
Introduction

With advantages such as high energy
density and small heat-affected zone
(HAZ), laser beam welding has been
widely used in industry. Fiber laser weld-
ing produces good quality and high effi-
ciency, which are very desirable in system
integration (Refs. 1–3). Accurate joint
tracking is the key to ensure laser welding
quality. In recent years, the main method
of joint detection is the machine vision.
The information of the joint position is
captured by a visual sensor, and the laser
beam focus position is adjusted to follow
the weld joint according to its offset (Refs.
4, 5). Due to the concentrated welding en-
ergy, a small laser spot diameter and a nar-
row root opening, together with the
smoke, metal plume, and spatter during
welding, makes it difficult to use the ma-
chine visual method to directly obtain the
weld information and realize accurate

joint tracking (Ref. 6). Usually the weld-
ing speed of a high-power fiber laser is fast
and the root opening is narrow. This
makes it difficult to track the weld joint
due to the small laser spot diameter (Refs.
7, 8). Clear images of the weld pool need
to be captured to analyze the exact weld
path when the visual method is applied to
detect the weld position (Refs. 9, 10).

High-Power Fiber Laser Welding
Joint Offset

Infrared Radiation Neural Network Model

The traditional methods of joint track-
ing are the arc and vision sensor methods

(Refs. 11–16). The arc sensor method is ef-
fective for joint tracking during arc welding.
It has good resistance to arc light, heat, and
magnetic disturbances. However, the arc
sensor is limited to recognizing the joint po-
sition for V-groove and fillet welds. At pres-
ent, the most popular technique used for
weld detection is based on the principle of
optical triangulation. A structured light is
projected onto the weldment surface in the
front of the laser spot and the reflected scat-
tered light is imaged back to a camera.
However, in the case where the width of a
butt joint is less than 0.1 mm, the root open-
ing is too narrow to measure directly using
optical triangulation. 

The thermal radiation goes through the
whole welding process, and the thermal
phenomenon contains a wealth of welding
information (Refs. 17, 18). An infrared cam-
era can be used to capture molten pool im-
ages and analyze the welding status.

A new method has been proposed to
detect the offset between the laser beam
spot and the weld joint. The root opening
was narrow and the joint width was less
than 0.1 mm. When the laser beam spot
deviates from the joint, it will inevitably af-
fect some characteristics of the  molten
pool (Ref. 10). Considering that the whole
laser welding process is accompanied by
thermal radiation, a high-speed infrared
camera was used to capture the molten
pool images during welding. Molten pool
characteristic parameters such as keyhole
characteristic parameters, the centroid
value of a keyhole, and heat accumulation
effect parameter were extracted as a state
vector to research the relationship with the
joint offset. Also, in order to reduce the in-
fluence of the noises on the measurement
of the joint offset during welding, a BP
neural network method was used to design
a mathematical model for joint offset
recognition in high-power fiber laser weld-
ing. This model takes into full account the
factors and the interference that may in-
fluence the measurement of the joint off-
set. The joint offset was indirectly
acquired by the calculation of the molten
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ABSTRACT
It is required that the laser beam focus be controlled to follow the weld path in the

laser welding process. Small focus and wandering off the weld joint may result in insuffi-
cient penetration or unacceptable welds. Recognition of joint offset, which describes the
deviation between the laser beam focus and the weld joint, is important for obtaining high-
quality welds. A model based on back propagation (BP) neural network was proposed to
detect the joint offset. A high-speed infrared camera was used to capture the molten pool
images during high-power fiber laser butt-joint welding, in which the joint root opening
width was less than 0.1 mm. The characteristics of infrared radiation in the situation where
the laser beam focus centered and then deviated from the joint weres analyzed. The
molten pool images were processed to reinforce the molten pool thermal features. Molten
pool feature parameters such as the keyhole characteristic, keyhole centroid, and the heat
accumulation effect parameters were defined. Also, the corresponding joint offset was
measured. Those parameters were applied as the inputs for the proposed neural network
to train the network weight parameters. Thus, a model based on BP neural network was
established to calculate the joint offset. This model had an adaptive ability to the laser
welding environments. Experimental results proved the accuracy of the proposed model
to recognize the weld joint offset based on the molten pool feature parameters.
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pool characteristic parameters, which es-
tablished the foundation for controlling
the movement of the laser beam focus.

