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Abstract This paper focuses on solving the bottleneck
problem-process simulation in virtual manufacture (VM), a
solution of whole process simulation including geometrical
aspect and physical aspect is put forward in the domain of
laser surface hardening. For the difference of mechanisms
among the different laser machining modes, the architecture
integrated with the common and the distinction is con-
structed for the whole process simulation, and it is suitable
for all laser machining modes. The virtual processing
equipments for the laser machining are built by IGRIP
software. The processing model is the map of the process-
ing mechanism and the different models mapping to
different machining modes. The whole process modeling
of laser surface hardening is described. The extracted
modeling parameters comprise geometrics, laser characters,
material properties and mechanical properties, the model is
built by artificial neural network method, and the finished
model is embedded to IGRIP by quadric development. The
whole virtual processing is implemented combining the
whole model and the visualization simulation, the simula-
tion result including the joints movement of the processing
robot, collision-free report, processing effect prediction etc.
are output. The analysis for the simulation result and the

influence of parameters on processing effect are discussed
to guide the real laser machining.
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1 Introduction

With the conflict between people’s need for various
products and low cost, high quality, good service and the
shorten of time-to-market for the new product more and
more frequently, the importance of flexible manufacturing
(FM) and virtual manufacture (VM) has gotten more and
more attention [1, 2]. Due to the complexity, there is some
difficultly to make VM into practice. One of the bottlenecks
is the process simulation. As the kernel of VM, process
simulation is at the bottom to reveal the essence of
manufacturing [3]. The process simulation based on the
techniques of modeling and simulation deals with the
process, tooling and equipments etc. to analyze the factors
which affect the process, product quality, processing time,
costs and the relative motion between the equipment and
the product. Due to the complexity of itself and many
factors that must be considered, with the addition of the
machining effect which is manifested by geometrical
dimensions and machining accuracy, the early study of
process simulation is emphasized on geometrical simula-
tion. With the deepness of study, researches entered into the
physical simulation. Machine tool agile manufacturing
research is established funded by American NSF/ARPA
combined many universities and companies [2] for the
physical simulation. The machining modes include turning,
milling, drilling etc., different modeling methods (analyti-
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cal, experimental, mechanistic and numerical methods) are
applied, and the force model, thermal model, wear model
etc. are put forward [4–17]. However the real machining is
a compositive process and can not be divided into isolated
geometrical and physical aspects. The whole processing
simulation should be accounted for to reveal the real
machining mechanism. Anyway all these machining modes
are limited to traditional mechanical modes. With the
appearance of laser, laser processing has gained far-ranging
application in industry and laser processing is an important
constitute of manufacturing [18–22]. So the process
simulation of laser processing should be included in VM.
Now few researchers concentrated on this field.

The whole process simulation of laser surface hardening
is presented in this paper. The architecture suitable for
whole process simulation of laser surface hardening is
introduced first. This architecture is also suitable for other
laser processing operations. Then, the device model and the
whole process model of laser surface hardening are built
respectively. The parameters of the whole process model
consist of the compositive geometrical, laser and material
aspects and the modeling method is based on the artificial
neural network. The process simulation is executed in the
virtual environment made by IGRIP software and the
simulation result is shown to provide the gist for the real
laser hardening.

2 Architecture design

The process of laser surface hardening is sophisticated for it
involves not only the movement of processing robot but the
interaction of laser and material. The former is categorized
into the geometrical simulation, and the simulation of the
latter belongs to the physical simulation. The real laser
surface hardening is a synthesized process and can not be
divided into the geometrical or physical parts factitiously.
For this complicated laser surface hardening process, an
architecture which is suitable for the whole process
simulation was constructed first. It is presented as Fig. 1.
The architecture of the whole process simulation is
comprised of three modules. One is the modeling module,
the second is the simulation module, and the third is the
simulation result and analysis module. The modeling
module includes all the modeling involved in the laser
surface hardening. It can be divided roughly into device
modeling and process modeling. The device model refers
not only to the laser machine but the accessorial device,
namely the virtual manufacturing environment (as shown in
Fig. 2). It can be divided into the geometrical model and the
kinematical model according to the kinematics. The whole
process modeling is built for the goal of the whole process
simulation. Alos the modeling parameters conclude not

only the geometrical parameters but also the physical
parameters, concreted as laser parameters, material param-
eters and mechanical properties. After the models are
established, it is going to the simulation module. The
simulation results are reported and the analysis about the
results is part of the third module.

