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Abstract

Rotary draw bending is a commonly used metal forming technique for profile bending. Due to the elastic recovery of the
material, springback compensation to control the bent product quality is one of the critical manufacturing issues. The realized
bend angle has to be measured for springback compensation before removing the profile from the machine, and the bending
process can follow an iterative approach until the product quality is satisfied. However, this trial-and-error is costly for batch
production in manufacturing. An on-machine measurement technique is therefore developed to measure springback in rotary
draw bending with an affordable laser and a webcam. An image processing technology is integrated with the manufacturing
process to track the deformation and measure springback angle in real time, eliminating the need for the workpiece to be
transferred to a measurement device. In this paper, bending experiments were conducted with AA6082 rectangular hollow
profiles bent at 30°, 45°, 60°, and 90° angles, and springback angles from the conventional manual measurement were com-
pared to that from the on-machine measurement. Since the difference in springback measurement between the proposed and
the conventional methods was within 0.15° on average, it is demonstrated that the laser tracking, on-machine measurement
is a feasible real-time springback measurement technique for Industry 4.0.

Keywords On-machine measurement - Tube bending - Springback - Laser tracking

1 Introduction algorithm to satisfy the required final geometric dimensions

[1]. Welo and Granly [2] used an analytical model for feed-

The constant striving for cost reduction, quality improve-
ment, and lightweighting of products is a significant chal-
lenge to many manufacturing industries. This leads to the
preference for relatively lightweight materials, but con-
trolling springback after forming presents a challenge for
processing-sensitive lightweight alloys. As a countermeas-
ure, springback, due to elastic recovery after unloading in a
metal forming process, is controlled by a feedback control
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back control of a rotary compression bending. The closed-
loop model was operated in real time, and the torque and the
rotation angle were measured in the process for feedback
control. Lobbe et al. [3] controlled springback in progres-
sive bending with induction heating. The induction heating
was controlled by a feedback algorithm through measured
a springback angle. According to Pan and Stelson [4], the
optimal process for springback compensation is traditionally
achieved by the less scientific approaches, i.e., operator’s
experience, skill, or trial-and-error. Multiple bend trials are
essential, which finds a better bending process. Borchmann
et al. [5] demonstrated that by conducting a sensitivity analy-
sis of practical bending tests and developing a digital equip-
ping support database, the product quality could be made
user-independent. Since springback control or compensation
begins with knowing the status of the product’s geometry
regardless of automatic control or manual control, the first
step to control the product quality is to acquire an accurate
dimensional change due to springback.
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Geometric measurement is fundamental to assess product
dimensions, monitor manufacturing processes, and improve
product quality. To monitor and evaluate springback in a
bending process, different types of measuring techniques
have been developed based on contact or non-contact meth-
ods. Since a bevel protractor is simple and relatively less
time-consuming to measure an inner or outer angle, it is
often used to measure springback angles: springback rela-
tionships between parameters influencing springback [6],
validation of a feedback system for springback compensa-
tion in air bending [7], springback evaluation of sheet met-
als in vee bending using a neural network [8], and so on.
While a bevel protractor can be a good approach to measure
an angle between flat surfaces, in the case of a tube or a
rounded product, it is sometimes challenging to align the
tangential surfaces with a protractor. A coordinate measure-
ment machine (CMM) is also commonly used to accurately
measure geometry dimensions by physically touching meas-
uring points, but being less efficient to acquire the data on
the grounds that the bent samples are transferred to a CMM
and collecting many sampling data takes much of measur-
ing time. Wang et al. [7] adopted linear variable differential
transformers (LVDT) to calculate bending angles of loading
and unloading cycles in air bending. The measured values
were used for feedback control in incremental air bending.
Ghiotti et al. [9] presented an in-line measurement method
for real-time springback measurement by embedding an
inertia measurement unit (IMU) into a mandrel in three-
roll bending. The IMU attached to the mandrel allows the
springback to be measured in a single process, but the use
of the springback measurement method presumes the exist-
ence of a mandrel. A closed-loop controlled profile bend-
ing platform developed by Welo and Granly [2] recorded in
process torque and rotation to indirectly measure springback.
The closed-loop feedback control showed three times more
process capability of dimension than traditional processes.
Although the parameters such as torque and rotation are
measured in the process, the accuracy of the springback
measurement depends on the accurate prediction model to
calculate springback using a steering model with directly
measured parameters as input.

