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Abstract
The topic of collision detection was recently addressed in the literature due to the demand of safe human–robot col-
laboration. Several methods have been proposed for this task; some of these methods use external sensors while others 
do not (sensor-less). The classical sensor-less method is attained by setting a threshold to detect the change in torque/
current. This method is simple and applicable for real-time implementation and does not require any prior information 
on the robot dynamical model. However, any wrong choices on the threshold value might lead up to undesirable per-
formance. Therefore, in this paper we propose an evolved solution using the classical method while operating the fuzzy 
logic system. The enhanced system results in an adaptive collision threshold based on the variation of the robots speed 
and acceleration. The system is presented in this paper along with the experimental setup and the implementation steps.
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1  Introduction

The market need for cooperative robots is rapidly increas-
ing due to its ability to reduce the risk of injury and allow-
ing safe interaction with human [1, 2]. The coexistence 
and interaction of human in the robot workspace are not 
suitable in many of the existing robotics applications, par-
ticularly the robot manipulators for several reasons. One 
of the most significant reasons is the safety factor [3–6].

Therefore, topics such as collision avoidance and col-
lision detection are getting attention from researchers in 
robotics field. The collision detection is different from col-
lision avoidance, where collision avoidance refers to algo-
rithms that move the robot into configurations that avoid 
collisions. Obstacles are known or detected before contact 
is made between the robot and the object (or the robot 
itself ). Collision avoidance is a preventative technique. Col-
lision avoidance methods generally use vision or models 

of the robot and the environment to identify when the 
robot’s proposed motion will lead to a collision [7–9], while 
collision detection refers specifically to methods that rec-
ognize when a collision has occurred, which is the focus 
of this work. However, conventional robots technologies 
are far from responding to this need.

In order for the robots to be capable to interact and 
collaborate with humans, it should consider certain 
requirements in the mechanical structure design, its 
hardware, and the control schemes [10]. These robots 
typically require lightweight, compliant, and flexible 
mechanical structures. To achieve the flexibility and 
compliance requirements, some researchers proposed 
utilizing special actuators [11], e.g., the variable imped-
ance actuators (VIA), series-elastic actuators (SEAs), and 
variable-stiffness actuators (VSAs) [12–14]. However, the 
most commonly used device to achieve joint compli-
ance and flexibility is the harmonic drive. The harmonic 
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drive is a flexible transmission that produces stiffness 
behavior, as a spring, between the motor and the link. 
It is widely used in serial manipulators due to negligible 
backlash, compact design, and a high torque-to-weight 
ratio, in addition to its ability to achieve the desired 
flexibility in robot joints [15]. Moreover, for the robot 
to be able to collaborate with humans physically there 
should be a certain control strategy to detect the physi-
cal collisions and interactions [16, 17]. In this direction, 
there are several methods used for determining these 
actions. The most effective, fast, and simplest method 
of detecting the collision is by adding external sensors 
such as using force sensors, accelerometers, and tactile 
sensors [18–24]. Although this method can detect the 
collision force accurately, it can just detect the collision 
where the sensor is located; moreover, it is an expensive 
solution. In order to cope with the problems of utilizing 
external sensors, there are other collision/interaction 
detection techniques without using external sensors 
(sensor-less) proposed in the literature [25–30]. These 
methods are able to extract more information from a 
physical collision and efficiently estimate the actual 
joints torque due to collision, but it required reliable 
information on full dynamic model, or at least the grav-
ity model as in [31, 32], which might not be available for 
many of the industrial robots. There are several efficient 
methods proposed for collision detection in [33] with 
using torque sensors, and without such as the classical 
approach. The sensor-less classical approach for collision 
detection based on recognizing abnormal variations of 
the joints motors current is treated as actuation faults 
[34]. This method does not require information about 
the dynamic model; it requires setting a threshold value 
for the change in torque/current. This method is simple 
to be implemented in real time. The threshold value can 
influence the sensitivity of the collision detection. For 
instance, if a low threshold is chosen, then false signals 
for collision could be detected due to a rapid change in 
the trajectory speed and/or acceleration. On the other 
side, collision might not be detected in case of choosing 
high threshold value.