Experimental Setup

The experimental system consisted of
a Panasonic VR-016 6-axis robot, YLR-
10000 high-power fiber laser welding
equipment (laser power 10 kW), shielding
gas (argon), and a welding experimental
platform equipped with a NAC Memre-
cam fx RX6 high-speed infrared camera
whose sampling rate was 1000 frames per
second. Image size was 512 × 512 pixels.
To eliminate the interference and obtain
the best infrared image of a molten pool, a
combination filtering system with a filter
length of 960–990 nm was placed in front
of the vision sensor. 

The actual arrangement of the fiber-
laser welding setup is shown in Fig. 1A.
Figure 1B depicts the schematic of the ex-
perimental device. The welding path is
shown in Fig. 1C. The specimens were
Type 304 austenitic stainless steel plates
with the dimensions of 150 × 100 × 10
mm (L×W×D). The welding path was an
oblique trajectory, which reflected the
welding joint deviation encountered in in-
dustry (Ref. 19).

At the beginning of welding, the laser
beam spot wandered off the joint center-
line, and the horizontal distance between

the start point and joint centerline was
1.26 mm. The laser beam moved along an
oblique line (dashed line in Fig. 1C), and
the offset between the laser beam spot
and joint centerline gradually decreased
until the laser beam spot was on the joint
centerline, then the laser beam moved off
the joint centerline and the offset be-
tween the laser beam spot and the joint
centerline gradually became larger. The
deviation between the welding end point
and the joint centerline was –0.3 mm.
Two polished and clean Type 304
austenitic stainless steel plates were fixed
on the work table and clamped by jigs.
The root opening between the two plates
was less than 0.1 mm, and the weldments
were cleaned before welding. The move-
ment of the weldment fixed on the work-
table was controlled by an X-Y-Z servo
system. The laser welding head was fixed
and the laser beam was focused vertically
on the weldment surface. The welding
speed was 2.5 m/min, the gas flow was 20
L/min, and the laser focus distance was
300 mm. The top and back views of the
welded specimen are shown in Fig. 2. 

Molten Pool Image Processing

In order to highlight the keyhole and
its surrounding area in a molten pool
image, grayscale transformation was used
to compress the lower grayscale of a
molten pool image. To separate the key-
hole from the molten pool image, linear
transformation and Ostu threshold seg-
mentation methods were used to obtain a
binary image. 

In image processing, the Otsu method
was used to automatically perform the his-
togram-shaped image thresholding. This
algorithm assumes the image to be thresh-
olded contains two classes of pixels (e.g.
foreground and background), and then
calculates the optimum threshold separat-

ing those two classes so that their intra-
class variance is minimal. The molten pool
image processing is shown in Fig. 3, where
the keyhole was segmented from a molten
pool image. Figure 3A shows an original
molten pool image whose size is 512 × 512
pixel. The image resolution was 11.4
pixel/0.1 mm. Figure 3B was obtained by
gray transformation of a molten pool
image. It maps the values in intensity of
Fig. 3A to new values, increasing the con-
trast of the image. Figure 3C was obtained
by Ostu threshold segmentation, in which
the image threshold was calculated 
automatically. 

During laser welding of a butt joint, the
laser beam focus was controlled to move
along the joint, but the laser beam focus
deviated from the weld centerline at first,
then gradually centered the weld, and fi-
nally it deviated from the weld centerline
again. The temperature distribution and
the change of heat radiation characteristic
at the moment when the laser beam cen-
tered or deviated from the weld could be
fully observed and analyzed. A total of
3243 frame infrared images were collected
in the whole experiment, including the sit-
uations where the laser beam focus cen-
tered and deviated from the weld.

Extraction of Molten Pool 
Characteristics

Characteristic Parameters of a Keyhole

The keyhole plays an important role in
laser welding. The formation of a keyhole
is the most advantageous feature of laser
welding, and it could be used to monitor
weld quality. The keyhole geometry could
be studied as a function of the main oper-
ating parameters such as welding speed,
laser power, etc., and it could be observed
by the ray-tracing method (Refs. 20–22).
With fiber laser welding, the metal is radi-
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Fig. 1 — Schematic of fiber laser welding experiments. A — Fiber laser welding setup; B — schematic di-
agram of experimental setup; C — oblique trajectory of laser beam movement.
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ated by the laser beam, then  vaporized
and expanded dramatically, producing a
meltdown pressure. 

Deep penetration relies on the evapo-
ration of material by the high-power fiber
laser beam in order to drill a vapor capil-
lary, usually referred to as a keyhole. A
large quantity of the laser beam energy
gathers in the keyhole. The energy passed
along the keyhole wall and was absorbed
by the metal. Because of the differences
between the physical structure of the weld
and the joint, when the laser beam devi-
ated from the weld centerline, the heat
distribution would change. According to
the Stefan-Boltzman law, the total energy
of the infrared radiation is directly pro-
portional to the thermodynamic tempera-
ture. A little change in temperature will
cause a tremendous change in total energy
from the infrared radiation. This phenom-
enon will be reflected and a keyhole mor-
phological fluctuation will clearly appear
in the infrared molten pool images. Thus,
the keyhole configuration was closely re-
lated to the joint offset. 

