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Abstract 

The present paper presents a novel method for estimating the joint friction of walking bipeds. It combines a 

measurement-based method with an adaptive model-based method to estimate the joint friction. The former is used when the 

feet is in contact, while the latter is used when the leg is swinging. The measurements are the feet forces and the readings of 

an inertial measure unit located at the biped body. The measurement-based method utilizes these measurements into a 

reduced filtered dynamic model of the biped to obtain an online estimated filtered version of the joint friction. Once the foot 

swings, a friction model is adopted to represent the joint friction behavior. The model parameters are adaptively identified 

using the online estimated filtered friction whenever the foot is in contact. The results are validated using full-dynamics of 

12-DOF biped model and show a dramatic tracking of the estimated friction to the true one. 

© 2017 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

The interest in the humanoid adaptive, efficient, and 

robust motion control is dramatically increased [1-7, 8 ]. 

However, the biped structure makes its dynamics highly 

nonlinear and hard to be stabilized. Another difficulty rises 

from the robot mechanical structure which makes the 

control challenge harder. Robots contain transmissions or 

drive mechanisms to transfer the power from the actuator 

to the robot link through the joint [9]. Therefore, friction is 

observed at the joints. Friction has a considerable effect on 

the robot behavior. It may deteriorate the robot walking 

performance. Typical consequences of joint friction are 

steady state errors, limit cycles and poor dynamic response 

[10, 11]. Therefore, joint friction compensation attracted 

the researchers' attention and interest [12, 13].  

1.1. Related Work  

Friction model-based method is intensively used for 

friction compensation. The friction behavior is represented 

using a mathematical model [14-17] and the model 

parameters are identified using offline identification 

methods [18-21]. However, the friction is environment and 

load dependant phenomenon [12, 22]. Therefore, adaptive 

identification methods were developed to identify the 

friction model parameters [23-27]. However, the friction is 

a complex phenomenon and representing it using a 

mathematical model is a challenge.  

Friction modeling challenge was a strong motivation 

for the researchers to look for model-free methods. The 

friction is considered a disturbance along with external 

disturbances, system model uncertainty and so on. Then, a 

disturbance observer [28, 29] is used to reduce the effect 

of this disturbance [30-33].  Other studies used friction 

approximators based on soft computing techniques, such 

as Neural Networks (NN) and Fuzzy systems [24, 34-44].  

However, approximation errors exist [45]. Model-free and 

measurement base method is reported too. Here the 

difficulty of friction modeling is avoided by mounting 

extra torque/force sensors on the robot. In [46, 47 ], the 

manipulator link torque is measured using a torque sensor 

and used in the feedback of the control loop. However, the 

sensors should be added in the design process. For fixed 

base robots, the base is equipped by a force/toque sensor to 

form the Base Sensor Control (BSC) method [22]. The 

sensor readings are mapped to the manipulator’s link to 

calculate the link torque which is used in the feedback 

torque control loop. However, the humanoid robot is 

mobile and not fixed in the ground.  

1.2. Problem Importance and Definition 

Joint friction is the major disturbance of the actuator 

and transmission unit at the joint. As a demonstration of 

joint friction effect for legged robots, refer to the video of 

some experiments conducted in the control system 

laboratory in Toyota technological institute [48].  

Beyond the aforementioned consequences of joint 

friction, the compensation of joint friction is crucial for 
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some control techniques and locomotion in legged robots. 

In the absence of joint torque sensors, the joint torque is 

estimated using the transpose of the Jacobian for each leg. 

However, the accuracy of this method is not sufficient 

when joint friction is observed and not compensated [49, 

50, 51].  

To this end, joint friction for legged robots is either 

neglected [52-55], regarded as a disturbance and tried to be 

eliminated by a disturbance observer [30], or estimated 

using a friction model with offline identified parameters 

[56, 57]. Here, if the model parameters are known or 

identified with very small uncertainty then model-based 

method of joint friction estimation has better precision 

compensation [58]. On the other hand, high accuracy 

requires adaptive parameter tuning and, hence, information 

about the friction is required. The measurement-based 

method avoids friction modeling and approximation 

problems. However, it requires joint torque sensors. 