In this work, we decided to improve this simple 
method by making the threshold adaptive to the change 
in the speed and acceleration using the fuzzy logic con-
trol. The fuzzy system is built based on our knowledge 
from observing the robot’s readings during operation. 
The UR3 robot, which is used in this work, is one of the 
popular human collaborative robots in the market [35]. 
A review for the robot design and its forward and inverse 
kinematics analysis are presented in [36, 37]. The robot 
has a TCP/IP interface that allows access to some read-
ings in real time such as joints actual position, actual 
speed, and actual current. In this work, the actual current 

readings during the trajectory at the different speeds 
and accelerations are used.

We carried out extensive series of experiments by excit-
ing several trajectories, with different speeds and accelera-
tion, and recorded these data. We found from experiments 
that the current change rate ( Δi = it − it−1 ), where t  is the 
sample number, is usually smooth. This rate in normal 
operation, without collision, varies relatively to the change 
in velocity and acceleration, while during collision the cur-
rent change rate ( Δi ) shows abnormal variation. Thus, a 
fuzzy control is designed for estimating the threshold 
value, as an output, using the speed and acceleration as 
inputs. The membership functions for the inputs and the 
output are based on the information acquired by experi-
ments. By implementing the fuzzy controller, the thresh-
old became more adaptive and it prevents false collision 
signals.

This paper is arranged as follows; Sect. 2 explains the 
methodology for collision detection. Section 3 presents 
the experimental setup including the implementation 
steps. Section 4 shows the results and provides relevant 
discussion. Finally, in Sect. 5 a conclusion is given.

2 � Methodology

The method utilized in this work for detecting collision 
is based on observing the joints current change rate 
( Δi = it − it−1 ), where in normal operation, without col-
lision, the absolute value ( |Δi| ) should not exceed the 
threshold �th . Once (|Δi| > 𝜀th ) for any of the joints, this 
means that collision had occurred, and for an elemen-
tary safety reaction the robot should stop. The exces-
sive value of ( |Δi| ) above �th in case of collision is due 
to the torques/moments produced at the joints from 
the collision force. An illustrated example is shown in 
Fig. 1. In Fig. 1a, the force is applied on link 2 and it is 

Fig. 1   Collision force produces moments at the joints in two differ-
ent examples (a) and (b)
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perpendicular to the axes of rotation of joint1, hence 
the highest moment/torque is produced in joint 1. In 
Fig. 1b, the force is applied on link 3 and it is perpen-
dicular to the axes of rotation of joints 2 and 3, hence the 
moments/torques produced in these joints are higher 
than those of the other joints. We used this information 
for detecting collision. Experiments were carried out by 
running a trajectory two times: first without applying 
any external collision force and the second with applying 
external collision force. The sequence of photographs in 
Figs. 2 and 3 demonstrates the experiment, where Fig. 2 

is taken while the trajectory is running without collision 
force, and Fig. 3 is taken under collision force.

Figure 4a shows the joints positions in time during the 
trajectory. In Fig. 4b–d, the joints readings of the current 
(i) and the current change (|Δi |) during the trajectory are 
shown, where the plot in red is the reading of the data 
during applying external collision forces, and the plot 
in blue is the reading of the data without applying any 
external forces; in this figure, the first three joints read-
ings are presented. It is clearly obvious from the figure 

Fig. 2   Experiment demonstration without collision force

Fig. 3   Experiment demonstration under collision force
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that collision forces induce excessive currents in joints 
and appear as spikes.

So the method mainly depends on setting threshold 
value �th that could detect the excessive current change 
(|Δi |) such that it could detect false signals in case of 
choosing low �th , or it might not be able to detect the col-
lision if high value is chosen. For these reasons, we carried 
out extensive series of experiments by performing several 
trajectories with different speeds and acceleration to get 
an approximate estimation of ( Δi ). This information is used 
to build the fuzzy controller, such that by giving the value 
of the speed and acceleration we get the proper �th . The 
proposed collision detection algorithm is shown in Fig. 5.

