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Humanoid Control Under Interchangeable Fixed
and Sliding Unilateral Contacts

Saeid Samadi, Julien Roux, Arnaud Tanguy, Stéphane Caron, Abderrahmane Kheddar

Abstract—In this letter, we propose a whole-body control
strategy for humanoid robots in multi-contact settings that
enables switching between fixed and sliding contacts under active
balance. We compute, in real-time, a safe center-of-mass position
and wrench distribution of the contact points based on the
Chebyshev center. Our solution is formulated as a quadratic
programming problem without a priori computation of balance
regions. We assess our approach with experiments highlighting
switches between fixed and sliding contact modes in multi-contact
configurations. A humanoid robot demonstrates such contact
interchanges from fully-fixed to multi-sliding and also shuffling of
the foot. The scenarios illustrate the performance of our control
scheme in achieving the desired forces, CoM position attractor,
and planned trajectories while actively maintaining balance.

Index Terms—Humanoid robots, multi-sliding and -fixed uni-
lateral non coplanar contacts, Chebyshev center.

I. INTRODUCTION

ULTI-CONTACT motion is a key technology to in-
crease humanoid robots’ loco-manipulation abilities in
confined and narrow spaces [1]. Yet, state-of-the-art multi-
contact planning and control considers only creating and
breaking contacts to support the motion [2]. In many situa-
tions, however, switching contacts through releasing one of
the established ones is not possible. This is the case, for
example, in narrow or cumbersome spaces where free space
is limited. Another example is when balance cannot be kept
by breaking any of the existing contacts. In such cases, using
sliding contacts to support the motion and the balance is an
alternative. There are other contexts where tasks require sliding
to be controlled (e.g. sanding or surface smoothing). In this
letter, we address whole-body humanoid multi-contact task-
space control allowing interchangeable multi-contact transi-
tions between fixed (creating and removing) and sliding ones.
Current researches and control strategies for humanoid
robots deal with multi-contact motions. Complex multi-contact
motions are found in non-gaited or acyclic locomotion [3], [4],
ladder climbing [3]], [6]], grasping [7], manipulation [8], impact
generations [9]... to cite a few. Such skills shall be achieved
under active balance of the humanoid robot [10], [L1]], [12],
[130.
To enforce dynamic balance for multi-legged robots in
multi-contact; recent methods suggest computing gravito-
inertial wrench cones (GIWC) [14], Zero-tilting moment
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Fig. 1. Non-coplanar (four) multi-sliding and fixed contacts and on-demand
switches between them (including contact removal) with HRP-4.

points (ZMP) [13], [16] and center-of-mass (CoM) support
polygons , see also [2]. These methods end-up computing
regions (e.g. polytopes, polyhedral cones...) where the CoM
position or the wrenches should live. Reducing the cost of
such computations is the main challenge to integrate them in
control and reactive planning. Indeed, they are mostly used
in planning. We propose a decent alternative with a lighter
solution to tackle this shortcoming.

Sliding contacts under active balance is challenging in
humanoid robots. There are however successful achievements
in specific tasks such as foot shuffling [18]], [19]; slip-turns and
maneuvers by two feet contacts [20]], [21]], [22]]. Sliding con-
tacts forces must be controlled to be exactly on their friction
cone [23]]. We have addressed this problem in [24], where we
considered a mix of sliding and fixed multi-contact scenarios.
The CoM support area (CSA) is derived analytically when the
fixed contacts are coplanar. To overcome this limitation and
extend the balance criteria to be used in control, we propose
a novel formulation for the computation of the CoM position
and the contact wrenches using the Chebyshev center.

Multi-sliding and fixed contacts are considered as in Fig. [I]
We implemented an online friction estimation to adjust the
real coefficient of friction during sliding. The output reference
CoM position and contact wrench distribution are achieved
using task-space whole-body admittance control [23].