In order to study the influence of the
joint offset on the keyhole dynamic be-
havior, the characteristics of the keyhole
configuration were analyzed. The abscissa
values of up, down, left, and right end-
points of a keyhole were defined as the
keyhole characteristic parameters. The
progression scan method was used to ex-
tract those characteristic parameters from
the binary keyhole images. Figure 4 shows
the corresponding 2700 characteristic pa-
rameters of the keyhole images. Figure

4A –D was obtained by calculating the key-
hole’s up, down, left, and right endpoints
after keyhole segmentation in the whole
welding process. The solid line and the
dashed line are corresponding to the
measured and fitted value of the charac-
teristic parameters, respectively. It can be
seen that the abscissa values of the down,
left, and right endpoints of the keyhole
were increased with the movement of the
laser beam focus.

Keyhole Centroid

In deep penetration laser welding, the
energy of the laser beam is partially con-
verted into heat, which drives the thermo-
dynamics of the welding process. The laser
beam produces the keyhole with the in-
crease in laser beam energy. The keyhole
position could be considered as the laser
beam focus location. We can determine in-
directly whether the laser beam deviates
from the weld joint through the keyhole
position. While the laser beam centered
on the weld interface, the keyhole shape
was approximately symmetrical. While the
laser beam deviated from the joint center-
line, the keyhole configuration apparently

changed. A relationship between the key-
hole configuration and the joint offset
could be established by researching the
keyhole varieties. There may be a correla-
tion between the coordinate values of a
keyhole centroid and the joint offset. Fac-
tors that affected the image centroid were
the distribution of gray level in two-di-
mension space. The centroid of a molten
pool image is the gray scale center of the
target area of a molten pool image (Ref.
23), while the centroid of a keyhole is the
gravity of grayscale of the keyhole area.
The centroid value of a keyhole image
could be calculated by Equation 1. Be-
cause the laser beam always moved along
the direction of the welding route, the de-
viations that appeared in the left and right
of the weld were the only ones considered.
Thus, only the abscissa values of a keyhole
centroid were analyzed. As shown in Fig.
5, when the laser beam moved along the
welding joint, the abscissa values of the
keyhole centroid exhibited an increasing
trend. Figure 5 was obtained by calculat-
ing the keyhole centroid coordinates. It
shows the horizontal coordinates of the
keyhole centroid in the whole welding
process. 
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Fig. 2 — A — Top view of welded specimen; B — back view of welded specimen.

A B

Fig. 3 — Processing of a molten pool image. A — Original image of a molten pool; B — grayscale transformation of a molten pool image; C — segmentation
of a keyhole.

A B C

Table 1 — Training Error of Different Numbers of Hidden Layer Neurons

Numbers 3 4 5 6 7 8 9

RMS error/ 0.000989 0.000981 0.000983 0.000998 0.000998 0.000997 0.000999
mm
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(1)

where i, j are the row and column numbers
of the keyhole images, respectively. g (i, j)
is the gray value of point (i, j) in an image.
m and n are the pixel numbers of a row
and a column, respectively. x and y are the
centroid coordinates at directions of row x
and column y in an image, respectively.

Heat Accumulation Effect Parameter

In the process of the butt joint laser
welding experiment, there was a small root
opening between the two stainless steel
plates. This opening was less than 0.1 mm
and was approximately uniform. The tem-
perature of 304 austenitic stainless steel
during laser welding could be obtained

using a transient heat transfer and fluid
flow model (Ref. 24). It has been demon-
strated that the heat transfer creates a
thermal field around the molten pool dur-
ing laser welding. The gray-value scale cor-
responded to the temperature range of the
molten pool (Ref. 10). Because the ther-
mal conductivity of the metallic weldment
was different from that in air, a greater
thermal resistance would appear in the
weld joint, resulting in a phenomenon
called “heat accumulation.” This phenom-
enon in infrared imaging exhibited a gray
mutation on the weldments. 