2.1 � Fuzzy logic control

Fuzzy control provides a formal methodology for rep-
resenting, manipulating, and implementing a human’s 
heuristic knowledge about how to control a system [38]. 
It came out for reasons to cope with the disadvantages 
of conventional control, whereas most conventional 
techniques require either an analytical model or an 
experimental model. Fuzzy logic control is particularly 

suitable for complex and ill-defined processes. The fuzzy 
controller has four main components: (1) The “rule-base” 
holds the knowledge, in the form of a set of rules, of 

Fig. 4   a Joints positions for the excited trajectory over time; b–d the joints current readings ( i  ) and the current change ( Δi) during the tra-
jectory; first with applying collision “in red” and second without collision “in blue”

Fig. 5   Collision detection algorithm
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how to control the system. (2) The inference mechanism 
evaluates which control rules are relevant at the cur-
rent time and then decides what the input to the plant 
should be. (3) The fuzzification interface simply modifies 
the inputs so that they can be interpreted and compared 
to the rules in the rule-base. And (4) the defuzzification 
interface converts the conclusions reached by the infer-
ence mechanism into the inputs to the plant. The fuzzy 
controller components are shown in Fig. 6, where the 
joint speed ( q̇ ) and acceleration ( ̈q ) represent the inputs, 
and the threshold �th represents the output. The next 
section shows the implementation steps.

3 � Experimental setup

The first step is performing several trajectories with dif-
ferent speeds ( q̇ ) and acceleration ( ̈q ), and recording 
these data in real time. From these data, we determined 
the maximum reading of ( Δi) for every different pair of 
speed and acceleration. The maximum value of ( Δi) is set 
to be the reference value for the threshold �th . In fact the 
relation between ( Δi) to the change in q̇, q̈ is very noisy, 
and we cannot build �th estimation on a filtered signal. 
So we took the highest value of ( Δi) within a range for 
several trajectories. For instance, we defined a member-
ship function (MF) for the speed calling it “low,” and simi-
larly for the acceleration. The low MF of the speed takes 
absolute values from 0 to 0.15 rad/s as 100% low, and the 
acceleration takes values from 0 to 0.2 rad/s2 as 100% 
low. Within the range of low speed and low acceleration, 
we get the highest value for Δi in all the experiments and 
set it as the reference for collision threshold. Based on 
this idea, we designed the fuzzy controller for each joint. 
In this paper, the steps for joint1 only are shown, as it 
can be implemented in the same way for the rest joints.

3.1 � Implementation steps

The implementation steps are described as follows;

(a)	 Examine all the recorded trajectories data Determine 
the relation between speed, acceleration, and ( Δi). 
Then the highest value for ( Δi) among the different 
classes of q̇ and q̈ is identified. This step is shown in 
Fig. 7, where the red circles show the maximum value 
within the specified ranges of the speed and accelera-
tion.

(b)	 Classify the speed and acceleration as follows The speed 
has 4 classes {low, medium, high, very high}, and the 
acceleration has 5 classes {low, medium, high, very 
high, extremely high}, the ranges for each class are 
shown in

(c)	 Table 1. The classification was decided based on our 
experience, such that the ranges considered high, 
low, or medium are determined according to our 
application requirements.

(d)	 Fuzzyfication Is the process that converts or trans-
forms the measured inputs called crisp values, into 
the fuzzy linguistic values used by the fuzzy interfer-
ence mechanism. The inputs MF functions are shown 
in Fig. 8; Fig. 8a shows the speed and (b) shows the 
acceleration.

Fig. 6   Fuzzy control architecture

Fig. 7   Relation between speed ( |q̇| ), acceleration ( |q̈| ), and (Δi) 

Table 1   Speed and acceleration classifications

Speed classification Range (rad/s) Acceleration 
classification

Range (rad/s2)

Low 0–0.25 Low 0–0.4
Medium 0.25–0.75 Medium 0.4–0.1
High 0.75–1.5 High 1–2
v-high 1.5–5 v-high 2–5

X-high 5–15
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(e)	 Define the output membership function Designed 
based on the maximum ( Δi), where it is set to be 
bit higher than the maximum ( Δi ) for the different 
speeds and accelerations ranges. The output MF for 
the collision threshold �th is shown in Fig. 8c.

