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We propose the use of the line section method with
crossed line beams for the process control of laser wire
deposition. This method could be used to measure the
height displacement in front of a laser spot when the
processing direction changes. In laser processing, es-
pecially laser deposition of metal additive manufac-
turing, the laser process control technique that con-
trols the processing parameters based on the measured
height displacement in front of a laser processing spot
is indispensable for high-accuracy processing. How-
ever, it was impossible to measure the height displace-
ment in front of a processing laser spot in a process-
ing route in which the processing direction changes as
the measurement direction of the conventional light-
section method comprising the use of a straight-line
beam is restricted although the configuration is sim-
ple. In this paper, we present an in-process height
displacement measurement system of the light-section
method using two crossed line beams. This method
could be used to measure the height displacement in
a ±±±90◦◦◦ direction by projecting two crossed line beams
from the side of a laser processing head with a sim-
ple configuration comprising the addition of one line
laser to the conventional light-section method. The
height displacement can be calculated from the pro-
jected position shift of the line beams irrespective of
the measurement direction by changing the longitudi-
nal position on the crossed line beams according to the
measurement direction. In addition, the configuration
of our proposed system is compact because the imag-
ing system is integrated into the processing head. We
could measure the height displacement at 2.8–4 mm
in front of a laser processing spot according to the
measurement direction by reducing the influence of
intense thermal radiation. Moreover, we experimen-
tally evaluated the height displacement measurement
accuracy for various measurement directions. Finally,
we evaluated continuous deposition in an “L” shape
wherein the deposition direction was changed while
using a laser wire direct energy deposition machine for
the laser process control based on the in-process height
displacement measurement result. We achieved highly

accurate continuous deposition at the position wherein
the processing direction changes despite the accelera-
tion and deceleration of the stage by laser process con-
trol.

Keywords: process monitoring, height measurement,
light-section method, process control, additive manufac-
turing

1. Introduction

In various machine processing methods, the process
monitoring technique for the process control is essen-
tial for high-accuracy processing [1]. In particular, in
laser processing [2], many in-process on-machine non-
contact measurements have been researched [3]. Mean-
while, metal additive manufacturing (AM) [4–8], which
can be used to fabricate complex shaped parts quickly
and inexpensively, has recently been researched in many
fields, such as the biomedical [9], aerospace [10, 11], and
machine tools fields [12]. The market for AM production
and associated services is expected to grow to $35.6 bil-
lion by 2024 according to Wohlers Associates [13]. AM
technology for commercial products has also been de-
veloped. Mitsubishi Electric Ltd. presented the metal
AM machine used for the laser wire direct energy de-
position method (laser wire DED) as a reference exhibit
in JIMTOF 2018 (The 29th Japan International Machine
Tool Fair) [14, 15]. Laser wire DED can be used to fab-
ricate complex shapes quickly via five-axis deposition.
However, laser deposition, in which an additional metal
material is melted using a processing laser, is a compli-
cated process. Hence, laser process control is indispens-
able because it is difficult to realize highly accurate pro-
cessing owing to the influence of changes in the laser pro-
cessing environment, even if the processing parameters
have been optimized in advance. Accordingly, a process
monitoring technique has been researched aggressively
for realizing high-quality fabrication with metal AM [16],
for example, melt pool imaging using a camera [17, 18],
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thermal measurement of a melt pool [19, 20], and height
measurement of a weld bead [17, 18, 21, 22]. Control-
ling the weld-bead height within an optimal range for fo-
cusing the processing laser by measuring the weld-bead
height displacement is necessary for high-quality deposi-
tion [18, 21, 23].

We proposed a compact in-process height displacement
measurement system that makes use of the light-section
method [24] for laser wire DED [25, 26]. This height dis-
placement measurement system that uses the light-section
method compactly consists of an integrated imaging sys-
tem in a processing head sharing an objective lens for
laser processing and an illuminating system that projects
a straight-line beam obliquely to the imaging axis. Addi-
tional processing time was not required owing to the lack
of a separate measurement process because the height
displacement in front of the laser processing spot could
be measured without contact during the laser processing.
Furthermore, we could measure the bead height in front of
the laser processing spot during the laser processing with
the same ±50 μm accuracy as without laser processing
by decreasing the influence of the intense thermal radi-
ation generated at the laser processing spot. This result
was less than the necessary target accuracy of ±150 mm
of the bead height displacement for continuous deposition
without the formation of droplets and stubbing. In addi-
tion, we achieved high-quality continuous deposition of
a cylinder using C-axis over 50 mm height irrespective
of the Z pitch and cylinder diameter by optimally control-
ling the wire-feeding speed based on the in-process height
displacement measurement result. Thus, the feedforward
control of the process parameters or the height of a pro-
cessing head based on the workpiece height displacement
in front of a laser processing spot can be applied not only
in metal AM, but also in various other processing fields
such as laser cutting and laser welding.

