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Abstract 
 
The use of robots in service and manufacturing industries has increased significantly in past decades. These robots share the same 

workspace with humans, so physical interactions between humans and robots occur. Thus, collision between a human and a robot is in-
evitable during these interactions, and safety measures must be provided to protect humans. In this study, a disturbance observer based on 
generalized momentum is proposed to efficiently detect a collision. The proposed algorithm of the disturbance observer allows any multi-
DOF robot to effectively detect a collision without the use of additional sensors or mechanisms. Once a collision is detected, the robot 
can perform the appropriate reaction to minimize the impact on the human and the robot. Several reaction strategies are proposed for 
different situations. The proposed algorithm was implemented on a 7 DOF robot arm to verify its performance. Furthermore, the pro-
posed reaction strategies were also demonstrated using the same robot arm.   
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1. Introduction 

Robots are widely used in a number of industries today, in-
cluding service and manufacturing. And the use of the robot is 
expected to increase in the future. As a result, more and more 
robots are physically interacting with humans. During these 
interactions, robots and humans work in the same workspace, 
so it is inevitable for a robot to hit a human by error or mal-
function. Such contacts may seriously harm a human, so robots 
must be equipped with measures that ensure human safety.  

Several safety strategies have been proposed to cope with 
this problem. Before a collision, in the pre-impact phase, the 
use of non-contact sensors, such as a vision camera, may al-
low a robot to predict and avoid an upcoming collision [1]. 
However, visions require heavy computation, and their per-
formance is limited in a dynamic environment. To ensure 
human safety in the post-impact phase, a mechanical device 
installed at each joint of a robot to absorb the impact was pro-
posed [2]. This may be a valid solution, but it is rather a pas-
sive solution which has only limited applications. Also, the 
use of VSA (variable stiffness actuator) is expected to guaran-
tee human safety [3], but it requires the use of two actuators, 
which would lead to a bulky and complex robot.  

Also, a collision can be detected in the impact phase, right 
after the collision. Sensors such as skin sensors can be used to 
detect a collision [4]. However, such sensors would signifi-
cantly increase the cost of a robot. To detect collisions without 
using extra sensors, several disturbance observers, which can 
detect collisions by observing joint torques, were proposed [5, 
6]. However, the proposed observers require the robot’s accel-
eration, which is often noisy and inaccurate. A nonlinear ob-
server was also proposed, which can monitor collisions with-
out using the acceleration information [7]. However, it re-
quires heavy computation as it involves an inversion of a ma-
trix. Another study viewed collisions as actuator failures, and 
proposed an observer based on generalized momentum [8]. 
This observer yields the same outcome as in Ref. [7], but with 
significantly less computation. 

In this paper, adopting the idea from Ref. [8], we propose a 
novel collision detection algorithm based on generalized mo-
mentum and joint torque sensors. The proposed algorithm can 
estimate an external torque, which the robot can compare with 
the pre-defined threshold to detect a collision. One of the ma-
jor advantages of this algorithm is that only the torque, posi-
tion and velocity of a robot are required, which can be easily 
obtained. Furthermore, to minimize the impact after collision 
detection, we propose three reaction strategies, which can be 
used in different situations to protect a human from a collision. 
The proposed detection and reaction algorithms were imple-
mented onto a 7-DOF robot arm built in our lab to conduct in-
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depth analysis on their performance and characteristics.  
The rest of this paper is organized as follows. Section 2 

gives a brief overview of the 7-DOF robot arm. Collision de-
tection and reaction algorithms are presented in sections 3 and 
4, respectively. Experimental setup and results are given in 
section 5. Section 6 gives our conclusion. 

  
2. 7-DOF robot arm 

Service and industrial robots are the most likely robots to 
physically interact with humans. In this study, we focused on 
service manipulators, often consisting of multiple DOFs. Thus, 
we developed a 7-DOF robot arm which resembles a human 
arm, as shown in Fig. 1. The robot arm consists of 4 revolute 
joints for the shoulder and elbow and 3 revolute joints for the 
spherical wrist. This robot arm has a reachable distance of 800 
mm, and weighs about 14 kg with a payload of 7 kg.  

