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Abstract. In this paper, an entire process of laser cladding repair for damaged polycrystalline diamond compact
(PDC) bits of high value based on a dual-robot system is proposed. First, the KUKA-KR20 industrial robot, along
with a structural light three-dimensional (3D) scanner, is used to inspect the damaged bit, with point cloud data
exported, and then the data are converted to the stereolithography (STL) file format in Geometric Studio, with
the damaged region of the bit obtained after comparison with the standard model. Second, the KUKA-KR60
industrial robot holding a laser head is driven to realize cladding. In order to apply the information captured
by the camera of the scanner to the laser cladding robot, a novel calibration, i.e., the three-point method for the
dual-robot system, is proposed to transform the damaged region of the bit in the camera coordinate system to that
in the cladding robot coordinate system, and then an upper computer program is developed to plan the cladding
path for the laser head and to send the path to the KUKA-KR60 robot to complete cladding repair. Finally, a
real experiment is carried out, which verifies that the dual-robot system has good flexibility and can be widely
applied to different types of part repair with different types of blocky-surface damage.

1 Introduction

The polycrystalline diamond compact (PDC) bit, which is
a kind of integrated bit, has better performance in strength,
wear resistance, and impact resistance than that of other types
of bits, and it was regarded as one of the newest technolo-
gies in the drilling industry in the 1980s. More than 100 000
PDC bits are used in oilfield drilling, mineral exploitation,
geothermal well, and other projects every year in China.
However, bits in the bottom hole can be damaged by ero-
sion, chemical corrosion, and other factors caused by bad
working environments or high-strength working conditions
(shown in Fig. 1). So, the bits are the most important high-
value consumables in the whole drilling industry. According
to the long-term repair experience, the wear types of PDC
bits can be roughly divided into compact wear, slight body
wear, severe body wear, and scrap. The performance of the

damaged bits with compact wear or slight body wear can be
recovered well after repair with low cost, while the cost of re-
pair for damaged bits with severe body wear is high, and the
scrapped bits cannot be repaired at all. Fortunately, most of
the bit wears fall into the former two categories, which makes
the repair of bits have great economic and social benefits.

There are still many problems in traditional bit-repair tech-
nologies, such as the use of arc welding. In the repairing pro-
cess of the bit, arc welding causes the temperature of the local
area of the bit to be too high, resulting in stress and affecting
the service life of the bit. Furthermore, the combination of
the re-welded hardened layer and the old one is not strong
enough, which easily causes re-welded hardened layers to
fall off and to reduce the bit footage.

Laser cladding (Vilar, 1999), which can be used in the
bit-repair process to overcome those defects caused by arc
welding, is a material additive manufacturing technology that
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Figure 1. The PDC bit with some breakages.

uses a high-energy laser beam emitted from a laser transmit-
ter to heat the substrate and the coating powder sprayed on
the surface of the substrate at the same time so that the pow-
der and the substrate complete metallurgical bonding, and
the cladding coating is finally formed on the surface of the
substrate.

Because the surface repaired by the laser cladding pro-
cess shows better performance in wear resistance, corrosion
resistance, heat resistance, and other aspects when used on
the substrate than those by other remanufacturing processes,
such as welding repair technology, thermal spraying and
thermal-spray welding repair technology, and brush plating
repair technology, the laser cladding process has been receiv-
ing increasing attention from the remanufacturing industry
and is widely used in repairing the hard facing of turbine
blades (Gao et al., 2005, 2008; Huang et al., 2020; Rong et
al., 2014; Xu et al., 2017; Zheng et al., 2019b, 2017) and
forging die (Görgl and Brandstätter, 2016; Li et al., 2014;
Luo et al., 2017) as well as in various material processing
industries for complex curved surface generation (Liu, 2013;
Liu et al., 2021; Wang et al., 2018; Zhu et al., 2017) and re-
pairs of scratches on rail surfaces (Guo et al., 2020), artificial
joints in medical treatment (Zhu et al., 2020), broken gear
(Zhu et al., 2020), worn-out sprockets (Liu et al., 2017), and
so on. So, after cladding, the PDC bit is not easy to deform,
the structure is compact, and the bonding strength is high,
which are major advantages compared with the traditional
processing methods (Vilar, 1999).