The configuration of the height displacement measure-
ment system of the conventional light-section method
comprising the use of a straight-line beam is consider-
ably simple. However, it may not be possible to measure
the height displacement in front of a processing laser spot
using this method because of the measurement direction
restriction when the processing direction changes in the
case of a complicated processing route. The height dis-
placement in front of a laser processing spot could not
be measured when the processing direction was parallel
to the longitudinal direction of the line beam, although
the height displacement could be measured when the pro-
cessing direction was perpendicular to the longitudinal di-
rection of the line beam. In the case of the deposition
process, the height displacement in the processing route
is measured by stopping the deposition process after ev-
ery single-layer deposition, and it is possible to fabricate
complex shapes by laser process control during the de-
position of the next layer. However, a reduction in the
entire process time is required because of the measure-
ment time that was additional to the processing time when
the height displacement was measured in advance. Al-
though the optical coherence tomography method used in

laser welding can be used to scan the measurement posi-
tion arbitrarily using a Galvano scanner [27], this method
is unsuitable for on-machine measurement because of its
large, complex optical system. Hence, an in-process on-
machine measurement system with a simple configuration
that can measure the height displacement in front of a
laser processing spot without increasing the measurement
time when the measurement direction changes is required
for highly accurate processing.

Therefore, we propose a line section method com-
prising the use of two crossed line beams such that the
height displacement in front of a laser processing spot
during laser processing can be measured when the pro-
cessing direction changes. In this paper, we present the
proposed height displacement measurement methodology
using crossed line beams and the configuration of our
on-machine in-process height displacement measurement
system. Furthermore, we demonstrate the effectiveness
of our proposed method by experimentally evaluating the
height displacement accuracy in the measurement direc-
tion. Finally, we clarify the improvement in the deposi-
tion accuracy via laser process control when the deposi-
tion processing of a complicated processing route changes
the processing direction using a laser wire DED machine.

2. Method

First, the height displacement measurement method of
the line section method comprising the use of crossed line
beams is explained. Next, the principle of laser process
control based on the height displacement measurement re-
sult of the line section method using crossed line beams is
presented.

2.1. Height Displacement Measurement
To illustrate our proposed height displacement mea-

surement methodology using two crossed line beams, we
present the configuration of the projected crossed line
beams in Fig. 1. In this system, two line lasers are at-
tached at the side (+X direction) of the processing head,
as shown in Fig. 1(a), and these lasers project the crossed
line beams onto a workpiece. In this study, the +X di-
rection in the X-Y plane is defined as the 0◦ direction, as
shown in Fig. 1(b). This illustrates that when the deposi-
tion processing direction changes from the +X direction
to the +Y direction. This system can project the line beam
in front of a processing laser spot in ±90◦ directions from
−90◦ in the −Y direction to 0◦ and +90◦ in the +Y direc-
tion. Therefore, the height displacement of a weld bead in
front of the processing position can be measured when the
processing direction is within ±90◦ directions from −90◦
to 0◦ and to +90◦ because the height displacement in the
−X direction cannot be measured owing to the fed metal
wire. In contrast, in the conventional line section method,
the bead height displacement in front of the processing
position can be measured only to approximately the 0◦
direction; however, it depends on the line beam length,
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Fig. 1. Configuration of crossed line beams: (a) perspective
illustration of crossed line beams and (b) illustration of line
beams on a weld bead in the X-Y plane. The +X and ±Y di-
rections in the X-Y plane are respectively defined as the 0◦
and ±90◦ directions.

because a straight-line beam is projected perpendicularly
to the +X direction. As a result, a height displacement
measurement method comprising the use of crossed line
beams can be measured in the ±90◦ direction by simply
adding a one-line laser to the conventional light-section
method.

Figure 2 presents the relationship between the mea-
surement height displacement and the projected position
shift of the crossed line beams. The crossed line beams
are projected onto a workpiece with a projection angle θ
in the X-Z plane, as shown in Fig. 2(a). Fig. 2(b) shows
that the height displacement of the workpiece is ΔZ higher
than the basic height. The dotted line in Fig. 2(b) rep-
resents the basic height, which is the focus position of
the processing laser and the height displacement measure-
ment system. The projected position shift ΔX of the line
beam owing to displacement ΔZ is presented in Eq. (1)
using the projection angle θ based on the triangulation
principle:

ΔZ = ΔX · tanθ . . . . . . . . . . . . . (1)

In this proposed method, the projected position of the
crossed line beams is ΔX shifted along the X direction
irrespective of the measurement direction when the mea-
surement height changed because the crossed line beams
were projected by the projection angle θ from the +X di-
rection. A schematic of the crossed line beams on a cam-
era image when the crossed line beams are projected onto
a flat workpiece is presented in Fig. 2(c), where the dot-
ted line represents the position of the crossed line beams
at the basic height. The position of the crossed line beams
shifts at the solid line position because the position of the
crossed line beams on an image is shifted by M ·ΔX in the

Fig. 2. Measured height displacement by projection-
position shift of line beam: (a) illustration of crossed line
beams in the X-Z plane, (b) illustration of line beam and a
workpiece, and (c) image of crossed line beams.