II. BACKGROUND

Two main ingredients shall be considered for a stable
dynamic balance of humanoid robots [26]: (i) a good control
of the robot/environment interaction forces, and (ii) a good
control of the dynamic motion, governed by Newton-Euler
equations, contact constraints and balancing of the external
wrench. Standing or walking with a stable balance on flat
terrains [27], [28]] can be achieved by maintaining the ZMP
inside its contacts support area [29]; the latter being the convex
hull of all the contact points. Whereas for non-coplanar multi-
contact postures and motions, sustaining stable balance is less
trivial to achieve.

A. Related Works and Contribution

Enforcing dynamic balance of humanoid robots in multi-
contact non-coplanar configurations can be addressed with one
of the following inclusions:

 constraining the gravito-inertial wrench within the GIWC,
e.g. [14];

o for a given CoM acceleration convex set and contact
friction cones, build a safe region (convex polyhedron)
for the CoM, e.g. [17];

o for a given CoM convex set and contact friction cones,
built a safe region (convex polyhedral cone) within which
the CoM acceleration shall safely lie, e.g. [30].

Efficient and fast computation of these balance equilibrium
regions has been thoroughly investigated.

In [14] multi-contact balance is fulfilled by computing the
GIWC for each stance. In this approach, there is no need to
update the GIWC for fixed contact stances. However, in the
case of moving or sliding contacts, GIWC needs to be re-
computed at each iteration. Unfortunately, since calculating
the GIWC is computationally expensive, it is not possible to
use this method in closed-loop control. In a recent work, [31]]
challenged this shortcoming by specifying two different set of
contacts in multi-contact motion settings: interacting (hence
moving) contacts, and balancing contacts that are chosen and
constrained to be fixed (i.e. static contacts). Subsequently,
only balancing contacts are used to compute the GIWC. Other
contacts are considered as external forces induced by tasks to
be balanced altogether with the robot dynamics. This approach
is appropriate when the external contacts are concerned with
holding a free-floating object. However, [31] is limiting in
all the other cases where task-induced contacts (including the
moving ones) can be exploited for balance (e.g. pushing an
object, sliding...). This is because with [31], task contacts
won’t be allowed to contribute to balance and this is clearly
not the way, we humans perform. By categorizing contacts this
way (even if switches are possible), the multi-contact GIWC
pre-calculation is made on a subset of contact (those fixed)
for balance, hence relatively tractable; yet it excludes all other
contacts that could eventually contribute to balance.

Computation efficiency also exists for the CoM-support
regions [[17]. It was leveraged using 3D morphing techniques
between two regions [32]] but without guarantee on the balance
validity all along the morphing shape pathway between the two
regions. To control a humanoid in multi-contact, [33]] used the

virtual-linkage model. Their method consists in constructing a
multi-contact CoM area as the envelope of valid points. In our
recent previous work [24]], we introduced an analytical solution
to compute the CoM-support area in real-time. However, these
developments apply only when the fixed contacts are coplanar.
We propose an alternative formulation that allows balance
criteria to be used in closed-loop control, that applies to
moving/sliding and fixed contacts. It also permits on-the-fly
switching between these contact modes. Our approach do not
separate contacts for balance from those of the tasks, when the
latter can contribute to balance (and vice versa, i.e. balance
contribute to achieving the task). Our approach distinguishes
from existing work as follows:
e No need for constructing or pre-computing explicitly the
multi-contact balance region (GIWC);
« Fast computation performances enabling real-time closed-
loop control;
o Calculating CoM position and wrench distribution of
contacts using the Chebyshev center;
o Covering all types of contact modes (e.g. multi-sliding
contacts) without any of the limitations pointed in [24]];
« contrary to [31], we do not exclude moving/tasks contacts
to contribute to dynamic balance stability.