The architecture in Fig. 1 has another advantage. It is
suitable for other laser processing modes besides laser
surface hardening. Although different laser processing
modes mean the mechanisms of the interaction between
laser and materials are different and different process
models should be built for the different laser processing
modes. However, laser processing is a kind of flexible
machining, and different processing modes (cutting, wield-
ing, rapid shaping, hardening etc.) can coexist in one laser
processing system. So only the modeling parameters and
the whole process model should be substituted in this
architecture for other laser processing simulation. And the
common device model and different process model can be
embedded in one virtual environment.

3 Process simulation modeling

3.1 Device modeling

The device is comprised of movable components and
unmovable components. The main devices in laser surface
hardening system are laser machine, laser processing robot,
workbench, the accessorial air equipment etc. The static
devices (laser machine, workbench, accessorial air equip-
ment) can be expressed by geometrical shape. For the
movable device (laser processing robot), a kinematics is
added for building the virtual device. The geometrical
model is set up by CAD solid modeling function of IGRIP
software or relative CAD software product. Kinematics of
the device is added from the second development of
SHARED LIBRARY in IGRIP. The device geometrical
model is shown in Fig. 2. This laser processing robot is a
frame robot with 5 axes (three translation axes x,y,z and two
rotating axes A,C). The kinematics of the robot is the
conversion from the movement of five axes to the
coordinates and direction cosine of robot end executor.
The transformation formulas are listed below as Eq. 1–6.

x ¼ Px þ sin qAð Þlw þ ax � lt ð1Þ

y ¼ Py � cos qAð Þlw þ ay � lt ð2Þ

z ¼ Pz þ az � lt ð3Þ

ax ¼ �cos qAð Þsin qCð Þ ð4Þ
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ay ¼ �sin qAð Þ sin qCð Þ ð5Þ

az ¼ �cos qcð Þ ð6Þ

where x, y and z are the three coordinates of the processing
point corresponding to the end executor, ax, ay and az are
their direction cosine. Px, Py and Px are the translation
quantity of the three translation axes. θA and θC are the
movement values of the two rotation axes. lw is the length
of the tool-arm and lt is the length of the tool-head. The
kinematics is programmed in C language and compiled into
dynamic data library (DDL) for the calls of IGRIP
SHARED LIBRARY.

3.2 Whole process modeling

The whole process modeling should consider the influence
factors in the hardening processing thoroughly. The inputs
of the model are the factors influencing the processing, and
the outputs are the hardening effect. As shown in Fig. 3 the
influent parameters of input can be abstracted into laser
property, geometrical aspect and material aspect, and the
mechanical properties and the use properties are the
outputs. The goal of laser surface hardening is to promote
the wear resistance, hardness and hardening depth to
prolong the die life but not increase the surface roughness.
So hardness, wear-resistance, hardening depth and surface
roughness are extracted as the outputs of the model as
shown in Fig. 3

(1) Laser parameters extraction
The laser beam for die surface hardening is transmitted

after spatio-temporal translation to the die surface. The time
character is the laser pulse shape and the pulse frequency.
Square wave is adopted to harden the die surface and one
square wave is used in one hardening spot, so the time
parameters are laser power P and the duration time t of the
square wave. The spacial translation is that the energy from
a circle converted to a square dot-array distribution. A laser
machine generates a circular laser beam with a spatial
distribution of the Gaussian type, leading to a processed
area of a circular spot on the object. If this laser beam is
used for hardening without any modification, the center
area of the circular spot will melt due to overheating while
the boundary of the spot is not hardened enough. Therefore
the processing laser beam for die-surface hardening is often
transformed uniformly into a square distribution. Figure 4
shows that the laser energy distributed in a circle is
transformed into a distribution with many small circles,
which are arranged into a square pattern; known as the dot-

Fig. 2 Model of laser machin-
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array distribution. The laser energy contained in each small
circle also has a Gaussian distribution and the total energy
is unvaried. Another advantage of the dot-array distribution
is that perfect adjacence of the laser square spot can be
achieved. With a square laser spot, the workpiece surface
can be hardened uniformly [23]. The dot array in Fig. 4 is
7×7, it can be generalized to b×b. The appearance of the
processed area is a square spot with sides of a×a.
Therefore one parameter called dot-array dimension h can
be named to express the spacial feature

h ¼ a� a

b� b
: ð7Þ

(2) Geometrical parameters extraction
The processing mode of laser surface hardening is that