X direction when the height displacement of a flat work-
piece from the measurement system is changed by dis-
placement ΔZ, where M is the transverse magnification of
the imaging system. When the processing direction is in
the +X direction (0◦ direction), the height displacement
is measured by the shift in the line beam at the center of
the Y direction in an image, which is identical to the con-
ventional method. In this case, the measurement position
at the center of the Y direction is the intersection of the
two line beams. Meanwhile, when the processing is in
the φ -degree direction, the height displacement is mea-
sured by the line beam’s shift at the ΔYφ position from
the center of the Y direction in an image. Accordingly,
this system can be used to measure the height displace-
ment in the ±90◦ directions, that is, from −90◦ to +90◦
by estimating the X-direction shift of the line beams in
the Y -direction position ΔYφ corresponding to the mea-
surement direction. The Y -direction position ΔYφ corre-
sponding to the measurement direction can be estimated
via communication between the height displacement mea-
surement system and a numerical control (NC) machine.
The NC machine calculates the processing direction from
the estimated processing route, and the measurement di-
rection can be calculated using this estimated processing
direction. The height displacement ΔH is equivalent to the
shift in the line beam that is equal to 1 pixel of a camera,
which indicates the sensitivity of the height displacement
measurement; this is shown in Eq. (2) by the shift M ·ΔX
in the line beam on a camera image, wherein the camera’s
pixel size is P:

ΔH =
P
M

tanθ . . . . . . . . . . . . . (2)

In this system, the position of the line beam in the
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Fig. 3. Configuration of wire-feeding speed control system
using in-process height displacement measurement system
using crossed line beams.

camera image is estimated using the centroid of the pro-
jected line beam. We estimated the centroid position of
the crossed line beams in the Y -direction position on a
flat workpiece at a basic height in advance. The height
displacement was calculated using Eq. (2) using the dif-
ference between the measured centroid position and the
centroid position of the basic height. The height displace-
ment calculated from the difference from the basic height
is the displacement from the focus position of the pro-
cessing laser, and is the target value of deposition height.
Hence, the height displacement calculation process in the
line section method comprising the use of crossed line
beams is simple because the height displacement is cal-
culated irrespective of the measurement direction by es-
timating the shift of the line beam along the X direction
at the Y -direction position corresponding to the process-
ing direction. Although the configuration projecting the
line beams from various directions is assumed to measure
the height displacement irrespective of the measurement
direction, the height displacement calculation is compli-
cated owing to the change in the centroid calculation di-
rection of the line beams in an image by the line beam
projection directions. Consequently, our proposed line
section method comprising the use of crossed line beams
can be used to measure the height displacement from al-
most the 0◦ direction of the conventional method to the
±90◦ direction in the X-Y plane, although the configura-
tion is compact and the height displacement calculation
process is simple. Furthermore, this system can be used
to measure the 360◦ direction by projecting the crossed
line beams from the −X direction.

2.2. Laser Process Control
Figure 3 presents the optimal control system of the de-

position parameters based on the in-process height dis-
placement measurement result of the line section method
using crossed line beams. In laser wire DED, the deposi-
tion height of each layer is unequal owing to thermal stor-
age, although the Z-stage pitch was conventionally con-
stant when depositing each layer in the multi-layer depo-
sition. Therefore, we controlled the wire-feeding speed

N

Fig. 4. Flowchart of continuous deposition process with
wire-feeding speed control system using in-process height
displacement measurement system.