The repairing process based on laser cladding mainly in-
cludes two key steps: inspection and cladding. Although
there is little literature on PDC bit repair, repairing projects
of other products can be learned from because the whole
repair process is universal. The purpose of inspection is

to obtain the information on the damaged part that is to
be repaired, and with the development of optical technol-
ogy, non-contact measuring equipment, such as the struc-
tural light three-dimensional (3D) scanner (Gao et al., 2005,
2008; Huang et al., 2020; Liu et al., 2017; Rong et al., 2014),
stereo vision sensor (Luo et al., 2017; Zhang et al., 2019),
and 3D laser vision (Davis and Shi, 2011; Guo et al., 2020;
Liu, 2013; Um et al., 2017), becomes the first choice for in-
spection. The 3D point cloud of the damaged part can then
be obtained using the mentioned non-contact measurements
with a stereolithography (STL) file (Zheng et al., 2019b) be-
ing exported in most cases, and one can compare the exported
STL file, which approximates the real scanned damaged part
via a lot of triangular patches, with the standard STL file of
the same part to obtain the damaged region that needs re-
pairing by a simple collection operation (Gao et al., 2005;
Guo et al., 2020; Huang et al., 2020; Liu et al., 2017; Zhang
et al., 2019; Zhu et al., 2020). Um et al. (2017) also tried
to obtain the damaged region of a die in the STEP file for-
mat in the cladding repairing process, and they point out that
the representation of solid models based on STEP keeps the
error lower during geometric reasoning than based on STL,
though the STL format is the mainstream method. There
are several tasks, such as calibration, path planning of the
cladding head, robot program generation, and reprocessing,
to be done in cladding step, and among them, path planning
is the most concerning problem according to the literature.
Zheng et al. (2017, 2019a) studied the path planning for laser
cladding on complex spatial surfaces, in which they optimize
the model parameters affecting the model error according to
the particle swarm optimization (PSO) method, but they ob-
tain the STL data directly from the CAD model without ini-
tiating the inspection step. Similarly, Liu et al. (2021) ob-
tain the optimal cladding path of complex surface by adjust-
ing the distance between adjacent section points, also with-
out the inspection step. Li et al. (2020) plan a path for laser
cladding on an artificial joint surface through the arch height
error method without implementing an inspection step. Liu
(2013) uses a 3D laser scanner to inspect an entire spatial
curved surface and obtains the path for laser cladding via the
slicing method according to the STL file. In order to express
the curved surface accurately, Wang et al. (2018) export the
non-uniform rational B-spline (NURBS) surface from point
cloud data inspected by a 3D scanner and then obtain the
optimal path by the arch height error method. On the sub-
ject of path planning for laser cladding on the spatial curved
surface, the existing works are more like 3D printing rather
than repair whether or not the inspection step is carried out at
first because the damaged regions appear locally rather than
the entire surface, which means it is necessary to locate the
damaged region or calibrate the 3D scanner. Although Liu et
al. (2021) provide the transformation between the 3D scanner
coordinate system and the robot base coordinate system, such
a transformation is not calibrated, does not appear in the fol-
lowing text, and varies with the changes in the posture of the
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robot, so it is not suitable for locating damages at all. On the
subject of path planning for laser cladding on blocky-surface
damage, Zhu et al. (2020) and Zhang et al. (2019) obtain
the layer-by-layer cladding path by the slicing method for
the complex component, and Montoya-Zapata et al. (2021)
discuss the influences of a different path order on the per-
formance of laser cladding. However, the common defect is
that the calibration between the scanner and the base coor-
dinate system, which is the key to showing the position of
the damaged region of the part for the laser cladding head
automatically and to determining the accuracy of the repair,
does not appear in the existing literature. It is worth noting
that deep learning methods are being increasingly applied in
some robot path-planning techniques. Diao et al. (2024) pro-
pose a robot path-planning method based on graph neural
networks to solve the obstacle problem of robots in high-
dimensional state space, and Chen et al. (2024) use convolu-
tional neural networks (CNNs) for semantic segmentation of
images to identify different terrain types for hexapod walk-
ing robots to plan their gait and path in the multi-terrain en-
vironment of Mars. In addition, Li et al. (2022) propose an
open-loop and closed-loop iterative learning control for the
trajectory tracking of high-speed 4-degree-of-freedom paral-
lel robots. The next task is to generate an offline program
according to the planned path of the cladding head either for
a computer numerical control (CNC; Um et al., 2017) ma-
chine or for a robot (Liu, 2013). And nowadays, the laser
cladding robot is the leading form of part repair where the ac-
curacy requirement is not so high, but the types of damages
of the part are abundant. Li et al. (2014) use specific soft-
ware to quickly generate an offline program for the KUKA
robot, though the generated program is not common for other
robots. The surface quality of the repaired part after cladding
is always very poor, so a reprocessing is necessary to form
a smooth and accurate surface along with a strength test of
the repaired samples sometimes as the final work (Görgl and
Brandstätter, 2016).

