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Abstract
Nickel alloys are widely used in aerospace and defense industries due to their excellent high-temperature characteristics. 
In order to increase fatigue resistance and oxidation corrosion resistance, aerospace curved surface parts always need to be 
strengthened using laser shock peening technology on five-axis machines. However, it is easy to generate dense laser spots in 
certain regions during the process, which might lead to an uneven distribution of residual stress on surfaces of the component. 
To address this issue, the study investigates the problem of excessive spot overlap rate at large curvature positions caused by 
a mismatch between the surface curvature of curved components and the dynamic performance of equipment, then proposes 
an optimization algorithm for motion control based on linear interpolation principles. By analyzing the relationship between 
the feed rate of the program segment and the actual feed rate, the speed of each axis of the machine tool is confirmed and 
adjusted, and the control flow of the optimization algorithm is established. The feasibility of the algorithm is preliminarily 
verified by comparing the changing trend of feed rate before and after optimization through simulation. In actual laser shock 
peening experiments on nickel alloy spherical shell elements, the laser spot distribution on the surface of the component is 
uniform, and the relative error range between the actual overlap ratio and the theoretical value can be controlled within 5%, 
demonstrating the correctness of the optimization algorithm. This study can significantly improve the surface machining 
quality of curved components and have practical applications.
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1  Introduction

In the field of aerospace and defense, nickel-based superal-
loys are widely used in the manufacture of turbine blades, 
combustion chambers, and other key hot-end components of 
aeroengines at operational temperatures higher than 550 ℃. 
This is due to their good corrosion resistance, high strength 
at high temperatures, excellent creep fatigue resistance, 
and long fatigue life [1–4]. At present, with the continuous 
improvement of performance requirements for aero-engines, 
it is necessary to improve the high-temperature mechanical 
properties of materials used to manufacture aero-engines, 

especially high-temperature oxidation resistance, corrosion 
resistance, and fatigue resistance. Therefore, it is essential to 
carry out an efficient and stable surface hardening treatment 
for nickel alloy components.

Traditional methods of surface strengthening of metal-
lic materials mainly include surface mechanical strength-
ening, surface heat treatment strengthening, chemical heat 
treatment strengthening, surface laser cladding treatment, 
and surface electron beam treatment [5]. However, these 
methods are energy-intensive and complex. Laser shock 
peening (LSP) method is a surface modification technol-
ogy. In this method, metallic materials are irradiated by 
high-power lasers to produce high-temperature and high-
pressure plasma, which impact the surface of material to 
change its surface properties through mechanical effects [6]. 
And then the fatigue [7, 8] and corrosion resistance [9, 10] 
of the materials can be improved. It has the advantages of 
high processing efficiency, a clean working environment, 
and precise control of process parameters [11]. As a novel 
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surface-strengthening technology, applications of laser 
shock peening in the industrial field have been reported 
[12–16], and at the same time, research in the academic 
community has also been conducted [17–20]. All of these 
factors have promoted the wide application of laser shock 
peening technology in the machining of curved surface com-
ponents of aeroengines.

Nowadays, laser shock peening is mainly completed 
using machine tools. Note that the key components of 
aeroengines are generally complex curved surfaces, which 
result in ordinary three-axis machine tools not meeting the 
laser shock peening processing requirements of aero-engine 
components. With the increasing progress and popularity of 
equipment, laser shock peening technology based on five-
axis machine tools has been proposed and applied. Five-axis 
machine tools can better adapt to the processing of complex 
surfaces, expanding the scope of application of laser shock 
peening. For example, it has been investigated as one of 
the important methods for surface peening of nickel alloys 
[21–23].

In the actual use of machine tools for strengthening pro-
cessing, to ensure good strengthening effect, it is necessary 
to keep the actual feed rate constant under ideal process-
ing conditions. This requirement can be met by setting the 
feed rate to a fixed value in the program segment of the 
ordinary three-axis machining system. The common solu-
tion is to optimize the algorithm of the processing system 
and dynamically adjust the feed rate in the actual processing 
process to avoid the change of spot overlap rate. Sang et al. 
[24] presented an improved feed rate scheduling method by 
calculating the geometric error between the real tool path 
and the ideal tool path and building the constrained feed rate 
profile. Sun et al. [25] proposed a toolpath smoothing algo-
rithm to eliminate feed rate fluctuation within the feed rate 
planning units. Tang et al. [26] developed a novel master-
based feed rate scheduling (MBFS) approach with real-time 
and drive constraints to generate smooth trajectories along 
five-axis linear toolpaths.