(f )	 Set the Rule-base A collection of the expert control 
rules (knowledge) needed to achieve the control goal, 
as shown in Fig. 8d

(g)	 Defuzzyfication Is the process that converts the result 
of fuzzy interference mechanism into the required 
crisp value. The correlation-minimum inference 
method proposed by Mamdani [39] is applied for 
fuzzy inference mechanism, and the center of area 
method [40] is used to estimate the value of �th . The 
surface view for the whole fuzzy system is shown in 
Fig. 9.

The next section provides the results and some dis-
cussion related to the system implementation.

4 � Results and discussion

The relation in Fig. 7, for more than 50,000 observations, 
shows that the values ( Δi) are not smooth and contain 
noise, and we could not easily get a linear relation for 

Fig. 8   The fuzzy system; a and b are the input membership functions for speed and acceleration, c is the output membership function colli-
sion threshold, and d rule-base

Fig. 9   Surface view for the collision threshold estimation fuzzy con-
troller
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the change in q̇ and q̈ . And the maximum values in red 
are more probably noisy readings. Due to this, we could 
not build the estimation of collision threshold on the 
majority of ( Δi ) readings, which are shown as a bulk in 
the blue color. Instead we took the maximum noisy data. 
Therefore, an extensive large number of experiments 
observations is required, as to get the maximum pos-
sible value for ( Δi ) within a specified range of q̇ and q̈ , so 
that in normal operation under any noisy circumstances, 
without collision, the value ( Δi ) should not exceed the 
collision threshold �th . And this will ensure that if the 
value of ( Δi) exceeds the �th , it means that collision had 
occurred.

The surface view of the system in Fig. 9 shows the result-
ing threshold relative to the different ranges of q̇ and q̈ , 
which ensures the value of �th adaptive to the change in q̇ 
and q̈ ; moreover, it shows that the value of �th at collision 
will never be below the value of ( Δi) within the same range 
of q̇ and q̈ in normal operation. For instance, if we examine 
the observation with black cross mark shown in Fig. 7 at 
acceleration about 2.8642 (rad/s2) and the speed about 
0.8166 (rad/s2), we can find that ( Δi) is about 0.3185. And by 
using the same values of q̇ and q̈ to check the fuzzy system 
output, from the surface view in Fig. 9 as a red cross mark, 
it can be found that the collision threshold �th is about 
0.7–0.8, which is obviously higher than ( Δi = 0.3185) the 
value at normal operation. This means that the fuzzy sys-
tem adjusted the threshold �th to a value higher than the 
measured Δi at the same speed and acceleration.

The output value from the fuzzy system �th represents 
the sensitivity of the robot in detecting collision, and we 
are satisfied with this sensitivity level. However, we can 
change the collision sensitivity by doing some manual 
adjustments to the input and output membership func-
tions values of the fuzzy system to get different collision 
thresholds �th.

Finally, this system is implemented in real time by devel-
oping a python program on a PC connected to the robot 
through the TCP/IP interface. The python language has 
several useful modules that can be used in robotics appli-
cations, such as the SciKit-Fuzzy toolbox for SciPy mod-
ule [41], which can be used for implementing the fuzzy 
system.

5 � Conclusion

In this paper, we showed a modified way for detecting 
collision within the robot manipulator by developing a 
fuzzy system. The proposed method is based on detect-
ing the variation and setting a threshold value above 
this value meaning that the collision had occurred. From 
the recorded data results of the different trajectories, we 

showed the behavior of at the different ranges of q̇ and 
q̈ . Then we showed the implementation steps to obtain 
an adaptive threshold value using the fuzzy logic sys-
tem. As a result, this paper contributes in achieving the 
collision detection with high performance by overcom-
ing the false signal detection which might occur due to 
using fixed threshold values in the classical method.
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