using an NC machine based on the measured bead height
displacement from the target value of the previous layer
such that the deposition height reached the target height
when the next layer was deposited [18]. Therefore, the
bead height during deposition can constantly be equal to
the target height, which is the focus position of the pro-
cessing laser. The flowchart of the continuous deposition
process by the wire-feeding speed control system and the
in-process height displacement measurement system us-
ing crossed line beams is presented in Fig. 4. A laser
wire DED starts the deposition by starting the process-
ing laser and wire-feeding at step 1. The crossed line
beams also scan along with the processing spot, which is
scanned on the processing route. The NC machine calcu-
lates the processing direction from the estimated process-
ing route after starting the deposition process in step 2.
In the height displacement measurement system compris-
ing the use of crossed line beams, the Y -direction position
ΔYφ in an image used for height displacement measure-
ment differs according to the measurement direction, as
shown in Fig. 2(c). Therefore, the measurement direc-
tion is estimated from the processing direction informa-
tion in the NC in step 3. The height displacement mea-
surement system calculates the height displacement at the
Y -direction position ΔYφ according to the measurement
direction in step 4. The measurement position is the po-
sition of the crossed line beams on the processing route.
The measured bead height is the height of the (n− 1)-th
layer, which is the previous layer. Hence, our proposed
system can be used to measure the bead height of the pre-
vious layer in front of a processing spot on the process-
ing route. The measured height displacement is sent to
the NC machine, which controls the wire-feeding speed
when the processing spot reaches the measurement po-
sition in step 5 such that the deposition height reaches
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Fig. 5. Configuration of height displacement measurement
system using crossed line beams for the laser metal-wire de-
position.

the target value. Thus, the deposition of the target bead
height is achieved in every layer by controlling the wire-
feeding speed wherein the n-layer deposition is based on
the measured height displacement of the (n− 1)-th layer.
The control value of the wire-feeding speed was estimated
experimentally in advance from the relationship between
the wire-feeding speed and bead height. In this system,
the wire-feeding speed was controlled linearly based on
the measured bead-height displacement. The other pa-
rameters, such as the power of the process laser and the
scanning speed of the stages, were constant values with-
out control. The NC machine judges whether the deposi-
tion of the N-layer is completed in step 6. If the deposi-
tion of the N-layer is not complete, the NC machine raises
the Z stage. However, if the deposition of the N-layer is
complete, the deposition is stopped.

3. Experiment Setup

In the following, the system configuration of the height
displacement measurement system comprising the use of
crossed line beams for laser wire DED is presented. We
also show the optical design results for the in-process
measurement during laser processing.

3.1. System Configuration
Figure 5 presents the experimental setup of our pro-

posed height displacement measurement system compris-
ing the use of crossed line beams for laser wire DED.
Laser wire DED can be used to fabricate freeform shapes
by moving a processing head relative to a workpiece us-
ing stages while feeding a metal wire obliquely (from the
−X direction) to the laser processing spot and irradiat-
ing a high-power processing laser. In this setup, the pro-
cessing head has X , Y , and Z stages, and the workpiece
is on a C-axis stage that rotates in the X-Y plane around
the Z-axis. We used a general laser processing head and

reflected a processing laser light onto the workpiece us-
ing a beam splitter. The reflected light was focused using
an objective lens and irradiated onto the processing po-
sition. In the laser deposition process, we irradiated the
processing laser light through a shielding gas nozzle to
prevent metal oxidation. The metal wire was fed to the
deposition position and melted using an irradiated pro-
cessing laser. The deposition process was performed by
scanning a processing head relative to a workpiece while
the processing laser melted the metal wire. Furthermore,
we integrated the imaging system of our proposed system
into the processing head. We measured the height dis-
placement using a coaxial setup of the laser processing
axis because the objective lens used for the laser process-
ing was shared with our proposed system. We attached
the illuminating system of our proposed system to the
opposite side of a metal wire on the side of the process-
ing head and projected crossed line beams onto the work-
piece. The reflected light from the workpiece surface was
captured with an objective lens through the gas nozzle.
Imaging system images reflected light that passed through
a beam splitter onto a camera integrated with a process-
ing head. Thus, we could coaxially measure the height
displacement in front of the processing position based on
the projected position of the line beam on the image cap-
tured by the camera. The design projection angle of the
line beam was set as θ = 50◦, transverse magnification of
the imaging system was M = 0.44, and the camera pixel
size was P = 5.5 μm, such that the displacement by the
camera’s 1-pixel ΔH is 15 μm according to Eq. (2). Fur-
thermore, our proposed system can achieve both height
displacement measurement and the monitoring of a melt
pool with only one camera because our system measures
the height displacement with a coaxial setup of the laser
processing axis. Hence, it may be possible for our sys-
tem to control process parameters based on both the in-
process height displacement measurement results in front
of the laser processing spot and the monitoring results of
a melt pool in the future.

3.2. Optical Design for In-Process Measurement
The projection position of the line beam should be as

close to the laser processing spot as possible for realizing
an accurate height measurement. This would facilitate the
estimation of the measurement direction using an NC ma-
chine when processing complex routes such as curves. In
this setup, we designed the line beam’s projection posi-
tion at 0◦ and the ±90◦ direction at 4 mm from the laser
processing axis center, as shown in Fig. 6, because the
spot diameter of the processing laser was φ3 mm. In this
case, the projection position of the line beam in the ±45◦
direction that is closest to the processing laser spot was
2.8 mm. Therefore, the height measurement range of our
system was ±1.5 mm as per Eq. (1) because we could
calculate a maximum centroid shift of 1.3 mm of the line
beams on the camera image. This range is sufficient for
measuring the height displacement for the laser process
control because the height displacement from the target
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Fig. 6. Image of crossed line beams on a flat plane.

