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SUMMARY

This paper proposes a new approach for slip prediction of walking biped robots. The slip prediction
is a measurement-based and friction behavior-inspired approach. A measurement-based online
algorithm is designed to estimate the Coulomb friction which is regarded as a slip threshold. To
predict the slip, a safety margin is introduced in the negative vicinity of the estimated Coulomb
friction. The estimation algorithm concludes that if the applied force is outside the safety margin,
then the foot tends to slip. The proposed approach depends on the available type of measurements.
Three options of measurements are discussed. Among them, the foot acceleration and ankle force
measurements scenario is validated by experiments on the humanoid SURALP (Sabanci University
Robotics Research Laboratory Platform). The results demonstrate the effectiveness of the proposed
approach for slip prediction and detection.

KEYWORDS: Biped; Slip prediction; Slip detection; Friction; LIPM and CoM states estimation.

1. Introduction

Balance preserving of the biped robot while walking is a complicated task. Generally, bipedal walking
depends on generated stable trajectories. The linear inverted pendulum model (LIPM) is widely used
for walking trajectory generation.! As a stability criterion, the Zero Moment Point (ZMP) stability
criterion?? is widely employed. However, even when stable walking trajectories are employed, the
robot may tend to tip over in real life. This is because of environmental uncertainty and changes.
Therefore, robot adaptation to ground conditions is highly desirable.

Foot contact with the environment poses a critical problem. The robot foot, when it is in contact
with the ground, is subjected to distributed reaction forces due to the interaction between the foot
sole and the contact surface. The horizontal components of these forces represent the friction forces
that facilitate biped walking and locomotion. These friction forces constrain the balance of the biped
walker.*> Further, the friction forces determine the maximum acceleration and deceleration that the
robot can achieve, and hence the maximum forces allowed to be applied to the robot.®” If the forces
or torques applied by the robot legs exceed certain thresholds, then the biped might lose its stability.”
However, determining these friction forces is a challenge.

Researchers conducted experiments on walking on arbitrary surfaces, and with arbitrary
coefficients of friction. In mass of the studies, the coefficient of friction u is considered to be
known. In real life, however, p is unknown or is only inaccurately known. Assuming a too high value
of u may lead to foot slipping. On the other hand, low value constrains the motion conservatively.

Slip is defined as the phenomenon when the relative velocity between the foot of the biped robot
and the contact surface is not zero when the foot is in contact. This leads to define the slip force as
the difference between the total forces applied at the foot and the friction forces. These friction forces
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can be measured directly using sensors embedded at the feet of the humanoid robot®® or indirectly
based on other measurements like foot ankle forces and foot acceleration. Slip forces, however, are
not measured directly, they are computed.

1.1. Related work

Although slip prediction is a valuable asset and significant in preventing the biped robot from falling,
only a few studies were reported. Often, no slip contacts are assumed in bipedal walking. In other
words, u is either considered to be very high!%™!3 or accurately known.'* Then, the maximum applied
torques are constrained accordingly.!>!® Control approaches were designed to compensate for the
applied forces and torques when they exceed the constraints.!”!'® For the single support phase of
the biped robot, a method for calculating the slipping forces and predicting their most possible
slipping direction is proposed.> However, a known friction coefficient assumption is impractical and
the environment changes a lot (the walking surface varies a lot during the walk). A method for slip
detection is proposed for an unknown floor coefficient of friction.!® This method depends on enlarging
the walking step gradually until the biped slips which is used later as an upper limit for the trajectory
planning. However, this requires several steps to learn the limit.

Without using the coefficient of friction, a slip observer is introduced to detect the slip and estimate
the slipping force.?’ The difference between the desired reaction force and the measured reaction
force is regarded as the slipping force. The desired force is calculated using the 3D LIPM with known
ZMP. However, the desired reaction force does not include the external and inertial forces. Therefore,
the slipping force is not necessarily due to higher desired reaction forces, and the slip may occur even
the desired reaction force is less than the measured.

Measurement-based methods are developed for slip detection. For a quadruped during the
supporting phase, a slip detection method is introduced based on the quadruped leg acceleration
(obtained from an accelerometer).?! The introduced method detects the slip when the integration of
the acceleration exceeds certain threshold. For slip-related falls, intelligent shoes were introduced
for slip detection.?? The principle depends on the human postural instability based on information
from in-shoe pressure sensors and optional rate gyros. Another slip detection method for bipeds is
proposed based on an insole sensor system, it utilizes force and acceleration measurements.”®> The
detection algorithm is: slipping exists when the force and acceleration readings are larger than certain
thresholds, otherwise there is no slip. Slip is also detected by searching in the acceleration signal for
high amplitudes before, during and after the slip spike.>* In the same contest, the acceleration and
gyro readings with unscented Kalman filter UKF are used for slip detection, here the UKF innovation
is used for detecting the slip.?> For slow walking bipeds, the biped body acceleration is utilized
through simplified models to calculate the applied forces at the foot. Then, the slip is detected by
comparing the calculated applied forces with the measured forces from force sensors assembled at
the foot sole.”® However, the previous works are for slip detection not prediction.

