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Abstract: Grinding robots are widely used in the automotive, mechanical processing, aerospace
industries, among others, due to their strong adaptability, high safety and intelligence. The grinding
process parameters are the main factors that affect the quality and efficiency of grinding robots.
However, it is difficult to obtain the optimal combination of the grinding process parameters only
by manual experience. This study proposes an artificial intelligence-based method for optimizing
the process parameters of a grinding robot using neural networks and a genetic algorithm, with the
aim to reduce the workpiece surface roughness and shorten the grinding time. Specifically, this is
the first study utilizing a multi-objective optimization approach to optimize the process parameters
of a grinding robot. Based on the experimental data of the grinding robot ROKAE XB7, the long
short-term memory (LSTM) and multilayer perceptron (MLP) neural networks were trained to fit
the quantitative relationships between the process parameters of the grinding robot, such as feed
rate, spindle pressure and pneumatic motor pressure, and the result of grinding surface roughness
and grinding time. After that, the non-dominated sorting genetic algorithm II (NSGA-II) was used
to calculate the Pareto optimal process parameter combinations using the trained LSTM and MPL
model as the objective function. Compared with the method based on manual experience, the process
parameters optimized with this method achieved a reduction in surface roughness of at least 13.62%
and a reduction in the whole grinding process time of 28%. The excellent grinding results obtained
for grinding time and surface roughness validated the feasibility and efficiency of the proposed
multi-objective method for the optimization of grinding robots’ process parameters in practical
manufacturing applications.

Keywords: grinding robot; process parameters; multi-objective optimization; grinding quality;

grinding time

1. Introduction

Grinding robots (GR), characterized by flexibility, intelligence, and low cost, can
effectively improve the surface quality of workpieces when combined with professional
grinding tools for machining. They are widely applied in the manufacturing process of
mechanical parts [1]. The intelligence of GR is highlighted by their strong compatibility with
artificial intelligence methods, making them ideally suited for use in machining processes
with complex process features. Robotic grinding is an extremely complex process, and the
grinding quality is affected by multiple process parameters of grinding robots (PPGR), as
well as by multifactorial interactions. During the robotic grinding process, the instability of
the grinding force can affect the material removal rate (MRR), thereby affecting the quality
of robotic grinding [2]. Therefore, researchers have focused on improving the grinding
quality by enhancing the control performance of GR and increasing the grinding force
control accuracy [3,4]. In fact, the grinding force is also affected by grinding depth, grinding
speed and tool feed rate [1]. The grinding quality not only depends on the grinding force
but also is affected by variant process parameters such as contact stress, spindle speed and
feed speed [5].
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In addition to improving the quality of grinding, increasing the economic productivity
of the grinding process by increasing the grinding speed and shortening the grinding time
is one of the main objectives of industrial production applications using GR [6]. However, a
high grinding speed can lead to an increased wear of the grinding tool, resulting in a lower
grinding quality. Moreover, the setting of the PPGR heavily relies on human expertise,
which poses a challenge for synchronously optimizing grinding time and grinding quality.

Based on the complex relationships between PPGR, it is necessary to clarify the
quantitative relationship between PPGR and grinding quality, to predict the grinding
quality under the current process parameters and then to optimize the parameters. In
order to obviate the current reliance on manual empirical judgement and to quantify more
accurately the influence of PPGR on grinding quality, researchers have proposed to use
artificial intelligence reinforcement learning to predict the grinding quality [7]. Based on
the prediction model of grinding quality based on the grinding parameters, the grey target
decision-making method [8], the response surface methodology [9] and other methods
have been used to optimize the process parameters in order to improve the grinding
quality. Xie et al. [10] optimized the polishing parameters of the polishing process for
mold steel by using the response surface methodology to optimize the polishing pressure,
feed speed and rotating speed of the tool, aiming to reduce the surface roughness of the
workpiece. The above research methods only focus on optimizing the process parameters
with the objective of improving the grinding quality. However, in actual production, a
multi-objective optimization method that considers both quality and grinding time needs
to be considered.

