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The importance of human-robot collision safety has been increasing recently due to the introduction of collaborative robots. However,

conventional collision detection methods usually require additional sensors such as skin sensors, joint torque sensors, and

acceleration sensors, which are impractical to implement due to their high cost. To address this problem, in this study we propose

a collision detection method using only a manipulator’s encoder without any extra sensors. In the proposed scheme, the external

torque due to collision is estimated using a generalized momentum-based observer and a friction torque model in the harmonic drive

developed for a robot that is conducting position control. The performance of the proposed collision detection method was evaluated

using a 6 DOF industrial manipulator. The experimental results show that collision can be reliably detected without any extra sensors

for any type of robot manipulator.
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1. Introduction

In many industries, collaborations between humans and robots have

become increasingly important. However, collaborative robots can

harm the humans with whom they share the workspace due to human

errors or malfunctions. For these reasons, the importance of human-

robot collision safety has been increasing recently. Several solutions

have been proposed to ensure human-robot collision safety, such as the

installation of a mechanism that can absorb impact forces,1 the use of

a vision sensor to avoid collisions,2 and the design and control of

manipulators based on collision analysis and safety evaluation.3,4

Although these solutions have been used to improve collision safety,

there are a number of disadvantages with each. Adding additional

mechanisms is a rather passive solution, which lacks flexibility and

increases the size and complexity of the robot; vision sensors have

limitations such as blind spots and heavy computational load in

dynamic environments, while merely using safety evaluations to design

and control systems requires a tradeoff between task performance and

collision safety. On the other hand, improvement of collision safety

through collision detection, in which the robot can minimize an impact

by performing an appropriate reaction, has several advantages: it

requires no installation of extra mechanisms, it has relatively high

reliability, and it does not affect task performance. A number of studies

have therefore been carried out on collision detection.

The use of a skin sensor for collision detection was demonstrated.5

Several studies have been conducted on human-robot collision

detection using the joint torque sensors embedded in the manipulator

for torque control. Collision detection algorithms using a disturbance

observer have also been proposed.6 Recently, research in the area of

human-robot collision detection has focused on collision detection

using generalized momentum instead of acceleration.7,8 However, these

conventional collision detection methods are sensor based methods,

and the use of sensors may increase the cost of a robot significantly and

additionally require a design change. Moreover, it is impossible to

apply conventional collision detection methods to most manipulators

used in industrial fields because they are not equipped with such

sensors. Therefore, there is a need to develop a collision detection

method that can detect collisions without the use of extra sensors.

In this study, we propose a collision detection method that does not

require any extra sensors such as F/T sensors and accelerometers. We

observe the external torque that is applied to the joints of a manipulator

by monitoring the motor current and the dynamic model of the

manipulator. We identify a friction model of manipulator joints based

on the least squares technique. The proposed collision detection

method was verified experimentally with a 6 degrees of freedom

(DOF) industrial manipulator, and the experimental results show that
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collisions can be detected reliably using the proposed collision

detection method. 

The two main features of the proposed collision detection method

can be summarized as follows: 1) the proposed collision detection

method can be applied to any manipulator ranging from industrial

manipulators to service robots because it does not require extra sensors

and 2) to estimate the friction model of a joint without sensors, we

employ an observer which does not require linearization of the friction

torques or an adaptation scheme.

The remainder of this paper is organized as follows. In section 2, the

proposed sensorless collision detection scheme will be overviewed.

The developed method for friction model identification is introduced in

section 3. Section 4 presents an experimental verification, and section

5 presents our conclusion.

2. Sensorless Collision Detection

When a human-robot collision occurs, external torque is applied to

each joint of a manipulator, so collisions can be detected by observing

this external torque. The external torque can be calculated from a

dynamic model of the manipulator, and an equation of motion of the

manipulator including external torque can be written by 

(1)

where M(q) is the inertia matrix, C(q, ) is the matrix containing

Coriolis and centrifugal terms, and g(q) is the gravity vector. The

variables q, , and  are the joint position, velocity, and acceleration

vector, τj is the joint torque vector applied to each link of the

manipulator, and τext is the external torque vector generated by

collision. From Eq. (1), τext can be presented as follows:

(2)

In Eq. (2), the dynamic parameters can be estimated from the CAD

files of a manipulator, and q,  can be measured by the encoders.

However, τj and  cannot be directly measured without the use of extra

sensors such as joint torque sensors and accelerometers.