Friction model-based methods with identified model parameters are employed for slip
prevention.?”-?® However, friction modeling is a challenge since the friction behavior is highly
nonlinear. Moreover, the friction at low velocities and the stiction friction pose more challenges.

1.2. Problem definition

Slip may cause the robot to tip over. Therefore, it has a critical importance. Although some studies
are reported to compensate for the slip, they in general work when slip occurs. Beyond this, using
friction models for slip prevention poses problems due to the nonlinear and complex behavior of the
friction.

Measurement-based method is fruitful since it does not use friction models (friction model-free)
and thus it avoids friction modeling problems. The idea of this paper is that slip can be predicted
by developing a measurement-based online adaptive algorithm that utilizes certain measurements.
This algorithm must be able to estimate the friction between the foot and the ground, predict the
slip ahead and overcome the challenges of the friction behavior. However, since this algorithm is
measurement-based, at least two measurements are required at the foot. The options for the two
measurements are: (1) ankle forces and foot accelerations, (2) ankle forces and reaction forces at the
foot sole, or (3) acceleration of the robot body and the reaction forces at the foot sole. For the last
case, a model of the biped is required too.
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1.3. The proposed method and contribution

By knowing the walking surface friction parameters, the biped walking can adapt its motion so that
it preserves its stability. Therefore, this paper is motivated to develop an online friction estimation
algorithm for walking bipeds.

Here, based on the friction behavior, an online measurement-based algorithm is designed to
estimate the Coulomb friction. This algorithm updates the estimated friction online adaptively. Based
on the friction behavior, the Coulomb friction is the minimum friction beyond which slip will be
observed. Therefore, it is used to decide whether the foot is going to slip or not. This is achieved by
considering the Coulomb friction as a slip threshold. To predict the slip, a safety margin is subtracted
from the Coulomb friction to define a slip risk band. Hence, whenever the applied force is below this
band, it is assumed that the foot will not slip. If the applied force is within the safety margin, then the
foot tends to slip. Finally, if the applied force is larger or equal to the Coulomb friction, it is concluded
that the foot slips. Different measurement scenarios are discussed. The experiments are based on the
foot acceleration and ankle force measurements according to the available measurements.

The contribution of this paper is developing an online friction behavior-inspired algorithm for slip
prediction. This algorithm is adaptive, measurement-based, and can estimate the Coulomb, static and
Stribeck friction between the foot and the contact surface. Moreover, the paper proposes a method
for computing the reaction forces at the foot based on the measured biped body acceleration and foot
reaction forces. The measured and computed foot reaction forces are used for slip detection.

The rest of the paper is organized as follows: Section 2 introduces the friction. Slip is defined
in Section 3. The slip detection and prediction approaches are shown in Section 4 and Section 5
respectively. Section 6 presents the results. The paper conclusion is in Section 7.

2. Friction

Friction is a nonlinear and complex phenomenon under research. Researchers work on mathematical
models that can describe this behavior.>?~> Although several friction models are developed, there is
no exact model that represents the friction behavior. This poses a challenge for the friction estimation
and compensation. This is why online measurement-based friction estimation enters the picture. The
estimation here is friction behavior-inspired method. Therefore, the friction behavior is explained
here.

Consider the object in Fig. 1a, the friction force is the tangential reaction force F; in the opposite
direction of motion. The applied tangential force is F; and the normal reaction force is Fy > 0. The
Friction force F'y can be either a static force, denoted by F,, or kinetic one, denoted by Fy, as in
Fig. 1b. These forces are respectively defined by

Ffs = MslalicFN» (1)

and

Fro = paFy, 2)

where [ga.iic 18 the static coefficient of friction and u, the kinetic coefficient of friction. When the
object is at rest, it resists the initial motion with a larger frictional force than it does when the motion
starts. This can be stated by the coefficients of friction as pisggic > q. As shown in Fig. 1b, the value
of Fy, is at its maximum when the relative motion starts, and then the friction force decreases. The
maximum value of F, is denoted by Fj. At Fy, the maximum applied force called F;  is observed.
The region where the object is in static condition of no motion (F; < Fj) is referred to as the static
region. The phase of motion with nonzero velocity is called the kinetic region (F; > F;). Equivalently,
the allowable force F; such that the object is in no motion must be inside a cone with radius F; and
height Fy as shown in Fig. lc.

There is no exact model that represents the friction force. In general, the dominant friction
components are the Coulomb friction F,, Stribeck friction Fy;, F; and viscous friction F, illustrated
in Fig. 2.
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Fon
F, Kinetic friction
N Motion direction c;.\" |
------- > & 1
o Static friction is larger
F ,F:_ ) than Kinetic friction
f -— Object /—’
‘F}mx ‘F:'
(a) (b)

Fig. 1. (a) Object free body diagram (the object weight is in the normal force), (b) Friction force behavior, and
(c) the friction cone.