The state-of-the-art research on multi-objective optimization methods for grinding pro-
cess parameters mainly focuses on the optimization of the process parameters of traditional
grinding equipment such as grinding machines, polishing machines, sanding machines,
etc. Zhang et al. [11] proposed a hybrid particle swarm optimization (HPSO) algorithm
that considered grinding wheel speed, feed rate, grinding depth and dressing lead as
the process parameters to be optimized and conducted a multi-objective optimization
with production cost, production rate and surface roughness as the objectives. Numerous
studies used mathematical models [12] and artificial intelligence methods such as neural
networks (NN) [13], genetic algorithms (GA) [14], particle swarm optimization (PSO) [15]
for the optimization of the process parameters of the grinding process [16]. Khalilpourazari
et al. [17] aimed to optimize the grinding process considering a tri-objective mathematical
model to simultaneously optimize the final surface quality, the grinding cost and the total
process time using the multi-objective dragonfly algorithm (MODA).

However, there is a lack of research on multi-objective optimization methods for PPGR
in recently published papers. Comprehensive research on the optimization of traditional
grinding process parameters showed that the use of multi-objective optimization algorithms
to optimize the grinding process parameters is an effective method to improve the quality
and efficiency of grinding. GR primarily use a series-parallel hinge structure with flexible
motion space, and their grinding methods are different from those of traditional grinding
equipment. The grinding methods of GR are mainly two: one consists in grasping the
workpiece and placing it in contact with a fixed grinding tool, and the other uses an end
effector installation grinding tool to grind the fixed workpiece. The PPGR are also not
entirely the same as those of traditional polishing equipment. In practice, workers are
required to set the PPGR based on their experience and debug them on site. The debugging
process will consume a lot of material and time. At the same time, the manual empirical
method can only adjust the PPGR according to the expected grinding quality as a single
goal. It is difficult to set the optimal grinding robot process parameters according to both
grinding quality and time. Hence, there is an urgent need for a multi-objective optimization
method for PPGR considering both grinding quality and grinding time, in order to obviate
the reliance on manual experience.

The goal of this paper was to propose an intelligent approach to simultaneously
optimize the robot grinding quality (average surface roughness Ra) and grinding time
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using historical grinding data and to demonstrate the effectiveness of the proposed method
by a grinding trial. For this purpose, a multi-objective optimization of the PPGR based on
the non-dominated sorting genetic algorithm II (NSGA-II) was utilized. In addition, long
short-term memory (LSTM) and multilayer perceptron (MLP) were used to predict the
grinding Ra and grinding time of the robot by considering the effects of burr wear and the
robot motion characteristics, respectively, so to predict the grinding results more precisely.
The superiority of the proposed method was verified by comparing the grinding results of
the Pareto optimal process parameter combinations calculated by the method proposed in
this paper with those obtained with the manually determined, empirical parameters. This
study provides a strong support for improving the selection of PPGR, which, in the current
practical applications, seriously relies on manual experience and on-site debugging and
thus is not efficient in determining the optimal process parameter combinations.

2. Methodology
2.1. Mathematical Model of Surface Roughness

The non-linear relationship between processing parameters and Ra for a GR is ex-
plained by a mathematical description. The grinding robot grips the workpiece with an
end effector and contacts the radially compliant material removal tools (RCMRT) fitted
with rotary burrs to grind the workpiece, as shown in Figure 1.

Three-grip Chuck Grinding Tools

Workpiece
//

o - u-."'

==

Rotary Burr

Tools Fixture

Figure 1. The model of the robotic grinding system.

Rotary burrs resembles cylindrical milling cutters in CNC machining, and their grind-
ing mechanism is comparable to that of a machine tool for surface milling. Hence, the
multiple regressions in the form of an exponential function [18] to depict the in-process
surface roughness during the grinding process, as shown below:
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where Ra is the average surface roughness, V is the spindle speed, f is the feed rate, d is the
depth of cut, D is the burrs’ diameter, ( ~) is the dynamic grinding force ratio, in which Fx
is the component of the grinding force in the tangential direction at the contact point, and
Fz is the component of the grinding force in the normal direction at the contact point, «, m,
n, k, B and C are the regression coefficients of the model. In the actual grinding process,
the material of the workpiece, the processing size and the processing craft determine 4 and
D, while the PPGR V,, f, Fx and Fz are set by engineers according to the site conditions. In
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Figure 1, f is determined by the linear velocity by which the GR grips the workpiece, which
can be set directly in the controller of the robot. The cutting force Fz is the radial floating
force output from the rotary burrs. The RCMRT contains an air-suspended bearing and,
by adjusting the air pressure of the bearing, can control the spindle output to stabilize the
volume of the radial floating sanding force. The linear relationship between the air pressure
and the floating force of the RCMRT is shown in Figure 2.