B. Centroidal Model

We consider motion scenarios without locomotion. Static
equilibrium of the robot is represented by Newton-Euler
equation for [ limbs in contact with the environment:

1
w? + Z wé =0 (1)
=1

where w9 € R® and w¢ € RS are gravity wrench and the
i contact wrench in the world frame respectively, and w =
[f 7]T. Gravity and contact wrenches are specified in the
following form:

U] e
wo o Lp) i @

where f9 =1[0 0 mg]T, ¢ =[c. ¢, c.]T the position of the
CoM, and contact points p; are given with respect to a global
frame. Note that the contact wrenches are mapped from the
local to the global frame by rotation matrix [R]; € R6*6:

w? = [R); 'w¢ (3)

?

where ‘o denotes the local frame of the contact point.
We consider the following state variables to be computed
at each iteration:

Y = [C W1 WQ Wl} (4)

where W; is the i-th contact wrench wy.

1) Sliding and equality bounds on contact forces: For every
contact of the robot, we determine the wrench. Equations (IZ])
can be re-written as:

wd = AYc — b9 (5)
wi = AjW;  wherei=1,...,1 (6)



On the other hand, the desired sliding comes with additional
equality constraints as stated in [24]. By convention, the
normal contact force (f) for sliding is aligned to the normal
of the local surface frame. The dynamic friction coefficient
(p) of each contact, is estimated online during sliding. The
force along other axes (f7 and f;)) of the tangent space is
derived from the pre-defined velocity and trajectory of the
sliding motion. Let,

U= [foi fyi fod]” i=1,....s, (7

be the sliding contact forces in the local frame, s being the
number of sliding contacts. We can write in a matrix form

0 0 pgg 0
Fo=10 0 pye| "fut+] 0 (8)
00 0 fek
or,
10 —Hazx,k 0
0 1 —pyk =10 9
00 1 for

giving the k™ sliding contact velocity v, = Vg kit + Uy 1, let
— Vzk — Yyk : —
Qzk = Ton]l and ) = Toull? from which pi,, = prog
and fiy p = pr0y k5 P is the k™ dynamic friction coefficient.
The above equation writes in a compact form:

Clf,i=K (10)
det(C) = 1, C is an invertible matrix, hence:
‘fr=C! (11)

Also, by using matrix transforms, we change the coordinate
to the global frame:

fi = RalsxsCTK 12)

which can be written using the selection matrix [S]3xs =
[I3x3 03x3] as:

[Slwf, = [Ri]3x3C 'K (13)

Equation (T3) is embedded to the controller along with
egs. (B) and (6), and can be written as:

AW, — bl =0,i=1,...,s (14)

This equation is applied to the s sliding contacts w.r.t their
desired sliding forces. Hence, in this equation W; refers to
sliding contacts only.

2) Fixed contacts: The non-sliding condition of contacts
is fulfilled when the contact force lies strictly within the
friction cone. Linearized equations for non-sliding conditions
were thoroughly discussed in [34]]. The following equations
are sufficient conditions to avoid slippage and tilting of the
contacts in all R® coordinate of the local frame:

‘fm|<ﬂ’fza |fy‘</~j’fza fmln\fz\fmm

min

(15)
|Tr|<0yfzv |Ty|<0:cfz, p n<7z< T,

where o, are scalars defined in [34].

By considering n non-sliding contacts, the inequality con-
straints are in the following form:

YW, <h* i=1,.
TPW; <hlb i=1,.

(16a)
(16b)
where indexes ub and [b shows the upper and lower bounds.
Y; matrices and h; vectors are introduced in [24] for both
sliding and fixed contacts. Also, ¥, enforces inequality con-
straints on 7, element of wrenches:

‘Ilu W,L \04><1 1= 17...7TL

UOW, <04q i=1,...,n

(17a)
(17b)

For the sliding contacts, the same inequality constraints are
implemented only on the torque of the wrench to avoid the
tilting of the sliding contacts.

IIT. OpTIMAL CONTROL FRAMEWORK

In this section, we propose the implementation of the
Chebyshev center theorem [35] in a two-level control frame-
work. Inspired from [36], [24] such an implementation can
be formulated as a first-level quadratic program (QP) that
outcomes in real-time, the CoM position and contact wrenches
distribution (together with the Chebyshev center and its ra-
dius). These are then integrated as tasks objectives or con-
straints in a running whole-body task-space controller formu-
lated as a second-level QP [25] (see later Section [TV)).