(e)

Viscous friction

Stribeck friction

Slip speed

Fig. 2. Friction components.

3. Slip Definition

Consider one of the robot feet as in Fig. 3a, the total force on the foot is F'. Its tangential components
in the x- and y-directions are F; and F; respectively. The friction force components in the x- and
y-directions are Fy, and F, respectively. The normal reaction force is Fiy > 0. The slip is defined
as the phenomenon when F; between the foot and the contact surface is not enough to make the

relative velocity between them zero. In other words, it is the phenomenon when ||F, || = ,/F? + F? >

IFell =,/ F %X + F%y, or in terms of components, F; > Fy or/and F; > Fy . This leads to generate
a slip force Fjp, in the x-direction or/and a slip force anpy in the y-directions. Thus, the slip force
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Fig. 3. Slip force conditions.
vector Fyip = [ Fuip, Fuip, |” is stated as
Fgpp =F, — Fy, (3)

withF, = [F, F, 1" andF; = [Fy, Fy 1".

The analysis for both x- and y-directions is the same. Therefore, for convenience, the subscriptions
x and y are dropped. According to Eq. (3) Fgip > 0, for the case when F;, > 0 the foot is in motion
as in Fig. 3b. When Fg;, = 0, it indicates that the foot is either moving at a constant speed as in
Fig. 3c or the foot is static as in Fig. 3d. The situation in Fig. 3¢ poses a problem which will be solved
by assuming that the foot was not initially moving at a constant speed.

4. Slip Detection
Slip occurrence is detected according to Eq. (3). The foot slips whenever it is subjected to a slip force
Fgip > 0. Calculating Fg;;, depends on the available measurements. Here three cases are discussed.

1. Ankle forces and foot accelerations, hence F, is directly measured.

2. Ankle forces and the reaction forces at the foot sole, hence F; and F s are directly measured.

3. Acceleration of the robot body and the reaction forces at the foot sole. For this case, a model of
the biped is required too.

4.1. Slip detection with ankle forces and foot accelerations measurements
An accelerometer mounted at the foot can be measured Fyj;, according to

Fgip = m ¢, 4

where m ¢ is the foot mass, p, and p, the measured foot accelerations in the x- and y-directions

respectively and p = [ Dx Dy ]T. Hence, the foot slips whenever p > 0 (the subscriptions x and y are
dropped). Bearing in mind that F; is measured using a force/torque sensor, then the friction force is
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calculated from Eqs. (3) and (4) as

Ff = F, - mfp (5)

However, as an implementation consideration, the accelerometer generates a reading even though the
biped is not moving. Therefore, slip is detected if the acceleration readings are larger than a threshold
Tr (i.e. if p > Tr). This threshold depends on the initial accelerometer reading.

4.2. Slip detection with measured friction and tangential forces
If the biped is equipped with contact force sensors at the feet soles and force/torque sensors at the
ankles, then the measured F; and F; are used directly in Eq. (3) to detect the slip.

4.3. Slip detection with measured friction force and biped body acceleration
Referring to Eq. (3), the friction force is directly measured by force sensors located at the foot sole.
F, is unmeasured. However, it can be calculated based on a reduced model of the biped.

Assume that there are / force sensors at each foot. These sensors are attached to known contact
points at each foot with known positions relative to the foot frame. There outputs for the right and left
feet are Fg, and Fg, respectively. These measured forces are grouped into the force vector Fg and

defined as Fg = [F{:R FEL ]T. The computed forces at the aforementioned contact points are Fg,
for the right foot and Fg, for the left foot. These computed forces are grouped into the force vector
Fg = [FER FEL ]T. The measured and computed force vectors are defined as

Cm el {1

mE P mth

m ;1 m 1

£ |

mEy mEy

2 2

a mF;

mF% mF2

, — t,
Fe,=|mp2 |, Fe,=|mp |, 6
‘m mFN m mFN ( )

1 !

nFy, "E,

m ! m !

Fy, F,

L mFIIV 1 i mF[lV ]
with
L left

= { R right - @
where Fg, and Fi are the measured and computed force vectors respectively at the foot m, ™ F Ji‘j the
measured friction force component in the j = {x— or y—} direction at contact pointi = 1,2,...,1/
of the foot m, ™ F}, the measured normal force component at contact point i = 1,2,...,/ of the

foot m. “‘F,"j and ™F}, are the computed tangential and normal force components at contact point
i=1,2,...,1 of the foot m.

The computation of the tangential force depends on the biped model. The biped, which is considered
here, consists of a body and two legs connected to it as in Fig. 4. Its motion is defined in the fixed
world frame O,,. The body is considered as the base link with the base coordinate system O,. The
hips and feet soles have coordinate frames too.

