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Abstract: The traditional robotic arm control method has strong dependence on the application
scenario. To improve the reliability of the mobile robotic arm control when the scene is disturbed,
this paper proposes a control method based on an improved proximal policy optimization algorithm.
This study researches mobile robotic arms for opening doors. At first, the door handle position is
obtained through an image-recognition method based on YOLOV5. Second, the simulation platform
CoppeliaSim is used to realize the interaction between the robotic arm and the environment. Third, a
control strategy based on a reward function is designed to train the robotic arm and applied to the
opening-door task in the real environment. The experimental results show that the proposed method
can accelerate the convergence of the training process. Besides, our method can effectively reduce the
jitter of the robotic arm and improve the stability of control.

Keywords: yolov5; CoppeliaSim; mobile robotic arm; control strategy; deep reinforcement learning;
proximal strategy optimization

1. Introduction

In the field of modern industrial technology, robotic arms are used to perform danger-
ous and repetitive tasks. To expand the working range of the robotic arms, the researchers
combined the robotic arm with the mobile platform to form a mobile robotic arm. The
mobile robotic arm has the moving function of the mobile platform and the flexible opera-
tion function of the robotic arm. At present, the mobile robotic arm is widely used in the
fields of life services, industrial manufacturing, and space exploration, and its research has
important theoretical value and broad application prospects [1].

At present, the movement of the mobile robotic arm mainly adopts the method of
vision guidance [2,3]. Sriram Emarose et al. [4] established a visual feedback loop between
the mobile robotic arm and the target, and combined sonar and camera to estimate the
distance between the mobile robotic arm and the target; the continuous tracking of the
target was conducted for path planning. The ability to detect and localize specific objects
in real time plays a vital role in realizing the grab-and-place tasks of the mobile robotic
arm. Mohammed M. Ali et al. [5] used a Kinect sensor and color segmentation algorithm
to detect and locate monochromatic objects. This study employs a feature detector with a
brute force matcher [6] to detect features in template images and live video of the desired
object. This method has great limitations and it is difficult to complete the task of target
detection when the matching target in the original image rotates or changes in size.

The motion planning of mobile robotic arms is usually achieved by demonstration in
traditional industrial applications. For application scenarios with changing working envi-
ronments, traditional control methods are becoming increasingly challenging to meet the
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needs of users to control robotic arms quickly. Kvétoslav Belda et al. [7] proposed a model
predictive control method for local motion control of a mobile robotic arm. Considering the
complex tasks that the robotic arm needs to perform, the proposed solution represents a
suitable energy-optimized centralized control. Woojin Chung et al. [8] proposed a control
strategy for opening the door with a mobile robotic arm, which uses a comprehensive
strategy of motion coordination to achieve the control of the robotic arms. Although most
mobile robotic arms have modular and fully autonomous systems, the accuracy of the
control of a mobile robotic arm will be disturbed when there are uncertain disturbances in
the real environment. Arduengo et al. [9] designed an algorithm that fuses convolutional
neural networks with efficient point cloud processing using a robust and adaptive Bayesian
framework to estimate door handle poses in real time from images. Finn et al. [10] used
the deep learning method to establish a deep prediction model of the mobile robotic arm
body, trained the neural network based on the strategy search algorithm of predictive
control, and applied it to the control of the robotic arm’s motion. To further improve the
autonomous learning ability of mobile robotic arms, Ning Yang et al. [11] proposed a quan-
titative control method for wheeled mobile robotic arms for the problem of continuous-time
uncertain Markov hopping systems with mixed time delay and transition probability. The
method analyzes the Markov decision [12] process, balances the safety and efficiency of
the mobile robotic arm, and provides guidance for the safe operation of the mobile robotic
arm. Li Xing et al. [13] designed a policy search algorithm to realize the automatic learning
of mobile robotic arms. A convolutional neural network control scheme is designed to
maintain the robustness of the mobile robotic arm and avoid repetitive learning strategies.
The emergence and development of deep reinforcement learning [14,15] methods have
provided the possibility for robotic arms to complete operational tasks autonomously.
Given the great potential of this method, deep reinforcement learning algorithms such as
trust region policy optimization (TRPO) [16] and proximal policy optimization (PPO) [17]
are used in robotic arm control. Kaveh Kamali et al. [18]. applied the PPO algorithm to
model training; the information that can be obtained in the process of training is limited,
which leads to low exploration efficiency of the robotic arm and the final learning effect has
difficulty meeting the requirements.