The proposed collision detection algorithm requires the 
joint torque, position and velocity of the robot. The latter two 
can be easily obtained using ordinary motor encoders, where-
as the joint torque can be obtained from the joint torque sen-
sors installed at each joint. However, the joint torque sensors 
installed at the upper 4 joints (i.e., joint 1 to joint 4) are suffi-
cient to detect any collision on the robot arm as they cover all 
possible collision directions. In other words, the joint torque 
sensors at the spherical wrist will not be used for collision 
detection. The joint torque sensors are installed at all joints to 
perform force control, which will be dealt in more detail in our 
future study. 

The joint torque sensor built in our lab has an embedded 
amplifier, which simplifies the installation and wiring of the 
sensor. It has a unique hub-spoke structure with slits, which 
provides improved stiffness and sensitivity. The detailed spec-
ifications of the joint torque sensor are shown in Fig. 2. 

The control system of the 7-DOF robot arm is shown in Fig. 

3. It consists of a robot arm, two PCs, 4 2-channel motor driv-
ers, 7 torque sensors and 7 amplifiers. 

PharLap ETS, the RTOS (real–time operating system) from 
NI, was used. It consists of two PCs: Host PC and Target PC. 
The Host PC receives the commands from the user through UI 
(user interface) and sends them to the Target PC, which car-
ries out all necessary calculations to control the robot. 

Computing the equation of motion of a multi-DOF robot 
arm can be challenging. The complexity of the calculation 
increases significantly as more joints are added to the robot, so 
the well-known Lagrangian method may not be applicable. 
Thus, in this study, we used the recursive method instead. This 
method utilizes the Newton-Euler equation in a recursive fash-
ion, so that the equation of motion of a robot can be computed 
symbolically [9]. Once the equation is obtained, its terms can 
be rearranged so that the equation is presented in the form of 

 
( ) ( , ) ( )M q q C q q q g q τ+ + =   (1)  

 
where ( )M q  is the inertia matrix, ( , )C q q  is the Coriolis 
matrix, ( )g q is the gravity vector and τ  is the actuator 
torque.  

 
3. Collision detection algorithm 

In order to detect a collision without using acceleration in-
formation, in this study, a collision was regarded as an actua-
tor fault, and a disturbance observer based on generalized 
momentum was proposed. The general equation of motion of 
a robot can be expressed as: 

 
( ) ( , ) ( ) .eM q q C q q q g q τ τ+ + = −     (2)  

 
This equation is similar to Eq. (1), but with the additional 

term  τe, which is the external torque applied to a robot. When 
a robot hits an object, as shown in Fig. 4, an external torque 
will be applied to each joint of the robot, and thus, by monitor-
ing the external torque τe, collisions can be detected. However, 
Eq. (2) cannot be directly used to compute eτ , since the accel-
eration value q  is hard to obtain. Thus, in this study, we de-
tected collisions by comparing the actual generalized momen-
tum p and the estimated generalized momentum p̂ .  

 
                  (a)                    (b) 
 
Fig. 1. Developed 7-DOF robot arm: (a) actual robot arm; (b) joint 
configuration. 
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Fig. 2. Joint torque sensor. 

 

 
 
Fig. 3. Control system of 7-DOF robot arm. 
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The actual generalized momentum of a robot can be ex-
pressed as  

 
( ) .p M q q=   (3)  

 
We can define ( , ) ( ) 2 ( , )N q q M q C q q= − , which is a skew-

symmetric matrix [9]. Noting that M(q) is a symmetric matrix, 
we can solve for ( )M q . 

 
( ) ( , ) ( , )TM q C q q C q q= +       (4)  

 
Using Eqs. (2) and (4), we can compute the time-derivative 

of the generalized momentum. 
 

( ) ( )
( , ) ( , ) [ ( , ) ( )]

( , )

T
e

e

p M q q M q q
C q q q C q q q C q q q g q

q q
τ τ

α τ τ

= +

= + + − − −
= + −

  (5)  

 
where ( , ) ( , ) ( )Tq q C q q q g qα = − is the sum of the nonlinear 
terms. Now we can define the residual.  

 
ˆ( )r K p p= −   (6)  

 
where K is the cutoff frequency of the observer. Note that 
from Eq. (5), p̂  can be expressed as  

 
ˆ ( , ) .p q q rα τ= + −   (7) 

 
The residual can be expressed as a function of time by inte-

grating Eq. (7) and substituting it into Eq. (6). 
 