For this work, it is assumed that the biped is equipped with contact force sensors with frame origin
O assembled at the feet soles, joint encoders attached to the joint actuators and an IMU with a
frame origin O;. The IMU is composed of 3-axes accelerometer and 3-axes rate gyro.

The biped interacts with the ground and modeled as a free-fall manipulator. For a biped with N
number of joints, and the defined generalized coordinates x” = [p!, A7, 07] € R® x SO@3) x
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= Body
"\.“ Coordinate
CoM . 'F-_ Frame
s il /
-«g
= Left Hip
G Co0rdinate
2 ne Frame
Right Hi /
C oo%‘dinarp(,

Frame

World v . o v ~[eft Foot

Coordinate " Right Foot L Coordi

T Coordinate X; gorginaie
Frame i Frame

Fig. 4. Coordinate systems. O,, and O}, stand for the ori%ins of the world and body coordinate frames, respectively.
The feet coordinate frames are fixed to the feet soles.’

RY, generalized velocities v = [v], o], 0"] € R® x R* x R" and generalized forces u’ =
[(f,n], 7] € R* x R® x R", the robot model is

H(x)v + C(x, V)V + g(X) + ur = u + ug, 3)

where § € RY and = w € R" are the joint displacements and angular velocity vectors respectively,
A, € SO(3) the transformation matrix giving the position of joint axes relative to the world axes.p,
and P, = v,, the position and linear velocity of the robot base-link coordinage frame center, w; the
angular velocity of the robot body coordinate frame and follows the relation A, = w;, x Ay, f, € R?
and n;, € R? the force and torque vectors generated in the base-link, and T the generalized joint
control vector. uy the joint frictional forces vector, the matrix H represents the inertia, the C(x, v)
matrix specifies the centrifugal and coriolis effects and the g(x) vector specifies the gravity effect.
For simplification, the bias term b is used as b = C(x, v)v + g(x). Then, Eq. (8) is rewritten as

‘.’b bl UF, fb Ug,
(bb bz Uur n, Ug
Hl|¢ | = 2 |, 9
o | * o || e gl R ©)
Or br UFg TR UEg
with
Hyy Hp; Hiz Hy
H= Hyy Hy Hyy Hy
Hy Hy Hyz 0 |
Hy Hp 0 Hy

http://journals.cambridge.org

where H;; for (i, j) € {1, 2, 3, 4} are sub-matrices of the robot inertia matrix, ug, the net force effect
and ug, the net torque effect of the reaction forces on the base, ug, and ug, stand for the effect of
reaction forces generated by environmental interaction on the robot joints for the left and right legs
respectively. The subscripts ()i, and ( )g stand for the left and right legs respectively.
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For force computation, with f, = ur, = 0, Eq. (9) can be reduced as

Vi
w),
o1,
Or

ug, = + by, (10)
with
Hy = (H; H;, Hiz Hy).
The computed force vector is related to ug, in Eq. (10) using the Jacobean J as

up, = J'Fg, (11)

or in terms of Fg

Fe=J 0 (T ®I®) " ug,. (12)

The Jacobean J computation depends on the robot geometry which is known. Substituting Egs.
(11) and (12) into Eq. (10) yields

Vi
W),
o1,
Or

Fg=J | Hp +b |, (13)

with JT = J(x) (JT x)J (X))_l. Three unknowns exist in Eq. (13), the attitude A, the velocity v,
and the joint angular accelerations. A, and v,, are estimated while the explicit calculation of the joint
angular accelerations is avoided as shown later.

4.3.1. Base attitude estimation. The author developed a method that concentrates on the estimation
of the attitude from measurements provided by inertial sensors.’® This method is independent on
the robot model so that it can be applied for the humanoids too. In this method, two sequential
estimators are used to estimate the attitude. The first one is a Kalman Filter and it is employed for the
gravity estimation mainly based on acceleration readings. The second estimator has the structure of an
Extended Kalman Filter EKF which uses the gravity estimate generated by the first estimator and rate
gyro readings for the orientation estimation. The presented approach uses a quaternion representation.
The resulted attitude matrix A} represents the attitude of the IMU frame O; with respect to the world
frame O,,.

It is assumed the IMU is fixed at a known position r and attitude Al,’ with respect to the base frame
Oy, thus the base frame attitude A, with respect to O,, can be calculated by using A} as

A, = AV A]. (14)

. . . T -1 . . .
The rotation matrices have the properties A{? = (A’;) = (A’;) since the coordinate system is
orthogonal.