With the latest advancement in image processing or
computer vision technology, new approaches integrating
optical technologies for springback measurement have
been applied to metal forming. Wang et al. [10] com-
pared the geometry model to a rebuilt configuration of
an automotive panel by scanning point data on the panel
surface. The obtained data were used to update the die for
springback compensation. Katona et al. [11] integrated
three-dimensional optical measurement to inspect a bent
pipe in a pipe bending process, as an alternative to a con-
ventional inspection gauge. An optic-aided measurement
helps save processing time for quality control, as well as
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evaluate the product status without removing the work-
piece in the process. A laser is frequently used as a refer-
ence to mark targets for measuring distance or position
in real time [12] due to its outstanding characteristic of
the so-called laser directionality, which is a non-contact
measurement technique applicable to springback measure-
ment. Ha et al. [13] measured springback angle on the tube
bending process by installing a laser fitment at the tip of a
circular tube and capturing the laser moving distance on
the target board. One of the limitations of the measure-
ment method is that the laser moving distance needs to be
manually read, and this is time-consuming and causes time
delay when evaluating springback angle. Lobbe et al. [3]
employed two parallel laser sensors to measure springback
angle at different temperatures of progressive die bending.
The laser sensors installed in the die gauged the distance
to the workpiece, and the bent angle was calculated with
the triangulation principle. The measurement technique
demonstrated a capability of +0.25° measurement error.
The applicability of laser sensors relies upon sufficient
space to install them on a die, though.

Many springback measurement techniques have strong
capabilities in obtaining accurate measurement data. Sensor-
based in-line measurement, however, can facilitate the
adoption of Industry 4.0. In-line measurement techniques
allow real-time monitoring of manufacturing processes. By
identifying the current status of tube bending, for example,
the monitoring system can be connected to a control sys-
tem to adjust the process parameters to meet product qual-
ity requirement. To replace an off-line quality control and
expensive inspection procedures, this paper addresses an
easily manageable, simple, and cost-effective on-machine
measurement technique to monitor springback in rotary draw
bending (RDB) in real time, by integrating image process-
ing based laser beam tracking. It allows springback angle in
RDB to be conveniently measured by an affordable sensing
system.

The goal of this research is to develop a new strategy for
on-machine springback measurement focused on RDB. The
measurement strategy and the laser tracking technique using
digital images are addressed in Sect. 2. In the present study,
a 635-nm laser installed at the tip of a profile was tracked
to observe the profile’s elastic behavior in different bend-
ing cases. An image processing technology using a MAT-
LAB platform was integrated for data acquisition during the
bending process in real time. Presented in Sect. 3, image
enhancement techniques [14], i.e., image quantization,
binarization, and segmentation, were applied to make input
images suitable for laser beam tracking. Section 4 shows the
on-machine measurement experiments and the comparison
between the measurements from the proposed method and
the conventional manual method. Conclusions of the present
research are presented in Sect. 5.
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2 Proposed springback measurement
concept

Previously, Ha et al. [13] suggested an in-line springback
measurement method by installing a laser fitment at the tip
of a profile and manually reading the laser travel distance
on a graph paper attached to a datum board, as shown in
Fig. 1. The geometric deformation of a profile is shown as
a laser moving on the target. Although the method is appro-
priate to measure in-line springback angle, it takes time to
manually read the laser moving distance based on the grid
size. Figure 1 illustrates an experimental system for in-line
springback measurement and the laser beam spot of loading
and unloading on the datum board.

Ferreira et al. [15] developed a springback evaluation
technique for stamping with image processing. The filtered
workpiece image was used to evaluate springback angle. In
this research, instead of detecting the workpiece shape, the
digital image-based laser tracking was integrated into the
laser measurement method to measure springback angle for
on-machine measurement in real time, as shown in Fig. 2.
An affordable webcam connected to a computer was used for
image acquisition, and the acquired images with 30 frames
per second (fps) were analyzed to calculate springback angle
in real time; every single image frame has a single laser
beam spot being projected on the datum board. The beam
spot reflects the geometric change of the sample as a refer-
ence in the machine.

Fig. 1 Schematic of in-line
springback measurement

|

A laser fitment is made up of a Class 2 laser and an
adaptor to hold the laser, which is installed into the alu-
minum profile before the bending process. The wavelength
of the laser used is red-colored 635 nm and the power is 1
mW. This laser is the same as that in a laser pointer and is
safe for industrial operation when laser safety guidelines
are followed. The device for image acquisition can be posi-
tioned in various ways. However, it was set in front of a
datum board to avoid perspective images for less image
processing and directly linked to a computer for image
acquisition, processing, and springback calculation in real
time.