In this paper, the recognition method of YOLOv5 [19] is used for visual guidance
to quickly and accurately identify the door handle target. For the application of the
deep reinforcement learning method in the control of the mobile robotic arm, the training
convergence speed is slow and the stability is poor because of the sparse reward value of the
algorithm. To reduce training time and help the algorithm converge, this paper proposes an
improved PPO algorithm. It can learn complex behaviors, handle continuous action spaces,
and find good policies in environments with high-dimensional state spaces. The research
adopts the co-simulation method to realize the interaction between the mobile robotic
arm and the virtual environment. It also applies the trained strategy to the door-opening
task of the mobile robotic arm platform. The effectiveness of the method is verified by
comparative experiments.

The contributions of this work are as follows:

1.  The method of YOLOVS5 is applied to door-handle recognition, and the relationship
between distance and pixel ratio is experimentally fitted for door-handle localization.

2. The state space, action space and reward function are designed to realize the interac-
tion between the robotic arm and the environment.

3. Animproved PPO algorithm is presented by expanding the experience pool to reduce
the exploration of the useless environment.

4. The comparison experiments show that the improved PPO algorithm is faster and
more stable than the TRPO and PPO algorithms.

The rest of this paper is organized as follows. Section 2 describes the method of handle
identification and positioning. Section 3 proposes the improved PPO algorithms. Section 4
establishes a simulation environment to test reinforcement learning algorithms such as
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TRPO, PPO, and improved PPO. In Section 5, the trained model is applied to the recognition
and grasping task of the mobile robotic arm in the real scene. Section 6 concludes the paper
and discusses the future work.

2. Handle Recognition and Positioning Method Description

In this section, the proposed identification and positioning methods are described. With
the increasing demand for target detection accuracy and speed in practical applications, the
current target detection algorithms mainly use detection methods based on deep learning.
Target detection algorithms based on deep learning include Faster R-CNN [20], SSD [21],
YOLOV3 [22], YOLOVS5, etc. Compared with traditional detection methods, YOLOVS5 has
the characteristics of good robustness, strong generalization, and high precision.

The experiment realizes the real-time detection of the door handle by the YOLOv5
method. First, we capture multiple door-handle pictures through the camera. Besides,
we annotate images with the Make Sense online tool to create a door handle dataset.
Finally, the door-handle model is trained on the server and the trained model is applied to
door-handle detection.

2.1. YOLOw5 Network Model

The YOLOVS5 network structure consists of four parts: Input, Backbone, Neck, and
Output layer. The network structure is shown in Figure 1.

i Output
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Figure 1. The structure diagram of the YOLOv5 model.

The input terminal Input adopts a data-enhancement method to perform an adaptive
scaling operation on the input image. The focus structure at the front end of Backbone
effectively improves the quality of image extraction through convolution operations. The
center and scale prediction (CSP) structure enhances the network’s ability to fuse features.
The spatial pyramid pooling (SPP) module first uses kernels of varied sizes to perform
max-pooling operations. Neck aggregates the feature information with the output features
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of the CSP module and fully integrates the image features of different layers. The output
layer Output adopts the generalized intersection over union (GIOU) loss method to increase
the measure of the intersection scale, which solves the situation that the two boxes do
not intersect.

2.2. Handle Positioning

Move the robotic arm in front of the door and adjust the pose so that the camera is
parallel to the door. This experiment aims to measure the vertical distance between the
camera and the door plane and calculate the ratio of the recognition frame’s length to
the picture’s length when the camera is constrained by a parallel plane. The relationship
between the two is described by the fitting curve, and the fitting curve is substituted
according to the length ratio. The formula calculates the vertical distance between the
mobile robotic arm platform and the door plane.

As shown in Figure 2, the camera position varies from N to M; corresponding to the
projection on the Z-axis Zy respectively Zy; represents the vertical distance from the camera
to the door plane—the trail of opening the door.

X

Figure 2. The position transformation of the camera.