According to the overview above, an entire procedure is
drawn for PDC bit repair in Fig. 2. In this paper, a dual-robot
system is carried out to improve the efficiency of the laser
cladding. First, the KUKA-KR20 industrial robot carrying a
structural light 3D scanner is selected to perform an inspec-
tion for the sake of automation. The 3D point cloud obtained
by a scanner is then processed by professional software –
namely, Geometric Studio – and converted to a STL file. And
finally, the damaged region of the bit can be obtained in such
software via comparing the scanned model with the standard
one. Second, another KUKA industrial robot (i.e., KUKA-
KR60) holding a laser cladding device is used to complete
the cladding process. Calibration, by which the position of
the damaged region of the PDC bit expressed in the scan-
ner coordinate system can be transformed into the equiva-
lent in the KUKA-KR60 base robot coordinate system, is
discussed emphatically in this paper as the existing works
about laser cladding rarely pay attention to it. In our project,

a mature product, i.e., a structural light 3D scanner designed
by TECHLEGO, is used so that the internal parameters of
the camera can be calibrated by the software provided by the
manufacturer. There is a lot of literature about hand–eye cal-
ibration that proposed many methods for obtaining intrinsic
and external parameters of cameras (Shiu and Ahmad, 1989),
and the latest trend is to use fewer reference objects or ref-
erence points while driving the camera to make certain mo-
tions to realize calibration (Li et al., 2011; Ma, 1996; Tsai
and Lenz, 1989; Zhuang et al., 1995). However the move-
ment of the camera along with KUKA-KR20 is mainly used
to obtain a relatively complete point cloud of the PDC bit
from multiple perspectives rather than to realize calibration,
and the calibration can be carried out by sufficient reference
points – for instance, three points. Finally, an upper software
that is deployed to a desktop computer is developed. By such
software, the STL file of the damaged region of the PDC bit
can be loaded after processing in Geometric Studio; the spa-
tial coordinate of each point on the surface of the damaged
region can be converted from the camera coordinate system
into that of the KUKA-KR60 base robot coordinate system
via the mapping of the transformation matrix; the path for
the cladding head mounted on the KUKA-KR60 robot can
be generated by the slicing method; and, finally, the path can
be sent to the KUKA-KR60 robot to execute the cladding
process.

The remaining chapters are arranged as follows: experi-
mental platforms with key equipment and their functions are
described in detail in Sect. 2, and the reconstruction of the
damaged region of the PDC bit is then carried out in Sect. 3.
In Sect. 4, a novel calibration between the scanner and the
robot – namely, the three-point method – is proposed for laser
cladding. Section 5 contains path planning and the method
for the generation of the KUKA industrial robot program.
Section 6 shows the repair experiment of the damaged PDC
bit, and Sect. 7 is the conclusion.

2 Experimental platform of the dual-robot system

There is so much equipment on the experimental platform
that their relationships cannot be described clearly all in one
photo, so it is better to provide the plane layout of the whole
platform, as shown in Fig. 3, and local photos of some im-
portant devices subsequently.

It can be seen in Fig. 3 that the platform can be divided into
four parts by function: the KUKA-KR20 robot with binocu-
lars (abbreviated as KR20), the KUKA-KR60 robot with a
cladding head (abbreviated as KR60), a positioner and heat-
ing furnace (abbreviated as positioner), and an upper com-
puter. The dotted lines between devices are used to indicate
transmitting signals, and solid ones are used to indicate trans-
mitting matter or energy.

