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SUMMARY

Most of the time, the construction of legged robots is made
in an empirical way and the optimization of the mechanical
structure is seldom taken into account. In order to avoid
spending time and money on the construction of many
prototypes to test their performance, a CAD tool and a
methodology seem to be necessary. In this way it will be
possible to optimize on one hand the kinematic structure of
the legs, on the other hand the gaits which will be used by
the future robot. Thus, we have devel oped a methodol ogy to
design walking structures such as quadrupeds and bipeds, to
simulate their dynamic behavior and analyse their perform-
ances. The feet/ground interaction is one of the major
problem in the context of dynamic simulation for walking
devices. Thus, we focus here about the phenomenon of
contact. This paper describes a general model for dynamic
simulation of contacts between awalking robot and ground.
This model considers a force distribution and uses an
analytical form for each force depending only on the known
state of the robot system. The simulation includes all
phenomena that may occur during the locomotion cycle:
impact, transition from impact to contact, contact during
support with static friction, transition from static to sliding
friction, dliding friction and transition from sliding to static
friction. Some examples are presented to show the use of
this contact model for the simulation of the foot-ground
interaction during awalking gait.

KEYWORDS: Legged robots; C.A.D. tool; Walking structure;
Ground-feet interaction.

1. INTRODUCTION
Our work aims to optimize on one hand the mechanical
structure of the legs, on the other hand the gaits which will
be used by the future robot. Design of structures and gaits
requires an iterative analysis tool able to simulate accurately
the dynamic behavior of waking machines which are very
large and complex systems. Therefore it is essentia to
improve the mechanical model of the system and its
environment. Thus, it is necessary to model the feet/ground
interaction during walking or running in order to simulate
all the phases that may occur during the locomotion cycle.
These phases are: single support phase, double support
phase, n-support phase for n-legged robots, flight phase,
impact, lift-off and landing.

We present in section 2, the two main models often used
to simulate the feet/ground interaction phenomenon. The
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first one introduces intermittent kinematic joints implying
kinematic constraints which keep the feet on the support
surface. The second model introduces spring-damper ele-
ments between the feet and ground. An analysis of the two
models, showing the limits of each one, leads us to propose
a new contact model. This model, based on a distributed
contact force depending on the known state of the system, is
presented in section 3. In section 4, some examples of
contact simulation of walking biped are presented: impact,
contact, dliding and transition phases between these phe-
nomena. Furthermore, limits of the model and further
devel opments are given.

2. CONTACT MODELS

In major recent works dealing with locomotion and feet-
ground interaction, two main models are often used for the
walking robots simulation. The first one uses kinematic
constraints and Lagrange multipliers which give the contact
reaction forces. The second one uses spring-damper ele-
ments between the feet and ground mainly to simulate
compliance. We describe these two models in the following
subsections and show their advantages and deficiencies.

2.1 Kinematic constraints

In this first approach, the system of motion equations is
complemented by constraint equations defining the condi-
tions for fixation of one or several feet on the ground.* The
contact between feet and support is assumed to be punctual:
either the contact is realy a point, or massless feet stay
parale to the floor during the motion. The dynamic
equations of motion are established by considering inter-
mittent contacts leading to atime-varying number of closed
loops. The introduction of perfect kinematic joints at the
contact points implies kinematic constraints which attempt
to keep the feet on the support surface. The constraint
equations (specified as velocity functions) are multiplied by
Lagrange multipliers and the coefficients of each velocity
variable represent constraint forces acting on the corre-
sponding degrees of freedom. Here the constraint forces are
the ground reaction force acting on the joint between feet
and ground. The whole system of eguations is the
following:

M(q)q+S(q, P+G(q)=T+D(g)T 1
D(¢)q+E(q, 9)=0 2

Equation (2) is obtained by time derivation of:
D(¢)g=0 ©)
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where M(q) is the inertial matrix, S(g, ¢) the Coriolis and
centrifuge vector, G(g) the gravity terms, 7 the actuation
vector, D(g) the kinematics constraints matrix depending on
the location of contacts and I' Lagrange multipliers. In the
case of existing an active ankle, a torque*? is added in the
actuation vector 7. The impacts introduced by feet landing
are assumed to be perfectly inelastic. They are modeled by
impulsive forces implying a discontinuity in some compo-
nents of generalized velocities. Considering that the impact
occurs in an infinitesimally short time period, al the terms
having finite amplitude in the equations of motion (gravity
forces, actuation and friction forces) do not contribute to the
impact phenomenon. The equations to model the impact are
derived using Lagrange equations for impulsive forces®*
which lead to:

M(q)qg*—M(q)q =1, (4)

where ¢* and ¢~ are, respectively, the joint velocity vectors
just before and just after impact, and I, is the vector of
impulse applied to the joints during impact, including
impact forces and joint impulsive moments. Several studies
have recently made significant advances concerning dynam-
ics of systems submitted to unilateral constraints.>’ This
can be shown to be alinear complementary problem (LCP).
A survey of recent contributionsin thisfield can be found in
reference [8].

2.2 Spring-damper model

The second approach uses spring-dampers elements
between the feet and the ground for modeling contact.®™
The simplest contact model used is a spring-damper parallel
combination between the feet and the ground at the contact
point. The interaction force for the contacting objects is
given by the equation:

fi=—ky—wny %)

where y is the penetration depth, u, is the damping
coefficient and k, is a stiffness constant (Figure 1). This
model can be used for the two others axis (x, z). The force
applied on the j” contacting foot can be written in a
reference frame (R, O, x, y, 7) &s.

f=lf fo ©)

At each instant, there are ny legs in contact with the
ground. The vector of reaction forceis:

fA:[fl’fZ""9fnm]t (7)

Fig. 1. Spring-damper model.
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Fig. 2. Pressure center evolution during walking.

The system of eguations becomes:

M(q)§+5(q, i)+G(q)=7+D(q)f (8)

2.3 Discussion about the two approaches

2.3.1 A single fixed contact point. Usualy, in the first
approach, the chosen joint to model the contact is a punctual
contact without dliding (i.e. an infinite friction coefficient)
with the unilateral contact assumption. This kind of choice
is consistent with theory of rigid solids dynamics but leads
to some remarks. At first, the assumption of a single contact
point which is fixed during a given support phase is not so
realistic. Indeed, if we observe the ground reaction with a
Footprint System™ for a human being during walking, the
contact domain is a surface and not a point. It can be
supposed that the same phenomenon occurs for an efficient
biped robot with feet. Furthermore, the contact area is
varying versus time and the pressure center is moving under
the foot during the period of support (Figure 2).2 Finally,
just one contact point under each foot, with a perfect joint
between foot and ground, implies that the ground do not
apply any torque to the foot. However real ground exerts
moments on each foot of areal walking device.

The second approach uses a model that presents some
deficiencies.”® At first, the contact force is discontinuous at
the moment of impact because of the damping term — wy,
whereas the interaction forces physically should start at zero
and increase over time. Secondly just before separation of
the objects, y will be negative which implies an attractive
force tending to hold the objects together. A classical
solution is to set this force to zero when separation arises.
This approach is often used with the single point contact
assumption which presents some limits for modeling the
feet/ground interaction. However, this approach can be
extended to a set of contact points as it will be proposed in
section 3.

2.3.2 Rigid or compliant contact? For the two
approaches, the wrench system is the same at each leg/
ground contact point j (1<j<n,). The wrench system is
reduced to a single force which has three components:

sz [0, 0, 0, ijv fyj’ fo] ©)

However, the twist system is not the same. In the first
approach, the joint at the contact point is supposed to be a
unilateral contact. Thus the twist system is reduced to three
angular velocities components (Figure 3):

T=lw, w,, @,,0,0,0] (10)
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Wrench System
[0,0,0F,F ,E}

Twist System
[0, 0,0,0,0,0]

Fig. 3. Quadruped example with spherical joint as contact model.

In the first approach, the feet and the ground are assumed to
be rigid solids. This assumption is not always verified for a
real robot walking in a real environment. So, a parametric
contact model has to be considered, which permits to
simulate both contact between rigid bodies and contact
between elastic ones. Concerning this remark, the second
approach is more redistic, namely to ssimulate compliance
between the foot and the ground and visco-elastic effects
during collision.