Figure 3 shows the recognition effect of the door handle when the camera is in the N
state and establishes an XOY plane coordinate system, where L represents the length of the
door handle in the image. Moreover, A and B represent the two diagonal vertices of the
recognition frame and C represents the center position of the door handle. By calculating
the ratio of the actual length of the door handle to L multiplied by the distance of the center
point C of the handle relative to the center of the picture, the position of the center point C
of the door handle relative to the camera in the XOY plane can be solved in practice.
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Figure 3. The object recognition of the N state.

2.3. Kinematics Model of the Robotic Arm

In the experiment, the Denavit-Hartenberg (D-H) modeling method was used to
establish the kinematics model of the mobile robotic arm [23]. This method is widely
used in robot kinematics modeling to establish an integral link coordinate system. In the
multi-link series robotic arm system shown in Figure 4, the kinematics model of the robotic
arm is established by homogeneous coordinate transformation.

Figure 4. Reference frame representation used in kinematic calculations of the robotic arm.



Appl. Sci. 2022,12, 5204 60of 19
The corresponding D-H parameters of the robotic arm are shown in Table 1.
Table 1. The D-H parameters of the robotic arm.
Joint Serial Connecting Rod Connecting Rod Offset of Joint Rotation
Number Length a; 1 (cm) Twist ;1 (°) Link d; (cm) Angle 6; (°)
1 aq 90 dl 91
2 an 0 0 92
3 0 90 0 05
4 0 90 dy 04
5 0 90 0 05
6 0 0 0 06
Equations for each link of the robotic arm:
cosf, —sinf,cosa; sinf,sina, a,cosb,
nlp sinf, cosf,cosa, —cosO,sina, a,sinb, )
" 0 sin &y, COS &y dy
0 0 0 1

The kinematic model of the base corresponding to the end of the robotic arm can be ob-
tained by multiplying each link coordinate system equation. P represents the coordinates
of the endpoint of the end robotic arm in the base coordinate system.

PO=07 .17, 2T5.3T,-%T5-5T¢ )

_ 0 O O oo

This method derives the transformation matrix from the base coordinate system to
the end coordinate system. During the forward kinematics calculation, the position and
posture of the coordinate system of the end of the robotic arm are obtained according to
the known joint variables. The inverse kinematics calculation solves the value of the joint
variables based on the known pose of the end coordinate system. An accurate model is
established to lay a good foundation for subsequent experiments.

2.4. Door Opening Trajectory of the Mobile Robotic Arm

The door-opening trajectory of the mobile robotic arm is limited to the rotation angle
of the door axis and the door handle. The following Figure 5 shows the process of the door
rotating from A to B around the door axis O. The rotation angle of the door handle around
the door axis « is the same as the door rotation angle .

The gripping position of the door handle is set as the initial point of the trajectory, and
the force analysis is conducted using the lever principle. Less force is required to turn the
door handle as the force is applied away from the door handle pivot axis. Here, the grasping
position is set to 3/4 of the length of the door handle, and the robotic arm can reduce the
grasping force as much as possible to complete the grasping operation without falling off.
Under these constraints, the trajectory of the robotic arm’s end is determined. As shown in
Figure 6, rotate the handle from A around M to B to complete the twisting of the handle,
and then around the door axis N from B to C to realize the door-opening action.



Appl. Sci. 2022, 12, 5204 70f 19

Figure 5. The schematic diagram of the door-opening track.

Figure 6. The schematic diagram of the trajectory of the mobile robotic arm.

3. Reinforcement Learning PPO Algorithm and Improved PPO Method

For the traditional control algorithm of the robotic arm, there are multiple solutions
of target position, which makes the exploration efficiency of the end of the robotic arm
inefficient with the increase of dimension. The reinforcement learning method is used
to improve the control efficiency and stability of the robotic arm. During the interaction
between the robotic arm and the environment, the reward feedback optimization strategy
of the environment for the action in the current state is used to realize a better control
strategy under specific performance indicators.
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3.1. Principle of PPO Algorithm

The PPO (proximal policy optimization) algorithm can deal with large-scale and
continuous space control, which is suitable for continuous actions such as robotic arm
grasping. The key idea of the PPO algorithm is to limit the update range of the new strategy
by adjusting the proportion of the new strategy and the old strategy to solve the problem
that it is difficult to determine the value of the learning rate. This restriction prevents
the strategy from converging when the learning rate is too large, and the training time is
long when the learning rate is too low. This restriction can effectively improve the control
efficiency of the robotic arm and improve the stability of the control.

