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Abstract

The industrial robots play an important role in modern industrial manufacturing processes, and their applications are becoming
increasingly widespread, greatly improving manufacturing efficiency and significantly enhancing the digitalization level of the
manufacturing industry. Therefore, achieving safe control of multi robot collaborative work is of great significance for the
stable and efficient operation of robot systems. This article proposes a dual robot safety control technology based on the
kinematic model of industrial robots. Firstly, a mathematical model of the kinematic space of the dual robots is constructed
using D-H parameters; Then, use recursive traversal algorithm to calculate the minimum distance between each joint arm of
the two robots in real time; Finally, the minimum distance between each joint arm will be calculated and compared with the set
safety threshold to achieve real-time assessment and control of collision risk during the movement of the dual robots. A dual
robot safety control testing platform was built using two KUKA industrial robots, integrated control software was developed,
and relevant algorithms were validated. Through experiments, it was verified that this method can evaluate the collision risk of
dual robots in real time during motion and effectively control the collision risk during the motion of dual robots.
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1. Introduction

With the continuous development of technology and the
continuous progress and maturity of industrial robot tech-
nology, the application of industrial robots in multiple fields
such as mechanical processing, aviation manufacturing, and
logistics is becoming increasingly widespread. With the con-
tinuous deepening of industrial robot applications, single
robot systems are no longer able to meet the requirements of
special application scenarios such as large-scale component
handling and aviation large component assembly. Therefore,
dual robot systems have gradually emerged in the public's

vision. A dual robot system can compensate for the disad-
vantages of a single robot system such as low load capacity
and insufficient workspace, but there is also a risk of colli-
sion between the two robots during motion. Therefore, con-
ducting research on collision prevention technology during
the movement of dual robots is of great significance for im-
proving the operational efficiency and safety of dual robot
systems.

At present, domestic and foreign scholars have conducted
relevant technical research on the safety control technology
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of dual robot motion. The offline path planning method (e.g.,
[1-8]) uses simulation software to plan the motion trajectory
of the dual robots offline, and then the dual robot system
strictly follows the planned path to achieve collision preven-
tion during the dual robot motion process. This method can
effectively avoid the risk of double robot collision during
repetitive work in a fixed working environment, but it is not
suitable for scenarios such as drilling, riveting, polishing, etc.
that require real-time correction of the work path. The exter-
nal sensor perception method (e.g., [9-15]) installs external
sensors at critical positions of industrial robots, and the sen-
sors collect real-time external data (including distance, im-
ages, etc.) during the movement process of industrial robots
to determine whether there is a risk of collision. This method
has real-time performance, but due to the installation of sen-
sors at critical positions of industrial robots, it is impossible
to achieve full domain state perception of the industrial robot
body, resulting in the risk of collision omission. Therefore,
this article proposes a dual robot motion safety control tech-
nology based on robot kinematics. By constructing a dual
robot kinematic space model and using recursive traversal
algorithm to calculate the distance between the two robots in
real time, the collision risk of the two robots is evaluated and
controlled. After experimental verification, this method can
effectively evaluate and control the collision risk during the
motion of dual robots.

2. Model Simplification

The dual robot layout is shown in Figure 1. Simplify the
robot model before modeling, as shown in Figure 2.

In the simplified model of industrial robot A, the coordinate
system O4; — X41Va1241 IS the robot's base coordinate sys-
tem, where the Z-axis coincides with the first rotation axis of
the robot; The coordinate system Oy, — X42Va2242 IS the
second axis coordinate system of the robot, where the axis of
the second axis coincides with the X-axis; The coordinate

system O3 — X43V432431S the third axis coordinate system
of the robot, where the axis of the third axis coincides with
the X axis; The coordinate system Oy, — X44Va4Z4s 1S the
fourth axis coordinate system of the robot, where the axis of
the fourth axis coincides with the Y axis; The coordinate
system Oyus — X45Va5245 1S the fifth axis coordinate system
of the robot, where the axis of the fifth axis coincides with
the X-axis; The coordinate system 0,4 — X46Va6Z4¢ 1S the
sixth axis coordinate system of the robot, where the axis of
the sixth axis coincides with the Y-axis. At the same time, the
coordinate axes of the six coordinate systems mentioned
above are parallel to each other. L,; represents the distance
between the coordinate system O4; — Xx41Y41241 and the
coordinate system 4, — X42Va2Z42, Which is the length of
the first connecting rod; L,, represents the distance between
the coordinate system O4, — X42V4224, and the coordinate
system O3 — X43Va3Z43, Which is the length of the second
connecting rod; L,; represents the distance between the
coordinate system 043 — X43Y43243 and the coordinate sys-
tem Ouyq — X44Va4Zasa, Which is the length of the third con-
necting rod; Ly, represents the distance between the coor-
dinate system Oy, — X44Va4Z44 and the coordinate system
045 — XasVasZas, Which is the length of the fourth connect-
ing rod; L,s represents the distance between the coordinate
system Ous — X45Va5Z45 and the coordinate system
046 — Xu6Ya6Zag,» Which is the length of the fifth connecting
rod; Ly, represents the distance between the coordinate
system O — X46Ya6Z4s and the end face of the robot
flange, which is the length of the sixth connecting rod. 6,4,
represents the rotation angle of the first shaft, 6,, represents
the rotation angle of the second shaft, 8,5 represents the
rotation angle of the third shaft, 6,, represents the rotation
angle of the fourth shaft, 6,5 represents the rotation angle
of the fifth shaft, and 8, represents the rotation angle of
the sixth shaft.
Similarly, simplify the model of industrial robot B.