X

X

X

Y

Y

Fig. 7. Images of crossed line beams on a weld bead during
laser processing at 0◦ and the ±45◦ direction.

height to the occurrence of a droplet or stabbing is almost
1 mm.

However, optical height displacement measurement be-
comes increasingly difficult owing to the influence of
intense thermal radiation generated from the processing
laser spot as the measurement position approaches the
spot. Therefore, we inserted a 520 nm band-pass filter
of the wavelength of the line beam into the imaging sys-
tem to reduce the influence of thermal radiation with a
broad spectrum whose center wavelength is infrared. Fur-
thermore, we used 70 mW-power line lasers such that the
luminance of the line beam was adequately high for ther-
mal radiation. In-process camera images captured during
laser processing by our proposed system for a weld bead
in the 0◦ and ±45◦ directions are presented in Fig. 7. Our
proposed system could capture the crossed line beams
during laser processing without the influence of thermal
radiation, which is similar to previous studies [25, 26],
owing to the band-pass filter in the imaging system and
optimization of the line beam’s luminance. This result
shows that our system obtained in-process height mea-
surements during the laser processing. Furthermore, the
projection position of the line beam was shifted in the
Y -direction position of the center in the camera image
when we measured the bead height in the 0◦ direction.
Similarly, the line beam’s projection position was shifted
in the Y -direction position up and down ±ΔY45 from the
Y -direction center of an image when we measured the
bead height in the ±45◦ direction. Thereby, we can show
that the line beam’s projection position at the Y -direction

Fig. 8. Centroid position of crossed line beams on flat work-
piece at Z = 0 mm and +1 mm.

position according to the measurement direction is shifted
according to the height displacement, as designed. Con-
sequently, our proposed height displacement system real-
ized in-process height displacement measurement at po-
sitions from 2.8 mm to 4 mm in front of the processing
laser spot within a ±90◦ measurement direction during
the laser processing because we measured the height dis-
placement based on the shift in the line beam’s projec-
tion position at the Y -direction position according to the
measurement direction. This means that our system can
measure the height displacement at the physically nearest
position from the processing laser spot of size φ3 mm.

4. Result and Discussion

First, we evaluated the height displacement by mea-
surement direction on a flat metal workpiece as the height
displacement measurement evaluation of our proposed
system using crossed line beams. Next, we evaluated the
height displacement accuracy using the measurement di-
rections with a bead. Finally, we present the continuous
deposition result with a complex processing route while
changing the processing direction using laser wire DED
to verify the laser process control.

4.1. Accuracy Evaluation
We present the height displacement measurement result

obtained on changing the height of the flat surface. The
centroid positions of the crossed line beams when the ba-
sic height (Z = 0 mm) and the processing head are moved
1 mm away are presented in Fig. 8. The crossed line
beams are shifted in the −X direction because the pro-
cessing head was moved away from the workpiece. The
displacement in the measurement direction is presented in
Fig. 9 and was estimated based on the difference between
the measured height of Z = +1 mm and the basic height
after the height was calculated from the centroid position.
Our proposed system measured the height displacement
within the ±90◦ measurement direction at an accuracy
of less than ±50 μm. We could realize highly accurate
height displacement measurements of a flat workpiece in
the ±90◦ directions using the height measurement system
with crossed line beams as the measurement accuracy is
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Fig. 9. Displacement by measurement direction on a flat
workpiece when the processing head is moved from Z =
0 mm to Z = +1 mm.

Fig. 10. Experiment setup of height displacement accuracy
evaluation by measurement direction.

independent of the measurement directions.
Next, we presented the evaluated results of the height

displacement measurement accuracy by measurement di-
rection using a weld bead on a flat workpiece. In our pro-
posed method comprising the use of crossed line beams,
the Y -direction line beam positions used for the height
displacement measurement are different from the mea-
surement directions. Therefore, we evaluated the height
measurement accuracy in the measurement direction us-
ing the same weld bead. The accuracy-evaluation exper-
iment setup for our proposed system comprising the use
of crossed line beams is presented in Fig. 10, wherein the
processing optical system and imaging system are omit-
ted. We set the workpiece with a 50 mm-long single-
layer bead on the processing machine. We measured the
bead height without laser processing in the measurement
direction using the same weld bead at the C-axis stage
with a weld bead and the X and Y stages with the height
measurement system. We performed the evaluation with-
out laser processing in this setup because the height dis-
placement measurement results during the laser process-
ing were the same as those without laser processing [25,
26]. We rotated the weld bead in the±90◦ direction by the
C-axis stage and scanned the height displacement mea-
surement system along each measurement direction by

Fig. 11. Image of crossed line beams on a weld bead. Mea-
surement directions are 0◦, ±30◦ , ±60◦, and ±90◦ .