In the KR20 subsystem, a blue light binocular camera de-
signed by TECHLEGO is fixed on the end link of the robot

https://doi.org/10.5194/ms-16-181-2025 Mech. Sci., 16, 181–194, 2025



184 J. Wang et al.: 3D hand–eye calibration for laser cladding repair

Figure 2. An entire repair procedure for PDC bits.

Figure 3. Dual-robot system for laser cladding repair of the PDC bit.

(shown in Fig. 4a) by which the point cloud data of the dam-
aged bit can be obtained. The camera has an accuracy of
0.05 mm, a scan time of less than 0.3 s, and a blue light as
the light source to avoid interference of ambient light effec-
tively. And start or stop is determined by a switch value being
sent to the control cabinet of the robot (shown in Fig. 3).

The KR60 subsystem consists of the KUKA-KR60 in-
dustrial robot (shown in Fig. 4b), coaxial powder-feeding
cladding head (shown in Fig. 4c), powder feeder (shown in

Fig. 4d), semiconductor laser transmitter (shown in Fig. 4e),
and industrial water chiller (shown in Fig. 4f). The Ldm4000-
100 laser that belongs to semiconductor laser is used as the
core of the cladding system. It has a long service life, sta-
ble performance, energy utilization rate that can reach more
than 40 %, and laser gate that can be opened and closed
by the input–output (IO) port of the KUKA-KR60 robot
(shown in Fig. 3). In order to avoid the high temperature un-
der which the laser cladding cannot work normally, a spe-
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Figure 4. Key equipment on the platform: (a) KUKA-KR20 industrial robot, (b) KUKA-KR60 industrial robot, (c) coaxial powder-feeding
cladding header, (d) powder feeder, (e) semiconductor laser transmitter, (f) industrial water chiller, (g) positioned with bit, (h) heating furnace,
and (i) medium-frequency heating power supply.

cial water chiller for the laser transmitter is equipped, with
stable cooling water, of which the supplied temperature can
be accurately adjusted, being provided. At the same time, it
can also provide cooling water with suitable temperature for
the cladding header. There is hope that the powder-feeding
rate determined by the feeding equipment is uniform and
can be precisely set up by the digital display control system,
with a range of 0–25 g min−1. Furthermore, the control sig-
nal, including the cladding path, from the upper computer
to the control cabinet of the KUKA-KR60 robot is transmit-
ted through Ethernet based on the transmission control pro-
tocol (TCP) (shown in Fig. 3), while the other devices of the
KR60 subsystem, such as a powder feeder, laser transmitter,
and water chiller, are controlled by IO outputs of the con-
trol cabinet of the KUKA-KR60 robot through an ordinary
conductor (shown in Fig. 3).

There are a positioner (shown in Fig. 4g) and a heating
furnace (shown in Fig. 4h) mainly in the positioner subsys-
tem. A CNC vertical rotary dividing head is used in the posi-
tioner subsystem, and the clamping device holding the dam-
aged PDC bit is driven to rotating by a CNC servo motor,
which can cooperate with the KR20 subsystem to achieve
better camera scanning for the damaged region of the bit.
Medium-frequency power is used to provide energy for the
heating furnace, in which the bit is heated to exceed 700 °C
and then taken out when laser cladding starts. If the tempera-

ture of the carcass of the bit is lower than 600 °C, the repair-
ing process is terminated, and the bit is reheated by a furnace
to exceed 700 °C again. The servo controller of the positioner
can be driven based on the controller area network (CAN)
bus standard, the heating furnace with a medium-frequency
heating power supply is controlled by IO ports of the pro-
grammable logic controller (PLC) from the PLC electronic
control cabinet, and the PLC is controlled by the switch val-
ues from the upper computer.

The upper computer subsystem, including a desktop com-
puter and a signal board developed by a STM32 chip, is the
control center of the whole system. The signal board ob-
tains the command from the computer through a serial port
based on the RS232 protocol and then sends instructions to
the KR20 subsystem, PLC control cabinet, and positioner ac-
cordingly (shown in Fig. 3). The computer receives the point
cloud data from the camera through the USB3.0 interface and
sends data to and receives data from the KR60 subsystem
through Ethernet based on TCP (shown in Fig. 3).