Figure 3 shows a schematic image with 640 X480 res-
olution, which is displayed on a computer monitor. The
laser beam spot on the image was captured with a rectan-
gular bounding box and a crosshair. The bounding box
indicates the location of the laser beam, and the crosshair
describes the centroid of the laser beam. The centroid as
a beam location was used for tracking a laser beam. Only
one laser beam, detected by image processing, is shown
in the actual image. The beam moves from right to left
on the datum board in Fig. 3, as the tube springs back
after unloading. The location of the captured laser beam
upon final loading and after unloading, respectively, is
tracked, and the moving distance is used to calculate the
springback angle. The 50-mm-long reference line on the
datum board (see Fig. 3) is used for converting from the
laser beam traveling on the computer monitor to the actual
distance on the datum board. In other words, calculating
the distance per pixel enables the tracking of laser beam
motion on the datum board.

Moving distance

<
Bl >

Loading

Unloading

Bend die

Pressure die
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Fig.2 Schematic of real-time a Datum(Target) board
springback measurement, a

loading; b unloading

Webcam
(PC camera)

Laser
assembly

3 Springback measurement approach
640 pixels in the rotary draw bending process

1 3.1 Digital image processing for laser beam
Reference line tracking
A color image has three-dimensional color information
being allocated to each pixel of the image. For a single-
channel image processing, the three-color components are
quantized to the gray scale which only has a light inten-
sity with an 8-bit depth. Image quantization is a process
| for dimensional reduction to gray scale; thus, it allows each
pixel to get a single light intensity and one-dimensional
information. Converting color to gray scale is also referred
to as image decolorization.

The luminance method [16] or weighted method consid-
ering the brightness perception of human eye is one of the
converting algorithm, which is widely used for convert-
ing a color image into a gray scale image. Luminance by
Fig.3 Schematic of a laser tracking image Recommendation ITU-R BT.601-7 is the combination of

After Sl Before
unloading unloading

480 pixels
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red, green, and blue (RGB) channels with each weighting
as follows:

I=0.299R + 0.587G + 0.114B 1)

Each pixel of a color image is composed of RGB chan-
nels; however, the gray scale luminance of the ith frame
by Eq. (1) can be represented by

1(0,0) 10,n—1)

li(x,y) = : : )
I(m—1,0) Im—-1,n-1)

where [ is pixel intensity, i is the number of image frames,
x and y are spatial coordinates, and m and n represent pixels
of an image resolution.

As mentioned, a reference line was marked on the
datum board to calculate the distance per pixel. The fil-
tered gray scale image of a datum board with a reference
line was segmented with the global thresholding technique
[17] for background subtraction [18, 19]. Figure 4 shows
the image histogram of Fig. 5a and the threshold is indi-
cated for image filtering. The segmented image, G(x, y), by
thresholding is expressed as follows:

Threshold

™

Frequency
)

0 50 100 150 200 250
Intensity

Fig.4 Image histogram of the gray scale image

Fig.5 Image thresholding, a a
gray scale; b segmented image

1 if I(x, y) > Threshold
Gr,y) = { () 3

0 otherwise.

While image thresholding with a fixed level is not suitable
to divide the interested region from the image background
[20], a fixed-level threshold in Fig. 5 was used for image
segmentation due to the simple background of the datum
board. Based on the image histogram of Fig. 4, a gray scale
image and a segmented image after thresholding are shown
in Fig. 5.

To remove unnecessary noise for object detection, the
region of interest (ROI) for the reference line shown in
Fig. 6a was extracted from the image background. The
extracted ROI was converted to gray scale using Eq. (1).
Figure 6 presents the ROI of the original image and the ref-
erence line surrounded by a bounding box. The number of
pixels in the reference line was calculated by the diagonal
length of the bounding box. Instead of longitudinal length
in the bounding box, the diagonal length was used to reduce
errors from a skewed image. The actual laser moving dis-
tance on the datum board can be computed based on the
distance per pixel of the prescribed reference line on the
computer monitor.