In the second approach, the twist system has six
components. three linear velocities associated to small
amplitude translational motions due to contact compliance
and three angular velocities associated to the rotations
around the contact point. The twist system is the following
(see Figure 4):

Ti=lw, o, v, e, ey, ev,] (1D

The existence of components of linear velocitiesin the twist
system shows that small deformations may exist for the two
objects in contact. The tiffness constant can be chosen
large to simulate a contact between near rigid bodies and
small to simulate a contact between elastic bodies. The
damping coefficient can be chosen large if there is a lot of
energy loss caused by the material damping of the bodies.

Wrench System
[0,0,0F.F ,E]

Twist System
[o, 0, o, 8y, By, Ev. ]

Fig. 4. Quadruped example with a 3D spring-damper as contact
model.
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2.3.3 Calculation of the ground reaction. In the first
approach, the ground reaction forces are unknown and are
calculated thanks to the Lagrange multipliers. Two kinds of
dynamic formulations can be addressed for the legged
locomotion systems:. the direct and the inverse problems.
The direct dynamic model can be addressed as computing
the resulting motion due to a given set of joints forces/
torques. However, for a legged robots, it is necessary to
determine also the contact forces between the feet and the
ground. Hence, we have to establish a hybrid form of usual
known direct dynamic model (i.e. for manipulators). This
hybrid model yields to compute the resulting motion and the
contact forces. The solution of this problem exists and is
unique. The inverse problem consists on computing neces-
sary active forces-torques for a desired law of motion of the
walking machine platform. We have aso to compute the
contact forces f which depend on the active joint torques.
The inverse dynamic model of legged robot can be
addressed as following:

(n.H=3 (4 0,9 (12)

In order to express equation (12), we assume that the
platform acceleration is aready known. In genera, we have
more unknowns than equations which leads to an infinite
number of solutions. In order to find a particular solution,
we can solve an optimisation problem. Many objective
functions can be used to compute an optimal solution such
as the energy consumption or the contact force balancing.
In the second approach, one assumption is made and
remains always the same: the foot/ground interaction is
submitted to a behavior law where the force depends
explicitely on the relative motions of the two contacting
objects. So, in this case, no additional assumptions is
required to calculate the reaction force even if there are
more than one foot in contact with ground. The generalized
coordinates and velocities are calculated on each step of the
integration procedure from the solution of equations of
motion and the interaction forces are directly calculated
because they depend only on the known state of the walking
machine. Finaly, this second approach avoids the system
reconfiguration required at change of support transitions.

2.4 Choice of the model

According to last subsection, the spring-damper approach is
chosen in order to simulate the compliance between the
robot and its environment. However, it is not so redlistic to
choose just one fixed point. Furthermore, a specific model
must be used for the tangential forces during contact with
sliding. Moreover, the simple spring/damper parallel combi-
nation has not al the properties required to simulate the
normal ground reaction and some modifications of this
model must be made. However the contact model must stay
rather simple. In fact, a compromise must be found between
complexity of the model and realism. So we present in the
next section amodel which consider aforce distribution and
uses an analytical form for each force depending only on the
known state of the walking robot.
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3. DISTRIBUTED CONTACT MODEL

3.1 Contact behavior model

3.1.1 Contact without dliding. The best known force
model for the contact simulation between two objects is a
linear spring/damper parallel combination between the
objects at the contact point (see Eq. 5, Figure 1).

Another model was developed by Hertz in 1881 based on
the theory of elasticity™ giving the interaction force:

f,=—k,y* where a=3/2 (13)

The major drawback of this model is that no energy is
dissipated during the process of impact. We can also add a
linear damping function and use the Kelvin-Voigt model**:

fi=—ky = py (14)