Reference 25 researched the relation-
ship between infrared radiation signals
and welding parameters in laser welding.
It indicated that the infrared radiation sig-
nals could be used to monitor the molten
pool in the welding process. In  fiber laser
welding, the thermal images collected by
an infrared camera contained a lot of use-
ful information. The nonmelting area of
the front of the keyhole, from line 391 to
line 512, was selected as the ROI (region
of interest). By successively scanning the
ROI of infrared molten pool images, a
gray distribution map could be obtained.
It was found that the grayscale distribution
could better reflect the heat accumulation
effect. The column coordinate of the peak
value in grayscale distribution curve was

defined as the heat accumulation effect
parameters. Here, line 391 grayscale dis-
tribution curve was chosen in every molten
pool image. Figure 6A shows an original
image of the molten pool. Line 391 in an
image was chosen to analyze the gray dis-
tribution where the weld joint was still
solid state. The heat accumulation param-
eter of the image could be calculated by
finding the column corresponding to the
sudden change of gray scale. Figure 6B
shows the 3-D image of the heat distribu-
tion from  lines 391 to 512 of Fig. 6A. The
column coordinate corresponding to the
gray level peak of line 391 was defined as
the heat accumulation parameter. Figure
6C shows the 2-D image of the heat accu-
mulation parameter of Fig. 6A. The value
of the heat accumulation parameter of
Fig. 3A was 232 where the gray level
reached the maximal value 34. Statistical
heat accumulation parameters of the
whole experiment are shown in Fig. 6D.

Neural Network Model of 
Joint Offset

Formulation of Neural Network Model

Based on the molten pool characteris-
tic parameters, a BP neural network
model was formulated to estimate the
joint offset. A total of 2700 frame images
were sampled to extract the proposed pa-
rameters. In order to observe and study
the actual situation of the joint offset, the
images from frame 98 to frame 2798,
which corresponded to the moment that
the laser beam spot reached the weld from
left to the right side of the joint were ana-
lyzed. The data for 500 groups were se-
lected as the training samples for the
neural network, and another 500 groups
were used as the testing samples.

To analyze the relationship of the joint
offset, molten pool characteristic parame-
ters and the infrared thermal radiation of
metallic materials during welding, six pa-
rameters including keyhole characteristic
parameters x1, x2, x3, x4, the heat accumula-
tion effect parameter z, and the keyhole
centroid X were selected as the inputs of the
neural network model. The output of the
model was the joint offset. The actual joint
offset curve is shown in Fig. 7. It shows that
the joint offset corresponded to the oblique
welding path in Fig. 1C. It could be consid-
ered that when the actual deviation was
zero, the laser beam spot was on the weld
interface. When the actual deviation was
positive, the laser beam spot located at left
side of the weld. When the actual deviation
was negative, the laser beam spot located at
the right side of the weld.

The model was a three-layer BP neural
network with the ability to approach arbi-
trary function. The training precision or
the training time needed to be taken into
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Fig. 4 — Measured and fitted value of keyhole characteristic parameters with image sequences. A — Ab-
scissa value of keyhole up endpoint; B — abscissa value of keyhole down endpoint; C — abscissa value
of keyhole left endpoint; D — abscissa value of keyhole right endpoint.
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consideration for selecting the numbers of
hidden layer units. A lesser number of the
hidden layer units would lead to excessive
error in the neural network training, which
reduces the accuracy of the model and the
mapping capability of the network. Too
many numbers of the hidden layer units
would lead to much training time, increas-
ing the output error of samples that were
not trained. Therefore, the network with
the minimum error of the RMS (root
mean square) was selected. The RMS was
defined by Equation 2.

(2)

where M is the number of the training
samples, Q is the number of output vari-
ables, yk

j is the expected output, yk
j is the

network output. By training the selected
samples and comparing the network out-
put with the measured joint offset value,
the mean-square error could be obtained.
Then the network with the minimum value
of RMS error was chosen. In comparison
of the network error values of different
numbers of hidden layer units, it could be
seen from Table 1 that when the number
of hidden layer units was 4, the network
error was the minimal. The dynamic BP
neural network model structure of joint
offset is shown in Fig. 8, where x1, x2, x3, x4
are the abscissa value of keyhole up, down,
left, and right endpoint, X is the abscissa
value of keyhole centroid, z is the heat ac-
cumulation effect parameter.

Training of Neural Network

Choosing image frames from numbers
98 to 598 as the testing samples, the BP
network learning function was used to
train the neural network. Figure 9 shows
the comparison of network output, the ac-
tual joint offset, and the error curve during
network training.

Images from frames 98 to 598 and ac-
tual joint offsets ranging from 1.26 to 0.98
mm were used to train the model. The
laser beam focus approached the weld
centerline gradually from the left side of
the weld joint. The network output fluctu-
ated around the actual joint offset values.
The training was carried out for 300 steps.
When training was at about 100 steps, the
network training error was stable. The
goal value was 0.001, so the training error
could meet the requirement and the net-
work convergence velocity was fast.