0
( ) [ ( ( , ) ) ]

t
r t K q q r dt pα τ= + − −∫     (8) 

 
Before we investigate this equation further, an interesting 

feature of the proposed observer should be addressed first. 
Taking the time derivative of Eq. (6) yields  

 
( ).er K r τ= − +      (9) 

 
The Laplace transform of Eq. (9) gives Eq. (10), which in-

terestingly, has the form of a low-pass filter. This indicates 
that the residual r estimates the external torque τe through 

essentially, a low-pass filter.  
 

( )
( )e

r s K
s s Kτ

=
+

  (10)  

 
A higher gain K improves the robustness of the observer 

against noise at the cost of slow response. By setting an ap-
propriate K, the effect of noise from the sensors can be mini-
mized, while achieving a reasonable response time. Because 
every robot shows a different noise level, the gain should be 
set experimentally to achieve the desired performance.  

Using Eq. (8), the residual can be computed by using just 
joint positions, velocities and torques. Furthermore, complex 
computations, such as matrix inversions, are not required. The 
block diagram of the proposed observer is shown in Fig. 5. 

The residual should be zero during normal operations, but 
this value will increase when an external torque is applied to 
the robot, i.e., when a collision takes place. Thus, with an ap-
propriate threshold value rth set, the robot can conclude that 
there has been a collision when the residual exceeds the 
threshold.  

Note that the observer is model-based. Thus, due to model-
ing errors and sensor noises, the threshold, which should be 
zero theoretically, must be set higher than the noise level to 
avoid possible malfunctions. To improve the sensitivity of the 
observer, sensor noises and modeling errors must be mini-
mized.  

 
4. Reaction strategies 

Once a collision is detected, the robot must perform an ap-
propriate reaction to minimize the impact. In this study, we 
propose three reaction strategies for various collision condi-
tions. Often, a vision sensor is required to recognize the sur-
roundings at the moment of collision, but this is beyond the 
scope of this study. In this paper, therefore, we propose three 
reaction strategies, which a robot can select from in an emer-
gency. The selection process will be dealt with in our future 
study. 

One of the most intuitive reactions would be a simple posi-
tion control to move the robot backward after a collision. 
However, position control does not consider the magnitude of 

 
 
Fig. 4. Collision model of manipulator. 

 
 
Fig. 5. Block diagram of proposed collision observer. 
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a collision and thus, force control must be employed. In this 
study, we propose three reaction strategies that use a force 
controller. As described in the previous studies, position-based 
force control methods possess several advantages over torque-
based force control, such as easy implementation on industrial 
robots, easier control and better disturbance rejection [10]. 

The reaction modes are based on the impedance control law, 
which is applied at each joint. The overall flowchart is shown 
in Fig. 6. When there is no collision detected, a robot is con-
trolled by its position controller. However, when a collision is 
detected, the robot switches to the impedance controller, 
which takes the residual as the input and computes the desired 
joint positions to perform the appropriate reaction. 

The equation of motion of a mass-spring-damper system 
can be given by 

 
f M q Dq K q= + +   (11)  

 
where M, D, K and f are the mass, damping, stiffness matrices 
and the applied force, respectively. In order to control a robot 
to follow this equation of motion, the position q must be ex-
pressed as a function of force and other constants by taking 
the Z-transform of Eq. (11). The residual from the proposed 
observer can be used as the applied force since it is the esti-
mated external torque on a joint.  

 
4.1 Oscillation mode 

In the oscillation mode, a robot shows passive properties - a 
spring and damper system - at each joint. In other words, the 
robot simulates flexible joints, which absorbs an impact force. 
The model for this mode is shown in Fig. 7. 

The corresponding equation of motion is given by 
 
r M q D q K q= + +                              (12)  
 

where r is the residual. Due to the passive properties, upon a 
collision, the robot will oscillate at the collision location. Thus, 
the robot will return to the location of the collision after the 

oscillation. This allows the robot to easily resume its previous 
work. Also, this mode allows a human to easily push the robot 
and escape when he/she is trapped between a robot and a wall. 

 
4.2 Torque-free motion mode 

The second strategy is the torque-free motion mode, which 
simulates a robot floating in a low friction, zero gravity space 
to effectively react to a collision. The model is presented in 
Fig. 8. 