Fig. 12. Height measurement results of weld bead by
measurement direction: (a) measurement directions are 0◦,
−45◦, and −90◦ and (b) measurement directions are 0◦,
+45◦, and +90◦.

scanning the X and Y stages. The images of the crossed
line beams at the center of the measured weld bead in the
0◦, ±30◦, ±60◦, and ±90◦ measurement directions are
presented in Fig. 11. The shifted Y -direction position of
the crossed line beams measuring the height displacement
differed according to the measurement directions, as per
design. The bead height results from the measurement po-
sitions calculated from these measured crossed-line beam
images are presented in Fig. 12, wherein we considered
the result of the optical non-contact height measurement
instrument (NH-3N, Mitaka Kohki, Co., Ltd.) as the true
value because its measurement accuracy was sufficiently
greater than our proposed system. This instrument uses
an auto-focus method with triangulation and uses the ob-
jective lens of a microscope for obtaining high-accuracy
measurements. The measurement accuracy was ±1 μm,
and the spot size was φ2 μm. Fig. 12(a) presents the re-
sults that measurement directions are 0◦, −45◦, and −90◦,
and Fig. 12(b) presents the results that measurement di-
rections are 0◦, +45◦, and +90◦. Our proposed system
obtained bead shape measurements that were almost iden-
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Fig. 13. Height displacement measurement error of a weld
bead by measurement direction. The error was estimated
from the difference between the measurement result and true
value: (a) measurement directions are 0◦, −45◦, and −90◦
and (b) measurement directions are 0◦, +45◦, and +90◦.

Fig. 14. Maximum measurement error of a weld bead by
measurement directions. This result is averaging value in
flat region (X = 10–45 mm) on a weld bead.

tical to the true value irrespective of the measurement
direction, including the start and end points of the weld
bead.

The height displacement measurement accuracy results
estimated based on the difference from the true value
are presented in Fig. 13. Fig. 13(a) presents the results
that measurement directions are 0◦, −45◦, and −90◦, and
Fig. 13(b) presents the results that measurement direc-
tions are 0◦, +45◦, and +90◦. This shows the result at
a flat position (X = 10–45 mm) and not the start and end
positions of the weld bead, which comprise a sharp slope.
Furthermore, the maximum error to the true value based
on the measurement directions (10◦ pitch) is presented in
Fig. 14. The height displacement measurement accura-
cies for all the measurement directions within ±90◦ were
less than ±150 μm, which is the target accuracy. The
height displacement measurement accuracies of the mea-
surement directions within ±60◦ were less than ±50 μm.

Fig. 15. Maximum measurement error of a weld bead at
small angles of measurement direction as estimated by line
beams near the intersection. This shows the expansion of
Fig. 14 in the range of 0◦–10◦.

This indicates that our proposed system can measure the
weld bead height with a high accuracy irrespective of the
measurement direction, which is similar to the case of a
flat workpiece. In contrast, the maximum height displace-
ment measurement accuracies of the measurement direc-
tions at greater than ±70◦ were ±150 μm owing of the
regular reflected lights from the side of the weld bead. In
the line beam images in the ±90◦ direction presented in
Fig. 11, the light at the bead position had a high intensity
and was glaring. Because the line beam that was projected
from the +X direction met the regular reflection condition
on the sloped side of the weld bead lying along the Y di-
rection, it was incident onto the imaging system as regular
reflected lights and not as scattered light. The line beam
width at the weld bead position on the image sensor in-
creased in the +X direction with the high-intensity light
because the crossed line beams projected from the +X di-
rection were regularly reflected on the sloped side of the
weld bead. As a result, the centroid positions of the line
beams were calculated in the +X direction. This means
that the measurement error of the measurement directions
at angles greater than ±70◦ became the plus value. The
reflective characteristic of this regular reflected light de-
pends on the shape and roughness of the side of the weld
bead. Hence, the height displacement measurement accu-
racy varied locally depending on the measurement posi-
tion. In the future, we intend to work to reduce the influ-
ence of regular reflected light for realizing more accurate
measurements.