8

g wm =] -~
T T T T

Compliance Force (N)

5 15 2 25 30 3 40 45
Pressure (Mpa)
Figure 2. Compliance force and pressure.
The conversion to a quantitative relationship can be obtained with Equation (2)

Fz=Kz-Pz )

where Pz is the input pneumatic motor pressure, Kz is the scale factor. The cutting force Fx
is the tangential force at the point of contact between the rotary burrs and the workpiece,
and both Fx and V, expressed in Equations (3) and (4), are determined by the torque and
speed provided by the air motor of the spindle in the RCMRT:

_ Vg Proy
Fx = D 3)
- a7 4
=60 @)

where V, is the capacity of the pneumatic motor, Pr is the spindle pressure, 7 is the
volumetric efficiency, g, is the flow rate. According to the Bernoulli equation in fluid
dynamics, g, can be expressed by the following equation

qo =Sr-\/2-Pr-p ©)

where St is the cross-sectional area of the pipes, p is the density of air. Substituting
Equations (2) to (5) into (1) yields:

Ra=C, Q, D« fm. pys+h.py=F (6)

Co=60"%-22"F. g% P.C.KzP @)

Qo =St* -p% ~;7’X+/3 : Vg'Bf’X -d" 8)
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The constant term in the formula obtained by integrating the substitutions is integrated
as C, in Equation (7), and the static variable representing the structural property is inte-
grated as Q, in Equation (8). The simplified surface roughness Equation (6) is obtained by
combining the constant C, and the structural property term Q,, obtaining a mathematical
model for the relationship between the PPGR and the quality of Ra.

2.2. Algorithm for Multi-Objective Optimization

Equation (6) shows that the grinding average surface roughness Ra of the robot is
subject to the interaction of feed rate f, spindle pressure Pr and pneumatic motor pressure
Pz and suggests that it is difficult to use a mathematical model to accurately optimize the
grinding results under different process parameters. Therefore, this paper considered the
burr wear in the grinding process and the motion characteristics of the GR and used the
LSTM and MLP neural network algorithms to fit the quantitative relationship between
the grinding surface roughness and the time for different PPGR and predict the grinding
results. The constructed LSTM model and MLP model were used as the objective function
of the multi-objective optimization algorithm NSGA-II, and the Pareto front was calculated
to obtain the optimal sets of PPGR.

2.2.1. LSTM Model for Fitting the Surface Roughness

The long short-term memory (LSTM) neural network is a special type of recurrent
neural network. Unlike general artificial neural networks (ANN)), it can handle data with
temporal relationships [19]. In the GR grinding process, it is known, from Equation (6),
that the burrs’ size D also affects Ra. The grinding burrs will be worn as grinding is carried
out, resulting in a change in the size of the burrs, i.e., in the surface state, which affects the
grinding surface quality [17]. The wear of the rotary burrs is affected by the PPGR. When
predicting the surface quality of the grinding, it is necessary to consider the impact of the
rotary burrs’ wear caused by the grinding of the previous workpiece on the grinding of
the next workpiece. Therefore, this paper proposes to train the LSTM neural network for
predicting the surface quality for certain PPGR settings, considering the effect of rotary
burrs’ wear on the grinding quality.

LSTM has the ability to remember past input data. Its network structure is shown
in Figure 3 and includes a cell state, a forget gate, a memory gate and an output gate.
The LSTM has two inputs at each moment, which are the input process parameters at the
current moment and the predicted values of Ra at the output of the previous moment. The
two inputs are integrated into a single vector by the forget gate, which compresses the
input vector to the (0, 1) interval through a sigmoid neural layer and compares it with
the pre-sequence input features stored in the cell state, forgetting part of the features. The
memory gate extracts the process parameter features of the current input using the tanh
function and controls the weight of saving the current parameter features in the cell state
using the sigmoid function. The output gate processes the current input PPGR, the Ra from
the previous time step and the parameters stored in the cell state and outputs the predicted
Ra for the current time step.
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Figure 3. Structure of the LSTM network.
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The cell state in the LSTM remembers the grinding burrs” wear state features included
in the surface quality at the previous moment, affects the predicted value of the grinding
surface quality in the output gate and is transmitted to the cell state at the next moment to
affect the predicted value of the surface roughness at the next moment.