The equation of motion for this mode is given by 
 

.r M q Dq= +        (13)  
 
Without the spring, due to the inertia and the applied force, 

the robot floats away from the collision spot. The damping is 
usually set low, so that the robot moves a reasonable distance 
before it comes to a stop. This is convenient when a robot 
collides with an object moving towards it. The robot would 
move away from the object, and thus, even if the object con-
tinues to move towards the robot, follow-up collisions can be 
prevented.  

 
4.3 Forced stop mode 

As the name suggests, the forced stop mode stops a robot 
after a collision. The model and equation of motion are shown 
in Fig. 9. 

 
r Dq=      (14) 

 
Due to the absence of the mass in the model, the robot 

moves at a speed directly proportional to the applied force. 
Thus, after a short period of time, when the force vanishes, the 
robot abruptly stops. Setting low damping would allow the 
robot to retreat farther from the collision. However, high 
damping is recommended for stability.  

This mode can be applied to most cases, unless the object 
continues to move towards the robot after the collision. In 
such a case, the zero gravity mode of response would be more 
suitable. 

 
 
Fig. 6. Block diagram for reaction strategies. 

 

 
 
Fig. 7. Control model for the oscillation mode.  

 

 
 
Fig. 8. Control model for the torque-free motion mode. 

 

 
 
Fig. 9. Control model for the forced stop mode.  
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5. Experimental results 

5.1 Collision detection 

To properly verify the performance of the proposed colli-
sion detection algorithm, two tests, one quantitative and one 
qualitative, were prepared. The HIC (head injury criterion), 
which is commonly used in the automobile industry as a 
measure of human safety, was not used since it is not suitable 
to robotic applications [11]. 

For the qualitative test, the robot with and without the algo-
rithm was programmed to hit a thin wood plate held by the 
experimenter. Once a collision was detected, the robot was 
programmed to move backward. A motion in 3-dimensional 
space at TCP (tool center point) velocity of 1.5 m/s was pre-
pared for this test. The purpose of this test is to visually show 
the performance of the collision detection algorithm. 

As shown in Fig. 10, without the collision detection algo-
rithm, the robot broke the plate. However, with the collision 
detection algorithm, the robot was able to detect the collision 
and retreat before breaking the plate.  

For the quantitative test, the robot was programmed to hit a 
styrofoam block on a desk at a TCP velocity of 1.65 m/s. The 
motion involved the movement of all 4 joints, in expressed as 
a 5th-order polynomial. Styrofoam was used to avoid damag-
ing the robot when collision detection algorithm was not em-
ployed. The overall setup is shown in Fig. 11. 

Fig. 12 shows the plots of the joint torques and the residuals 
for normal motion and collision. Both the residual and the 
torque at joints 1 and 4 showed high peaks at collision, t = 7.8 
s. However, to detect a collision using joint torques, the 
threshold must be set by trial-and-error. This threshold does 
not possess any physical significance. The residual, however, 
remains at zero when there is no collision, and thus, the 
threshold can be set meaningfully. During this experiment, the 
threshold was set to 10 Nm, 10% of the maximum torque 

capacity of joint 1, to avoid possible malfunctions. Little fluc-
tuation of the residual is due to modeling errors and sensor 
noises, which is well below the threshold. Furthermore, the 
residual gives both the magnitude and the orientation of the 
external torque. Thus, the location and orientation of a colli-
sion can be obtained, which would allow a robot to effectively 
react to the collision. 

 
5.2 Impact reduction 

Using the same setup shown in Fig. 11, the reduction of the 
residual was compared among the reaction strategies. The 
residual estimates the external torque, and thus, based on re-
duction of the residual at a joint, the reduction of the external 
torque can be evaluated. The modes used were as follows: no 
reaction, withdraw, oscillation, torque-free motion and forced 
stop, where withdraw is the mode in which the robot moves 
backward by a certain degree after a collision. This mode is 
purely position based. 

Fig. 13 shows the residual at joint 1 for each reaction mode. 
The peak residual value for each mode is recorded in Table 1. 
Without the collision detection algorithm, the peak residual 
was 60.71 Nm, which dropped to 21.89 Nm when the colli-
sion detection algorithm was used. Furthermore, without the 
collision detection algorithm, the robot continued to apply the 

 
                 (a)                     (b) 
 

 
                 (c)                     (d) 
 
Fig. 12. Torque and residual at collision: (a) joint 1; (b) joint 2; (c) 
joint 3; (d) joint 4. 