Furthermore, it is inapplicable directly to bipedal 

applications because, while walking, the biped switches its 

legs from the Double Support phase (DS) to the Single 

Support phase (SS), and so forth. Other challenges rise 

from the structure of the bipeds; its model includes the 

hard to measure body position and its derivatives in 

addition to the joint angles and their derivatives.  

Therefore, a method is required to estimate the joint 

friction for walking biped. This method would have the 

advantages of the measurement-based and the adaptive 

model-based methods. It must be able to overcome the 

unmeasured variables limitations.  

1.3. Proposed Method 

The present paper proposes a new method for biped 

joint friction estimation. It combines the measurement-

based method with the adaptive model-based method.  

Measurement-based method is a method that works 

only when the foot is in contact with the ground and 

employs the biped model without friction models to 

estimate the joint friction. To accomplish this estimation, 

the joints angular accelerations, which are not measured 

directly, are required. The robot body (called base later on) 

velocity and orientation are estimated as in [59-61]. The 

explicit calculation of the joint angular accelerations is 

avoided by adopting the filtered dynamics model method 

[62]. Here, the biped model is reduced then filtered using a 

stable first order low pass filter to form the reduced filtered 

dynamical model of the biped. Then, the measured Ground 

Reaction Forces (GRF), the readings of Inertial 

Measurement Unit (IMU), and the estimated base velocity 

are utilized in the obtained reduced filtered dynamical 

model to estimate a filtered version of the joint friction 

online. However, when the GRF are no longer available 

(the foot is not in contact with the ground), the former 

estimation method is inapplicable. Therefore, a friction 

model is adopted to overcome this problem. The friction 

model is used only when the foot is not in contact with the 

ground and its parameters are adaptively identified 

whenever the foot is in contact with the ground.  

The rest of the paper is organized as follows: Section 

Error! Reference source not found. describes the biped 

model. Friction estimation is derived in section Error! 

Reference source not found.Section Error! Reference 

source not found. presents the results. The paper 

conclusion is in Section (5). 

2. Biped Model 

For a biped with N  number of joints, the robot model 

is: 
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where 
NRθ  and 

NR θ ω  are the joint 

displacements and angular velocity vectors, respectively, 

θ  is measured using joint encoders attached to the joint 

actuators . 
bp  and 

b bp v  are the position and linear 

velocity of the robot base-link. 
bv  and 

bω  are the 

acceleration and angular velocity of the robot body, 

respectively, they are measured using an IMU. 
bf  and 

bn

are the force and torque vectors at the base-link, and τ  is 

the generalized joint control vector. b is the bias term  

which contains the coriolis and gravity effects. 
ijH  for 

 ( , ) 1,2,3,4i j   are sub-matrices of the robot inertia 

matrix. 
1E

u  and 
2E

u  are the net force and torque effects 

of the reaction forces on the robot body, 
LE

u  and 
RE

u

stand for the effect of reaction forces on the robot joints 

for the left and right legs, respectively. They are calculated 

by utilizing the measured external forces 
LE

F  and  
RE

F , 

respectively, from the contact force sensors assembled at 

the feet soles as: 

 
m m

T

E m E
u = J x F  ,                                                 (2) 

where 
m

J is the Jacobian of the leg m  with: 

 
left

right


 


L
m

R
 .                                      (3) 

The subscripts  
L

 and  
R

 stand for the left and 

right leg, respectively.  

Referring to the last two rows in (1) and (2), the 

unknowns are 
m
θ  and 

mF
u which is the required vector to 

be calculated or estimated. Here, the other variables are 

either measured or estimated using known methods [59-

61]. Therefore, the biped model is reduced and filtered to 

avoid the explicit calculation of 
m
θ . The obtained reduced 

filtered dynamic is used to calculate the filtered version of 

required vector 
mF

u . 

3. Friction Estimation 

In the proposed approach, the joint friction estimation 

depends on the knowledge of the applied control torque at 

the joint and the transmitted torque to the link which can 

be sensed by the reaction forces. The transmission and 

frictional forces are internal forces. Then, (1) can be 

reduced to represent the active joints dynamics and 

reshaped in terms of friction as:  
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with: 

32 33
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0
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H  .                                                 (5) 

From(4), one can see that the right hand-side is the 

response due to the torque transmitted to the manipulator’s 

links from the total applied joint control torque 
m
τ . 