2.2.2. MLP Model for Fitting the Grinding Time

Usually, the optimization of GR efficiency mainly focuses on improving the MRR
and surface quality, without considering the influence of a robot motion characteristics
on the grinding time. The grinding time in actual industrial production comprises two
elements, which are the execution time of the robot’s movement when the workpiece is not
in contact with the grinding burrs and the duration of the subsequent grinding process.
Based on the required grinding quality, the GR feed speed during the grinding process is
stable, while the speed before contact with the workpiece is flexibly decided by engineers
based on the production environment and requirements. The motion rate of the GR is
usually set to the maximum to boost productivity. However, the robot motion comprises
acceleration and deceleration stages, which require a certain space for the acceleration- and
deceleration-linked motions. Figure 4 is reproduced from [20] and shows the time taken to
cover the same distance with different robot speed parameters. When the robot motion
distance is insufficient, setting the motion speed too high will not reduce the actual motion
time of the robot.

= Trajectory 1 ===== Trajectory 4
707 1 == Trajectory 2 === Trajectory 5
Trajectory 3 === Trajectory 6

Vinax(%0)

Figure 4. Velocity—time curves for different velocity parameters of the robot.

In practical applications, GR use an S-shaped or a trapezoidal acceleration and deceler-
ation control, and changes in the speed parameters will affect the robot trajectory execution
time. The relationship between execution time and speed changes is nonlinear. Neural
networks are widely used in regression fitting non-linear relationships between system
parameters to predict the output of the system [21]. In order to accurately predict the
grinding time, this paper used a Multi-Layer Perception (MLP) neural network to adjust
the relationship between the speed parameter of the GR and the final grinding time. To
ensure the homology of the data, the input parameters of the MLP were the same as those of
the LSTM, which were three-dimensional vectors containing the robot speed f, the spindle
pressure Pr and the pressure of the pneumatic motor Pz. The MLP includes an input layer,
a hidden layer and an output layer. The transfer weight between the neurons in the input
layer and those in the hidden layer is used to extract the features of the input data. The
quantitative relationship between the input and the output of the neural network was fitted
by the full connection between the neurons in the hidden layer and the activation function
to achieve the accurate prediction of the grinding time.
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2.2.3. NSGA-II for Multi-Objective Optimization

The genetic algorithm (GA) is an effective tool for optimizing nonlinear and complex
problems based on natural selection processes in biological systems. Traditional GA algo-
rithms are computationally inefficient and only suitable for single-objective optimization.
In this paper, the non-dominated sorting genetic algorithm-II (NSGA-II) was used to find
the combination of RRGR that minimized Ra and grinding time, as described above. The
NSGA-II algorithm incorporates an elitist strategy to prevent the loss of superior individu-
als and obtains the Pareto front by performing non-dominated sorting on all parent and
offspring individuals that are mixed. The result on the Pareto front is a series of bounded
solutions calculated according to the optimization objective, none of which dominates
the other. However, it is possible to obtain the optimal result for the scenario in exam
depending on the application and the constraints of the optimization problem.

From the analysis in Section 2.1, it is evident that an increase in the GR speed f would
lead to a higher grinding surface roughness and would reduce the grinding time. Therefore,
the surface quality and grinding time during the robot grinding process are two conflicting
optimization objectives. The optimal Pareto front according to the optimization objective
can be computed using the NSGA-II. The multi-objective optimization algorithm based on
NSGA-II used in this paper is shown in Figure 5. Firstly, a randomly generated initialized
population Py of size N was generated, and using the tournament selection algorithm,
crossover and mutation were performed to obtain the offspring Qy, which was combined
into a population Ry. Then, iteration through all the solutions in the population Ry was
carried out, the number of dominated sets was computed for each solution for a fast non-
dominated sorting, and the fitness values of each level of non-dominated solutions in the
sorted Z1, Z, Z3 were assigned according to their frontier levels. In this case, the solutions
in the first level of the non-dominated frontier Z; were the best solutions, and all the
solutions in this level were retained in the new-generation population P; according to the
elitism strategy. If the number of Z; is less than N, the next level of non-dominated solutions
in level Z; is selected to complement them, until the number of remaining solutions in the
Py population is not sufficient to merge all solutions within a complete non-dominated
frontier level. The solutions in the last set of nondominated solutions that cannot be merged
into the P population are sorted by crowded distance. The sorted top solution were
selected to complement the remaining P; population to reach N. P; was selected with a
crowded comparison operator through the tournament selection algorithm, and Q; was
generated using the traditional GA algorithm with crossover and mutation. P; and Q4
were combined for the R population, and the operation of the fast nondominated sorting
was repeated until the number of iteration generations was reached.