The whole cladding process can be described as follows:

1. Scanning. The upper computer starts the whole process
by sending commands via the STM32 signal board to
the KUKA-KR20 robot, and the robot moves the camera
to several positions in turn, which have been taught in
advance, to scan the bit in multi-view.
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2. Reconstruction. A different point cloud set obtained by
the camera from different perspectives is uploaded to
the upper computer, and the image processing software
provided by TECHLEGO can be used to organize the
whole point cloud set into the final one, of the complete
bit, by matching the same feature points of the bit in
different sets. Comparing the final set of the bit with
the standard one by Geometric Studio, the point cloud
processing software, the damaged region of the bit that
needs repair can be obtained.

3. Path planning. Using the transformation matrix that ob-
tained in advance by the three-point calibration method
proposed in this paper, the 3D coordinates of any point
in the damaged region of the bit that obtained in step
(2) in the camera coordinate system can be transformed
into that in the coordinate system of the KUKA-KR60
robot. A fold line with the width property can then be
planned to cover the whole damaged region of the bit in
the robot coordinate system.

4. Cladding. Finally, the upper computer sends each end-
point of the fold line in turn as the repair path to the
KUKA-KR60 robot via TCP, along with operating com-
mands for the powder feeder, laser transmitter, and wa-
ter chiller. The robot then drives the cladding head to
complete repair according to the planned path.

3 Three-dimensional reconstruction and
damage identification of the PDC bit

The process of obtaining the point cloud model of a PDC
bit by the binocular camera is a kind of 3D reconstruction,
and the point cloud set of the complete bit has millions of
data points. In order to avoid the abundant computation and
the complexity of subsequent path planning for the bit with
multiple damaged regions, using the point cloud data from
a part of the bit within which there is only one breakage is
recommended, as shown in Fig. 5a. At the same time, the
standard point cloud set of such bit without any breakage at
all is also provided, as shown in Fig. 5b.

Three calibration objects appearing in Fig. 5a will be used
for hand–eye calibration in the next section. For the reason
that the geometric feature of the bit point cloud model is not
intuitive enough, it is very hard to compare the two point
cloud sets to obtain the damaged body of the bit. So, it is
necessary to transform the point cloud set into the polygon
model, which is mostly a triangle model. It can be seen that
the model in Fig. 6a is the transition from the point cloud set
in Fig. 5a and that the model in Fig. 6b is the transition from
the point cloud set in Fig. 5b. Each model in Fig. 6 is the
surface made up of a large number of triangles.

Comparing the polygon model of the damaged bit with
that of the standard one, the damaged region of the bit can be
obtained by Boolean subtraction as shown in Fig. 7a. In fact,

Figure 5. Point cloud sets of the PDC bit: (a) point cloud of the
damaged PDC bit and (b) point cloud of the standard bit without
damage.

the body finally obtained as shown in Fig. 7b is also enclosed
by a large number of triangular surfaces, and the goal of laser
cladding is to melt the powder in the damaged region of the
bit to form such a body.

4 Hand–eye calibration using three points in space

The geometric information of the body of the damaged re-
gion obtained in Fig. 7b cannot be used for laser cladding
directly because the coordinate of each point on the obtained
body is expressed in the camera coordinate system rather
than in the robot coordinate system in which the laser head

Mech. Sci., 16, 181–194, 2025 https://doi.org/10.5194/ms-16-181-2025



J. Wang et al.: 3D hand–eye calibration for laser cladding repair 187

Figure 6. Polygon models of the PDC bit: (a) polygon model of a
damaged bit and (b) polygon model of a standard bit.

fixed on the robot can move as expected. So, it is necessary
to find out more about the mapping relationship between the
two coordinate systems and then to transform the coordinates
of the points in the camera coordinate system to those in
the robot coordinate system, which is known as hand–eye
calibration. Conventional hand–eye calibration is to find the
mapping between the 2D coordinates of the point on a plane
and the 3D coordinates of the corresponding point in space.
In such a project, a commercial binocular camera is used so
that the mapping of coordinates to be determined is between
the two points in space.

As shown in Fig. 8a, three cones are given out at first and
then arranged not in a line in the coordinate system of the
KUKA-KR60 robot. Finally, the tip of the cladding head is
selected as the tool center point of the robot, and the tool

Figure 7. Damage identification of the PDC bit: (a) the Boolean
subtraction between the two models and (b) the body of the dam-
aged region.

center point is moved onto each tip of the cones to obtain the
3D coordinates by reading the teaching device of the KUKA-
KR60 robot. The three points can also be captured by the
camera, and the 3D coordinates of each tip of the cones can
be obtained by point cloud processing software, as shown in
Fig. 8b.