However, for the five-axis machining system, to position 
the laser on workpieces more accurately, two rotary axes are 
introduced to provide additional degrees of freedom. When 
the five-axis machining system is applied to perform laser 
shock peening on workpieces with complex surface profiles, 
the rotation angle of two rotary axes is supposed to change 
in real time according to the curvature of the machining 
trajectory to maintain a stable overlapping ratio and ensure 
the laser is perpendicular to the surface consistently. This 
means the feed rate is not allowed to be constant. In other 
words, optimizing the feed rate based on the curvature of the 
machining trajectory during laser shock peening processing 
is necessary [27]. Unlike the traditional three-axis machines, 
for five-axis machines, two rotary axes are expected to rotate 
with a larger angle than usual when reaching an area with 

large curvature during the single interpolation process. 
Unfortunately, when the feed rate remains constant, the rota-
tion angles of rotary axes cannot be adjusted timely, which 
results in the target point of the laser shock not being able 
to move from the previous position to the next specified 
position in time. This situation occurs in dense spots on the 
surface generating thermal deformation and residual stress, 
which seriously affects the actual machining quality and 
productivity.

To solve this problem, this paper researches the five-axis 
linkage surface machining process for laser shock processing 
of nickel alloy. Through the understanding of the principle of 
laser shock processing and combining the five-axis linkage 
and linear interpolation principle, the relationship between 
the program segment feed rate and the actual feed rate was 
analyzed. The relevant algorithm to combine the feed rate 
with the actual motion position is designed. Ensure the laser 
shock processing effect by rationally changing the feed rate. 
This research can effectively solve the dense spot situation 
of curved components and improve the surface processing 
quality of components. The study advances the research of 
motion control technology of multi-axis laser processing 
equipment and provides a technical basis for improving the 
multi-axis processing effect of laser processing of complex 
feature parts.

2 � Study on motion control optimization 
of laser shock process for nickel alloy 
curved components

2.1 � Problem statement

On the surface strengthening treatment of metal workpieces 
in the aviation engine, the following study takes nickel-based 
high-temperature alloys as the object of research and laser 
shock peening as the processing technology. Problems in 
laser shock peening of nickel alloy workpieces on multi-axis 
laser processing equipment are mainly investigated.

2.1.1 � Laser shock peening principle for curved components

The principle diagram of laser shock peening of a nickel 
alloy spherical shell part is shown in Fig. 1(a). According 
to the path planning for the hemispherical shell, multiple 
machining points with the same spacing are obtained. In the 
direction of the normal vector of the machining points, the 
pulsed laser of the multi-axis precision machining equip-
ment emits a laser beam through the lens to the workpiece 
machining points. The laser beam irradiates the surface of 
the workpiece to form a spot with a certain diameter.

In the laser impact strengthening process men-
tioned above, different process parameters will affect the 
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strengthening effect, among which the spot overlap ratio is 
an important parameter affecting the surface strengthening 
effect. Suitable and uniform spot overlap ratios can increase 
the residual compressive stress in the surface layer of the 
material and result in a more uniform distribution of residual 
stresses on the surface of the material.

The spot overlap ratio (η) is defined as the ratio of the 
overlap distance between two adjacent spots on the cen-
terline (L0) and the spot diameter (D), as shown in Fig. 2. 
The value will be used as an input parameter for the laser-
intensified processing path generation algorithm, affecting 
the spacing between the processing points. Thus, it has an 

impact on the stress field distribution in the laser shock 
region [28], which ultimately directly affects the effect of 
laser shock peening.

During the machining process, the spot overlap ratio 
and spot diameter are used as input parameters to directly 
affect the spacing between neighboring machining points 
(Δd) in the machining path, which are related as:

When generating machining points on the sphere, it is 
theoretically necessary to ensure that the machining points 

(1)Δd = D × (1 − �)

Fig. 1   Schematic diagram of laser shock peening of nickel alloy
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are equally spaced along the circumference and the busbar. 
Therefore, the sphere is stratified along the direction of 
the busbar according to the equal processing point spac-
ing generated by the calculation of (1), which leads to the 
points O1, O2……On+1 in Fig. 1(a). After layering, the 
individual circumference continues to be divided by equal 
machining point spacing (Fig. 1(a) red dotted line) and 
finally generates all the processing points of the sphere.