the laser beam with spatio-temporal translation is projected
to the die surface. The side of the projected surface is as
low as millimeter, and the variation of curvature is not
much due to the smoothness requirement of the surface, so
the projected surface can be replaced by a projected plane.
Based on this replacement, the processed area can be
treated as a point. The ideal processing is that the laser
beam projects to this point with ideal distance and ideal
angle (along the normal of this point). However, in real
processing, most surfaces of the die are free surface, so the
laser tool-head can not access the ideal point due to the
collisions which happened. Therefore the processing laser
beam deviates from the ideal position some distance and/or
angle. The sketch is shown in Fig. 5 in which A represents
the processing point, Pi the ideal processing point, and Pr

the real processing point. It can be obtained from two
parameters of deviation angle θ (which is the included

angle of line APr and line APi) and offset distance d. d is
the difference between distances of APr and APi.

d ¼ APr � APi ð8Þ
(3) Material property extraction

Material property can be expressed by different manners
such as chemical constitutions, microstructures etc. How-
ever the phase of the microstructure can inflect the essence
of material. This paper extracts the volume proportion of
microstructure to stand for the material property. By
analysis, the microstructures of autobody die are pearlite,
cementite, ferrite, graphite, and iron phosphide eutectic
[24, 25].
(4) Neural network approach for modeling

For the complicated non-linear process, the neural
network approach is a preferred choice. Within the last
decade the number of applications of neural networks
within the manufacturing field has steadily increased. A
number of recent reviews have identified a diverse range of
manufacturing applications [26–29]. This paper adopts the
back propagation (BP) network [30] to build the whole
process model. The BP neural network is comprised of a
number of inputs, hidden layer neurons, and outputs. Each
neuron has a transfer function and bias that relates its input
to its output. Sigmoid transfer functions are employed in
this paper. The input parameters as above extracted are laser
power (P), laser during time (t), dot-array dimension (h),
deviation angle (θ), offset distance (d), and volume
proportion of microstructure pearlite, cementite, ferrite,
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graphite, iron phosphide eutectic. The inputs are amounts
upto 10. The outputs are hardness, relative wear resistance,
hardening depth and surface roughness, i.e., the output
amount is 4. The sample data was randomly split into a
training set and a test set. The number of hidden layers is
set to 2, and every layer has 5 cells. Training was
performed using a relatively large number of epochs (10
000) and a long time would be needed (the exact period
depends upon the speed of the processor employed).
However, it is important to note that this time requirement
applies only to the training operation, and that once the
network is trained it can provide simulation result quickly
and easily. After pass the examination of test set, the model
can be accepted satisfactorily.

4 Simulation

After the virtual device and the whole process model are
established, the whole process simulation can be imple-
mented in the virtual environment. The processing trail was
set to the virtual robot. At every processing point, the
processing parameters are inputted to the whole process

model. If the input parameters are the same as that of the
former point, the whole process model is not called in the
simulation and the simulation result remains unchanged, or
the whole process model is called to calculate the
simulation result. The chromatic value is matched by
RGB of computer. The simulation flow can be shown in
Fig. 6. The movement of the virtual laser robot is reported
as shown in Fig. 7(a). If collision happens in the process,
alarming color is displayed, or no-collision detection report
is shown in Fig. 7(b). The predicted processing effect
(hardness) of simulation result is visualized in the simula-
tion environment. In Fig. 7(c) the point 1, point 2 and the
point 6 (coated by red color) stand for the hardness over
HV800, the hardness of point 3 and point 4 (coated by
orange color) is between HV800∼600, and the hardness of
point 5 (coated by green color) is in the range of
HV600∼400.

5 Simulation result analysis

5.1 Discussion of the predicted result

The movement of the laser process robot can be tested in
the virtual process and guide for the off-line programming
of robot. Collision detect avoids great machining accident.
When collision happened in the simulation, the trail must
be adjusted, and the new trail is inputted again to the virtual
device for simulation, this process repeats until the report of
collision free (Fig. 7b) appears. The simulation time from
the virtual process can provide a reference for promoting
the real process efficiency. The processing effects such as
hardness, hardening depth etc., are predicted.