In Fig. 9, the ith point (where i= 1, 2, 3) is marked as Pi ,
and a new coordinate system can be built using these three
points as follows: label the vector from P1 to P2 as P 1P 2
and the vector from P1 to P3 as P 1P 3, and select P1 as the
origin of such new coordinate system, the orientation of vec-
tor P 1P 2 as the orientation of the x axis of the new coordi-
nate system, and the orientation of the cross product of vec-
tor P 1P 2 and vector P 1P 3 as the orientation of the z axis
of the new coordinate system, with the y axis orientation of
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Figure 8. Eye–hand calibration by three points in space: (a) three
points in the coordinate system of the KUKA-KR60 robot and
(b) three points in the coordinate system of the binocular camera.

the system being determined by the right-hand screw rule.
Tr is the transform matrix from the robot coordinate system
to the new coordinate system, and Tc is the transform ma-
trix from the camera coordinate system to the new coordinate
system.

Assume the 3D coordinates of the ith (where i= 1, 2,
3) point with respect to the robot coordinate system are
P ri =

[
xri, yri, zri

]T and that with respect to the cam-
era coordinate system is P ci =

[
xci, yci, zci

]T. So, the
unit vector relating to the robot coordinate system in the ori-
entation of the x axis of the new coordinate system can be
obtained as follows:

nr =
P r2−P r1

‖P r2−P r1‖
, (1)

Figure 9. Coordinate transform between the robot system and the
camera system.

with ‖P r2−P r1‖ =

√
(xr2− xr1)2

+ (yr2− yr1)2

+(zr2− zr1)2 repre-

senting the norm of vector P 1P 2 in the robot coordinate
system.

And the unit vector relating to the robot coordinate system
in the orientation of the z axis of the new coordinate system
can be obtained as follows:

ar =
(P r2−P r1)× (P r3−P r1)
‖(P r2−P r1)× (P r3−P r1)‖

, (2)

where × denotes the cross product of the two vectors.
The unit vector in the orientation of the y axis of the new

coordinate system can also be obtained by the right-hand
screw rule; that is, the following applies:

or = ar×nr , (3)

with × also denoting the cross product.
According to Eqs. (1), (2), and (3) and considering that P1

is the origin of the new coordinate system, the transform ma-
trix from the robot coordinate system to the new coordinate
system can be obtained as follows:

Tr =

[
nr or ar P r1
0 0 0 1

]
. (4)

Also, the transform matrix from the camera coordinate
system to the new coordinate system can be obtained as fol-
lows:

Tc =

[
nc oc ac P c1
0 0 0 1

]
, (5)

where nc =
P c2−P c1
‖P c2−P c1‖

, with ‖P c2−P c1‖=√
(xc2− xc1)2

+ (yc2− yc1)2
+ (zc2− zc1)2 representing

the norm of vector P 1P 2 in the camera coordinate system,
ac =

(P c2−P c1)×(P c3−P c1)
‖(P c2−P c1)×(P c3−P c1)‖ , and oc = ac×nc.
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Then, according to Eqs. (4) and (5), the transform matrix
from the coordinate system of the KUKA-KR60 robot to the
camera coordinate system can be obtained as follows:

T= TrT−1
c . (6)

So, the 3D coordinates of any point on the body of the dam-
aged region of the PDC bit in the camera coordinate system,
as shown in Figs. 6 to 9, can be transformed into the 3D co-
ordinates in the robot coordinate system by transform matrix
T; that is, the following applies:[
P r
1

]
= T

[
P c
1

]
, (7)

where P c is the coordinate of any point in the camera coor-
dinate system and P r is the respective coordinate in the robot
coordinate system.

In the process of hand–eye calibration, all coordinates of
the three points, both in the robot coordinate system and in
the camera coordinate system, can be obtained, and by mov-
ing a cone, an additional set of coordinate data can also be
obtained to verify the validity of the calibration method and
the accuracy of the transform matrix, as shown in Table 1.