N
Chebyshev Center

0/6

Fig. 2. Chebyshev circle enclosed in a polygon.

A. Chebyshev Center

Let U be a set of inequality constraints describing a
bounded polygon. The Chebyshev center of U is the center
of the largest enclosure circle [37]. Figure [2| illustrates the
Chebyshev center and radius of a given polygon. To compute
the Chebyshev center, we do not need to build the vertices of
the polygon (i.e. no need for the v-representation of U).

For a point, z in the interior of U, the Chebyshev center &
is a point among all possible x such that [38]:

arg min max ||z — 2||? (18)
r zeU



This applies to any bounded non-empty convex set

U={x| fi(x) <0;i=1,...,n}, (19)

where « is a vector of a given dimension, and n the number of
inequalities. These inequalities are valid for all points inside
the convex set. Hence, constituent points of the Chebyshev
ball enclosed in the convex set, with center Z and radius r
fulfill the inequalities too. The idea is to compute the largest
Chebyshev ball which satisfies the convex condition (T9):

(20a)
(20b)

max r

wrt sup fiz1, . n(x+ra) <0
lall<1

and the supremum form of (20B) allows accessing all points
within the ball according to the variable a.

Fig. 3. Illustration of the Chebyshev center of an enclosed Euclidean ball
within a multi-contact balance GIWC.

For a polytope, the inequalities are in the form of {a)x —
B: <0, i=1,...,n}. So the condition (20b) is modified and
the optimization problem isﬂ

max r (21a)
wrtalx+ 1ol —B8i <0 i=1,....n (21b)
>0 (2lc)

Figure [3] illustrates the link between the above generalities
concerning the Chebyshev center and humanoid balance. The
polyhedron illustrates the GIWC, that can be obtained as in
e.g. [31l]. The benefit of computing the Chebyshev center,
instead of the GIWC, is undeniably the speed. The price to
pay for the speed is the conservativeness of the balance region

as can clearly be seen in Fig. 3]
1 ; ; : ; T
By replacing the inequality of the polytope into (20B), the term ol ra
appears. Supremum of this term will provide r ||a]|,. Note that the trace
norm, ||||,, is introduced for computing the norm of the matrices. In case of
vectors, one can use the simple /1 or l2 vector norms.

B. Chebyshev Quadratic Programming

Recall from (@) that the decision variables are noted as
Y =[c Wiz, )T where Y € R¥"6*, The QP formulation
is structured based on the equality and inequality constraints
introduced in section [[I-B] expressed as:

AY =b (22a)
GY <h (22b)
whereas:
g c
6nx3 (6-+6m) X (3+6k)
and the matrices A° and A5 are defined as:
A = [Af Aflgon (24)
Al = [diag(A))p®; i=1,...,n (25)

The equation above contains a selection matrix pgl, ., for
the elements related to the sliding contacts in the A®! matrix
and diag() refers to the diagonal matrix structure. The rest of
the parameters of (22)) are defined as:

T
b=[-br b b et 26)
G = [diag(Yi, ¥;)|2onx106p%; i =1,... .k 27)
T .
h=[h"  hY  Onsi]) i i=1.. k(28

and P%kxs ek 18 the selection matrix for the G matrix.

For maximizing the radius and selecting the optimal Cheby-
shev center, inequality constraint is modified in the
following form, based on (21DB), in presence of Chebyshev
radius 7:

GY +7¢<h (29)

where & € R2°% is a vector which consists of the norm of the
rows of G matrix separately:

£ =I1GG:)

and the operator (j,:) shows the j™ row of the matrix. The
vector ¢ in (29) is equivalent to the vector ||| where the
i-th element of the vector a(i) = o; Vi € {1,...,n}
in (2Ib). This way, we aim at maximizing the Chebyshev
radius by taking into account all inequalities without the need
to compute the GIWC. The decision variables of this first-level
QP are the position of CoM, wrench distribution, and r. To
include the Chebyshev radius within the decision variables,
matrices are modified as follows:

j=1,...,20k (30)

X=[Y "
h*=[h 0"

(€29
(32)

A=A 0

«_ |G &
G—{O _1] (34)

Maximizing the Chebyshev radius is equivalent to minimizing
(—r). Other objectives of the QP can be:
« Setting the current position of the CoM as a target for
the next iteration (smoothing CoM trajectory)
e Minimizing the wrench distribution: sharing the load on
non-constrained (contact) force.

