data, the
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simulation has good reference significance and can guarantee the structural and mechanical
reliability of the robot arm, but still needs to leave enough safety margin in the design
process, generally with a safety factor of 1.5–3 as a reference standard.

Table 5. Telescopic length table of the hydraulic cylinder.

The First Arm Cylinder (mm) The Second Arm Cylinder (mm) The Third Arm Cylinder (mm) Rotary Hammer Cylinder (mm)

20 335 60 142

Table 6. Data processing results of stress and strain test points of prototypes.

Measurement Points Experimental Value (MPa) Simulation Value (MPa) Absolute Error (MPa)

1 0.461 0.150 0.311
2 1.315 0.322 0.993
3 2.357 3.892 1.535
4 5.333 3.275 2.058
5 3.309 2.945 0.364
6 4.211 1.604 2.607
7 1.317 0.852 0.465
8 1.222 0.498 0.724
9 9.558 11.623 2.065
10 1.571 1.964 0.393
11 7.087 9.432 2.345
12 5.125 7.733 2.608
13 1.048 2.853 1.805
14 2.129 2.307 0.178
15 3.527 3.061 0.466
16 3.549 2.404 1.124
17 1.994 1.559 0.435

6. Discussion

Based on the aforementioned simulation and experimental findings, it is clear that
the robotic arm used in this study, which was built using aluminum alloy 7075, has the
advantages of low weight and high load. The mechanism of the research robotic arm
is not, however, the best-designed structure. To further lower the weight of the robotic
arm, topology optimization of the structure might be carried out. Stress–strain tests were
performed to determine the robotic arm’s strength, and the results show that while the
finite element results are quite descriptive, the relative errors for points 1, 2, 6, 8, and 13 are
relatively large. This suggests that the accuracy of the testing apparatus and the testing
procedure can be further optimized.

7. Conclusions

In this paper, we started from the structural design of the seven-degree-of-freedom
redundant rescue hydraulic robotic arm, completed the 3D model assembly in Solidworks,
and then completed the finite element static analysis and structural optimization design
of the robotic arm according to the actual working conditions of the rescue robotic arm,
which is lightweight and has a high load and large working range. In ADAMS simulation
software, a virtual prototype of the mechanical analysis of the rescue hydraulic robotic arm
was built to simulate the two common working conditions of excavation and handling,
and to analyze the force of the robotic arm, followed by finite element analysis of the key
parts of the robotic arm. In order to verify the accuracy of the finite element static analysis
method of the robotic arm in this paper, theoretical and practical research methods were
used, and stress–strain experiments were conducted at important locations of the robotic
arm according to the finite element analysis model, verifying the correctness of the finite
element analysis method. In future research, different advanced control strategies will be
applied to the robotic arm to further validate its capacity.
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