4.3.2. Base velocity estimation. The base velocity has an important role in the estimation process.
Here a sensor fusion approach is used to estimate the base velocity based on the LIPM.* In this
model, the base is modeled as a point mass concentrated at the Center of Mass (CoM). The CoM
is connected to a stable contact point on the ground using a massless rod which is the idealized
model of the supporting leg.*> The CoM position has fixed height z., ¢, in the x-direction and cy
in the y-direction. Thus, the CoM position coordinates vector ¢ in the three dimensional space is
c=[cy ¢y 2 7. The LIPM relates the CoM states (position, velocity and acceleration) to the feet
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contact forces through ZMP = pzmp. The LIPM is given by

e=2 (¢ — pzmp) , (15)

Zc

where g is the constant gravity acceleration and ¢ the CoM acceleration vector. The model in Eq.
(15) requires the pzmp and it can be calculated using the feet contact force measurements Fg to form

pg’fvlp as*!
1 i [ i
piE = oL Y et “Fi 4+ pr Y imy NFy (16)
ZMP = 7 . ; :
D RFy i My
where
Pm = (Pm + Pm.cop) - (17)

Here pm.cop 1s the position of the Center of Pressure CoP for the foot m, and py, is the position of
the foot frame origin for the leg m and given by the forward kinematics as pm= fm(X).

The considered measurements, inputs and state description determine the state space model of
Eq. (15)."142%8 Let x = (¢’ ¢ & )T be the states. Then with this state description, Eq. (15) can be
written as Eq. (11)

c 0; I; 03 c’] 03
% él=105 05 L ||e|+]0s]|¢, (18)
é 05 05 05 || ¢] | I
z B C
pZMP=[13 0, —=n|lel. (19)
& 1le

In discrete form, Eqgs. (18) and (19) correspond to

c I; LT 10.5T? c 03
¢l =103 I3 LT ¢ +| 03 [Cx+wiy
¢l Lo 0 n ¢| . |Lrn
A B (20)
c
pzvei =[5 03 —%B]| ¢ | +u
—_—| ¢
C k
with
¢ — Gy
Cp=—"—. 21
k 7 (20

Where k is the time index and ¢ the CoM velocity vector. The input ¢ is considered to be piecewise
constant over the sampling time interval T,i.e. ¢ (¢) =, €4, & <t < ty41 = t + T. wand v represent
the process and measurements noises respectively. They are considered to be Gaussian, independent
and mutually uncorrelated with zero mean and covariances Q and R respectively defined as

E(wy) = E (n) = E (wev]) =0

0 =8 E (Wew!); R = 8K E (vev))

5|1 i=k
=10 i#k

where E () stands for the expectation of ().

; (22)
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“mmw
0

seme

Zy

0,
A R
-ﬁf X offset

Fig. 5. Body frame offset.

The CoM frame origin is not necessarily to be the same as the body frame. The CoM may have an
offset cofrser as expressed in O,,. An example of this offset is shown in Fig. 5, the CoM has x5 from
the body frame which has to be considered in the estimation. The value ¢ in Eq. (21) is computed by
utilizing the IMU acceleration and angular velocity readings v} and @} respectively as expressed in
O,,. Accordingly, the CoM acceleration is given by

¢= V1w + wlw X (wlw x (Apr + coffset)) + w?) X (Apr ~+ Coffset) » (23)

where r is the position of the IMU with respect to O,.
Then, Egs. (20), (21) and (23) are used in the adaptive Kalman filter that is proposed by the
author.** For the given state description, the priori estimate of the state vector X is

Xy = A%—1 + Buy_. (24)
The a priori covariance P~ is estimated as
P = AP AT + Q). (25)
The posteriori estimate X is

2 = 27 + Keer, (26)
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where K is Kalman filter gain and e the measurement residual. K and e are defined as

Ky =P CT(CP;CT +R) ™, 27)
and
er = Ppspk — CRp (28)
respectively. R is updated as
Ry = |diag (a1 Rik—1 + ARY)|, (29)

where diag stands for the diagonal matrix and

Np—1
= . 30
o N (30)

Here Ny is a positive tuning constant and AR is given by

AR, =

(ex — &) (e —é)T—L(CP—CT) (31)
NR—l k k k k NR ks

where e is the mean of e and updated as

e = 18— + N—Rek- (32)

Defining [ as the identity matrix, then the posteriori covariance P is
Po=U-K,C)P_. (33)

Defining N as a positive tuning constant, A and A as the state error and its mean respectively,
then Q is updated by the expression

Qy = |diag (@2 Qx—1 + AQp)|, (34)
where
1 ’ 1 N o A T
AQk:N—(Pk—APk,lA )+N . (A — Ax) (Ak—Ay)", (35)
o [V
No —1
w="2 (36)
Nog
Ay =% — 3, (37)
and
_ _ 1 .
A =N + — Ag. (38)
No

N and Np are tuning parameters and their values are user defined based on the system noise
characteristics. For big values of Ny and Ny (for example > 1000), the AKF is close to Kalman
filter. Basically, for a noisy system, Ny and Ny are selected to be big for smooth estimates, however,
for less noisy systems, they are selected to be small but not less than 50.** The initial values of &,
and A are zeros. The values of Q and R are crucial for Kalman filter estimation, the estimated state
X will be biased if the value of Q is too small with respect to the correct value, and X; will oscillate

http://journals.cambridge.org Downloaded: 04 Nov 2015 IP address: 195.3.190.226



http://journals.cambridge.org

12 Biped, slip prediction, slip detection, friction

around the true value if the value of Q is too large with respect to the correct value. This problem
is solved in this AKF, since the values of Q and R are updated in each cycle and, therefore, several
initializations work.