But we will have the same problems as the model with the
linear spring-damper parallel combination given by equa-
tion (5) as described by Marhefka.®® A hysteresis form for
the damping coefficient was proposed by Hunt®® and used
by Marhefka:*®

fi=—ky = uy*y (15)

where « is arational number. With this model (Eg. 15), the
energy lossis caused by the material damping of the bodies
which dissipates energy in the form of heat. Furthermore,
this model seemsto be physically meaningful: greater isthe
depth, larger is the contact surface of the two bodies and
more important is the damping force. The contact point
assumption presents some limits for modeling the foot/
ground interaction. Thus, a distributed contact model is
chosen by placing N points P, (called the testing points) on
the lower part of the feet (Figure 5). Just when they touch
the ground, on each contact point P, we can define a
tangent plane (#) to the ground and its associated local
frame N (P,,, X’”, Y. Z,) where Y, is the normal to (),
(X4, Zy) € 72 and X4.Z4=0. The coordlnales of apoint P,
(% ¥i» 7o) in this frame represent the foot/ground geometric
interference (Figure 6). In respect to frame R, the normal
component of the contact forcein Y, direction is given by:

fﬁ-zkn(_yi)a_ﬂ‘n(_yi)ﬁ.i (16)
where k, and u, are the generalized stiffness and damping
coefficients for normal direction. The model considers

different exponent terms « and g for the stiffness force and
the damping force in order to choose these parameters

,/./‘

o Testing point p; j,r"r /

/,/J

:“1 ol
g ]
s&‘jﬁr_& f ﬂa
_‘@ ___-'"

Fig. 5. Location of the testing points.
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Fig. 6. Geometric interference.

separately as functions of the contacting bodies properties.
Parameters « and B are determined through a parametric
simulation analysis. Tangential force /3 can be expressed by
its two components in X,, and Z, directions which are
friction forces that occur on each point. The following
model is used to express these components:

f;kl=_ktxi_/"(’x (17)
fi=—kz— wz (18)

where k,, and u, are generalized tiffness and damping
coefficients for tangential forces. The tangential force
magnitude can be then expressed as:

fi=VEfE (19)

3.1.2 Contact with dliding. In alot of simulation tools for
walking robots, diding is not taken into account. Generally
the robot is controlled in order to avoid sliding by imposing
to keep the force in the static friction cone, and, as soon as
the tangential force reaches the dliding limit, simulation is
stopped. Then, if we want to bring simulation closer to
reality, it is required to simulate dliding. It would be then
possible to study control strategies or to design feet in order
to avoid the collapse of the robot. The modeling of dynamic
diding friction was very large investigated. A general
friction model was proposed by Canudas et al.*® This model
combines the stiction behavior, i.e., the Dahl effect, with
arbitrary steady-state friction characteristics which can
include Stribeck effect.” We present here a basic model
which neglect the Stribeck effect and attempt to model the
dliding phenomenon of a legged robot during walking. This
model is based on discretised contact surface that allows us
to take into account the dliding effects at local and global
levels.

Let A, be the static Coulomb friction coefficient, which
depends on the nature of the surfaces in contact. While
f#< A% there is no diding and equations (16, 17, 18) are
used to compute the contact forces. When £ becomes equal
to A,f%, sliding begins. Let #; be a vector given by the ratio
of the tangentia force (f¥)" components just at the
beginning of dliding called (f*)" and (f*)". This unit vector
is determined by its cosine directors given as follows:

o _ () (fE)_

1.X o =cos(#) and 7..Z,,= oy

=sin(6) (20)

i*“rei™
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--------- :?ti=ﬁci +—?Zci

r f.
Xcj Xcy

—

<375
\’ti =V, t

Vi, <0 during sliding

Fig. 7. Sliding velocity and direction.

During sliding, an idealized model of dynamic friction is
often used to determine the tangential force f; applied on an
object contacting a surface as function of the normal force

fn,»‘

Fi=AdlF N (= Sgn (v, )1, (21)
Where V, =V, 7, is the velocity of the object relative to the
ground during sliding (V  <0) (Figure 7). A, is the dliding
friction coefficient which depends on the nature of the
surfaces in contact and on their [ubrication conditions. The
major drawback of this model (Eq. 21) isthat, in the case of
persistent contact (no detachment), the transition from
diding to adherence will be impossible. Indeed, the
tangential forces depend only on the normal ones. To stop
dliding, the tangential forces have to go to zero requiring a
normal force equa to zero aso (detachment). To improve
this model, the tangential force should depend aso on
tangential velocity in order to take into account tangential
viscous damping. So, a new expression of?; is proposed as
following:

Fi= I Fll(=Sgn(vV, ) — w | V., i, (22)

where uf is atangential viscous damping during the dliding.
Another major problem is to determine what is the exact
direction of sliding 7, in order to know exactly the values of
f and f; in respect to R . We assume that the relative
velocity of point P, during the entire phase of dliding has
the opposite direction to the tangentia force just before
sliding (7,) and this direction does not change during sliding.
In this case, the force on each contacting point in respect to
R, isgiven asfollows:

fi=lfu i) (23)
The normal component is given in the same way by
equation (16):
fjl,»:kn(_yi)a_lu’n(_yi)ﬁ.i (24)
Using equations (20) and (22), the tangentia forces during
didinginrespectto R, are:
[ru=Quf),— k) cos(6)) (29)
fi=A S — mz) sin(6)) (26)
The problem raised by equations (25) and (26) is that the
foot discontinuously switches from being stationary to
dliding and tangential forces are then discontinuous. To

avoid this problem, atransition model during a short period
can be used. A linear interpolation of the tangential force
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over time from the no sliding model (Eg. 17 and 18) to the
diding one (Eg. 25 and 26) may be carried out as
following:

=13

t
fe=fir (=18 —

T, "€ {x.z} (27)

wheretistime and T, is parameter giving the duration of
the transition and depending on the physical properties of
surfaces in contact. ¢ ** is the instant of the begining of
diding at each testing point determined by using the
following condition:

Fi=A05 (28)

In the same way, we have to establish a transition model
from the diding phase to adherence phase. A linear
interpolation of the tangential forces over time is also
carried out:

gk
LA (29)

fuf =l Fi=1) —
sk

where T .. is parameter giving the duration of the transition
and r* is determined using the following condition on the
dliding velocity:

V, >0 (30)

We discuss now in more details the distributed contact
force including contact detection, the use of the model in
different cases such asimpact, static friction, sliding friction
and transition phases between these phenomena.

3.2 Distributed contact force

3.2.1 Number of testing points. The testing points, on
which forces are applied, are placed on the lower part of the
feet. Two contact points in the 2D-case (Figure 8) or four
contact points in the 3D-case are sufficient to avoid that the
foot sinks into the ground. However these models imply a
non-progressive contact between the feet and the ground.
For instance, during walking with a compliant contact: the
heel touches the ground; after that, the entire foot surface
progressively comes into contact with it; finally the toes
touch it. With the model given in (Figure 8) for instance,
there is one contact point when the heel touches the ground
and the next contact arises just when the toes come into

Fig. 8. Two contact points.
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Testing points

Fig. 9. No contact detection.

contact with the ground. The toes have then alarge vel ocity
(compared to the velocity they would have if the contact
would be progressive). A large force is aso applied on the
toes only and this force has not areal physical meaning. On
the contrary to this approach, the reaction force must be
progressively applied and distributed on the entire foot.
Moreover these models are unuseful if the support surface
have imperfections due to stones or bumps in the ground.
For instance in the case of an irregular ground, if we
suppose that we have only four testing points on the four
edges of each foot, the irregularities can geometrically
interfere with the foot, without taking into account them in
the contact mechanics (Figure 9). These remarks lead us to
propose a model where the testing points cover the entire
lower part of the feet. They form a grid with regular spaces
between them. A larger number of testing points implies a
more progressive interaction and the reaction forces are
better distributed. Naturally, a larger number of testing
points is required if the ground is very irregular. Thanks to
this model, the contact domain can be a point, a line or a
surface depending on the geometry of the two objects in
contact.

3.2.2 Contact detection. The contact detection is generally
treated as a geometric interference problem depending on
the spatia relationship of objects. However impact/contact
response is a dynamic problem which involves predicting
behavior according to physical laws. A lot of methods exist
for detecting the contacts between a moving object A and a
fixed base B. The objects are modeled as a genera
polyhedron composed by set of vertices, edges, and faces
(Boundary Representations) or the surface of the objects are
represented by analytical functions (Analytical Surface
Representation) or by volumetric cylinders or spheres
organised in hierarchical tree-structure (Constructive Solid
Geometry Representations).’® All these methods consist of
iterative procedures which aim to find the nearest point
between A and B and then to simulate contact in this point.
Instead of determining at each time step, which is the
nearest point to the ground surface, we choose to cover the
lower part of the feet by a predefined grid M, of N testing
points p,. All these points are orthogonally projected to the
ground. These projections are represented by N points ¢, and
the distance d;= | Plc; | is checked. As soon as 4,=0, a
three-dimensional force is applied on the concerning testing
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Fig. 10. Contact detection.