PPO is improved based on TRPO (trust region policy optimization) algorithm. In
view of the low sampling efficiency of the TRPO algorithm, the PPO algorithm adopts
the method of importance sampling to solve the problem. The algorithm can improve
the efficiency and reliability of TRPO data when only first-order optimization is used.
The size of the TRPO policy update is constrained to maximize the alternative objective

function [17].
mo(at | st) At}

76414 (ar | st)

maxigmize]Et { (©)]

The constraints A; represents the estimator of the dominance function over time, and
the expectation represents the empirical mean of a finite batch of samples. 77y, and 7y
represent the old and new strategies, respectively, which are reflected in the corresponding
state s; of the action a;. Using KL divergence limits the expectation I; to J [17].

B [KL[7gy (- | 5t), (- [ s1)]] <0 )
Introduce probability ratios r;(8) [17].

Tt (at | St)

Tt(e) = o,y (ﬂt | St)

©)

Without constraints, maximizing CPI causes the gradient to explode, penalizing
changes that move the ratio away from 1 to solve this problem. The expected expression
corresponding to the main goal is as follows [17].

LELIP () = B, [min (r(0) Ar, clip(r(6), 1 —¢, 1+ €)Ay)] (6)

PPO modifies surrogate targets by clipping parameters €, and probability ratios
(1 — €, 1+ ¢€). This method removes the corresponding interval stimuli. The interval changes
and the corresponding objective functions are shown in the following Figure 7 [17].
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Figure 7. The objective function corresponding to the interval.
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3.2. Improvement of PPO Algorithm

In the reinforcement learning PPO method, the agent continuously obtains experience
and rewards in action during the training process and trains the model through these data.
Full data coverage cannot be achieved in the real environment, so the agent will think that
the reward problem will prolong the training process and reduce the training efficiency.

To reduce the appearance of sparse rewards, this paper is an improved method of
reward shaping for PPO. This method randomly selects a certain number of states in the
sequence as the new target when the sequence length reaches or exceeds the target during
the reinforcement learning training process. The purpose of optimization is achieved by
modifying the set goals. Set T as the target the robotic arm needs to move. During the
training process, the robotic arm has a certain distance from target T through the trajectory.
In addition, the current position L is expanded to the experience pool, and the sparse
reward is changed into a non-sparse reward.

When the robotic arm fails to reach the target position in the exploration process, this
method saves the coordinate position that the robotic arm can traverse. Furthermore, it
increases the storage of learning experience value, reduces the exploration of the robotic
arm for the useless environment, and solves the problem of the long training time of the
robotic arm.

3.3. Definition of State Space and Action Space

The state space mainly includes the base of the robotic arm, the relative position
between the end of the robotic arm and the target, the rotation coordinates of each joint
of the robotic arm under limited conditions, and the state of the end of the robotic arm.
Ry is set as the reward function of the state space, w represents the reward weight, and
the reward function equation of the relative distance between the gripper and the target T
is established.

Ry =/ (x— 1)+ (= y0)* + (2 — z)? %

The action space design lies in the rotation angle of each joint of the base and the
robotic arm and includes the rotation angle when the end clamping claw holds the target.
The base, boom, jib, and wrist of the robotic arm rotate around the axis respectively and set
the rotation angle around the axis and the corresponding value range. Based on the actual
performance parameters of the robotic arm, the action space is defined, as shown in Table 2,
with a total of seven groups of data.

Table 2. The definition of action space.