Figure 1. Dual robot system layout.
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Figure 2. Simplified model of dual robots.

3. Establishment of Robot Kinematic
Model

As shown in Figure 2, the equation for the axis of the first
connecting rod of industrial robot A in the base coordinate
system OAl - xAlyAlel iS

x 0
(y) =1* (0) 0 <I<Ly) 1)
z 1

The equation for the axis of the second connecting rod of
industrial robot A in the coordinate system O4, — X42V42242

is:
x 0
<y>=l*<0> (0<1<Ly,)
z 1

Convert it to the base coordinate system Og; — X41 V41241
z Al, and the equation is:

@

X 0 0
(y> = R,(641) * Ry (B42) * L % <0> + ( 0 ) (0<1<Ls) (3)
z 1 Luq

Among them,
cosfy; —sinf,; O
R,(041) = [sin 041 cosBOy  0|,R(042) =
0 0 1
1 0 0
0 cosf,, -—sin QAZ].
0 sinf,, cosby,

The equation for the axis of the third connecting rod of
industrial robot A in the coordinate system Ogs — X43V43243

is:
x 0
<y)=l*<1> (0<1<Lys)
Z

0
Convert it to the base coordinate system Og; — X471 V41241
z Al, and the equation is:

(4)

X 0
()’> = R,(041) * Ry(043) * Ly * <0> + R,(641) *
z 1
0
Ry (B42) * Ry (B43) * L <1> (0=<1<Ly3) )
0
1 0 0
Among them, R,.(6,3) = |0 cosf,; —sin 9/43].
0 sinf,; cosfy;

The equation for the axis of the fourth connecting rod of
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industrial robot A in the coordinate system Ou, — X44V44Z44

is:
X 0
<y>=1*<1> 0<1<Ly)
z 0

Convert it to the base coordinate system Oj; — X471 V41241
z Al, and the equation is:

(6)

X 0
<Y> = R;(041) * Ry(042) * Ly * <0> + R,(641) *
z 1
0
Ry(042) * Ry (B43) * (Lgz + 1) * <1> O0<I<Ls (7)
0

The equation for the fifth link of industrial robot A in the
coordinate system Ops — X45Va5Z45 IS:

X 0
(y)zl*(l) 0 <1< Lys)
z 0

Convert it to the base coordinate system O4q — X41 V41241
z Al, and the equation is:

(8)

X 0
(3’) = R;(041) * Ry (042) * Ly * <0> + R,(641) *
z 1
0
Ry(O42) * Ry(Oaz) * (Laz + Las) (1 |+ R;(641) *
0
0
Ry (642) * Ry (643) * Ry(B44) * Ry (By5) x 1+ (1) (01 <
0
Lys) )
Among them,
cosB,, 0 sinfy,
Ry(9A4) = [ 0 1 0 ’ Rx(gAS) =
—sinf,, 0 cosfy,
1 0 0
0 cosf,; —sin QAsl.
0 sinf,5 cosfyg

The equation for the sixth link of industrial robot A in the
coordinate system O — X46Va6Z46 IS:

X 0
(y)zl*(l) (0 <1< Ly)
z 0

Convert it to the base coordinate system O4; — X41 V41241
z Al, and the equation is:

(10)

18

X 0
()’) = R;(041) * Ry (043) * Ly * <0> + R,(641) *
z 1
0
Ry (042) * Ry (B43) * (Laz + Lyg) * <1> + R;(041) *
0

Ry(042) * Ry (B43) * Ry (644) * Ry (B45) * (Lys + 1) =

0
(1) (0 <1< Ly)
0

(11)

Similarly, the equations for each link of industrial robot B
in its base coordinate system Og,; — X5;Vg1Z5; Can be ob-
tained as follows:

The first connecting rod model is:

X 0
<y)=l*<0> (0<l<ly)
z 1

The second connecting rod model is:

X 0 0
<3’> = R;(0p1) * Ry(0py) * L <0> + < 0 ) O0=<sil<
Z 1 Lpq

(12)

Lg,) (13)
Among
cosfOg; —sinfg; O
them, RZ(931) = [Sil‘l 931 CoSs 931 0 ;Rx(eBZ) =
0 0 1
1 0 0
IO cosfg, —sin 932],
0 sinfg, cosBOp,
The third link model is:
x 0
<3’) = R,(0p1) * Ry(0p2) * Lp, * (0> + R, (0p1) *
z 1
0
Ry (0p2) * Ry (0p3) * L <1> 0=<l<lg) (14
0
1 0 0
Among them, R, (0g3) = [0 cosfpz —sin 9331.
0 sinfg3; cosfgs
The fourth connecting rod model is:
X 0
<Y) = R,(0p1) * Ry(0p2) * Lpy * <0> + R, (0p1) *
z 1
0
Ry (0p2) * Ry(0p3) * (Lps + 1) * <1> (0<1<Lgy) (15
0