points p,. The algorithm complexity is reduced because the
points on which the forces will be applied are known in
advance without search procedures of the nearest point to
the ground. If we summarize: all the testing points have thus
an identical status. aforceis applied on p; as soon as d;=0
(Figure 10).

3.2.3 Macroscopic and local contact. We have to consider
contact phenomena at two levels. macroscopic and local
contact. The local one depends on the behavior of one
testing point as exposed in the previous subsections. A
general form of this local model can be expressed using a
boolean variable g, initialised to 0 and taking a value of 1
only when diding appears. The dliding condition can be
formulated locally as: Siding occurs when ff becomes
equal to A f7, and stopswhenV, > 0.

In respect to R, the force applled on each testing point
can be expressed using g, .

The normal forcef,, is the same during all phases and can
be computed using either Equation (16) or Equation (24):

fn,-: n,-: fz,v (31)

The tangential forces on each testing point have the
following genera form:

= =g A — g™ fi+8™* fi*}

+e {1 =g +8 ¥ fi') ue {xz)

(32)
where g #* and g** are Boolean determined as following:

lifr* <<+ T,
Sk i . i s 33
! {O otherwise (33)
lifes<e<ie* + T,
5 = i=t=h s 34
&i {O otherwise (34)

The forces /% are given by relations (17 and 18) and f3; are
determined usi ng equations (25 and 26). The transition
forces fi*, and f *', are given by equations (27 and 29).
However, the macroscopic phenomenon has to consider
the global behavior of the feet on the ground and the local
dliding condition should be changed on a global one. Let?x[,
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f,, and 7. be the forces acting upon each testing point with
respect to the reference frame. The sum of al the forces
applied on each contacting foot j(j =1, n,,) in respect to this
frame are:

N N . N
ﬁxj=z?xi ;‘)j=2]y, F7j=z?zi (35)
i=1 i=1 i=1

If we assume that the foot contact surface and the ground
are planar surfaces with ¥ as normal vector, the normal and
tangential forces can be written as following:

LE N =1F 0 1F = VIF P+ 1E 17 (36)

Let A, be the ratio of the tangential and normal contact
forces applied on the foot j given by this relation:

.
_Fyl

e | = I

A (37)

We notice that for some configurations, the sliding of the
foot begins before A, reaches the friction coefficient limit A,.
This phenomenon is due to the fact that the testing points do
not slide exactly at the same time. This is redlistic fact, but
the static friction coefficient A, is a measured parameter
valid at the macroscopic scale (i.e. Coulomb law).

So, the local diding condition “Sliding occurs when f%
becomes equal_to A f%” must be changed by “Sliding
occurs when || F ;|| becomes equal to || F,, [”. This new
dliding condition induces the fact that all testing points
begin to dide at the same instant ¢*°

=¥ 1<is<N (38)

Thisyields to:
gP=g* 1<isN (39)

To take into account the macroscopic and local phenomena,
the set of NV variables g, has to be determined by observing
these two conditions:

cond. 1. || ;«“,j | < A || F, || (macroscopic)

nj

cond. 2. V,; > 0 (local)

The following algorithm is used to compute g, for each
testing point:

g, (40)

0 while (cond.1 or cond.2)
~ | 1 otherwise.

In conclusion, the N variables g, switch from O to 1 at the
same time (global) and from 1 to O individualy (local)
which allows us to simulate all the phases during the walk.
The forces applied on the testing points imply a moment
acting upon each foot. We can calculate this moment
in respect to the joint center that attach the legs to the feet
for instance. Let (bx;, by, bz;) (with j=1, 2 for a biped, or
j=1, ...., 4 for a quadruped) be the coordinates of this
point B in a frame attached to the ground (see Figure 11),
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Twist system
[Ee, -Ewy-E 0., Ev By Bv,]

Wrench system
[Mx.My,Mz Fy,Fy.F,]

Fig. 11. Foot/ground interaction.

and (px, py, pz) (with i=1 to N for each foot) the
coordinates of the N testing points p; in the same frame, the
resulting moment of forces in respect to B; is then:

N
Mj= z iji A (fx; +f)'[ +f<'i) (41)
i=1

So, the proposed model leads to a moment acting upon each
foot created by the set of the three-dimensiona forces
applied on the testing points. Thus it is more realistic than
the unique contact point assumption, where no moment
appears at the contact point.