The simulation result after the whole process simulation is
more precise than that from only physical simulation. It can
be demonstrated from the comparison of simulation result
with geometrical parameters or without. One case is with the
input geometrical parameter d=1.9 mm, θ=8°, the other is
without geometrical parameter, it can be seen as d=0 mm,
θ=0°. The other parameters are laser power P=2000 W,
laser duration time t=70 ms, dot-array dimension h=
0.6 mm, volume proportion of microstructure pearlite

Fig. 7 The visualization display
of the simulation result. (a) The
movement of virtual laser pro-
cess robot in the simulation. (b)
The collision detection report.
(c) The visualization display of
the processing effect (hardness)

Table 1 Comparison of simulation result

Processing effect predict

Hardness (HV) Hardening depth (μm) Relative wear resistance Surface roughness (Ra)

Experiment value 621 340 2.1 1.7
Simulation 1 d=1.9 mm θ=8° 688 410 2.5 1.7

Relative error 11% 21% 19% 0%
Simulation 2 d=0 mm θ=0° 920 502 3.48 1.7

Relative error 48% 48% 66% 0%
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75%, cementite 1%, ferrite 20%, graphite 3%, iron
phosphide eutectic 1%. The compare of simulation result
is shown in Table 1. From this table , it can be seen that the
average relative error is reduced from 54% to 17%.

5.2 Parameters influence analysis

To avoid the processing fault, the amending method is
adjusting the process parameters, but how the parameters
influence the processing effects should be clarified first. To
demonstrate the influence of one certain parameter distinct-
ly, it is designed that all parameters remain unchanged ex-
cept that parameter. From the contrast of simulation result,
the influence on the processing effect of that parameter can
be obtained. Here three parameters are analyzed.

(1) The influence of laser duration time
In the input parameters, the laser duration time varies

while others keep fixed, i.e., P=2000 W, d=0 mm, θ=0°, h=
0.6 mm, volume proportion of microstructure is the same as
the values listed above. The laser duration time increases
from 10 ms to 90 ms, the hardness, hardening depth, and
surface roughness are all changed. The change trend is
shown in Fig. 8. With the increase of laser duration time,
the hardness increases, and the hardening depth increases
too at the beginning. But at t=80 ms, the surface roughness
decreases, which accounted for melt happened on the
surface, so the hardening depth decreased when t is greater
than 80 ms.
(2) The influence of offset distance

The parameter of offset distance varied from 0 to 3.0 mm
while other parameters unvaried as above. The processing

effect under these parameters is graphed in Fig. 9. From this
figure, we can see that the processing effect changed little
when the value of offset distance was small. It meant the
processing effect was not influenced when the laser tool-
head left off the ideal position in a little range. When the
offset distance increased gradually to 2 mm, the hardness
and the hardening depth dropped greatly. It meant the
energy of the laser beam dissipated so greatly that it lost the
ability of machining. It can be obtained that the distance of
2 mm was the critical value.
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(3) The influence of deviation angle
The ideal processing angle of the laser surface hardening

is the laser beam projected to the normal of the processed
point, at that time the energy of the laser beam is absorbed
maximumly. When the processing angle is deviated from
the ideal direction, the processing effect will be affected.
The detailed degree of the affection is figured in Fig. 10.
From the figure it can be seen that the processing effort
varied little with a few increases of deviation angle. It
meant the laser energy remained unconsumed. With the
continuous increase of the deviation angle, it can be found
that the affection for hardness, hardening depth, and the
surface roughness is not serious within the scope of 10°.
However, when the deviation angle is larger than 10°, the
surface roughness stayed unvaried, however the hardness,
hardening depth dropped rapidly. That meant all the laser
energy dissipated and it led to the obvious shortage of
processing. So the processing parameters must be adjusted
for the satisfied machining.

6 Conclusions and perspectives

In this paper, the whole process simulation on the laser
surface hardening domain is probed. For the flexibility of
laser processing, a flexible architecture for this kind of
flexible machining is presented. For different laser process-
ing mode, the different whole process model is embedded
into the whole structure. The whole process modeling is not
the solely geometrical or physical aspect at all, main factors
including geometry, laser parameters, material parameters
and mechanical properties are considered together to map
the real laser hardening. Artificial neural network approach
is used to build the whole process model which is
embedded into the simulation system developed by IGRIP
software. The study has demonstrated that the neural
networks are suitable to this non-liner laser processing.
The whole process simulation is implemented in the virtual
environment and the output of simulation result including
the movement of processing robot, running time, collision-
free report, process effect predict, etc. From the comparison
of simulation results, the value demonstrates that the whole
process simulation is more effective than only physical
simulation. The analysis of parameters provides a signifi-
cant reference for the real machining and for the optimiza-
tion of the processing.

The future research is to perfect the whole process
simulation system including other whole process models
mapping to the corresponding laser processing modes (such
as welding, cutting etc.), the addition of the feedback
happened in the processing, the method for avoiding

collision intelligently embedded into the system etc. The
method for the whole process modeling can be diversiform
to integrate into the simulation system.
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