The fifth connecting rod model is:
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X 0
<3’> = R, (0p1) * Ry (0p2) * L, * <0> + R,(0p1) *
z 1
0
Ry (0p2) * Ry (0p3) * (Lps + Lpa) * | 1 | + R;(0p1) *
0
0
R (0p2) * Ry (0p3) * Ry(Ops) * Ry(Ops) x 1| 1| (0 <1<
0
Lps) (16)
Among
cosfg, 0 sinfg,
—sinfg, 0 cosfp,
1 0 0
[O cosfgs —sin Hle.
0 sinfps; cosbgs
The sixth connecting rod model is:
X 0
<J’> = R;(0p1) * Ry(0p2) * Lp, * <0> + R, (0p1) *
z 1
0
Ry (0p2) * Ry(0p3) * (Lpz + Lpa) * <1> + R,(6p1) *
0

Ry (0p2) * Ry (0p3) * Ry(934) * Ry(Ops) * (Lgs + 1) *

0
(1) (0<1<Lge) 17
0

4. Security Control Strategy

After solving the equations of the connecting rods of in-
dustrial robot A and industrial robot B, the shortest distance
between the connecting rods of the two industrial robots is
solved. Based on the results, the collision risk of the two
robots can be identified and controlled.

The general calculation method for the shortest distance
between any connecting rod of industrial robot A and in-
dustrial robot B is as follows:

The general equation for a certain link of industrial robot
Ais:

)’A:C1*11+d1 (OSllﬁLA)
zp=e xli+f

Xq = Aq * ll + b1
{ (18)

The general equation for a certain link of industrial robot
B is:

YB:CZ*IZ+d2 (OSIZSLB)
zg=exlL+f,

Xp = Ay * lz + bz
{ (19)

The distance between any two points of the two con-
necting rods is:

19

L= \/(xA —xp)%+ (Ya —yp)? + (24 — zp)?

(0<1; <L,;0<1, <Lp) (20)

Assuming a function:f(I;,1,) = L? = (a, * 1, + b; — a, *
L=b)? +(cr*xli+di—cy*xly—dy)* +(eg* Ly + fi —
ey xl, — )2 (0< 1 <L,,0<1, <Lg).

To obtain the shortest distance between two connecting
rods, the function f(l;,1,) can be first calculated to obtain
the minimum value.

Take the partial derivative of function f(l;,1,) and
make the derivative equal to zero.

9fQylz) _ 0
L
ofyl2) _
I, 0

0<L <L,0<Il,<Lg) (21)

If the above equation system has a solution (I, 1,), then
the shortest distance between the two connecting rods is:

(a; *ly+ by —ay *lg — by)? +
(crxly+d;—cyxlp—dy)?+ (22)
(erxly+ fi—ey*xlg—fr)?

Lmin

When the above equation system has no solution, the
shortest distance between two connecting rods is the mini-
mum distance between the endpoints of the connecting
rods.

5. Experiment

The experiment used two Kuka robots to build the exper-
imental platform, as shown in Figure 3. The two robot mod-
els are KUKA KR20 R1810-2 and KR16 R1610-2, and their
technical parameters are shown in Table 1.

Figure 3. Verification experiment.
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Table 1. Main technical parameters of robots.

model working load R_epfetltlve posi-
space tioning accuracy

KR20 R1810-2 1813mm 20kg +0.04mm

KR16 R1610-2 1610mm 16kg 30.04mm

A robot integrated control system was developed using C#,
as shown in Figure 4. A dual robot motion safety control
model was constructed. By collecting the positions of each
robot joint, the relative positions between the dual robot links
were calculated in real time, and the collision risk was eval-
uated and controlled.
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Figure 4. The control software.

6. Conclusions

This article proposes a safety control technology suitable
for dual robot motion monitoring. By simplifying the indus-
trial robot model and using the D-H (Denavit-Hartenberg)
parameter method, a theoretical model of the robot is con-
structed; Build a dual robot control system, collect real-time
joint angle information of the dual robots, and drive the the-
oretical model to use a traversal recursive algorithm to cal-
culate the distance between the dual robot links in real time.
Alarm and prompt for collision risks during the dual robot
movement process. Experimental verification shows that this
method can effectively prompt and predict collision risks
during the motion of dual robots, achieve safe control of dual
robot motion, and provide technical support for the safe ap-
plication of dual robot systems.

7. Recommendations

Intelligent manufacturing is the development trend of the
future manufacturing industry, subsequently, the safety con-
trol of industrial robots can be combined with artificial intel-
ligence technology to achieve autonomous perception and
decision-making of the system, in order to adapt to the de-
velopment of future intelligent manufacturing.
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