R, Target function Non-dominated Crowding distance Py
sorting sorting
LSTM Z: |- — —— = — = -

[P Fu Pe 1 (%) I . (- ------ 3

Figure 5. Structure of the LSTM-MLP-NSGAII model.

The predicted surface quality and grinding time from the LSTM and MLP models,
which were built and trained, were then input. The predicted results were quickly non-
dominatedly sorted, and the parent population Py,; of the new generation was obtained by
calculating the crowding distance. The new offspring population Q.1 was obtained using
the genetic algorithm based on the elitist strategy, and the above steps were repeated. After
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continuous selection, mutation, crossover and iteration to reach the number of generations
set by the algorithm, the optimal Pareto front was obtained.

3. Experiment and Method Implementation
3.1. Experiment Platform

To the purpose of studying the influence of the PPGR on machining quality and
grinding time, it was necessary to control the air pressure of the RCMRT and the speed
of robot motion during the grinding process. Therefore, a GR platform with the RCMRT
was established, as in Figure 6. The GR platform mainly consisted of three main parts: a
storage table with the aluminum tubes (STAT), the industrial robot and the RCMRT. The
STAT contained 6061 aluminum panels with three plastic pins for mounting the grinding
workpieces. The model of the industrial robot was ROKAE XB7 with a 7 kg load. The
maximum linear velocity at the end of the robot is 300 mm/s. The RCMRT was installed in
the working range of the GR and fixed in the worktable of the industrial robot platform by
steel brackets. The RCMRT is a pneumatic tool consisting of a support pressure providing
a constant grinding force and a pneumatic motor providing high-speed rotation of the
grinding shaft. The RCMRT can provide a compliance force ranging from 0.89 N to
6.7 N, corresponding to a spindle pressure Pr from 0.034 MPa to 0.45 MPa. The RCMRT
has two air circuits used to drive the pneumatic motor and the compliance force, which are
controlled by the force and the rotating pneumatic valve. On the spindle of the RCMRT,
tungsten carbide rotary burrs with a double cut, a 1/8” diameter, a 9/16” length and a 1/8"
shank were installed to remove the oxide layer from a cylindrical tube of 6061 aluminum
alloy. The MarSurf PS 10 handheld roughness measuring instrument was used to measure
Ra after grinding. In practical production, due to GR structural rigidity, the grinding
trajectory, the product materials and other factors, the requested grinding surface quality
Ra is in the range of 0.2-3.2. In this study on tubes with a 6061 aluminum cylindrical
surface, the requested grinding surface quality Ra was 0.8-1.6.

Grinding Process After Grinding Measuring Surface Roughness

e ‘Pl Industrial Robot

I“L ‘Ei'l

byl

Storage
Table of
Aluminium
Tubes

Force and Rotate
Pneumatic Valve

Figure 6. Experimental platform of robotic grinding.

3.2. Experiment Dataset

The aluminum alloy workpiece to be ground was stored in the STAT, and the GR
gripped the workpiece and moved it over the RCMRT. The pneumatic valve opened to
drive the rotation of the spindle of the RCMRT and maintain the grinding compliance
force. Then, the GR placed the workpiece in contact with the rotary burrs rotating at high
speed and rotated the workpiece by 360 degrees to complete the grinding of the cylindrical
surface of the aluminum tube. Throughout the grinding process, the speed of the robot
moving the workpiece to the top of the RCMRT and the feed rate f of the workpiece were
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controlled by setting the linear velocity in the robot controller. The ROKAE controller has
three modes for setting the motion speed, i.e., the joint velocity percentage (PER), the tool
central point (TCP) speed and the orientation velocity (ORI). In this experiment, the TCP
speed range was set from 25 mm/s to 300 mm/s, with a step of 25 mm/s, as the feed rate f
in the PPGR.