To solve Eq. (2) without the use of sensors, we calculate the joint

torque τj based on the motor input current, i and joint friction torque,

τf. The relationship between i and τf can be obtained by investigating

the power transmission of the joint. In general, the joint of a

manipulator is equipped with an actuator (e.g., AC servo motor) and a

speed reducer (e.g., harmonic drive); the typical components and power

transmissions of such a joint are shown in Fig. 1. Since the motor

torque τm is proportional to the motor current i, τm can be expressed by

(3)

where KT is the torque constant that defines the relationship between τm

and i, which is provided by the motor manufacturer. Note that the

torques due to the internal friction and rotor inertia of the motor are

assumed to be negligible.

Assuming no power is lost in the joint due to the friction torque, the

output joint torque is τa = ρτm, where ρ is the speed reduction ratio.

However, some of ρτm is consumed by the friction of the harmonic

drive, so the actual joint torque τj can be given by

(4)

where τf is the friction torque vector in the harmonic drive. Substituting

Eq. (4) into Eq. (2) yields 

(5)

Thus, we can calculate τext by using i and τf without measuring τj.

To solve Eq. (5) without the use of an accelerometer for the

measurement of , we adopted an observer that is designed based on

the low-pass filter and the generalized momentum expressed by

(6)

Since M(q) is a symmetric matrix, we can define the skew-symmetric

matrix , and we can solve for M(q).9

(7)

Using Eq. (7), the time-derivative of p can be expressed as 

(8)

Substituting Eq. (5) into (8) gives

(9)

where r = τext + τf is the sum of the unknown terms that should be

observed. 

Now, consider a first-order low-pass filter written by 

(10)

where  is the filtered value of r and K is the cutoff frequency of

this filter. An interesting feature of this low-pass filter is that the effect

of electrical noise from the sensors can be minimized, while achieving

a reasonable response time by setting an appropriate value for K. 8 Thus,

we can estimate r based on  if the control period is sufficiently

fast. By taking the inverse Laplace transform of Eq. (10), we get

(11)

Assuming a moderate control period, the forward difference of  is
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Fig. 1 Power transmission of manipulator joints
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represented in discrete time by

(12)

where k is the discrete-time index and T is the sampling period. Taking

the summation on both sides of Eq. (12) yields 

(13)

where n is the upper limit of summation. Assuming the zero initial

condition (i.e., (0) = 0), expansion of the left-hand side yields

(14)

Substitution of the discretized version of Eq. (9) into Eq. (14) gives

(15)

The backward difference of p is given by  = (p(k) − p(k−1)) /T

with the assumption of p(0) = 0. Then, Eq. (15) can be represented by

(16)

Note that  can be estimated from the encoder signal. From Eq.

(16), the variable r can be observed without the use of extra sensors by

assuming r ≈ .

Because r = τext + τf, we can estimate τext from r if τf is given.

However, the use of the sensors such as joint torque sensors or a force/

torque sensor to measure τf is limited due to the high cost of such

sensors. Thus, we employ the friction model of the manipulator joint

and its identification scheme to estimate τf.

3. Friction Model of a Joint

3.1 Friction torque model

The general friction model of a mechanical system has three

components: 1) static friction, τs, which represents the force necessary

to initiate the motion from rest; 2) Coulomb friction (or kinetic

friction), τc, which depends only on the sign of the velocity; and 3)

viscous friction, τv, which is a function of the relative velocity between

contacting surfaces. As a result, the friction torque model of the

manipulator joint can be described by

(17a)

where (17b)

where τh is the torque acting on the interface between the contacting

surfaces of the components in the harmonic drive, and β1, β2, and β3 are

the coefficients of the viscous friction τv( ), which is assumed to be

expressed by a third-order function of  since the slope of τv decreases

with increasing .10 Based on this friction model, τf can be expressed

in terms of  as shown in Fig. 2(a), which illustrates two different

friction regions: the stick region where =0 and the slip region where

. The friction torque in the transition from the stick to the slip

region is τs, and that from the slip to the stick region is ±τc. 

Fig. 2(b) shows the joint velocity  and estimated friction torque 

with time. The experimental conditions will be detailed in Sec. 4. In

general, the friction torque of an object at rest (i.e., τh) depends on the

torque applied to the object; however, in the case of a manipulator joint,

this torque is ±τc as shown in Fig. 2(b). This is because the manipulator

is position-controlled and thus the torque applied to the harmonic drive

is maintained at a certain value that makes the joint reach the desired

position. Therefore, τh becomes ±τc in the transition from the slip to the

stick region and its value is maintained in the stick region.

Consequently, the friction model for sensorless collision detection

can be described by

(18)

where ε is the maximum magnitude of the electrical noise of  and

thus | | < ε means the joint can be regarded to be at rest. Note that e

is employed to avoid the chattering problem. Since the static friction ts

in Eq. (17) is unknown before it is identified, we use the quantity d

to check whether or not the joint is in the transition from the stick to

the slip region because  follows d. That is, the joint is on the verge

of rotating if it is currently at rest, but . The Dahl and the Stribeck

effects are not considered in our friction model because we are

interested in covering the friction torque over the wide range of joint

velocity with a simple friction model for collision detection. 