For convenience, the time index k is dropped later on. Then, the estimated states are used to
calculate the base frame position and velocity states as

P» = € + Coffsets (39)
and

Vv, = ¢+ wbw X Coffset (40)
respectively.

4.3.3. Joint angular accelerations calculation avoidance. The explicit calculation of the angular
accelerations is avoided using the filtered dynamic model method.** This is accomplished by filtering
both sides of Eq. (13) using a proper stable filter. A first order filter transfer function Z is considered
with the constants Kz and A as

Z(S):KF

) 41
s+ A “1

its impulse response is

2() = (Z(s)) = Kpe™, (42)

where €71 (.) is the inverse Laplace transform. Equation (13) is composed of 3 x 2 x [ equations,
each of them is filtered by Eq. (41). Therefore, there will be 3 x 2 x [ filters with impulse responses
which can be organized into a matrix as

Kpe ™! 0
z(t) = , 43)
—A t
0 KF.@xaxne "0 | 5 o ihxGxax)
where Kp; and A; fori =1,2,...,3 x2 x [ arethei th equation filter constants. The multiplication

in the frequency domain is equivalent to the convolution in time domain, thus the filtered version of
Eq. (13) can be obtained as

/z(t—t)FEdtzf z(t — 1)) (Hi3 H14)(ZL>dt
0 0 R

+ / z(t =) <(H11 Hu>(2j’)+bl>dr, (44)
0 b

where t is the integration variable and all time dependent quantities are temporarily considered to
depend on t instead of ¢. For simplification, the term & = J' ( Hj3 Hy4) is introduced. Then, the

term fot z(t — t)éj(z]‘ )dt can be integrated by parts with éL 0) = éR 0)=0and z(0) =Kr =
R

Kr, 0
[ ] as
0 KF,3x2><I
/Oz(z—r)s (g;)drzKFs (g:)—/o z(t—r)é(z;)dr—/o i(t—t)é(Z:;)dr,
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where

E=J(Hs Hu)+J (Hs Hua). (46)

Then, the filtered version of the force is

/[z(t — 0)Fgdt = Kz (éL> —/tz(t—r)é (’?L>dr
0 Or 0 Or

+/0 z(t —0)J <(H11 H12)<Z)Z)+b1>dr—/o i(t—t)é(Zi)dr. (47)

All the terms are filtered using Eq. (41) except fol z(t —1)&( gL )dt. It is filtered by
R

Z, () =t{z()} =t{—Kpre™} = —KFH’\_X, (48)
or in matrix form
Kp e ™! 0
2 (1) = — . (49)
0 Kryp ke ! Bx2xDx(3x2x1)

To write Eq. (47) in more proper form, the notation (x ) is introduced. This notation indicates that
the term  is filtered using the filter 8. Accordingly, Eq. (47) is written as

il =o¢ (52) - (£ (G0 )),,
o ()] ),

From the estimated filtered forces vector (FE)ZF(S), the filtered components are obtained from the
vector (Fg) Ze(s) = ([ Fﬁk FIEL 17y Zr(s) and they are ordered as in Eq. (6). Then out of these forces, the
tangential components are used for the slip detection as in Eq. (3).

The gain and the cut-off frequency of the first order filter affect the results. Their values depend
on the highest meaningful frequency in the measurements (Fg and V;). 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. The gain of the filter can be chosen as Ky = A and thus the gain of the first order
filter in the low frequency region is unity and at the cut-off frequency is 0.707.

However, the acceleration and force reading along with Egs. (4) and (3) can be used to detect the
slip only. They cannot be used alone to predict the slip due to the friction behavior. To overcome this
challenge, a slip prediction approach is introduced.

5. Slip Prediction
Slip prediction is based on the friction behavior at the low speed. The design for both x- and y-directions
is the same. Therefore, for convenience the subscripts x and y are deleted. For the nonslipping case,
F; must be in the static friction area where F; < F;. Equivalently, the allowable force F; such that the
object is not slipping must be inside the cone Fig. lc.

However, F; (or pgaic) changes according to the surfaces. Thus, specifying a value for F; limits
the motion to one surface or limited surfaces. One more challenge comes from the friction behavior.
Precisely, it is due to that the kinetic friction is less than the static friction. This necessitates looking
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Slip threshold
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Time

Fig. 6. Slip prediction regions.

at the friction behavior in Fig. 2. Since the interest is in the slip prediction at low speed, F, is out
of scope. According to the friction behavior, the minimum friction force beyond which slip will be
observed is F,. This force is used instead of F; and thus overcome the aforementioned challenge. To
cope with several surfaces, F, is estimated online in an adaptive way. Hence, the walking will not be
limited to certain surfaces.