In order to validate the proposed optimization method for the PPGR, grinding experi-
ments were first conducted according to the PPGR shown in Table 1, and the model training
dataset was compiled. The experiments were divided into four groups. We used 12 rotary
burrs, for a total of 300 grinding experiments, with 25 grinding operations performed for
each rotary burr. In each group of experiments, f and Pz were combined non-repetitively
from the minimum to the maximum value in stepwise crossover and with a specific Pr,
obtaining a unique PPGR combination for each group. After four grinding operations
for each rotary burr, a group of specific PPGR combinations was evaluated for burr wear
estimation.

Table 1. The experimental process parameters dataset of robotic grinding.

Pr
Trial Burrs f (mm/s) Pz (MPa) Test Group (MPa)
Group No. Pz
Min. Max. Step Min. Max. Step (mm/s) (MPa)
Bl 0.2
1 B2 25 300 25 0.2 0.4 0.05 50 0.25 0.2
B3 0.35
B4 0.2
2 B5 25 300 25 0.2 04 0.05 50 0.25 0.3
B6 0.35
B7 0.2
3 B8 25 300 25 0.2 0.4 0.05 50 0.25 0.4
B9 0.35
B10 0.2
4 B11 25 300 25 0.2 0.4 0.05 50 0.25 0.45
B12 0.35

After grinding the surface of the cylindrical workpiece at an interval of 120 degrees,
we selected three measurement points, measured and recorded the value of Ra, and then
determined the average of the results. The grinding results are shown in Figure 7. The
300 sets of experimental results and their PPGR constituted the basic training dataset for
the multi-objective optimization method proposed in this paper. The red line in Figure 7a
indicates that the grinding time did not decrease linearly with the increase in robot speed.
After the speed reached a certain value, the decrease in grinding time slowed down.
Figure 7b shows the test data for the wear of the rotary burrs and the fluctuation of Ra in
the testing groups during the grinding process. This result showed that the wear of a rotary
burr over the course of 25 grinding passes was very complex and difficult to extrapolate
from empirical formulas. Therefore, the use of neural networks to fit the grinding time and
grinding quality results was necessary to accurately predict the performance of the PPGR.

30 3

Time-Speed curve in the
fourth cutting experiment
25 25
i ) ‘ |
= ‘ ® A |
2 15 245 (U of [ oo
£ 3 ‘1 U i it
\ \ L] oy | {1 o
. ‘) H l V | ‘ ‘! U™ e o PR R, BT
1 ‘ l 1 o | T Tl (e TN
I u 1t A ™
st \‘L Woosp R UL [T L et |
b e | "o lge
0 0
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(a) (b)

Figure 7. Experimental grinding results. (a) Grinding time; (b) grinding surface roughness.
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3.3. LSTM and MLP Neural Network Training

The intelligent algorithms mentioned in this paper were run on a computer with a
CPU of i5-11400 @ 2.6GHz and 16 GB of RAM. The construction of the neural network was
implemented in a Python 3.8 environment based on the Sklearn, Tensorflow algorithm
package. The LSTM and MLP neural network models were trained using the experimental
dataset obtained in Section 3.2, and the model parameters are shown in Table 2. Prior to
model training, the experimental dataset was normalized to the range of 0.1 to 0.9 in each
column to speed up model convergence and was divided into a validation set containing
10% of the data and a training set with 90% of the data. The width of the rolling window
for the network training data was set to 25, and 0 padding was applied at the beginning to
each burr’s data. When the first grinding data of the burrs were input, the first 24 rows of
the input matrix and the label vector were set to zero to indicate that the current grinding
sequence was the first. The model was initialized with the parameters shown in Table 2,
and the training of the model was started with the validation and testing datasets. The
training results are shown in Figure 8. Figure 8a shows that the LSTM model achieved an
mean squared error (MSE) of less than 0.01 after being trained for 200 iterations using the
training and validation sets. Based on the MLP model, the training results for the grinding
time are shown in Figure 8b, with an MSE of less than 0.0086 achieved after model training,
indicating that the model had converged, and the training was complete.

Table 2. Parameters of the LSTM and MLP neural networks.