Furthermore the contact area and the pressure center can
vary versus time, this phenomenon is near to reality and
specially in the case of a biped robot with large feet.

Moreover, parameters such as stiffness (k,,, k,), damping
(u,, ) and exponents (a, B) introduce the notions of
compliant contact. Then the feet and the ground are not
considered as perfectly rigid solids. The parameters (k,, k,,
M. M @, B) permit to change the physical nature of the
contacting solids. Finally, during contact without dliding,
phenomena such as compliance, friction and impulsive
impacts are simulated by the same model of three-
dimensional forces applied on each testing point. The
motion equations reconfiguration due to intermittent closed
chains are avoided.

4. RESULTSAND DISCUSSION

4.1 Application

We have used this contact model for a walking biped robot
which has a total weight of 75kg. The general model
consists of atrunk, a pelvis, two arms, two upper legs, two
lower legs and two feet. There are three rotational degrees of
freedom per joint, except for the pelvis which has six
degrees of freedom. This is the mode proposed by
Hanavan.® This robot is a 3D-device, but for convenience,
because of equilibrium problems in the frontal plane, we
impose that the motions stay always in the same plane
defined by gravity (y) and the main direction of robot
displacement (x). We use here the same technique as
Raibert™ for its planar running bipeds. In fact, we lock alot
of degrees of freedom: we keep only one degree of freedom
per joint (the rotation around z). There are two degrees of
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Fig. 12. Walking biped model and parameters used for the
simulation.
a) Hanavan model
b) Joint axes used for the simulation

freedom for each arm and three for each leg. Concerning the
pelviswe keep three degrees of freedom (angular position v,
cartesian position x, y) and we assume that the trunk is
rigidly connected to the pelvis. Finally we obtain the model
given on Figure 12(b). We have covered the lower part of
each foot by a predefined set of N =18 testing points where
forces can be applied. By imposing a maximum geometric
norma interference of 1 cm and a maximum tangential
interference of 1 mm between foot and ground during a
nominal walking gait, we have found the following values
for the model parameters through an iterative simulation
analysis:

kn M kt My @ B l’l’i T*s Ts*

9950 450 90 950 12 002 1 0.01 0.0l

Some examples of awalking biped simulationsillustrate the
use of the proposed foot/ground model contact to carry out
impact, contact during support phase and dliding with
transitions from adherence to diding and from dliding to
adherence.

4.1.1 Impact. By using the non linear spring-damper
parallel combination for each testing point, the contact
forces vary continuously over time during impact and
contact. For instance, if we let fall down vertically the biped
structure from a height of 30 cm, the total ground reaction
grows up from O to the maximum and decreases con-
tinuoudly from this maximum to the weight of the structure.
After the maximum of normal impulse the ground reaction
reaches 110% of the weight in 0.012 s (Figure 13).

4.1.2 Contact during support phase. We have tested the
model during adynamic walking gait of an anthopomorphic
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Fig. 13. Normal impulse.

biped robot with an average speed of 1.35m/s. The robot
has approximately the same mass distribution and geometry
as a human and its weight is 75 kg. The motions of al the
links are defined as functions of time and approximate the
recorded motions of a rea human by the means of
polynoms.®

We obtain some interesting results (Figure 14 and 15).
The curves with dotted lines are data of ground reaction
(sagittal and normal) recorded for the human. Solid curves
are results of our distributed contact model.