Furthermore, we present the height displacement mea-
surement result near the 0◦ measurement direction, which
is the intersection of the two line beams in Fig. 15. We
evaluated the height displacement accuracy of the mea-
surement directions from 0◦ to +5◦ with a pitch of 1◦.
Our proposed system achieved an accuracy of ±50 μm
even very close to 0◦, where two line beams cross with-
out accuracy deterioration. Consequently, the line sec-
tion method using crossed line beams could measure the
weld bead height with an accuracy of less than ±150 μm,
which is the target accuracy irrespective of the measure-
ment direction. Moreover, the measurement accuracy, es-
pecially within the ±60◦ measurement direction, was less
than ±50 m, which is the same as that of a flat workpiece.
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Fig. 16. Continuous deposition results for “L” shape:
(a) without laser process control and (b) using laser process
control.

4.2. Process Control Evaluation
We evaluated the continuous deposition evaluation pro-

cess with and without process control to determine the
effectiveness of our wire-feeding speed control system
based on the in-process height displacement measurement
result obtained using crossed line beams. In this evalu-
ation, we implemented the continuous deposition of an
“L” shape using laser wire DED as the deposition process-
ing route changed the processing direction. We scanned
the processing head along the processing route of the “L”
shape relative to a workpiece using the X and Y stages
with the processing head. We changed the processing di-
rection after a 40 mm deposition in the +X direction and
implemented 40 mm deposition in the +Y direction. Fur-
thermore, we raised the processing head using the Z stage
with the processing head after every single-layer deposi-
tion.

We present the continuous deposition results obtained
for the “L” shape with and without process control in
Fig. 16. The metal wire used in this experiment was
Inconel. The shape near the right-angle position that
changes the processing direction is the slope presented
in Fig. 16(a) because of the acceleration and decelera-
tion of the stage when the conventional method is used
without laser process control. Moreover, the continu-
ous deposition must be stopped after 13 layers owing
to the formation of droplets during the +Y -direction de-
position after the processing direction is changed. The
side of the bead was shaved during +Y -direction deposi-
tion because an excess amount of the metal wire was fed
from the −X direction. However, we realized a contin-
uous deposition of more than 200 layers (approximately

Fig. 17. In-process images of crossed line beams: (a) in
X-direction deposition and (b) in Y -direction deposition.

Fig. 18. Height displacement results by deposition distance
without laser process control.

84 mm) for creating a complex shape in which the pro-
cessing direction was changed by the laser process con-
trol, as shown in Fig. 16(b). We present the images of the
crossed line beams during the +X- and +Y -direction de-
positions in Fig. 17. Fig. 17(a) presents the images in the
X-direction deposition, and Fig. 17(b) presents the im-
ages in the Y -direction deposition. Thus, the laser pro-
cess control for the complex processing shape can be re-
alized by measuring the height displacement in front of
the processing spot during the laser processing according
to the processing direction. The shape at the right-angle
position that changes the processing direction from the
+X direction to the +Y direction was flat, which is simi-
lar to the shape at the straight processing position, despite
the acceleration and deceleration of the stage. Further-
more, both +X-direction deposition and +Y -direction de-
position could fabricate the same flat shape, although the
metal wire-feed direction toward the processing direction
was different.

The height displacement measurement result with re-
spect to the deposition distance without laser machining
control is presented in Fig. 18. The results at deposi-
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Fig. 19. Height displacement results and wire-feeding speed
by deposition distance with laser process control: (a) height
displacement measurement results and (b) controlled wire-
feeding speed results.

tion distances from 10 mm to 70 mm are presented in
the figure, except for the start and end positions. The de-
position distance from 10 mm to 40 mm was the result
of +X-direction deposition, and the deposition distance
from 40 mm to 70 mm was the result of +Y -direction
deposition. We presented the results of the 5th and 10th
layers and the result of the 13th layer just before the end
of the continuous deposition. The deposition height dis-
placement without laser process control near the 40 mm
deposition distance, which is a right-angle position where
the deposition direction changes, increased as the contin-
uous deposition progressed owing to the acceleration and
deceleration of the stage. Similarly, we present the height
displacement measurement result and the wire-feeding
speed control result during the continuous deposition with
the laser process control in Fig. 19. Fig. 19(a) presents the
height displacement measurement results, and Fig. 19(b)
presents the controlled wire-feeding speed results. These
results showed up to the 30th layer at the deposition start
every five layers. Although the deposition height dis-
placement changed significantly around the 40 mm de-
position position where the deposition direction changed
and during +Y -direction deposition between the deposi-
tion start and the 15th layer, the wire feeding speed was
controlled based on the in-process height displacement re-
sults. The wire feeding-speed control amount might not
be optimal for the change in the laser process environment
because the wire feeding-speed control amount in this ex-
periment was linear, as in [25, 26], although the heat stor-
age started and the laser process environment changed at
the start of the deposition. The method of dynamically
changing the control amount based on the bead’s temper-
ature and the measured height displacement is considered
as the solution. Furthermore, deposition with ±0.25 mm
height displacement was possible using laser processing
control, including at the right-angle position where the
processing direction changed because the laser process
environment became stable during the deposition of more
than 20th layers.