3.2 Friction model identification

If the parameters of the friction model such as τc and τs are given,

τf can be obtained from Eq. (18) using , which is measured by the

encoder. However, it is very difficult to derive such parameters

theoretically, so an identification scheme is required for their estimation.

If an online identification scheme is employed for collision detection,
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Fig. 2 Friction torque of the joint: (a) two friction regions and (b)

estimated friction torque with time (experiment)
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a friction model can be identified to compensate for the external torque

generated by the collision; however, this approach can lead to inaccurate

identification and errors in the observed external torques. Thus, an

offline identification scheme is a more appropriate approach for collision

detection, and we identify the friction model using the least squares

technique, which is a typical and widely used technique for the offline

identification method.

To identify the unknown parameters in Eq. (18), we rearrange this

equation to the following regressor form 

(19)

where

(20a)

(20b)

where W is the regressor matrix that is a function of  and τh, and θ

is the vector of unknown parameters. w1, w2, and w3 are the weighting

factors that indicate the friction regions and transition as follows:

,

(21)

If τf and W are obtained at given instants along a certain trajectory,

Eq. (19) can be represented as

(22)

where τfi and Wi are τf and W at the time instant i, and  and  are

the sets containing many corresponding values of τfi and Wi. If the size

of these sets is large enough, θ can be identified using a least-squares

technique as follows

(23)

where  is the pseudo-inverse matrix of . As a result, the friction

torque can be estimated using the friction model by substituting the

identified parameters of θ into Eq. (18).

3.3 Friction torque observer

While friction torque is required to identify θ in Eq. (23), using the

sensors for its measurement is an impractical solution to sensorless

collision detection, as mentioned previously. This problem can be dealt

with by adopting a friction torque observer. However, its applicability

is limited since conventional friction torque observers are based on the

linearization of friction torque and the adaptation of the observer.11

Thus, we employ a new friction torque observer based on the observer

in Eq. (16).

Since r = τext + τf, r is equal to τf if no collision occurs (i.e., τext =

0). In this case, the estimate  can be used to estimate τf as follows:

(24)

where  is the estimate of τf. If the estimator error is sufficiently small,

we can assume  = τf, and thus  can be calculated based on . τh

in  can also be calculated using  because the joint is force balanced

in the stick region and thus τh = τf. Therefore, θ can be identified by

substituting calculated  and  into Eq. (23).

The friction force τf can be calculated without the use of any sensors

by substituting the identified parameters in θ into the friction model in

Eq. (15). Then,

(25)

where  is the estimate of τext. Note that  in Eq. (24) cannot be

used to replace τf in Eq. (25), because  when a collision occurs,

and this identification scheme is conducted in controlled conditions.

Ideally,  approaches zero when no collision exists, but this

condition rarely happens due to the uncertainty in the dynamic model

of the manipulator and friction torque model. Therefore, collisions

should be detected by comparing the absolute value of  with a

threshold τth that is experimentally determined. Fig. 3 indicates the

flowchart of the collision detection algorithm. In this flowchart, A is an

indicator of collision detection, and it is determined by the comparison

of τext with τth, and A can be used to determine the reaction scheme of

the entire control system (e.g., emergency stop after collision detection).

4. Experiments and Discussion

The experimental verification of the proposed collision detection

method was conducted using the 6 DOF industrial manipulator shown

in Fig. 4. This manipulator was developed in our laboratory. It has a

reachable distance of 1044 mm and weighs about 33 kg with a payload

of 6 kg. For the operation of the AC servo motor at each joint of this

manipulator, a motion controller installed in a PC communicates

commands to the motor drive. Windows is used as the main operating

system, thus real-time operation is confirmed using an external timer,

and the control period is 1 ms.
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Fig. 3 Flowchart of collision detection algorithm
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4.1 Validation of friction torque model

As can be seen from Eq. (25),  is calculated using the friction

model. We therefore conduct experimental validation of the reliability

of this friction model by comparing τf, which is calculated with the

friction model, with  prior to the verification of collision detection

performance. However, as can be deduced from Eq. (24), the

assumption of  = τf is not satisfied if some errors exist in the dynamic

model of a manipulator. Thus, in such a case, it is impossible to verify

the reliability of the friction model through comparison between  and

τf. On the other hand,  at joint 6 is free from this type of error because

joint 6 is not attached to the link when the tool is not attached to the

end-effector. Therefore, the verification of the friction model is carried

out based on joint 6 to investigate the features of the friction torque

more clearly. 

To compare τf with , the friction model should first be identified

and Fig. 5 shows the condition for this identification. The tool on the

end-effector was removed, and  and  were obtained along the

trajectory shown in Fig. 5. By substituting the obtained data set into Eq.