The basic idea is to compute the right hand-side of (4), 

however, the existence of the angular acceleration terms 

which are in most cases unmeasured directly imposes a 

challenge. The solution to this problem is reported in the 

literature. The use of the band limited periodic excitation 

trajectories is reported in [63] which is not always 

possible. The offline numerical differentiation [9] is used 

too; however, it is inapplicable in the real time 

applications. Another method depends on the filtered 

dynamic model [62, 64] which is adopted here. By using 

this method, the explicit calculation of the angular 

acceleration terms is avoided by filtering both sides of (4) 

using a proper stable filter. The first order filter transfer 

function  Z s with the constant   is adopted here. It is 

expressed as: 

 
1

Z s
s







,                                                               (6) 

with its impulse response:  

    1 tz t Z s e     ,                               (7) 

where  1 .
 is the Laplace inverse transform. The 

multiplication in the frequency domain is equivalent to the 

convolution in time domain, and since there are N  joint 

equations in (4), each of them can be filtered by (6). 

Therefore, there will be N  filters with impulse responses 

as: 
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where i  1,2, ,i N  are the 
thi  joint filter 

constants. Then the filtered version of (4) is: 
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The term  
0
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 can be integrated 

by parts with      0 0 0 0b  
L R
θ θ ω   

 

and:  
1 0

0

0 N




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       (10) 

then (9) is modified accordingly as: 

(11) 

All the terms are filtered using (6), except for the last 

term  
0
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or in matrix form: 
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By introducing the notation 


 to indicate that the 

term   is filtered using the filter , the filtered dynamic 

equation is:  

 

   2
1 2 1Z s Z s

Z s

  
 

    
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L

R

F

F

u
σ

u
 ,           (14) 

where: 
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The cut-off frequency of the first order filter affect the 

results. Its value depends on the highest meaningful 

frequency in the measurements (
E

F  and
bv ).  The cut-off 

frequency value should be higher than the highest 

meaningful frequency, at the same time, it should be able 

to smooth the measurements and reject the other higher 

frequencies. Therefore, the cut-off frequency value must 

not be too high.  

All of the right hand terms of (14) are known and can 

be computed. Then the estimated filtered joint friction is 

used for two purposes: friction compensation when the 

foot is in contact with the ground and friction model 

parameter identification. The identification process takes 

place whenever the foot is in the contact with the ground 

and thus the identification is adaptive.  When the leg is 

swinging, the friction model with the identified parameters 

is used to the represent the friction behavior. Friction 

models differ in their characteristics [12, 65]; however, the 

model parameters can be identified using identification 

tools, like the Recursive Least Squares method (RLS) [66]. 

For the identification process, the joint angular velocity is 

measured and 
 Z smFu  is estimated from (14) when the 

foot is in contact. 

4. Results 

The simulations are carried on 12 Degrees of Freedom 

(DOF) biped model. It consists of a trunk which connects a 

two 6-DOF legs. Three joint axes are positioned at the hip, 

two joints are at the ankle and one at the knee (Figure 1). 

MATLAB simulink contains a-three -axes IMU which 

consists of three -axes accelerometer and three -axes 

gyroscope with contaminated noise. The force sensors are 

fixed at the feet soles. It is assumed to have four three-axes 

force sensors located at known  positions with respect to 

the foot link frame [67].   

 

Figure 1. The kinematic arrangement and dimensional drawing of 

SURALP 

To compare the true friction with the estimated one, the 

true friction values at the joints of the real biped have to be 

measured while walking. Therefore, only simulations are 

carried on the biped model and the true friction at the joint 

is generated using the nonlinear model [17]: 

       (17) 

where , 1, ,6i i   are positive constants and the 

static coefficient of friction can be approximated by 

1 4  . Note: This model is used solely as a joint 

friction generator. The values of the parameters 

, 1, ,6i i   for each joint of the leg are listed in Table 

1 and generated true friction is the red line in Figure 3.  

Figure 2 shows the walking trajectories, the walking  

starts after 0.5 sec, then the biped is in the left single 

support LS , DS then right single support RS and so forth. 