At first, we see that the forces vary continuously from
impact (at low velocity) to contact during the walking gait.
Secondly, during contact, the normal resultant force curve
has the same shape as the recorded one: there is two
maximas over the line of the weight and a minima between

S0 T T T T T —T

Force (N)

time (3)

Fig. 14. Tangential force.
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Fig. 15. Normal force.
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these two maximas under this line. Furthermore, all phases
of the locomation cycle are simulated: end of single support
phase (Figure 16(a) and 16(b) (zoom of 16(a))), double
support phase (Figure 16(c)), lift-off of the foot (Figure
16(d)), contact of the entire foot just after heel-touch
(Figure 16(e)), middle of the single support phase (Figure
16(f)).

4.1.3 Sliding. A simple situation is simulated during 0.7
seconds to demonstrate the capabilities of the proposed
model. The biped stands up with spread legs and a
horizontal force is applied on each ankle (Figure 17(a) and
azoom given by 17(b)). The tota pulling force versus time
is given by broken lines on Figure (18). As the pulling force
grows up, the biped goes from adherence to dliding at
instant *=0.156 s; When the pulling force goes to zero,
the sliding phenomenon remains for a short period and stops
at instant #*=0.496 s (in this case, this instant is the same
for al testing points r*=¢* 1 < i< N=18). The tota
normal force F, and the tangential contact forces F, are also
shown on Figure (18). We distinguish several phases that
are given on Figures (19(a) to 19(f)).

Phase a: Steady state
Pulling and tangential forces are equal to zero and the biped
isfixed.

321

Phase b: Adherence
The pulling force grows up inducing an increase of
tangential forces and then of theratio A, (Eq. 37).

Phase c: Adherenceto sliding

The ratio A, reaches A, (static friction coefficient, equal to
0.7) and the biped begins dliding. The transition is varying
continuously according to Equation (27).

Phase d: Siding

The ratio A, is dightly greater than the dynamic friction
coefficient A, (=0.4) due to the viscous damping introduced
by Equation (22). We notice that the ratio A, is varying
inversely proportional to the dliding velocity (see Figure
20).

Phase e Siding to adherence

The dliding velocity sign of al testing points changes at the
same time #* leading to going into the transition phase
described by Equation (29). The tangential force goes to
zero including the decreasing of ratio A, from A, to zero.

Phase a: New steady state
The biped reaches then a new steady state where it is fixed

again.

(d) (¢)

Fig. 16. Differents contact phases.
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Fig. 17. Sliding simulation.

4.2 Further developments

We have compared the standard recorded ground reaction
for a walking human and the results of our simulation. The
curves obtained by simulation are not completely smooth
during support phase (Figure 14): on the one hand, all the
limbs are rigid links (except for the feet) connected by

Robot interaction

500 R AN —

Forces (N}

time (s)

Fig. 18. Normal, tangential and pulling forces.

perfect joints and thus reactions are not so smooth as for a
human; on the other hand, an accurate study must be made
to know what is the ideal number of testing points required
to be closer to the standard recorded ground reaction.

The major difficulty arises for the choice of the
parameters. k,, w,, k, w,  B. A methodology has to be
developed in order to determine automatically:

* the model parameters as functions of the physical
constants of the contacting surfaces such as the Young's
modulus and the Poisson’s ratio.

AL

AN

(a) (b) (c)
W | -
(d) () (f)

Fig. 19. Contact forces during the sliding simulation.
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Fig. 20. Evolution of theratio A, and the diding velocity.

* the number N of testing points required to obtain smooth
curves for normal and tangential forces during support
phase as close as possible to the standard recorded ground
reaction.

« the number N of testing points and their distribution as
functions of the size of the ground irregularities.

5. CONCLUSIONS

After a discussion about the two main approaches used to
simulate the foot/ground interaction, we have explained our
choice of the spring-damper model, mainly in order to
simulate ground compliance. Then we have shown the
necessity to use distributed force contact model rather than
aunique contact force model. We have presented a complete
model that incorporates al macroscopic phenomena that
may occur during the locomotion cycle: impact, transition
from impact to contact, contact during support with static
friction, transition from static friction to dliding friction,
dliding friction. Finally we have discussed the obtained
results for an anthropomorphic walking biped robot. We
have underlined the deficiencies of the model and namely
raised the necessity of a methodology to determine
accurately the values of the model parameters as functions
of the physical constants of the contacting surfaces and to
determine the ideal number of testing points required.
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