2.1.2 � Motion control analysis of laser shock peening 
of curved components

Typically, surface enhancement machining is done with uni-
form feeds. However, maintaining a constant feed rate on a 
five-axis machine can lead to the problem of dense spotting 
at some locations of the curved component, which affects 
the machining results. The laser shock peening process uses 
constant frequency processing. In order to ensure the laser 
overlap ratio, the ideal processing situation should be that 
the laser corresponds to one pulse of light for each moving 
path of the motion platform with a point spacing of Δd size. 
Based on the correspondence, the moving speed (F) of the 
laser outlet is the displacement generated per unit time:

The feed rate obtained by the calculation of (2) 
describes the ideal moving speed of the spot relative to 
the surface of the workpiece in the workpiece coordi-
nate system. However, during the actual machining of 
the nickel alloy spherical shell parts, the machining path 
of the spherical shell is processed layer by layer accord-
ing to different radius circumferences. The radius of the 

(2)
F = Δd∕T

= D × (1 − �) × f

circumferential path decreases and the curvature increases 
in the part near the top of the spherical shell. According 
to the definition of curvature of curve in (3), it can be 
seen that the amount of angular variation (∆θ) between 
neighboring machining points increases when the cur-
vature (k) increases due to the constant machining point 
spacing (∆d).

where k is the mean curvature of the curve, ∆d is the arc 
length of the curve, and ∆θ is the tangent angle of the arc.

As shown in Fig. 1(b), it is the top-view schematic of 
hemispherical shell machining, where the red dotted lines 
represent the circumferential machining paths at different 
radii. As the circumferential radius decreases, there is the 
amount of angular change Δ𝜃1 > Δ𝜃2 per unit step.

The motion of the B-C rotary table five-axis linkage 
laser machining platform used in this paper is analyzed as 
shown in Fig. 3. By establishing the machine kinematic 
chain, the positive kinematic solution equation can be 
obtained when the laser platform processing to a certain 
processing point in the path [29]:

where �B is the rotation angle of the B rotation axis, and �C 
is the rotation angle of the C rotation axis. The u(ux, uy, uz) is 
the laser vector in the workpiece coordinate system.

The processing point laser vector is the unit normal 
vector to the surface of the spherical shell, so its value is 
a partial derivative of the spherical equation:

(3)k = |Δ�
Δd

|

(4)
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Fig. 2   Spot overlap ratio
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where, px, py, pz , are the coordinate values under the work-
piece coordinate system of the machining point.

Combined with (4) and (5) gives the relationship 
between the rotation angle of the rotary axis C and the 
position of the machining point:

where the value of py
px

 can be considered as the slope of the 
line between the point to be machined and the center of the 
circle in the forward top view of the Z-axis of the spherical 
shell. As the amount of angular change between adjacent 
processing points increases, the amount of change in py

px
 also 

increases. This causes the theoretical instantaneous rotation 
angle of the C-axis ( Δ�c ) to increase. The required instanta-
neous speed of the C-axis will exceed the machine setting 
when the value of Δ�c is too large.

Figure  4 shows the machining effect of setting the 
constant feed rate of the program segment. When the 
radius of the circumference being machined decreases, 
the C-axis partial speed cannot meet the instantaneous 
corner demand, and thus the specified attitude cannot be 
reached within one interpolation cycle. This resulted in the 
dense spotting and excessive overlap ratios near the top of 
the spherical shell shown in the portion. This situation is 

(5)

⎧⎪⎪⎨⎪⎪⎩
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2px
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2pz
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x
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z

(6)tan�C = −
py

px

likely to lead to uneven distribution of residual stresses 
on the surface, affecting the overall machining quality of 
the component.

Therefore, this paper focuses on how to design relevant 
algorithms to combine the feed rate with the actual motion 
position in the five-axis linkage machining process, and rea-
sonably control the size of the feed rate to ensure the effect of 
laser shock peening.