 

Figure 2. Feet walking trajectories, DS stands for the double support phase, LS stands for the left leg single support phase, and RS stands 
for the right leg single support phase
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Table 1: True friction model parameters for each joint 

 
1  

2  
3  

4  
5  

6  

1  0.7 0.6 0.5 0.4 0.2 0.05 

2  100 100 100 100 100 100 

3  10 10 10 10 10 10 

4  0.6 0.5 0.4 0.3 0.02 0.01 

5  100 100 100 100 100 100 

6  0.9 0.9 0.9 0.9 0.9 0.9 

4.1. Model-Based Joint Friction Estimation 

To be more realistic, the model-based friction 

estimation adopts another model differs from (17). For the 

joint ,| 1, ,6n n  , the model is written as:  

 
 sgnn n n

c n v n
Z s

F F  
mF

u  ,                             (18) 

Or for the joints of the leg m :  

  (19) 

where 
vF  and 

cF are the viscous friction coefficient 

the coulomb friction, respectively. The estimated 

 Z smFu from (14) is utilized in to estimate 
n

cF and 
n

vF  

when the leg is in contact based on the RLS algorithm. On 

the other hand, the friction behavior is represent by the 

estimated parameters ˆ n

vF and ˆ n

cF  for each joint when the 

leg is swinging.  

4.2. Measurement-Based Joint Friction Estimation 

The estimation process of the joint friction is carried 

out simultaneously. Each joint of the two lgs has the same 

adopted friction model. The used filter constants are listed 

in  

Table 2 and the estimated filtered friction is based on 

(14). The biped starts with the DS phase for 0.5 sec, during 

this period the friction estimation is measurement-based 

using (14). The resulted estimated filtered friction is used 

for the parameter identification process of the friction 

model parameters 
n

vF and 
n

cF . Once the biped switches to 

the LS phase, the friction behavior for the right leg joints is 

represented by the friction models with the identified 

parameters ˆ n

vF and ˆ n

cF . Meanwhile, for the left leg joints, 

the estimation method is measurement-based and the 

corresponding friction models parameters are being 

identified. Later at the time instant t=1.1 sec, the 

estimation method is measurement-based and the friction 

model parameters are identified for both legs since the 

biped switches to the DS phase. Hence the identified 

parameters ˆ n

vF and ˆ n

cF  for the right leg are re-identified 

and corrected.  The biped switched to the RS phase at the 

time instant t=2 sec. Accordingly, the estimation process is 

measurement-based for the right leg joints and the 

parameter 
n

vF and 
n

cF  are being identified. On the other 

hand, the identified parameters ˆ n

vF and ˆ n

cF  of the left leg 

joints are used to represent the friction through the adopted 

friction models, and so forth. 

Figure 3 shows both the true friction trajectory (dashed 

red line) and the estimated filtered friction (solid blue line) 

for the left leg.  The true friction trajectory is generated 

using (17) with the parameters listed in Table 1. When the 

leg is swinging, the estimated friction uses the model (19) 

with the identified parameters. In these simulations, small 

and large frictional forces are used to test the ability of the 

proposed method. As depicted in Figure 3, the estimated 

filtered friction tracks the true friction. The present work 

differs from the work which is proposed by the authors in 

[60]. The differences lie in the facts that the present work 

does not assume the non-slipping case of the walking 

biped (therefore, it avoids the numerical errors of the 

pseudo inverse) and that the estimated filtered friction 

estimation is smoother in the present work. 

Table 2. Filter constants 

 1  2  3  4  5  6  

  1 1 1 2 4 2 

5. Conclusion 

The joint friction of walking bipeds is estimated by 

combining the measurement-based method with the 

adaptive model-based method. The measurement-based 

estimation employs the biped reduced filtered dynamical 

model to compute the online filtered friction when the foot 

is in contact. It is based on readings of IMU and GRF. The 

dynamical model is filtered to avoid the explicit 

calculation of the joint angular accelerations. On the other 

hand, the adaptive model-based friction employs a friction 

model to represent the friction behavior when the leg is 

swinging. The model parameters are identified whenever 

the foot is in contact with the ground. 
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Figure 3: The estimated friction (solid blue line) and the true generated friction (dashed red line) for the left leg joints 
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