In the same manner as the above technique, the image
frame for the laser beam was also converted to the gray scale
and binary image. The segmented binary image has a back-
ground with 0 and a laser beam with 1. The target object is
recognized by the binary information, and the object is being
tracked. The goal of object tracking is to obtain its trajec-
tory of every input frame by image processing [21]. A target
object of an image frame can be represented by a centroid
for object tracking. The centroid of the laser beam intensity
was computed based on the binarized image. The centroid
of a spatial coordinate, C(X,y), is given by

_ XXl — X 3 yel0y)
T I e YT o e @)

=1

The laser beam movement on the datum board upon
springback is found by the difference in the centroid position
after springback compared to the initial position of the cen-
troid. The laser moving distance per frame can be evaluated

@ Springer



710 The International Journal of Advanced Manufacturing Technology (2021) 119:705-718

Fig.6 a ROI of the original a
image; b bounding box of the
ref. line

by the Euclidean distance of the centroid between the ith and
(i+ I)th frames. Therefore, the laser moving distance, d, in
real time is computed by

d= Z ”C()_C’y)m - C()_C’y)i” ®)

The image processing for laser detection and tracking is
shown in Fig. 7. Here, Fig. 7a is the input frame, Fig. 7b
is the image converted to an 8-bit gray scale, Fig. 7c is the
binary image to identify an object, and Fig. 7d is the out-
put frame through image segmentation and filtering. The
fully converted image, Fig. 7d, is used to display the laser
beam position and to acquire the desired data. As mentioned
above, the centroid which is an intersection of the crosshair
in Fig. 7d is tracked, and the centroid position is logged in
real time.

In the algorithm for real-time springback measurement,
there are two different image processing groups to calculate

Fig.7 a Original image; b gray a
scale; ¢ binary; d laser beam
detection

C
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Reference line, 50 mm

b

—» ROI

v
Bounding box

————

the laser beam position, as shown in Fig. 8. The first group
is for the reference line, and the second group is for the laser
beam tracking. Since the position of the image acquisition
device, a webcam of Fig. 2, was not fixed, computing the
distance per pixel of the reference line prior to laser beam
tracking was required during setup. While image processing
for the reference line is run once, image processing for laser
beam tracking iterates until the end of image acquisition.
The laser beam tracking can be performed by synthesizing
two image processing algorithms.

3.2 Geometric calculation of springback

The springback angle, 8, in Fig. 9 is taken as the difference
between bending angle before unloading 6, and released
bending angle 6,. A'B is the datum board distance from
the neutral axis of the unbent tube, AC is the imaginary
line of the profile’s neutral axis after unloading, and BC is

b |




The International Journal of Advanced Manufacturing Technology (2021) 119:705-718 711

(sm )

Image processing

|

Reference line
detection

|

Computing the

Image acquisition

Check the distance
per pixel

distance per pixel

Fig.8 Image processing flow for laser beam tracking

the actual moving distance of the laser beam on the datum
board. The springback angle ZCAB can be calculated by
trigonometry, which is given by

RC iYal
0 = arctan <£> or @ = arctan <£> (6)
AB A'B

Geometrically, the location of point A is unknown due
to the unknown released bend angle, 6,. To overcome
uncertainty and reduce the calculation error, Ha et al.
[13] computed the springback angle by creating an imagi-
nary line A’C’ parallel to AC and updating a calibration
distance CC’ based on an initial bent angle £CA’B. A’C
moves towards A’C’ by updating the calibration distance
as follows

o n (6,0 =m) [r(sect —1) r{sec(6y(1-m)— 1}}
cos (6,7) tan 6 (1 —n)tan (6,(1 — 7))
(N
where r is bending radius, 6, is bend angle, and # is spring-
back ratio given by

End >

Image processing

!

Laser beam
detection
!
Computing the
object centroid
|
Springback
calculation

=5 ®)

In this paper, the calibration distance is assumed suffi-
ciently small, compared to the laser moving distance, %, to
be neglected in the springback calculation. Then, the spring-
back angle is approximated by

) “C(}’y)ﬁl - C(]_C’y)i”

A'B

6 = arctan

®

4 Experiment and discussions
4.1 Experimental setup
The material used for RDB was the AA6082-T4 hollow rec-

tangular tube with exterior dimensions 60X 40 mm and a
thickness of 3 mm. The bend die radius was 252 mm, and
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A A"{
As'

-
G ‘
v )|

0"

oo
B C
Fig.9 Springback geometry of profile bending

the bending angles were 30°, 45°, 60°, and 90°. Three work-
pieces (950 mm long) were used for each bending angle. The
datum board was installed at a 3.0-m distance from the point
O in Fig. 9, the center of the bending radius.