 

 
 
Fig. 13. Peak residual value for each reaction mode. 

 

 
                (a)                     (b) 
 
Fig. 10. Experiment with wood plate: (a) with collision reaction algo-
rithm; (b) without collision reaction algorithm. 

 

 
 
Fig. 11. Experimental setup for collision detection. 
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external torque of 42 Nm to the styrofoam block, as guided by 
the position controller of the robot, which was removed when 
collision detection was employed.  

Although the reaction modes were able to reduce the resid-
ual, the reduction ratio was similar to that of the simplest 
mode, withdraw. However, the main purpose of the reaction 
modes was not to minimize the impact; they were designed to 
prevent trapping or consecutive collisions in various situations. 
This will be investigated further in the next section.  

 
5.3 Characteristics of reaction strategies 

To test the characteristics of the reaction strategies, the ro-
bot was programmed to hit a human hand while moving in a 
horizontal plane, as shown in Fig. 14. The TCP velocity of the 
robot was 1.2 m/s. To properly demonstrate the behavior of 
the robot under each mode, the position and the velocity of the 
robot after a collision are presented. 

First, the oscillation mode was tested, and the resulting joint 
position and velocity were plotted, as shown in Fig. 15. A 
collision was detected at joint 2, and it is clearly shown from 
the position and velocity graphs that joint 2 oscillated about 
the collision spot, as predicted. The experimenter pushed the 
robot again at 5 s, and the robot vibrated once again, as shown 
in Fig. 15. This reaction allows a human to easily push the 

robot to escape, if trapped. 
The torque-free motion mode was also tested. The joint po-

sition and velocity are shown in Fig. 16. After the collision, 
which took place at t = 2.4 s, the robot moved backward, away 
from the collision to avoid consecutive collisions against the 
moving object. This can be clearly seen from both the position 
and velocity plots. However, the use of this mode can be lim-
ited as the robot may collide with another object behind the 
robot while moving backward. 

The experiment for the forced stop mode was also con-
ducted. As shown in Fig. 17, the robot stopped right after the 
collision. This simple, yet effective mode can be applied to 
most cases, when there is no danger of follow-up collisions. 

 
6. Conclusions 

In this study, to ensure human safety during a human-robot 
interaction, we proposed a collision detection algorithm which 
can detect a collision using only joint positions, velocities and 
torques. Unlike previously developed algorithms, our algo-
rithm does not suffer from heavy computational load or re-
quire the use of acceleration information, which is hard to 
obtain. We also developed three reaction strategies, the oscil-
lation mode, torque-free motion mode, and forced stop mode, 
which can be used in various collision scenarios. The reaction 
strategies are position-based force control, which provide the 
optimum reaction to a given collision.  

We also developed a 7-DOF robot arm with joint torque 
sensors to demonstrate the proposed algorithms. From the 
experiments, the following conclusions were drawn: 

(1) The proposed detection algorithm can detect a collision 
to protect humans. It was shown that the peak external torque 
on the robot was greatly reduced by adopting the proposed 

Table 1. Peak residual value for each reaction mode. 
 

Mode Max residual (Nm) 

No reaction 60.71 

Withdraw 21.89 

Forced stop 27.05 

Zero gravity 24.59 

Spring-damper 30.23 

 

 
 
Fig. 14. Experimental setup for reaction mode.  

 

 
                (a)                       (b) 
 
Fig. 15. Joint position and velocity for oscillation mode: (a) joint an-
gle; (b) joint velocity. 

 

 
                 (a)                        (b) 
 
Fig. 16. Joint position and velocity for torque-free motion mode: (a) 
joint angle; (b) joint velocity. 

 

 
                 (a)                      (b) 
 
Fig. 17. Joint position and velocity for the forced stop mode: (a) joint 
angle; (b) joint velocity. 
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algorithm. Furthermore, this algorithm can be implemented on 
any multi-DOF robot with joint torque sensors. 

(2) The proposed three reaction strategies can be each used 
in different collision scenarios. The reaction strategies mini-
mized the impact and allowed robots to prevent trapping and 
consecutive collisions. 
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