According to Eqs. (1) to (6) and the coordinate data from
the first three points of Table 1, the transform matrix can be
obtained as follows:

T=


0.1018 0.9680 −0.2295 245.8351
0.9723 −0.0480 0.2289 334.3406
0.2106 −0.2464 −0.9460 383.4096

0 0 0 1

 . (8)

By substituting
[
P c
1

]
= [108.2433 137.9560 483.5174 1]T

from the additional point of Table 1 and T from Eq. (8) into
Eq. (7), the coordinate of the additional point can be obtained
in the robot coordinate system as follows:[
P r
1

]
= T

[
P c
1

]
=
[
280.9933 541.9538 −82.8173 1

]T
. (9)

Then, according to Eq. (9) and Table 1, the distance be-
tween the transformed coordinate and the measured one

is

√
(280.9933− 281.3891)2

+ (541.9538− 541.4858)2

+(−82.8173+ 82.3986)2

= 0.7423 mm. So, the precision of the proposed calibration
method reaches our demands. If higher accuracy is needed,
more cones and teaching operations can be added, while it is
not necessary in our laser cladding project.

5 Repair-path planning and robot program
generation

As shown in Figs. 5 to 7, what can be obtained by a scanner
is the point cloud data of the PDC bit, and after Geometric
Studio processing, the damaged body of the bit, which is sur-
rounded by a large number of triangular surfaces, can also be
obtained and finally be saved in a STL file. In the STL file,
the coordinates of the three points of every triangle in the
camera coordinate system and the normal vector of the trian-
gular surface are stored. The matrix obtained by the proposed
hand–eye calibration method can then be used to transform
the coordinates of the three points of every triangle of the
damaged body in the camera coordinate system into those in
the base robot coordinate system, within which the planned
path can be executed by the KUKA-KR60 robot.

The cladding path, or the path of the tool center point of
the KUKA-KR60 robot, can be planned within the damaged
body of the bit in the robot coordinate system. As shown
in Fig. 10, cutting the damaged body with a set of parallel
planes, of which the height between any adjacent two is set
to be equal to the height of the cladding alloy, and then, in
each plane, a group of parallel line segments with the same
width as the cladding alloy can be planned to fill in the whole
plane within boundaries.

The reason why the fold line can be used in path planning
is that the intersection lines of a certain cut plane and the
damaged body surrounded by triangles form a polygon. An
intuitive explanation can be that there are three cases when a
line of the triangle of the damaged body intersects a certain
cut plane. As shown in Fig. 11, type A stems from the inter-
section of an inner point of the line of the triangle and the
certain cut plane, type B is the result of the intersection of
an endpoint of the line and the certain cut plane, and type C
means the line is just on the cut plane. So, the link line of any
two adjacent points in type A, B, or C (taking the endpoints
of type C) is also the intersection line of the triangular sur-
face of the damaged body and the certain plane, and, finally,
the link lines form a polygon.

As seen in Fig. 12, parallel line segments, such as seg-
ments from intersection point 1 to 2, from 5 to 6, and so on,
can be used to fill in the whole area of the polygon, and the
cladding head must be lifted up at the end of each line seg-
ment move over to the top of the starting point of the next line
segment and then fall down, mimicking the path from inter-
section point 2 to 3, from 3 to 4, and from 4 to 5. When the
cladding head moves in the direction of the arrow along the
line segments within the polygon, such as the segment from
point 1 to 2, the powder flows out, and the alloy is in the pro-
cess of cladding. While moving along the line segments out
of the polygon, such as from 2 to 3, the powder is terminated.
The distance between the two adjacent parallel line segments
within the polygon is just the width of the cladding alloy,
so the layer of the damaged region can be filled in by the
cladding alloy. After a layer is filled in, the next layer can be
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Table 1. Measured coordinate data.

The point 3D coordinates in the robot system 3D coordinates in the camera system
[mm] [mm]

Point one (270.7554,624.1486,−80.7390) (186.5531,124.5902,499.7188)
Point two (59.2442,530.0896,−83.1636) (73.0072,−75.1305,529.0279)
Point three (113.3030,394.8467,−84.5124) (−54.7358,−15.7103,486.5560)
Additional point (281.3891,541.4858,−82.3986) (108.2433,137.9560,483.5174)

Figure 10. Repair-path planning by cutting the damaged body.

