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Abstract² Human-robot collision has drawn increasing 

attention in recent years and collision safety can be improved by 

successfully detecting collisions between a human and a robot. 

For a manipulator working in human environments, collisions 

usually occur at the manipulator body while the robot performs 

a contact task using its end-effector to interact with the 

environment. Therefore, both collision force and the force on the 

end-effector contribute to the external torques which can be 

estimated from the robot dynamics and the joint torques 

measured by the joint torque sensors, which means whether or 

not a collision has occurred cannot be reliably determined using 

this estimation. In this study, we propose a novel collision 

detection index to detect collisions independently of the 

end-effector force of a redundant manipulator equipped with 

joint torque sensors. Using the null space projection of a 

redundant manipulator, the collision detection index can be 

expressed as a function of the torque generated by a collision and 

the manipulator configuration. The proposed index is verified 

through various simulations. Simulation results show that 

collisions can be reliably detected regardless of the presence of 

the end-effector forces even in situations with external torques 

contaminated by substantial error. 

I. INTRODUCTION 

In many industrial fields, human-robot cooperation has 
been increasing, and expansion of the market for service 
robots is expected. Since robot manipulators and service 
robots share the workspace with humans, robots can harm 
humans due to human error or malfunctions. For these reasons, 
the importance of human-robot collision safety has begun to 
be raised recently. To cope with this problem, several 
solutions have been proposed, such as the use of skin sensors 
[1], installation of a mechanism which can absorb impact 
forces [2, 3], the use of a vision sensor to avoid collisions [4], 
and the design and control of manipulators based on collision 
analysis and safety evaluation [5, 6]. Although these solutions 
have been used to improve collision safety, there are some 
disadvantages. The use of skin sensors may increase the cost 
of a robot significantly; adding additional mechanisms is a 
rather passive solution, which lacks flexibility and would 
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increase the size and complexity of a robot; vision sensors 
have limitations, such as blind spots and heavy computational 
load in dynamic environments; and merely using safety 
evaluations to design and control systems requires a tradeoff 
between task performance and collision safety. Meanwhile, 
improvement of collision safety through collision detection 
has several advantages; it requires no design changes, no 
installation of extra sensors or mechanisms is necessary, it has 
relatively high reliability, and it does not affect task 
performance. Therefore, several studies have been conducted 
on collision detection algorithms 

A manipulator is usually equipped with a force/torque 
sensor at its wrist to measure the end-effector force and 
moment. This sensor is necessary for tasks which require force 
control or a contact between the end-effector and the 
environment. However, this sensor suffers from high cost and 
cannot detect a body collision which occurs at the body parts 
of a manipulator (not the end-effector). To cope with these 
problems, some manipulators are equipped with joint torque 
sensors (JTS) which are mounted at each joint of the 
manipulator and sense the joint torques delivered to the link. 
Although the external force (including the moment) acting on 
the end-effector cannot be directly measured by JTS, this 
force can be estimated from the dynamic model of a 
manipulator and JTS-measured joint torques. Unlike the F/T 
sensor attached to the end-effector, the JTS-based approach 
can detect a body collision. Some collision detection 
algorithms used a disturbance observer which required heavy 
computational load and the use of acceleration sensors which 
are often noisy and inaccurate [7-9]. Instead of acceleration, 
the generalized momentum was adopted in [10, 11]. However, 
these collision detection schemes fail to detect a collision 
when a body collision occurs together with the force 
interaction at the end-effector because these two forces cannot 
be distinguished.  

To solve this problem, a novel collision detection index 
for a redundant manipulator is proposed in this study to detect 
a body collision regardless of whether or not the end-effector 
is subject to a force interacting with the environment. The 
remainder of this paper is organized as follows. Section 2 
explains some preliminaries for understanding the proposed 
collision detection index which is proposed in Sec. 3. Section 
4 verifies the proposed collision detection index using 
Matlab-based simulations. Finally, our conclusions are drawn 
in Sec. 5. 

 

Novel Collision Detection Index based on Joint Torque Sensors         

for a Redundant Manipulator 

Sang-Duck Lee, Young-Loul Kim and Jae-Bok Song Member, IEEE 

2013 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS)
November 3-7, 2013. Tokyo, Japan

978-1-4673-6357-0/13/$31.00 ©2013 IEEE 4636



4637



4638



  

(a)

0 2 4 6 8 10 12

F
ey

  (N
)

0 2 4 6 8 10 12

F
ex

  (N
)

0 2 4 6 8 10 12
Time (s)

F
ez

  (N
)

0 2 4 6 8 10 12M
ey

  (N
m

)

0 2 4 6 8 10 12M
ex

  (N
m

)
0 2 4 6 8 10 12

Time (s)
M

ez
  (N

m
)

-50

0

50

-10

0

10

-10

0

10

-10

0

10

-50

0

50

-50

0

50

(b)

5 6 7 8 9
Time (s)

F
c 

 (N
)

6.9 s

6.2 s

0

25

50

Fcx

Fcy

Fcz

7.8 s

7.1 s

1
st
 collision 3rd collision2

nd
 collision

 Figure 3.  Applied forces versus time: (a) interaction force Fe  and (b) 

collision force Fc 
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Figure 4.  Simulation results for external torque: (a) 1st joint, (b) 2nd 

joint, and (c) 3rd joint. 