Accordingly, we clarified that the laser process con-
trol of a complicated shape in which the processing direc-
tion changes could be realized by the height displacement
measurement system comprising the use of crossed line
beams, although the influence of a change in the laser pro-
cess environment, such as the temperature change due to
heat storage, was significant immediately after the deposi-
tion started. Moreover, highly accurate continuous depo-
sition became possible, even when the machining direc-
tion changed after the laser process environment became
stable because the wire-feeding speed could be controlled
based on the in-process height displacement of the depo-
sition object with laser process control. In addition, the
deposition accuracy for the complicated shape, for which
the deposition direction changed, could be improved by
using laser process control although acceleration and de-
celeration of the stage occur and the deposition direction
toward the metal wire-feeding direction changes.

5. Conclusions

We proposed a line section method comprising the use
of crossed line beams for realizing laser process control
when laser processing along a complicated processing
route changes the processing direction. This method can
be used to measure the height displacement in front of a
laser spot in the ±90◦ direction. In this system, the two
crossed line beams were projected from the side of the
processing head, and the height displacement was mea-
sured using the light-section method. The characteris-
tics of the height displacement measurement system using
crossed-line beams are presented below.

• Our system could measure the height displacement
in front of a laser processing spot within the ±90◦ di-
rection during laser processing with a simple config-
uration comprising the addition of a single line laser
to the conventional light-section method.

• The height displacement was estimated using a sim-
ple calculation process because the centroid shift of
the crossed line beams in an image when the height
changes was in the same direction irrespective of the
measurement direction.

• The configuration of our proposed system was com-
pact because the imaging system was integrated into
a laser processing head.

• We measured the height displacement at 2.8–4 mm
in front of a laser processing spot during laser pro-
cessing according to the measurement directions by
reducing the influence of intense thermal radiation.

We evaluated the height displacement measurement ac-
curacy in the measurement direction for our proposed sys-
tem. The height displacement in the measurement direc-
tion was measured by rotating the same weld bead in each
measurement direction. We achieved a target height dis-
placement measurement accuracy of less than ±150 μm
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for all the measurement directions within ±90◦. The mea-
surement accuracies, especially within ±60◦, were less
than ±50 μm, which is the same as the measurement
accuracy obtained for a flat workpiece. Meanwhile, the
height displacement measurement accuracies in the mea-
surement directions at angles greater than ±70◦∼±90◦
were ±50 μm in the case of a flat workpiece. However,
the measurement accuracy was ±150 μm owing to the
regular reflected lights from the side of the weld bead in
the case of a weld bead. In the future, we intend to work
to reduce the influence of regular reflected lights for ob-
taining more accurate measurements. Solutions to this is-
sue include using a configuration such that the projected
line beams are not reflected from the side of the weld
bead or improving the centroid calculation algorithm for
height displacement measurement. Consequently, we re-
alized both a compact configuration and height displace-
ment measurement within the ±90◦ direction with our
line section method with crossed line beams. This system
can also be used to measure the 360◦ direction by pro-
jecting an additional crossed line beam from the opposite
side.

Furthermore, we evaluated laser process control in a
complicated processing route in which the processing di-
rection changes while using laser wire DED in a metal
AM machine. We presented the configuration of the
wire-feeding speed control system based on the measured
height displacement, where the height displacement in
front of a laser processing spot in the measurement di-
rection estimated by the NC machine was measured us-
ing the line section method with crossed line beams. We
evaluated an “L” shape continuous deposition in which
the deposition direction changed from the +X direction
to +Y direction with and without laser process control.
The continuous deposition must be stopped after 13 lay-
ers in the conventional method without laser processing
because the shape near the right-angle position changes
the processing direction and raises the slope because of
the acceleration and deceleration of the stage. In con-
trast, we realized a continuous deposition of more than
200 layers (approximately 84 mm) with laser process con-
trol based on the in-process height displacement result in
the measurement direction estimated from the processing
route using an NC machine. The shape at the right-angle
position that changes the processing direction from the
+X direction to the +Y direction was flat, which is sim-
ilar to the shape at the straight processing position. As a
result, highly accurate continuous deposition could be re-
alized without increasing the measurement time with laser
process control based on the in-process measurement re-
sult of the height displacement in front of the laser pro-
cessing spot, even for complicated shapes that comprise
processing direction changes. This method may be ap-
plied to in-process height displacement measurements for
deposition during five-axis processing to fabricate more
complicated shapes. Our future work will be focused on
realizing process control in five-axis deposition in metal
AM.
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