Figure 11. Three cases of intersections of a line of the triangle of
the damaged body and the certain cut plane.

repaired in the same way. If there is an island, which means
there is no need for repair, the cladding head should step over
it, meaning the path from intersection point i to i+ 1, then
to i+ 2, then to i+ 3, then to i+ 4, and finally to i+ 5. In
order to avoid accidents, the lifting height must be selected
to ensure that the cladding head does not touch the bit.

The main code and the functions with comments on the up-
per computer program are listed below. The program opens
the STL file, then generates path or fold lines as described in
Fig. 12 for the cladding head mounted on the KUKA-KR60
robot and finally sends the inflection points of the fold lines
in sequence to the KUKA-KR60 robot via TCP via Ethernet,
as shown in Fig. 13.

The main code of the KUKA-KR60 robot is also listed
below in Fig. 13, where it can be seen that a loop state-
ment ensures that the robot receives one inflection point of
the planned path from the upper computer program and then
drives the cladding head to such a point in a straight line
via the ptp command (abbreviation for “point-to-point” com-
mand) and that the next inflection point is not accepted until
the cladding head is completely driven to move to such point.

Figure 12. Planned path for a certain layer of the section.

The key to robot’s successful reception of the planned path
is that the program of the robot follows Ethernet format and
TCP, as shown in Fig. 14.

6 The repair test of the damaged bit

Several groups of cladding experiments are carried out at dif-
ferent process parameters, and then the samples are sent to a
professional institution for testing, with the optimal process
parameters finally obtained.

The quality of cladding is mainly related to laser power,
powder-feeding rate, and moving velocity of the laser
cladding head. As shown in Fig. 15a, the laser power is so
low that the powder cannot be melted adequately, and then
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Figure 13. The main code for the upper computer to send the planned path to the robot.

Table 2. The optimal process parameters.

Laser Powder Movement Width Height
power feeding velocity of of of

rate the laser head path path
[kW] [g min−1] [mm s−1] [mm] [mm]

2.2 5 20 2 1

the accumulative material appears, while in Fig. 15b, the
laser power is so excessive that accidental over-burning of
powder occurs in the cladding process. If the powder-feeding
rate is too low, as shown in Fig. 15c, the cladding layer is too
thin to meet the requirement; otherwise, in Fig. 15d, it will
increase the subsequent amount of cutting work. When the
laser head moves too fast, as shown in Fig. 15e, the pow-
der can also not be melted adequately. Figure 15f shows the
appearance of laser cladding under the optimal parameters.

The recommended optimal process parameters are listed
as follows in Table 2.

After setting the optimal process parameters for the whole
set of equipment and sending the planned path to the KUKA-

KR60 robot, the laser cladding device starts to work, as
shown in Fig. 16a. Finally, the repaired bit can be seen in
Fig. 16b.

7 Conclusions

According to the theoretical analysis and repair experiment
for the damaged PDC bit above, the proposed dual-robot
system, through which the two key tasks of repair – in-
spection and cladding – are, respectively, completed by
two robots, is verified effectively and flexibly so that the
process can be generalized for laser cladding repair of a
blocky-surface region of damaged parts with high value. Fur-
thermore, a novel calibration method, i.e., the three-point
method, is proposed by which the position of the damaged
region of the PDC bit expressed in the scanner coordinate
system can be transformed into that expressed in the robot
coordinate system. According to the existing literature, such
calibration for laser cladding repair is not cared about, though
it is the key link between inspection and cladding in that
without it, one cannot locate the damaged region accurately,
and then the cladding cannot be executed effectively. There
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Figure 14. Flow chart of the Ethernet format and TCP.

Figure 15. Cladding samples for different process parameters:
(a) lower laser power, (b) excessive laser power, (c) lower powder-
feeding rate, (d) excessive powder-feeding rate, (e) fast movement
of the laser, and (f) optimal parameters.

Figure 16. Experiment of laser cladding repair of the PDC bit:
(a) in situ repairing using a dual-robot system and (b) the PDC bit
after repairing.
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are still two main aspects to be examined in future work: im-
proving the accuracy of hand–eye calibration by supplement-
ing the absolute positioning accuracy of the robot and inte-
grating the processing functions of the 3D point cloud in the
upper computer program that was developed so as to reduce
the number of commercial software used.
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