Mechanical Arm Component Direction of Rotation Rotation Range 0; (°) Range of Values
Pedestal S Left and right [—180, +180] [—2,+2]
Main arm Ey vertical [—90, +180] [—1,+2]
Forearm E Left and right [—180, +180] [—2,+2]
! vertical [—90, +180] [—1,+2]
. Left and right [—180, +180] [—2,+2]
Wrist E; vertical [—90, +180] [-1,+2]
Gripper W Left and right [—90, +90] [—1,+1]

Design the reward function R, of the action space.
a=S+E+E+E+W ®)

3.4. Design of Reward Function

To solve the problem of sparse grasping rewards for robotic arms, formal rewards were
used to improve learning efficiency. The state action is updated and trained according to the
distance reward function network. The end gripper of the robotic arm can get the reward
value of the target distance after each action. The training process of reinforcement learning
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tends to increase in the direction of reward, and the reward value increases gradually with
the decrease of distance. The training makes the end-effector of the robotic arm tend to be
close to the door handle and the reward function of grasping. The final reward function is
defined as a linear combination of state and action space.

Reward = Ry + R, + Ry + Ry — R, 9)

R, represents the reward value of the distance between the end of the mobile robotic
arm and the door handle in the state space, R, represents the reward function in the action
space, and it is designed that the rotation angles of all joints are accumulated into R;; and
the reward R; for completing the grasping action. R, represents the penalty function of the
collision to avoid collision.

4. Results of Simulation Experiment

To assess the reliability of the method, a simulation environment and a realistic
experimental scenario are experimentally set up. For the control task of opening doors on a
mobile robotic arm platform, reinforcement learning algorithms such as TRPO, PPO and
improved PPO are tested in the simulation environment. The reward values corresponding
to the algorithms are used as key metrics to compare the merits. The models with good
training results are applied to the recognition grasping task of the mobile robotic arm in a
realistic scenario.

4.1. Construction of the Simulation Environment

CoppeliaSim is a robotics simulation platform with an integrated development envi-
ronment. The platform has a rich physics engine for building cross-platform simulation
environments. As shown in Figure 8, the main body of the mobile robotic arm is built from
a combination of the arm, track, camera, and jaws in CoppeliaSim, and the mobile arm is
sized to match the actual structure and dimensions.

Figure 8. The simulation experiment platform.
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As shown in Figure 9, Python controls the movements of the mobile arm platform in
CoppeliaSim through the APl interface, providing a good experimental environment to verify
whether the mobile arm can accurately follow the control procedure to open the door.

Yy A

Solidworks Python Pycharm

IDE

Coppeliasim

Figure 9. The construction of the joint simulation experiment platform.

4.2. Results of Simulation Experiments

For the task of opening the door of the mobile robotic arm, the effectiveness of the
reinforcement learning algorithms of different types of strategies is verified. The hardware
aspect of the experiment uses an RTX4000 graphics card, the compilation language uses
Python, and the overall network framework is built by PyTorch. The following Table 3
shows the training parameters for setting the training network.

Table 3. The setting of training parameters.

Training Parameter Value
Clip 0.2
Gamma 0.99
Episode 1% 10°
Batch_size 256
Learning_rate 1x 1074
Hyperparameter_A 0.99

Under the same training parameters, the following training is performed on TRPO,
PPO, and improved PPO. The reward value is obtained for each training cycle during the
training process; the horizontal and vertical axis represents the reward value corresponding
to the number of training cycles. The TRPO reward curve of the training process is shown
in the following Figure 10.

By analyzing the reward value curve, it is concluded that the TRPO algorithm has not
completed convergence within 2000 episodes and the output reward value fluctuates, and
the training effect of the method is poor.

Figure 11 shows the relationship between the reward value of the PPO and the im-
proved PPO algorithm and the training round. The reward value of the PPO algorithm at
800 training rounds is equivalent to the reward value of the improved PPO algorithm at
about 400 training rounds. When the reward values corresponding to the two algorithms
tend to be stable, it is obvious that the improved PPO algorithm has a smaller range of



Appl. Sci. 2022,12, 5204 12 0of 19

reward values than the PPO algorithm. This shows that the method of expanding the
experience base used by the algorithm has played a good role, and the improved PPO
algorithm has fast convergence speed and stability.

0

—-200 ‘

reward

400

—— TRPO
_600 L L L L
0 400 800 1200 1600 2000
episode

Figure 10. The relationship between the reward value of the TRPO algorithm and the number of rounds.