Value
Parameters
LSTM MLP
Input shape (25,3) (25,3)
Label shape (25,1) (25,1)
Batch Size 300 300
Number of input layer 64 32
neurons
Number of hidden layer 128 64128
neurons
Number of output layer 1 1
neurons
Maximum epoch 200 200
Optimizer Adam Adam
Loss Function MSE MSE
Activation Function Sigmoid Relu
0.03
— train — train
— validation 0.05 — validation ||
7
o]
- |
. . . 0 .
0 50 100 150 200 0 50 100 150 200
Epoch Epoch

(a) (b)

Figure 8. Experimental training results. (a) Loss of the LSTM network; (b) ILoss of the MLP network.



Machines 2023, 11, 882

11 0f 14

3.4. Surface Roughness and Grinding Time Prediction

To validate the prediction accuracy of the trained LSTM and MLP models for Ra and
grinding time, a set of experimental parameters was randomly selected from the experimen-
tal parameter groups and recombined for the grinding experiments. The recombined PPGR
were inputted into the LSTM surface roughness model and the MLP grinding time model
according to the grinding sequence to form a matrix. The predicted results of the models
were compared with the actual results, as shown in Figure 9. As the surface roughness is
significantly affected by the environment, the model prediction of Ra has a certain error
compared with the real value. The grinding time is mainly affected by the speed and
trajectory of the GR, and the acceleration and deceleration characteristics of the GR lead to
a certain error when the speed changes.

1\ /\ WV|

[\ . o
0.5 = 0 | |
5 ! 034 / | A
0.4 ‘I | /\ | | \ // N
| 0.2 4 | | J
0.34 — RealRa | / /
0 5 10 15

1 |
0.8 |

0.9 4 — Real Time
\ Predict Time
0.7 |

0.6 1 |\

Grinding time

Surface roughness Ra

Predict Ra ! 0.1

0 5 10 15 20 25 30 20 25 30

Sample Sample
(a) (b)

Figure 9. Experimental prediction results. (a) Average surface roughness Ra prediction results;
(b) grinding time prediction results.

The mean absolute percentage error (MAPE) is commonly used in the evaluation of
neural network prediction results. The MAPE was used to evaluate the prediction results
of the trained models. The MAPE of the LSTM model for predicting Ra was 0.0576, and
the MAPE of the MLP model for predicting the grinding time was 0.0079, and both were
within the acceptable error range.

4. Optimization and Validation of the Process Parameters

To validate the effectiveness of the multi-objective optimization method proposed in
this paper for the PPGR, two similar burrs with similar wear conditions that had been used
with the same process parameters and for the same grinding times were prepared for the
experiment. The two burrs were used for the grinding trials in the optimization group and
the manual experience group. Each burr was utilized for six consecutive grinding tasks on
the aluminum tubes. The grinding trials with the PPGR obtained from the multi-objective
optimization method proposed in this paper were considered the optimization group. The
grinding trials conducted by on-site workers based on their experience while debugging
the parameters were considered the manual experience group. The historical PPGR and
grinding results of the burrs were input as a sequence into the multi-objective optimization
algorithm, with the minimum Ra and grinding time as the optimization objectives, to
calculate the Pareto front of the optimal PPGR combination for the subsequent six grinding
operations. The surface quality results of the grinding aluminum tube cylindrical surface
for the optimization group and the manual experience group are shown in Figure 10. The
workpieces 21 to 26 represent the grinding group with optimized parameters, while the
workpieces 45 to 50 represent the manual experience group. It can be seen in Figure 10 that
the surface finish of the optimization group was better than that of the manual experience

group.
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Optimization Manual Experiences

Figure 10. Comparison of the trials with the optimization group and the manual experience group.

The surface roughness of the ground workpiece was measured, and the PPGR and
grinding times were recorded, as shown in Table 3. The numbers marked in black pencil on
the aluminum tubes in Figure 10 correspond to the values in the No. column of the table.

Table 3. Results of the comparison between the multi-objective optimization and manual experience

methods.
Group No f (mm/s) Pz (MPa) Pr (MPa) Ra (um) Time (s) Ra Rate Time Rate
21 108 0.25 0.3 0.246 6.703 —52.32% +0.04%
22 152 0.2 0.35 0.506 6.687 —43.65% —47.33%
Optimization 23 299 0.25 0.4 0.350 2.699 —34.21% —0.77%
24 240 0.3 0.3 0.298 3.095 —13.62% +54.01%
25 269 0.3 0.35 0.135 3.100 —92.16% —53.83%
26 290 0.25 0.35 0.165 3.091 —66.74% —16.46%
45 100 0.35 0.35 0.515 6.700
46 70 0.3 0.2 0.898 12.696
Manual 47 260 0.35 0.25 0.532 2.720 _ _
Experience 48 270 0.3 0.3 0.345 2.711
49 90 0.4 0.4 1.721 6.715
50 200 0.4 0.35 0.496 3.700