Fig. 3   Structure of five-axis 
laser processing platform

Fig. 4   Actual effect of machining at a constant feed rate
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2.2 � Motion control optimization for laser shock 
peening of curved components

2.2.1 � Process of motion control optimization algorithm

According to the above analysis, in order to solve the prob-
lem of dense spot caused by curved components and feed 
rate, a five-axis linkage motion control optimization algo-
rithm was designed to calculate the feed rate of different 
positions of the laser processing equipment in practical 
work. Figure 5 shows the flow chart of the motion control 
strategy.

The main idea of the motion control optimization algo-
rithm is specifically divided into the following steps:

Step 1. According to the planning of hemispherical shell 
machining path to get the machining point position infor-
mation (px, py, pz, ux, uy, uz) . And solve to get the coor-

dinates of the machining point under five-axis linkage 
(X, Y , Z,B,C).
Step 2. Calculate the actual synthesized displacement 
(ΔL), the distance between two adjacent path points (Δd), 
and the ideal constant feed rate (F0) in linear interpola-
tion.
Step 3. Calculate the actual five-axis linkage feed rate 
according to the above results. And calculate partial speed 
(FX ,FY ,FZ ,FB,FC) of each axis according to the principle 
of linear interpolation.
Step 4. The speed check is carried out to compare the 
sub-speed of each axis of the machine tool with the 
limit speed of the machine tool. Correcting the feed rate 
through the correction formula when the partial speed of 
an axis of motion exceeds the permissible range of the 
machine.
Step 5. Determine whether it is the last processing point. 
If so, end the algorithm, otherwise go to step two.

Fig. 5   Flow chart of the five-
axis motion control strategy
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2.2.2 � Calculation and correction of feed rate

For the above algorithmic process, in five-axis linkage machin-
ing, the trajectory of the machining points on the machined 
surface is discretized into numerous tiny straight-line seg-
ments. The trajectory direction and coordinates are controlled 
using G01 linear interpolation of the CNC.

Assuming that the laser position information of two 
adjacent machining points in five-axis machining are 
(px1 , py1 , pz1 , ux1 , uy1 , uz1) and (pxi+1 , pyi+1 , pzi+1 , uxi+1 , uyi+1 , uz1i+) 
shown in Fig. 1(b). The coordinate values of the machine 
tool in the corresponding CNC program are respectively 
(Xi, Yi, Zi,Bi,Ci) and Xi+1, Yi+1, Zi+1,Bi+1,Ci+1 , and the 
actual displacements of each translational and rotary axis of 
the machine tool is (ΔX,ΔY ,ΔZ,ΔB,ΔC) . According to the 
principle of linear interpolation, the synthetic displacement of 
the laser linear interpolation program segment between the line 
segments is:

where Kb is the adjustment factor for converting the rotation 
angle of the B-axis to displacement length. Kc is the adjust-
ment factor for converting the rotation angle of the C-axis 
to displacement length.

The distance between two adjacent machining path points 
on the machining path in the workpiece coordinate system is:

Let the ideal constant feed rate (F0) of the laser spot 
be calculated from (2) based on the actual spot parameter 
requirements. The value of the program segment feed rate 
F instruction (Fs) represents the displacement generated per 
unit time. Combined with (7) and (8), the program segment 
feed rate (Fs) has the following relationship to the actual 
feed rate (F0):

According to the principle of linear interpolation, the com-
manded value of feed rate (Fs) is the synthesized speed of the 
partial speed of the motion of each axis of the machine, and 
the interpolation period of each axis is equal:

(7)
ΔL =

√
(ΔX)2 + (ΔY)2 + (ΔZ)2 + (KbΔB)

2 + (KcΔC)
2

(8)
Δd =

√
(Δpx)

2 + (Δpy)
2 + (Δpz)

2

=
√

(pxi+1 − pxi )
2 + (pyi+1 − pyi )

2 + (pzi+1 − pzi)
2

(9)
Fs =

ΔL

Δd
F0

=

√
(ΔX)2+(ΔY)2+(ΔZ)2+(KbΔB)

2+(KcΔC)
2√

(Δpx)
2+(Δpy)

2+(Δpz)
2

F0

where FX (mm/min), FY (mm/min), FZ (mm/min), FB ((°)/
min), and FC ((°)/min) are the component speeds of the laser 
processing equipment in each axis of motion.