0

-200 |
ye
s
=
]
—

-400

—— PPO
Improved PPO
7600 L i 1 i 1 " 1 i
0 400 800 1200 1600 2000

episode

Figure 11. The relationship between the reward value of PPO and the improved PPO algorithm and
the number of training rounds.
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4.3. Joint Simulation Experiments

The experimental simulation platform adopts the method of joint simulation, and
Python controls CoppeliaSim through an API interface to realize the control of the motion
simulation of the mobile robotic arm. Figure 12 shows that after the robotic arm is moved to
the front door to adjust the posture, the trained strategy is applied to the platform opening
operation of the mobile robot arm, according to the three-dimensional position of the door
handle relative to the moving robotic arm.

(e) ()

Figure 12. The effect of the simulation experiment. (a) The platform moving to the operation

area. (b) Adjusting the position. (c) The platform capture the image. (d) The grasping operation.
(e) Revolving door handle. (f) The door-opening operation.

The experiment uses the proposed improved PPO algorithm control strategy in the
experiment. Figure 12a shows the mobile robotic arm platform moving to the operation
area and adjusting the position. Figure 12b—d show the grasping operation process of the
robotic arm reaching the grasping position according to the relative position information.
Figure 12e,f show the mobile robotic arm completing the door-opening operation. The
simulation experiment simulates the process of the mobile robotic arm platform completing
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the door-opening operation, which has realistic guidance significance for the mobile robotic
arm platform completing the door-opening operation.

5. Results and Discussion of Physical Experiment

The mobile robotic arm platform mainly includes the robotic arm, crawler car, camera,
gripper, etc. First, after the mobile robotic arm platform reaches the working area, it adjusts
to a state parallel to the door through its position and attitude information. The camera
and the robotic arm form a hand—eye system. The mobile robotic arm platform determines
the target of the door handle and calculates the relative position through the method of
target detection. Finally, the model trained in the simulation environment is applied to the
actual crawling experiment. In addition, the crawling success rates of TRPO, PPO, and
improved PPO algorithms are compared to verify the effectiveness of the control strategy
of improved PPO algorithms.

5.1. Object Detection and Positioning

Based on the PyTorch framework, the operating environment is set up, the dataset is
trained using the YOLOv5 model, the number of training iterations of the dataset is set
to 300 times, and the main data change as the number of iterations increases during the
training process.

The value Box in Figure 13 represents the average of GloU loss as a loss function for
the bounding box, and the more accurate the value is, the more accurate the target box
annotation. Objectness detects the mean loss for the target, and the closer the value is to 0,
the more accurate the target detection. Precision represents the ratio of an accurate positive
class to all positive classes, and the closer to 1, the higher the accuracy.

P
Precision = ———— 10
recision TP + FP (10)
Objectness Precision Recall
1.0 ?_— 1.0 F_-—'
0.0150
0.8
0.0125 0.8
0.0100 e
0.6
0.0075 0.4
0.0050 L 0.2 0.4
0 200 0 200 0 200

Figure 13. Visualize of results.

Recall indicates the ratio of the correct number of targets marked to the total number
of targets, and the closer to 1, the higher the accuracy.

TP

Recall = m

(11)
The experimental training effect observes the fluctuation of accuracy and recall, and
through the observation of experimental results it can be seen that the precision and recall
fluctuation is small. After the training iteration reaches 300 times, the numerical changes
tend to be stable, the trained model is assessed, and the recognition effect is as follows.
The door-handle recognition and detection models extract large amounts of feature
information from images. As shown in Figure 14, the identification results show the frame
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with a better recognition frame selects the border of the door handle. The recognition rate
is as high as 90%, and the experimental results show that the door-handle detection model
based on the YOLOv5 model has the characteristics of high precision, good robustness, and
fast speed.

Figure 14. The effect of two types of door handle recognition.

In this experiment, the vertical distance between the camera and the door plane and
the ratio of the length of the recognition frame and the length of the picture is measured
in the state of parallel plane constraint. The relationship between the two is described
by fitting the curve. Moreover, the vertical distance between the moving robotic arm
platform and the door plane is calculated according to the formula of the length proportion
substituted into the fitted curve.