5.1. Slip prediction approach
The slip prediction approach for both feet is the same. It is based on the estimated value £, (or fi.)
as a slip threshold. A safety margin with a value F,, is introduced to design the slip predictor. Also,
the proposed method defines a sufficient friction force Fy,¢ such that Fy¢ + Fs < F.. Accordingly,
the foot never slips if the inequality F; < Fy is satisfied as in Fig. 6. The given safety margin leads
to the simple slip prediction scheme: At each time instant &, if Fg;, = 0 or p < T'r, then the object
will not slip if F; < Fy or tends to slip if F; € (Fsuf, F.= Fyt + Fms), ie.
i { Fyr (k) < F, (k) < F. (k) tends to slip 51)
Fy (k) < Far (k) no slipping

however, F, still unknown. It is estimated online as in the next section.

5.2. Slip threshold estimation

The threshold F, estimation follows whether the foot is slipping or not based on Eq. (4) or p < T'r.
For the parameter estimation, F, and F; are defined as the estimated variables. The estimation is
done empirically without using models in the following steps:

Step 1: Initialize F;, Fy;, F,,; and F..

Step 2: Check whether the foot is in contact with the floor or not. If it is in contact go to step 3, else
the variables are

K=F,(k—1) (52)

Step 3: Check whether the foot is slipping or not.
Step 4: if it is not slipping, then the friction force is the same as the measured tangential force as in

Fy (k) = F; (k), (53)
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and the estimated static friction Fj is the maximum value of the friction and obtained by

Fy (k) = max (| F (k)

| Fy (k= D). (54)
Bearing in mind F. (k — 1), the coulomb friction F, is estimated as

F (k) = min (£, (k), F. (k — 1)) (55)

However, the friction force may exceed the threshold, i.e. |F f (k)| > F. (k) + F,, (k — 1), for this
case, the coulomb friction is calculated again as

Fel) = ||Fy ()| = Fu (k= 1) (56)
The sufficient friction Fy,¢ is calculated as

Fuat (k) = E. (k) — Fy,

Fur)=0 7
Step 5: if the foot is slipping, then calculate F.. as
F. (k) = min (|F; (k)|, | F. (k — D) (58)
F,, F,, and F, are obtained by
Fy(k)=Fy(k—1) (59)
Fy (k) = F (k= 1) = F,
Fy >0 (60)
and
respectively.
Step 6: update the variables
Fok —1) = F. (k)
F,(k—1)=F, (k) (62)

Fy (k= 1) = Fy (k).

Step 7: go to step 2.

6. Experimental Results

The proposed method is tested here on the bipedal humanoid robot SURALP (Fig. 8).%¢ The
dimensional drawings are in Fig. 8. The robot weight and length parameters are listed in Table I. The
robot actuation system is composed of DC motors, belt-bully system and Harmonic Drive Reduction
Gears (HDRG). The belt-bully system transmits the motor rotation to the HDRG. The motors include
encoders to measure the motor angular position. SURALP is equipped with six-axes force/torque
sensors assembled at the ankles and a rate gyro and an accelerometer which are positioned at the
robot torso. Also, SURALP is equipped with a three-axes accelerometer fixed at the foot. Therefore,
the experiments depend on case one according to the available measurements. The foot is checked
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Fig. 7. SURALP, kinematic arrangement.

Table I. Length parameters of the robot.

Parameter Value

Upper leg length 280 mm
Lower leg length 270 mm
Sole-ankle distance 124 mm

Foot dimensions 240 mm x 150 mm
Upper arm length 219 mm
Lower arm length 255 mm
Robot weight 114 kg

whether it is in contact with the ground or not using the measured normal force from the force/torque
Sensor.

As an implementation consideration, the accelerometer gives a reading even though the biped is
not moving. Therefore, the slip is detected if the acceleration readings are larger than a threshold T'r
i.e. p > T'r. This threshold depends on the initial accelerometer reading and the required confidence.

The measured acceleration and force are used first to detect whether there is slipping or not. If
there is no slipping, they are used to predict the slip occurrence. To accomplish this, first the friction
terms are estimated and then used for the slip prediction procedure.

6.1. Estimated friction terms

The estimated friction terms for the right foot in the x-direction are shown in Fig. 9. This estimation is
based on the experimentally observed Tr = 0.09 and follows the Eqgs. (52)—(62). The repeated peaks
pattern of the acceleration represents the leg when it is swinging. The algorithm detects whether the
foot is in contact or not and updates the variables accordingly. When the leg is swinging, the variables
values are calculated as in Eq. (52). The estimated F v and F y are shown in Fig. 9c. ﬁ'c and Fyur
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Fig. 8. SURALP dimensional drawings.