(33)



These objectives can be defined through Xges = [Yaes 7des)s
and the optimization framework writes:

1
min X~ Xes|* =7 = §XTPX +¢"X (352
G*'X < h* (35b)
A*X =b (35¢)

where
q = [Ydes - 1] (36) P=20 (37)

We prioritize the solution of the QP by using a weight matrix
Q(4+6k)><(4+6/c) with chosen weights on the corresponding
decision variables (the diagonal elements). However, we do
not set any target for r. Therefore, we need to adopt a
low computation weight for rges. This QP problem, named
Chebyshev QP for the rest of the paper, provides the optimal
position of CoM and wrench distribution by maximizing the
Chebyshev radius.

C. Calculation of the Range of Contact Wrench and CoM
Position

Chebyshev radius is the output of the minimization prob-
lem (35). However, this radius indicates a range that applies to
all contact wrenches. We can additionally calculate the range
of the gravito-inertial wrench within the GIWC based on the
computed radius. Note that the contact wrench cone (CWC)
is simply the opposite of the GIWC. So, the computation
for range accounts for both whole-body contact and gravito-
inertial wrenches. Assuming a set of contact wrenches, ex-
pressed at CoM, within their respective contact wrench cones
w; € C; for i = 1,...,[, and representation of Chebyshev

method (20b), we have

w; +ra € C; (38)

Regarding the sum of contact wrenches and their ranges (ra)
we can write
l
Zwi+lxraeCl@...@Cl

i=1

(39)

where & denotes the Minkowski sum of the contact wrenches
cones which is the explicit definition of the CWC. So, the
range for the valid whole body contact and gravito-inertial
wrenches is the sphere with the radius of 7, =1 x 7.

D. Online Estimation of the Friction Coefficient

Implementing the sliding motion of contact needs a good
estimation of the friction coefficient. The latter is considered
in (8) and has a major role in matrix A*' of (23). Dynamic
and static friction coefficients are defined as a property of a
pair of surfaces in contact and can not be known intrinsically.
Let 'f{™" and !f7"" be the tangential and normal forces
respectively in the local frame of the i-th contact surface, the
norm of the Coulomb friction equation [39] leads us to the
following formulation:

[, = e | (40)

where ! £ = ['fe Lo T and p™ is the calculated friction

coefficient from the measured local forces of the force sensors:

1fc 2 1 fc 2
;v,i+y,i

Sl
ER

mes

= (41)

To minimize the effect of the force measurements noise, we
also apply a simple filter with 0 < v < 1 and calculate the
filtered friction coefficient at each time iteration ¢:

filt mes

pe =iy + (=) (42)

IV. WHOLE-BODY ADMITTANCE CONTROLLER

In this section, we present the overall task-space whole-body
admittance controller as shown in Fig. ] For each scenario,
a Finite State Machine (FSM) is designed/planned. Each state
of the FSM, defines a set of tasks and constraints for the
controller as well as desired positions, forces, and sliding
conditions for each contact, if any.

Desired

FSM Forces Chebyshev
Planned States QP
States
filtered
Wrench CoM 3
Distribution Target
Other Admittance CoM Filter
Tasks Task Task
(Task-space)
l measured
‘Whole-body Friction
QP Estimation
4 Contact
Forces
Joint E—
Contact Positions

// Command

.*9 Estimated CoM Position

S

Fig. 4. Schematic of the overall task-space control.