Due to the limitations of the dynamic performance of 
the equipment, there are limits to the maximum speed 
and acceleration of the axes of the actual laser process-
ing equipment. If the speed of an axis exceeds its servo 
capacity range after the program speed decomposition, it 
will cause an axis of the machine to fall out of step and 
not be able to reach the specified position, thus creating 
a large machining error. Therefore, the five-axis linkage 
process needs to be based on the machine’s limit speed 
index of the machine tool axis of the sub-speed of the 
verification and correction to ensure that the feed rate in 
the axes of motion of the sub-speed can not exceed the 
maximum speed, that is:

where F∧i is the partial velocity of a particular axis of 
motion. F∧max is the maximum velocity of a particular axis 
of motion.

When the partial speed of each axis of motion exceeds 
the allowable range of the machine tool, it is necessary to 
correct the feed rate. At this time, the maximum speed of 
the machine tool motion axis is taken to obtain the new 
feed rate of the axis. The actual speeds of the remaining 
axes are based on the time of motion of the limiting axes. 
The correction formula for the feed rate is:

This completes the correction of the feed rate of the 
program segment and the whole process of the motion 
control optimization algorithm. According to the above 
process and calculation results, the corresponding surface 
path processing code is generated.

(10)
|ΔX|
FX

=
|ΔY|
FY

=
|ΔZ|
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=
|ΔB|
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=
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FC
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= T
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3 � Simulation analysis and experimental 
verification

3.1 � Simulation analysis

To verify the effectiveness of the motion control optimiza-
tion algorithm proposed in this paper, simulation, and com-
parison experiments are carried out.

According to the above five-axis linkage motion control 
algorithm, the ideal constant feed rate of the R50 hemispher-
ical shell is set. The relevant program is formed to obtain 
the feed rate corresponding to each program segment of 
laser shock peening. The simulation results are shown in 
Fig. 6. Comparing the feed rate analysis before and after 
optimization in the figure. It can be seen that when the 
impact strengthens to the top of the spherical shell, the feed 
rate of the corresponding program segment is significantly 
improved compared to the constant feed rate.

Then, the speed changes of the laser processing platform 
before and after the optimization of the sub-velocity of each 
axis are analyzed, as shown in Fig. 7. The blue line in the 
figure is the partial speed of each axis under the ideal con-
stant feed rate before optimization, and the red line is the 
partial speed of each axis after adopting the motion control 
optimization algorithm. Some of the red lines are covered 
by the blue lines. From the figure, it can be seen that the 
trend of partial speed before and after optimization of the 
X, Y, Z, and B axes is unchanged, and the partial speed after 
optimization is slightly higher than that before optimiza-
tion. The C-axis partial speed changes greatly before and 
after optimization. The C-axis partial speed remains almost 
constant at a constant feed rate. The partial speed after the 
optimization algorithm increases as the radius of the circle 

Fig. 6   Distribution of feed rate in the machining program segment Fig. 7   Partial speed of each axis before and after optimization
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on the path decreases, which better meets the demand when 
the instantaneous angle increases.

The simulation results preliminarily verify the feasibil-
ity of the five-axis linkage motion control optimization 
algorithm.

3.2 � Experiments design

3.2.1 � Experimental conditions

Figure 8(a) shows the precision laser shock peening experi-
mental site. The precision laser processing equipment used 
in the experimental site is a combination of laser shock peen-
ing technology, numerical control technology, and precision 

monitoring and testing technology of high-end processing 
equipment.

The equipment has four linear axes and two rotary feed 
axes for motion control, as shown in Fig. 8(b). The X-axis 
and Y-axis realize the horizontal translation movement of 
the workpiece, and the B-axis and C-axis provide the spa-
tial position rotation of the tooling, fixtures, and parts. The 
Z1-axis and Z2-axis provide translational motion in the ver-
tical direction for the laser microfabrication system and the 
laser shock peening system, respectively.

This experiment only involves the movement of the Z2 
axis in the vertical direction, so the equipment is actually a 
“six-axis five linkage” motion system, which belongs to the 
B-C rotary table type five-axis linkage machine tool.