A laptop computer with i5-7200U 2.5 GHz and 8 GB
memory was employed to realize a tracking system. A web-
cam with 720p (1280 720) and 30 fps connected to the
computer acquired images during the unloading process.
The image processing was performed in MATLAB. For each

Fig. 10 Experimental setup, a
view from a tube; b bent tube
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bending process, 90 frames with 640 X 480 true color (24
bits) images were obtained at a rate of about 10 fps and were
used to track the laser beam of the datum board in real time.

Figure 10a illustrates the overall experimental system
viewed from the tube. The enlarged image displays the ref-
erence line and the laser beam on the datum board. A laser
fitment was installed at the tip of the hollow profile shown
in Fig. 10b. The laser beam was used for the indicator of
the profile’s longitudinal direction on the datum board. As
noted above, the laser beam on the datum board was tracked
by the image processing algorithm. The springback angle,
0, in Fig. 10b was manually measured without taking the
workpiece from the machine to compare the springback
to on-machine measurement. Since RDB was conducted
without mandrel and wiper die in the experiments, it was
assumed that springback only occurs in the bent part, which
eliminates any effect of the absence of wiper die and man-
drel after unloading.

Springback can be calculated with a robust prediction
model. However, springback is affected by complex process
conditions such as material properties, geometry, lubrica-
tion, bending speed, and tooling, geometry. Since precise
springback prediction is not an easy task, springback meas-
urement is of great importance to control product quality and
compensate springback.

Two different measurement methods were adopted for the
springback measurement. Firstly, manual measurement of
springback was carried out without removing the workpiece
from the bending machine to verify the on-machine spring-
back measurement in real time. The tube shapes at 30°, 45°,
60°, and 90° bending angles are shown in Fig. 11.

Secondly, the springback angle was monitored and meas-
ured in real time during the unloading process. This on-
machine measurement method serves the purpose of meas-
uring the springback angle by digital image-based laser
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Fig. 11 Experimental work- a
pieces, a 30°; b 45°; ¢ 60°; d
90° bending

tracking, without transferring the workpiece for springback
measurement. The image processing algorithm was run after
each bending process, before the clamp was released and
unloading performed.

The on-machine measurement results of springback are
plotted in Fig. 12. Each graph has real-time springback data
of three workpieces. The x-axis indicates the frame number,
and the y-axis indicates the springback angle. The webcam
had a 30-Hz frame rate. Due to the time spent on image
processing, the output frame rate after the image process
became 10 Hz. The gray-colored circle in Fig. 12 is the start-
ing point of unloading, as the clamp after bending was ran-
domly released. Each profile was fully recovered in two or
three frames after unloading, and the springback angle was
rapidly increased and converged after unloading. The slope
of springback also increased, as the bending angle increased.
However, the sharp edges after unloading were shown in
the 30° bend angle in Fig. 12a because the clamp bumped
against a stopper when it was fully released. The peak point
was stabilized and converged fast. Accordingly, the effect
of the clamp releasing vibration is considered negligible.
The on-machine measurement graphs display that the image
tracking algorithm follows the laser beam in real time, and
tubes are less bent than the desired bending angle due to
elastic recovery.

As an example of the image processing for on-machine
springback measurement, the original and tracking images
for 90° bending are shown in Fig. 13. The images in Fig. 13a
are the raw images from the image acquisition device,
and Fig. 13b shows the object-captured images by object

tracking in real time. The laser beam was located on the right
side of the datum board as the initial position before unload-
ing in the 1st frame. Unloading started at the 44th frame,
and the laser beam moved from the 45th to the 48th frame.
The final position of the laser beam is shown in the 90th
frame. While the springback angle was calculated with the
final laser position of the 90th frame based on the 90 input
images, the real-time monitoring can also apply to determine
the status of loading and unloading for on-machine spring-
back measurement.

4.2 Measurement results

According to the image processing flow presented in Sect. 3,
the springback was logged on the computer during the
unloading process, and the springback was also manually
measured after springback. The springback angles by on-
machine measurements are listed with the manual measure-
ment results in Table 1. Both measurements show that the
springback increases with an increasing bend angle from 30°
to 90°. However, the standard deviation (SD) of the manual
measurement is mostly higher than the image processing
results. The average SD of the manual and on-machine
measurements is 0.12° and 0.09°, respectively.