1 |

are presented in Fig. 9d. From the Figure, the estimated friction terms are observed as: F, = 85N,
F. =21N,Foys = F.—5=16N, F,,;, = 5N, and F;; = 64N.

6.2. Slip prediction performance

The estimated friction terms are used for slip prediction. The test is carried on a new walk of SURALP,
hence on new data. The real slipping occurrence is detected based on the accelerometer reading with
Tr = 0.09 as in Fig. 10b. This accelerometer is attached to the foot. The estimated and predicted slip
are based on the proposed algorithm. In other words, when | F;| > \ﬁ‘c| then the foot is slipping, when
|I:“5uf| <|F| < |I:"c| then the foot tends to slip, and when |F;| < |Fsuf| then the foot will not slip as
shown in Fig. 10a.

While walking, the biped switches its legs from the double support phase DS to the single support
phase SS and so forth. The SS phase is either left single support LS phase or right single support
RS phase. At each step the biped walks, the controller stabilizes the robot based on the force/torque
sensor to achieve the ZMP criterion. This explains the variations in the measured tangential force all

CAMBRIDGE | JOURMNALS

http://journals.cambridge.org Downloaded: 04 Nov 2015 IP address: 195.3.190.226



http://journals.cambridge.org

18 Biped, slip prediction, slip detection, friction
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Fig. 10. Slip prediction test in the x-direction.

the time as in Fig. 10a. These variations in the tangential force affect the prediction performance by
giving false slipping alarms or false alarms of slipping tendency.

The estimated slip occurs whenever the measured tangential force is beyond £, as in Fig. 10a.
This relationship can be explained as follows: for the nonslipping case, the applied tangential forces
are equal to the friction forces between the foot and the contact surface in the static region as shown
in Fig. 2. On the other hand, the slip occurs when the applied tangential forces are larger than the
friction forces. According to the friction behavior in Fig. 2, and since F), is out of scope at low speed,
the minimum friction force beyond which slip will be observed is F,.. Therefore, if the condition
F, < F. is satisfied then F, is in the static region, otherwise the slip occurs.

While walking, the real slip occurrence of the biped is detected by the accelerometer readings
as shown in Fig. 10b. Examples of slipping occurrence are shown in Fig. 11b (zoomed version of
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Measured tangential force with Coloumb and sufficient friction thresholds in the x-dizection
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g. 11. Zoomed version of Fig. 10 with slipping occurrence examples.

Fig. 10). The biped does not slip whenever the accelerometer reading is between the threshold lines.
However, whenever the measured acceleration is beyond 7'r the real slip occurs. As in Fig. 11b, the
slip occurs when the right foot starts leaving the ground so that the biped switches from DS to LS and
when the right foot starts landing so that the biped switches from LS to DS. Further, the slip occurs
at other times of walking such as at the time instant t = 5.2 sec and t = 9 sec. The proposed approach
detected the slipping occurrences as shown in Fig. 10a and Fig. 11a. Furthermore, the algorithm
predicted the slip occurrence due to the design approach, since the tangential forces passed beyond
Fyyr and entered the margin of safety before the slip occurrence.

One challenge to this approach is the false slipping alarms, an example of these alarms is the one
shown in Fig. 11a between the time t = 5.5 sec and t = 6 sec. Although there is no real slipping
based on the accelerometer reading for the same period in Fig. 11b, the proposed approach detected a
false slip occurrence. These false alarms are due to two reasons: the first reason is that the tangential
force value may exceed the estimated coulomb friction value and the foot is still not slipping. In
this case, the tangential force is in the static region F, < F; < F; as shown in Fig. 2. The second
reason depends on the control approach of the biped. For SURALP, at each step the biped walks, the
controller stabilizes the robot based on the force/torque sensor to achieve the ZMP criterion, thus F;
varies all the time. These false slipping alarms can be reduced by changing the thresholds. However,
this may lead to false nonslipping deductions.

This work assumes that there will be a controller to prevent slipping and compensate for the slip
occurrence. The controller has a null function in the nonslipping region. However, its function is to
prevent the biped from slipping in case of predicted slip tendency or to compensate for the slip. The
controller utilization percentage depends on the proposed algorithm and hence on the thresholds. For
this experiment, and according to Fig. 10, the controller utilization is approximately 54%.

7. Conclusion

A novel measurement-based method for online friction estimation is proposed. Based on the friction
behavior, the coulomb, Stribeck and static friction terms between the foot sole and the contact
surface are estimated adaptively. The estimation is based on acceleration and force measurements.
The coulomb friction is used as a threshold for slip detection. To predict the slip occurrence, a margin
of safety with coulomb friction is considered. Whenever the measured force enters this margin, then
the foot is going to slip. The experimental results demonstrate the proposed method. The accuracy
of the algorithm depends on the selected thresholds. Further, while low acceleration thresholds
increase the false slipping alarms, high acceleration thresholds increase the false nonslipping
alarms.
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