Figure 9 illustrates the preparation prior to laser shock 
peening. The deionized water machine is controlled by a 
PLC as in Fig. 9(a). The deionized water forms an absorbing 
layer on the surface of the target and is used to confine the 
shock wave generated by the plasma explosion. The surface 
of the spherical shell made of nickel alloy material clamped 
on the fixture is uniformly covered by black aluminum foil 
tape, as shown in Fig. 9(b). The black aluminum foil tape 
absorbs the plasma generated by the laser energy to protect 
the target. It also helps to show the surface paths of the target 
after impact intensification and facilitates observation and 
measurement of the experimental results.

Fig. 7   (continued)

Fig. 8   Multi-axis precision laser shock peening equipment
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3.2.2 � Experimental procedure

This experiment requires setting parameters such as spot 
size, spherical shell radius, overlap rate, and edge reserva-
tion in the program before the experiment to generate the 
machining path and motion axis coordinates. Then set the 
laser pulse frequency during machining, and calculate the 
ideal feed rate according to (2). And set the feed rate before 
and after optimization respectively in the NC program. The 
NC program is imported from the host computer software 
into the control system for laser shock peening during the 
experiment.

After the experiment, the results of the machining of the 
parts need to be measured, calculated, and analyzed. Due to 
the large number of light spots in the machining path, the 
experiment uses vernier calipers to randomly measure the 
spot size at any machining point in the machining path. The 
expectation and variance are obtained to measure whether 
the actual spot size meets the machining expectation. Simi-
larly, the overlap length of the two spots along the circum-
ferential direction is measured randomly at any processing 
point in the path, and the actual overlap ratio at the process-
ing point is calculated by the lap ratio formula.

Based on the above experimental steps, experiments were 
designed to compare the machining effects of uniform and 
optimized feed rates respectively.

(1)	 Constant feed rate experiment

The parameters of laser impact intensified machining of 
the spherical shell were set before the experiment, and the 
values of each parameter are shown in Table 1.

The ideal feed rate was calculated as 675 mm/min accord-
ing to (2) and was set as a constant feed rate in the NC pro-
gram. The surface machining effect of the spherical shell 
after laser shock peening is shown in Fig. 10.

Fig. 9   Preparation for laser 
shock peening experiments

Table 1   Constant feed rate machining parameter table

Radius of spherical 
shell (mm)

Spot diameter 
(mm)

Spot overlap ratio Edge reservation 
(mm)

Processing path Pulse frequency 
(Hz)

Pulse energy density 
(J)

50 3 25% 20 Isotropic grating 5 800

Fig. 10   Effect of constant feed rate machining of nickel alloy spheri-
cal shells
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Twenty random samples were selected for the surface 
measurements of the machined spherical shells in Fig. 10, 
and the results are shown in Table 2.

The experimental results show that the actual spot size 
remains uniform along the overall machining path direction, 
and there is no obvious deviation from the set value. The 
measured actual edge reservation length is also consistent 
with the set value in the path planning.

However, the actual spot overlap ratio has a large devia-
tion from the ideal value. From the bottom to the top of the 
spherical shell along the direction of the busbar, the actual 
spot overlap ratio is getting larger and larger. At the same 
time, at the top of the spherical shell, due to the mismatched 
slower feed rate, there is a situation where the laser impact 
breaks the tape.

The constant feed rate processing experiment shows that 
if a constant feed rate is used for laser shock peening, the 
actual laser overlap ratio will not meet the ideal processing 
requirements.

(1)	 Experiment for optimized motion control

The five-axis linkage motion control optimization algo-
rithm based on laser shock peening designed in this paper 
was used for the experiments. Three groups of motion con-
trol optimization experiments under different condition 
parameters and one group of constant speed control experi-
ments were done. The relevant settings of processing param-
eters in the four groups of experiments are shown in Table 3.

Figure 11 shows four groups of spherical shell laser 
shock peening effect, respectively, along the direction of 
the spherical shell processing path randomly selected pro-
cessing points. Set the processing point sample capacity of 

20, and measure the actual spot size and spot overlap ratio 
at the processing point (Appendix). The spot diameter and 
spot overlap ratio measurements are shown in the form of 
line graphs in Fig. 12 and Fig. 13, where the blue line is the 
result of the four groups of experiments and the orange line 
is the theoretical parameter value.