The springback results are plotted with bar charts in
Fig. 14. A line with two filled circles at its end is the rela-
tive difference slope between two different measurements
based on the same workpiece. The maximum observed
difference is 0.20° of workpiece 2 in 30° bending, and
the minimum is 0.06° of workpiece 3 in 30° bending. For
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Fig. 12 On-machine springback
measurement in real time
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workpiece 1 bent at 90°, while the clamp was released
at the 83rd frame as shown in Fig. 12 and the data log-
ging was finished at 90th frame, the springback from
the on-machine measurement was 0.11° slightly higher
than the manual measurement. It is considered that the
unloading point does not critically affect the springback
measurement. The springback difference of each work-
piece had no particular trend, but the overall differences
between manual and on-machine measurements were
within +0.20°/—0.12°.
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The averages of the springback angles and the differ-
ences between the two measurement techniques are plotted
in Fig. 15. From the error bars in Fig. 15a, it can be observed
that the variation of the measured springback angles, man-
ual or on-machine, is very small. The springback values, as
expected, increased as the bending angles increased due to
the elastic recovery of the material. Since the differences
between the averaged manual and on-machine measure-
ments were within 0.12° for different bending angles rang-
ing from 30° to 90°, the on-machine measurement based on
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Fig. 13 Laser beam tracking,
a original image; b tracking
image

image processing captured the springback trend well. The
on-machine springback measurement data in Fig. 14 and
Fig. 15 show that there is no appreciable difference compar-
ing the two methods through four different bend angles with
three samples for each angle. With these validation results,
the on-machine measurement by image processing appears
to be a feasible springback measurement strategy for profile
bending.

5 Conclusion

In this paper, a cost-effective system for on-machine spring-
back measurement in RDB has been developed using digital
image processing and laser tracking. The system was inte-
grated with a 635-nm laser, an affordable image acquisi-
tion device, and an image processing technology. Spring-
back was evaluated in real time, while eliminating the need

@ Springer
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Table 1 Springback measurement results (unit: degree)

Measurement Workpiece Bending angle
30° 45° 60° 90°
Manual 1 2.99 3.68 431 5.51
2 3.05 380  4.27 5.717
3 3.31 3.71 4.44 5.57
Average ©® 3.12 3.75 4.34 5.62
Stand. Dev 0.17 0.06 0.09 0.14
On-machine 1 3.11 3.80 4.19 5.62
2 3.25 3.93 4.37 5.69
3 3.37 3.85 4.36 5.74
Average @ 3.24 3.86 431 5.68
Stand. Dev 0.13 0.07 0.10  0.06
Difference I0-@| 0.12 0.11 0.03 0.06

for transferring the workpiece to an off-line measurement
device.

The newly developed measurement method was applied
to AA6082-T4 rectangular tube bending at 30°, 45°, 60°,
and 90°. A target board to display a laser beam was set at
3.0 m from the center of a bend die. Every color image
acquired by a webcam was quantized to a gray scale with

the intensity value ranging from O to 255. Then, the gray
scale was binarized by thresholding based on the image his-
togram to extract the laser beam from the image background.
The springback angle was calculated by updating the beam
location of the images. The performance of the on-machine
measurement method was validated by comparing it to con-
ventional manual measurements. The average SD of the
on-machine measurement was 0.09° ranging from 0.06° to
0.13° while the corresponding value for manual measure-
ment was about 0.12°. The differences between the averaged
manual and on-machine measurements were within 0.12°
ranging from 0.03° to 0.12°, and the on-machine measure-
ment was found to be in a good agreement with the manual
measurement. The affordable hardware system and tracking
algorithm based on MATLAB were sufficient to capture the
physical springback angle compared to the manually meas-
ured data.

The measurement strategy with the integration of a
laser and an image processing technology enables a bend-
ing process to be monitored in real time and the spring-
back angles to be measured on a tube bending machine.
Thus, the present approach provides an attractive measure-
ment technique that can be adopted to improve manufac-
turing efficiency. For implementation, the laser and camera
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Fig. 15 a Average springback angle; b difference between the aver-
aged manual and on-machine measurements

hardware are easily available. With hardware connection,
the laser beam detection, object tracking, and springback
calculation programs can be executed in a computer to
collect springback data for progress control in a smart
manufacturing environment. The digital images and the
extracted springback data can be store in a cloud data plat-
form and become an essential component of a data-driven
decision system where product quality is predicated. The
on-machine measurement and real-time process monitor-
ing technology can facilitate manufacturing digital trans-
formation towards Industry 4.0.
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