(23), we can calculate θ and identify the friction model.

An experiment was conducted to compare τf (based on the identified

friction model) with . Fig. 6(a) shows the velocity profile of joint 6,

and Figs. 6(b) and 6(c) show the experimental results. As seen from

Fig. 6, τf retains its value when q=0, and this result is consistent with

the previously explained features of friction torque. In addition, τf and

τf show good agreement, which means that the proposed friction model

and its identification method work very well; we therefore conclude

that τext can be obtained using Eq. (25) for sensorless collision

detection.

4.2 Sensorless collision detection

To verify the applicability of the proposed collision detection

method, an experiment was conducted in which the manipulator

collides with a human. Fig. 7 shows the experimental conditions, in

which the manipulator moved from the initial pose shown in Fig. 7(a)

to the target pose shown in Fig. 7(b) using the proposed collision

detection method. In this operation, joints 2, 3, and 5 were rotated 30o,

the other axes were rotated 10o, and the velocity of every joint was 30o/

s. Two experiments were conducted: the first with no collision and the

second with a collision with a human as shown in Fig. 7(c). τext and

collision force Fc (which was measured by the F/T sensor mounted at

the manipulator), were acquired during these experiments.

Figs. 8(a) and 8(b) show τext at joint 1 and Fc during the experiment

shown in Fig. 7. Fig. 8(a) shows that τext exceeded the threshold τth,

which was set to 8 Nm when a collision occurred. This means that

collisions can be detected based on whether or not τext exceeds τth. In

Fig. 8(b), Fc increased rapidly when a collision occurred, and decreased

after it reached its peak value of 48 N because the manipulator

immediately stopped when the collision was detected. Without the

proposed collision detection method, the manipulator would have

continued to apply the collision force to the human because the position

control scheme tries to reach a target position even if a collision occurs.

These experiments show that the manipulator can detect collisions

without the use of any extra sensors, and collision safety can be

ensured by applying the proposed collision detection method.

To validate the external torque estimate τext, we investigate how

τ̂ ext

τf̂

τf̂

τf̂

τf̂

τf̂

W τf

τf̂

Fig. 4 Experimental setup with 6 DOF industrial manipulator

Fig. 5 Trajectory for friction model identification: (a) position and (b)

velocity
Fig. 6 Experimental verification of friction model: (a) experimental

conditions, (b) friction torque with time, and (c) friction torque with

velocity

Fig. 7 Experimental verification of collision detection performance: (a)

initial posture, (b) target posture, and (c) collision with human
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close it is to the actual external torque τext. Fig. 8(c) shows the results,

and τext in Fig. 8(c) is the close-up view of Fig. 8(a). τext in Fig. 8(c)

is computed based on Fc and inverse statics (i.e. τext = J
TFc), and the

observed joint was joint 1. As shown in Fig. 8(c), the shapes of the

graphs for τext and τext are similar to each other, and the difference

between the peak values of τext and τext is smaller than the threshold

torque τth (8 Nm). Therefore, we conclude that the external torque

estimate text is reasonably close to the actual value.

The time delay between the collision and the detection is also

important for the practical use of the proposed collision detection

method. Thus, based on the experiment shown in Fig. 7, this delay was

evaluated by comparing the F/T sensor data. Fig. 9 shows a close-up

view of τext and Fc shown in Fig. 8. We can estimate the moment of

collision from the sudden increase in Fc in Fig. 9 and the time required

for the detection by comparing τext and τth. In the ideal case of τth = 0,

a fault can be detected within 1 ms, which corresponds to the control

period of the system. However, in the case of τth = 8 Nm, in

consideration of the uncertainties in the dynamic model of the

manipulator including the friction model, the manipulator can detect a

collision within 20~21 ms. These delays are inevitable, but can be

improved by using a more accurate model.

5. Conclusions

A sensorless collision detection algorithm based on the external

torque observer and friction model identification was proposed in this

study. The proposed collision detection method is verified

experimentally with a 6 DOF industrial manipulator, and the following

conclusions were drawn. 

1) Because the proposed collision detection method does not require

extra sensors, it can be applied to existing manipulators without a

change of design and/or additional mechanisms. Therefore, it is a

practical solution to ensure the collision safety of various manipulators.

2) Collisions are detected based on the external torque generated by

the collision. Therefore, the manipulator can detect collisions more

sensitively compared to the simple limitation of the motor current,

which can be consumed by the friction torque and motion control of the

manipulator. 

3) The friction torque observer is established without the

linearization of the friction torque and adaptation of the observer.

Therefore, this approach provides new insights into how to estimate the

friction torque of various mechanical systems without sensors. 
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