4 5 6 7 8 9 10
-0.8

-0.4

0

0.4

-3

-1

1

1
st
 r

o
w

 o
f 

N
 (N

m
)

Time (s)

w/o collision

w/ collision

w/o collision

w/ collision

w/o collision

w/ collision

2
n

d
 r

o
w

 o
f 

N
 (N

m
)

3
rd

 r
o
w

 o
f 

N
 (N

m
)

0

-2

4
3

1

2

0
-1

4 5 6 7 8 9 10

4 5 6 7 8 9 10

2nd collision

3rd collision

1
st
 collision

2
nd

 collision

3
rd

 collision

1st collision

2
nd

 collision

3
rd

 collision
1

st
 collision

(a)

(b)

(c)

Figure 5.  Developed collision detection index N : (a) 1st row of N, (b) 

2nd row of N, and (c) 3rd row of N. 

begin to feel pain [15]. Since the dominant factor that 
determines human injuries caused by human-robot collision is 
the collision force, the moment-related components of Fc are 
set to 0. 

When Fe and Fc shown in Fig. 3 are applied to the 
manipulator, 2e is calculated from (5), and 2c can be calculated 
from  

� c
T

c FJ03 W � �����

where J03 is the Jacobian matrix defined by the relationship 
between the velocity of Pc and the angular velocity of the first 
three joints (i.e., joints 1, 2, and 3 in Fig. 2).  

 

B. Simulation results 

The computed components of 2ext that correspond to joint 1, 
joint 2, and joint 3, are shown in Fig. 4, but the other 
components (i.e., joint 4 to 7) of 2ext are omitted since a 
collision acting on Pc mainly affects the first three joints [11]. 
As shown in Fig. 4, 2ext shows non-zero values even before 
collisions because the interaction force Fe makes a 
contribution to 2ext. Therefore, it is difficult to determine if a 
collision has happened based on whether 2ext exceeds the 
threshold or not. 

As verified in (12), the null-space projection of 2ext (i.e., N) 
does not depend on 2e. Figure 5 shows the elements of the 
index N with time. Three elements of N are shown in Fig. 5; 
these are chosen arbitrarily since the rows of N behave 
similarly. The solid line indicates the elements of N when 
collisions occur, and the dotted line indicates elements when 
no collision occurs. If a collision has not occurred, 2c is zero, 
and thus every element of N is zero as well. On the other hand, 
over the intervals of collisions, the elements of N have a 
non-zero value. Note that a contact task is performed during 
the simulation, which results in a non-zero value of Fe, but the 
elements of N are kept zero in the range over which no 

collision occurs. Therefore, we can detect collision by 
observing the magnitudes of the elements of N even when a 
contact task is conducted. 

In an actual system, 2ext is computed based on the equation 
of motion of a manipulator and the torques measured by the 
joint torque sensors. Therefore, 2ext may exhibit some error due 
to the uncertainty of the manipulator and torque measurement. 
These errors in 2ext then affect the value of N, and thus the 
collision detection performance may be degraded. Figure 6 
shows each element of N with respect to time, when the error 
in each element of 2ext is set to 5% of the measurable range of 
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 Figure 6.  Collision detection index N with 5% error of 2ext : (a) 1st row 

of N, (b) 2nd row of N, and (c) 3rd row of N. 
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Figure 7.  Collision detection index N with 10% error of 2ext : (a) 1st row 

of N, (b) 2nd row of N, and (c) 3rd row of N. 

the joint torque sensor. The simulations are carried out under 
the same conditions described in Fig. 2 and Fig. 3. Unlike the 
simulation results described in Fig. 5, each element of N in Fig. 
6 has a non-zero value even when no collision occurs. That is, 
with 2ext is contaminated with error, collisions cannot be 
detected just by observing whether an element of N is zero or 
not. Instead, collisions ought to be detected by observing 
whether the elements of N exceed a predefined threshold or 
not. Fig. 6 shows that collisions can be effectively detected for 
a 5% error level in 2ext by properly selecting a threshold level.  

Fig. 7 shows each element of N with respect to time when 
the error level in 2ext is set to 10% of the measurable range of 
the joint torque sensor. Similarly to Fig. 6, each element of N 
has a non-zero value even in the absence of a collision. The 
threshold of N for collision detection was increased according 
to an increase in the error level of 2ext, but the second collision 
could not be detected because the values of all the elements of 
N were below the threshold. However, such situations with a 
very large error will not arise very often during regular 
operations of a manipulator. Therefore, by employing the 
proposed index N for a redundant manipulator, it is possible to 
detect collisions of a manipulator conducting contact tasks. 

Another issue is how to detect a collision at the 
end-effector during its free motion without a contact with the 
environment because the proposed index is not affected by the 
end-effector force. To cope with this problem, we recommend 
the use of the proposed collision detection index along with 
the collision detection method described in [10]. In general, 
the geometry of the environment at the start of force 
interaction is known. Therefore, collisions not only during the 
performance of a task but also during the free motion can be 
detected by switching the collision detection method from the 
one described in [10] to the proposed method when a contact 
task is expected.   

V. CONCLUSION 

In this study, a collision detection index was proposed to 
detect a body collision of a redundant manipulator equipped 
with joint torque sensors when the end-effector is interacting 
with the environment. The proposed index was verified based 
on simulations in which various levels of error in the external 
torque are considered. The following conclusions are drawn 
from these results:  

1) The proposed collision detection index is 
fundamentally unrelated to the joint torques generated by the 
end-effector force interacting with the environment. Thus, a 
body collision can be detected regardless of the frequency and 
magnitude of the collision force. 

2) With the proposed collision detection index, a collision 
can be detected using only the joint torque sensors without an 
extra force/torque sensor. Therefore, the proposed collision 
detection index is very economical. 

In a future study, the proposed collision index will be 
verified experimentally using the 7 DOF manipulator.  
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