According to the analysis of the actual spot diameter data 
in Fig. 12, the relative error between the actual spot diameter 
of the experiments and the theoretical setting value is small. 
So either using an optimized feed rate or a constant feed rate, 
the actual spot size can be processed with less error from the 
theoretical value.

The actual spot overlap ratio data is shown in Fig. 13. It 
can be seen that the actual spot overlap ratios of group a, b, 
and c experiments using the motion control optimization 
algorithm are all around 25%. The sample variance and the 
relative error relative to the ideal overlap ratio are smaller, 
and the relative error range is controlled within 5%. How-
ever, the average value of the actual spot overlap ratio of 
group d processed with a constant feed rate is 44.12%, which 
is a 76.48% relative error compared with the ideal overlap 
ratio. The sample variance of group d is also the largest.

Through the above experimental data and the physical 
drawing of the spherical shell machining in Fig. 11, the 
motion control optimization algorithm designed in this 
paper can effectively ensure the actual spot overlap ratio 
after machining. The optimized results of the actual overlap 
ratio relative to the theoretical value of the error can be con-
trolled in a small range.

4 � Conclusions

In this paper, a motion control optimization algorithm is 
proposed to optimize the surface strengthening process of 
nickel-based superalloy. Firstly, the processing principle of 
the laser shock peening of nickel alloy spherical shell parts 
is studied to obtain the relationship between feed rate and 
spot overlap ratio. The processing problem under the ideal 
constant feed rate is proposed to establish the influence of 
the curvature of the processing path curve on the amount of 

Table 2   Measurement results of machining at a constant feed rate

Mean actual 
spot diameter 
(mm)

Sample variance 
of spot diameter

Sample 
variance of spot 
overlap ratio

Actual edge 
reservation 
(mm)

3.00 0.0196 0.0350 20

Table 3   Parameters of laser shock peening processing of spherical shells

Experiment 
number

Radius of spheri-
cal shell (mm)

Spot diam-
eter (mm)

Spot over-
lap ratio

Edge reserva-
tion (mm)

Pulse fre-
quency (Hz)

Processing path Motion control 
optimization

Pulse 
energy 
density (J)

a 50 3.5 25% 20 5 Isotropic grating Yes 800
b 50 3.5 25% 20 5 Isotropic grating Yes 1000
c 50 3.5 25% 20 5 Alternate grating Yes 1000
d 50 3.5 25% 20 5 Isotropic grating No 500
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the C-axis angle. Then, the processing point trajectory pro-
gram segment in the five-axis linkage machining process is 
decomposed, and the speed of each axis of the machine tool 
is checked and corrected stepwise according to the linear 
interpolation principle. Then the optimized equipment feed 
rate is obtained, and a complete motion control optimiza-
tion algorithm flow is established. Finally, the feasibility 
of the algorithm is proved by simulation and comparison, 
and experimental tests are carried out on the multi-axis 

precision laser machining equipment to verify the excellent 
performance of the proposed motion control optimization 
algorithm. The experimental results show that the algorithm 
can effectively control the spot overlap ratio, and the relative 
error with the ideal overlap ratio is controlled within 5%.

The idea of a motion control optimization algorithm for 
multi-axis precision laser machining equipment studied in 
this paper can be extended to laser machining centers of 
different structural types.

Fig. 11   Optimization algorithm 
processing effect
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Fig. 12   Spot diameter measurement results

Fig. 13   Spot overlap ratio measurement results
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Appendix

Spherical shell optimization feed rate comparison test pro-
cessing results.

Experi-
ment 
number

Mean 
actual 
spot 
diam-
eter 
(mm)

Relative 
error 
of spot 
diameter 
to ideal 
value

Sample 
vari-
ance 
of spot 
diam-
eter

Mean 
actual 
spot 
overlap 
ratio

Rela-
tive 
error 
of spot 
overlap 
ratio to 
ideal 
value

Sample 
variance 
of spot 
overlap 
ratio

a 3.5100 0.29% 0.0121 25.83% 3.32% 0.0016
b 3.4800  − 0.57% 0.0107 25.51% 2.04% 0.0013
c 3.4900  − 0.29% 0.0032 25.78% 3.12% 0.0010
d 3.4800  − 0.57% 0.0196 44.12% 76.48% 0.0350
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