The experimental design of the door handle and the calculation of the platform is the
distance of the mobile robotic arm. The ratio of the length of the recognition frame L to
the length of picture x is the vertical coordinate K, and the vertical distance between the
camera and the door plane is the abscissa D, with the units in centimeters. The experiment
is limited to a distance of 10-100 c¢m, a total of 20 groups are separated by 5 cm, and each
group measures the average of the length ratio K 10 times; the blue discrete data points are
sampled, and the scatter points are connected using blue curves.

As shown in Figure 15, the red line represents the fitting curve used to approximately
depict the functional relationship between the discrete point and the coordinates, which
maximizes the approximation between the experimental data and the equation curve. The
analysis shows that the length ratio approaches infinity when the spacing approaches zero,
the length ratio is zero when the spacing approaches infinity, and the curve is a power
series relationship. In addition, the relationship between the length ratio K and the spacing
D is a power function obtained through curve fitting.

K = 11.143D 103! (12)
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Figure 15. The results of the spacing test under different cumulative length ratios.

The fitted curve in Figure 15 is in line with the actual position of the motion tra-
jectory. According to the fitted curve equation, the data are calculated mathematically,
and the error between the calculation spacing and the actual distance is less than 4 mm
when being substituted into any length ratio. The fitted curve can better complete the
spacing prediction.

Through the above method, the YOLOVS5 algorithm can detect the recognition clas-
sification, calculate the size and proportion of the corresponding recognition frame, and
continuously update the three-dimensional coordinate information of the door handle
relative to the mobile robotic arm platform during real-time object detection.

5.2. Experiments on Opening Doors

This paper solves the motion planning problem of the robotic arm based on reinforce-
ment learning. After the mobile robotic arm obtains the position information of the door
handle through image processing, the strategy learned in the simulation environment is
applied to the path planning of the robotic arm. The end effector performs the grasping
task and completes the opening task from the initial position to the target position.

The mobile robotic arm was tested in a real-life scenario. Figure 16a shows that the
moving robotic arm platform moves to the door and adjusts the posture. Figure 16b,c show
the lens of the robotic arm interacting with the door, indicating that the mobile robotic arm
obtains image information through the camera to complete the recognition and positioning
of the door handle. Figure 16d—f show that after the reinforcement learning model training,
these strategic models are used to control the robotic arm system to complete the door-
opening task.

To verify the effectiveness of the algorithm in the door-opening operation, the mobile
robotic arm adopts TRPO, PPO, and improved PPO algorithms, respectively, and sets
18 random coordinates as the target position, with 50 experiments in each group. Compare
the distance between the end and the specified target after the mobile robotic arm completes
the corresponding action according to the strategy under the condition of convergence.
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Figure 16. The effect of the simulation experiment. (a) The platform moving to the operation area.
(b) Adjusting the position. (c) Image recognition. (d) The grasping operation. (e) Revolving door
handle. (f) The door-opening operation.

According to the experimental results shown in Figure 17, when the TRPO and PPO
algorithms are applied, the distance between the end of the robotic arm and the target
position is relatively far, and the error band is wide, indicating that the stability of the
method is poor. It is difficult to complete the grasping task. The improved PPO algorithm
in the simulation experiment has a fast convergence speed and stable reward value. After
adopting the strategy of improving the PPO algorithm in practical applications, the overall
relative distance is the shortest, and stability is strong. This result validates the effectiveness
of the improved approach.
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Figure 17. The relationship between the end of the robotic arm and the distance of the random target
under three algorithms.

6. Conclusions and Future Works

This paper proposes an improved method of reward shaping for PPO, which increases
the storage of experience values during training, thus reducing the exploration of useless
environments by the robotic arm. This method is applied to door opening with a mobile
robotic arm. The robotic arm identifies and locates the door handle through the YOLOV5
method and applies the model trained in the simulation environment to the real grasping
task. To measure the performance of the proposed method, this paper has also compared
PPO with TRPO and improved PPO by comparing the solution quality using a reward
indicator and actual error. The experimental results show that the improved PPO method
has high accuracy and stability when completing the door-opening operation. This method
has guiding significance for the door-opening task of the mobile robotic arm.

In future work, the application scenarios of mobile robotic arms will be expanded by
adding various types of door handles. In addition, the experiment will use a higher-precision
positioning system such as lidar to improve the accuracy of the mobile robotic arm.
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