Images from frames 1800 to 2300 were
selected as the testing samples. The test-
ing comparison of the neural network out-
put with actual output of the joint offset is
shown in Fig. 10. The actual joint offset
ranged from 0.26 to –0.01 mm. For the
image frame 2347, the laser beam was on
the weld and the joint offset was approxi-
mately equal to zero. 

Experimental Results and 
Analysis

The inputs of the designed BP neural
network model included 6 variables such
as keyhole characteristic parameters (x1,
x2, x3, x4), keyhole centroid abscissa X, and
heat accumulation effect parameters z.
The output was the joint offset y. The hid-
den layer contained 4 neurons and tangent
S-type function was used as the transfer
function. The output layer contained one
neuron and linear function was used as the

transfer function. The weights and thresh-
old of each trained network layer are
shown in Equation 3. 

(3)

The experimental results showed that
the proposed BP neural network model
could estimate the joint offset according
to the keyhole characteristic parameters,
keyhole centroid parameters, and heat ac-
cumulation effect parameters. It provides
a new method for the detection of offset
with a micro root opening during butt-
joint laser welding.

Discussion

The established BP neural network
model is limited to micro root opening
butt-joint laser welding. In the fiber laser
welding setup, two polished and clean
Type 304 stainless steel plates were placed
on the worktable, and the root opening of
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Fig. 5 — Measured and fitted values of keyhole cen-
troid with image sequences.

Fig. 6 — Heat accumulation effect parameter. A — Original molten pool image; B — 3-D image of the heat
distribution from lines 391 to 512 of Fig. 6A; C — 2-D image of the heat accumulation effect parameter of
Fig. 6A; D — measured and fitted values of heat accumulation parameter with image sequences.
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the butt joint was less than 0.1 mm. The
weld joint fitup is dependent on the weld
specification requirements. The joint in-
ternal wall should be smooth and clean to
meet the part cleanliness requirements of
precise welding. The stainless steel plates
were cleaned to remove the oil and surface
contaminants. The part cleanliness could
affect the heat source-to-material interac-
tion, which ultimately affects the heat cou-
pling, plume development, and keyhole
behavior. If the joint fitup and part clean-
liness were changed, they would affect the
recognizing model. 

The proposed recognizing model could
determine which side of the joint the offset
was on. The joint offset can be calculated
through the neural network output. If the
joint offset obtained by the model is posi-
tive, the laser beam spot is on the left side

of the joint. If the joint offset obtained by
the model is negative, the laser beam spot
is on the right side of the joint. If the
model output is zero, the laser beam spot
is centered on the weld joint. The side of
joint offset could be estimated by the pro-
posed model, then a closed-loop control
could be implemented. The ability of neu-
ral network model to handle the produc-
tion variabilities is indeed a challenging
task. The work now is focused on the ap-
plication of neural network for detecting
the joint offset during micro-root opening
butt-joint laser welding. It is possible that
the neural network can meet the flexibil-
ity requirement of actual welding in in-
dustry in the future. 

In the fiber laser welding experiment,
the laser beam moved along the oblique
path, making the joint offset between the
laser beam and weld joint centerline
changing continuously. The aim was to
simulate the different joint deviations en-
countered in actual welding. Currently,
this research is only on recognition of the
joint offset. This study provided a new
method to detect micro-root opening of
butt-joint welding and an experimental
basis for future joint tracking control.

Conclusions

In the process of high-power fiber laser
welding, the joint offset between the laser
beam focus and the weld will lead to the
change of the infrared radiation charac-

teristics in the molten pool. The joint off-
set can be indirectly calculated by analyz-
ing a molten pool infrared image and
extracting the molten pool characteristic
parameters.

A three-layer BP neural network
model was established to detect the joint
offset. The keyhole centroid parameter,
keyhole characteristic parameters, and
heat accumulation effect parameter were
defined as the inputs of the BP neural net-
work, the joint offset between the laser
beam spot and the weld was defined as the
output of the BP neural network. The ex-
perimental results showed this model
could recognize the joint offset within a
certain range of precision.
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Fig. 7 — Actual joint offset curve during high-
power fiber laser welding.

Fig. 8 — BP neural network structure of joint off-
set recognition model.

Fig. 9 — Neural network output curve and the training process. A — Comparison of neural network out-
put with actual output of joint offset; B — neural network training process.

Fig. 10 — Testing comparison of neural network
output with actual output of joint offset.
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