In terms of grinding quality, the aluminum tubes from No. 21 to No. 26 were subjected
to parameter-optimized grinding and corresponded to those from No. 45 to No. 50 that
were subjected to grinding with manually determined parameters. Therefore, the grinding
of the tubes No. 21 and No. 45 corresponded to the 21st grinding for the two groups, using
tools with same grinding parameters and used the same number of times. The final grinding
results showed that the minimum value of Ra for the optimized group was 0.135 um for
No. 25, and the maximum value was 0.506 um for No. 22, while the minimum value of Ra
for the manual experience group was 0.345 pm for No. 48, and the maximum value was
1.721 um for No. 49. The Ra value of the optimized group was lower by a maximum of
92.16% than that of the manual experience group. The mean value of Ra for the optimized
group was 0.283 pm with a variance of 0.0183, while the mean value for the manual
experience group was 0.751 um with a variance of 0.2592. The quality of the grinding
in the optimized group was generally improved, and the fluctuation of Ra was smaller.
Compared with the optimized group, the grinding quality of the manual empirical group
was much worse and fluctuated greatly, mainly because the manual empirical method could
not accurately predict the relationship between grinding parameters and grinding quality.
At the same time, workers can only rely on their visual and empirical judgement when
evaluating tool wear, which is very inaccurate; so, the setting of the grinding parameters
and the final grinding quality are uncertain and require extensive debugging and testing to
obtain the final parameters that can be applies.

In terms of grinding time, the optimized group showed a maximum reduction of
53.83% compared to the manual experience group, with the shortest grinding time of
2.699 s for the optimized group and of 2.711 s for the manual experience group. Although
the grinding time of the aluminum tube No. 24 was 54.01% longer than that of the alu-
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minum tube No. 48. in the same grinding sequence, the surface roughness Ra value was
13.62% smaller. After excluding the loading and unloading time, the optimized group
required a total of 25.375 s to grind the six groups of workpieces, and the manual experience
group requires 35.242 s; the total grinding time of the optimized group was 28% shorter
than that of the manual experience group. Comprehensively comparing grinding quality
and time of the optimization group and the manual experience group, after grinding six
groups, the optimization group finally obtained a stable parameter range, while the manual
experience group was still in the debugging stage, with large parameter variations. There-
fore, it is evident that the optimized group could obtain the best combination of parameters
in terms of grinding quality and time more quickly than the manual experience group.
From the results and comparisons, it can be concluded that the proposed multi-
objective optimization of the PPGR based on LSTM-MLP-NSGAII could achieve a better
performance than the PPGR adjustment method relying on the experience of workers.

5. Discussion and Conclusions

To allow the simultaneous optimization of grinding time and quality, which is difficult
when evaluating the PPGR manually, this paper proposes a multi-objective optimization
method for the PPGR. The efforts made and the conclusions reached are summarized as
follows:

1.  Based on the mechanism of the rotary burrs and the driving characteristics of the
RCMRT, a model for the qualitative relationship between surface quality of a robotic
pneumatic grinding system, robot speed, radial compliance force and spindle air
pressure was presented.

2. The proposed LSTM-MLP-NSGAII model considers the effects of burr wear and robot
kinematics on grinding quality and time in an integrated approach compared to
traditional methods that rely on manual experience.

3. A multi-objective optimization method for the PPGR is proposed, taking surface
roughness and grinding time into account for the first time.

4. Compared with the manual empirical method, the Ra achieved was at least 13.62%
better than that obtained with the manual empirical method, and the grinding time
was reduced by 28%.

The proposed multi-objective optimization method utilizes artificial intelligence al-
gorithms instead of complex mathematical models, not only realizing the optimization of
the PPGR, but also extending the scope of the optimization application of GR. However,
in this paper only the optimization for grinding quality and time was studied, and the
optimized parameters were limited. Future research will extend the range of the process
parameters and the grinding process optimization objectives of the current neural networks
for the multi-mode grinding optimization of grinding robots and promote the intelligent
development of grinding robots.
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