The Chebyshev QP computes optimal contact wrenches
and CoM position depending on the current state of the
robot and FSM targets. These optimal wrenches and CoM
position are then used as objectives for tasks driven by our
whole-body QP (WBQP) framework. Each task is formulated
as a cost function and/or eventually associated constraints
that depend on joint acceleration (or torque for torque-based
humanoids) and contact forces. The resulting joint acceleration
is integrated twice (or torques) and sent as a target for the robot
actuators’ low-level controllers, see [25].

The main tasks we used in our experiments are the fol-
lowing: (i) CoM task, to eventually track the optimal CoM
position, (ii) Admittance tasks for the desired wrench which
map wrench error to contact surface velocity which in turn is
used as a target for an end effector trajectory task.



(b)

Fig. 5. Stepping up the slope and (a) simultaneous sliding of both hands on
non-coplanar wooden board and wall surfaces, and (b) shuffling of the left
foot on a slope tilted by 20°. w.r.t the ground in a multi-contact setting.
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Fig. 6. Force tracking of the end-effectors during co-wiping tasks.

V. EXPERIMENTAL RESULTS

In order to assess our approach, we performed experiments
with the HRP-4 humanoid robot. We investigate the capabil-
ities of our proposed optimal control framework through a
multi-contact active balance scenario that exhibits:

o combination and switching of fixed and sliding modes;

o multi-sliding contacts on non-coplanar surfaces;

« shuffling of the foot on a tilted surface.

We prepared a non-coplanar multi-contact set-up consisting
of a tilted fake wooden slope for the left foot, a tilted wooden
board for the right hand, and a wall for the left hand. The right
foot is on the experimental room ground. The three materials
have different friction coefficients. The scenario starts by
setting the HRP-4 in a half-sitting pose, both feet on the

grounds. The motion begins with stepping the left foot up
the slope and establishing a planar contact with the wall by
the left hand. Then contact is established by the right hand on
the tilted board (slope of ~ 50°). Each contact is established
while sustaining the existing ones and moving the whole body
while keeping the CoM close to the suggested one by the
Chebychev QP. Alike in [1]] and since we use guarded motion
and a calibrated environment, embedded robot vision was not
used this time. At this stage, we have four contacts. Then HRP-
4 gets prepared for the co-wiping motion under user-specified
surface normal forces: 10 N for the right hand and 15 N for the
left hand. During co-wiping, the end effectors are tracking the
desired normal force and planned trajectories of circles with
a radius of 10 and 8 cm for right and left hands, respectively.
Notice that in a multi-contact non-coplanar setting, the range
of motion of HRP-4 is limited due to intrinsic kinematics
closed-chain constraints. Figure [5(a)| and [f] illustrate the co-
wiping experiment and force tracking of the end-effectors
contacts using admittance force control discussed in [23]]. The
alignment of the end effectors with surfaces while establishing
the contacts is guaranteed by zeroing the torques reference in
x and y directions w.r.t the contact local frame. The trajectory
tracking of end-effectors is shown in Fig. [7}

Once the co-wiping tasks are achieved, both contact switch
from sliding to fixed ones, and the left foot contact switches
from fixed to sliding. Now we have 3 fixed contacts and one
sliding. The left foot on the slope shuffles back and forward.
Figures [5(b)] and [8] show the shuffling experiment and the
normal force tracking for the end effectors respectively.

In the last part of the scenario HRP-4 releases both hands
at a time and steps back to the floor (initial pose). During
all sliding motions, online friction estimation @[) is executed.
The estimation process begins with an initial guesses, as shown
in Fig. O] and computes friction only when normal forces are
above a given threshold.

The experiments computations were made by a lap-
top computer having Intel(R) Xeon(R) E-2276M CPU at
2.80 GHzx12. With this setup, the average computation
times for the Chebyshev QP and the whole framework were
noted as 0.2 and 1 ms respectively. These values are largely
within the implemented real-time control loop with mc_rtc
frameworkthat is 5 ms.

VI. CONCLUSION

In this letter, we devised a whole-body humanoid non-
coplanar multi-contact motion planning and control for mixed
sliding and fixed contacts that can be switched at will. Our
method does not require the construction of GIWC or CoM-
support polytopes thanks to a single and fast optimization
problem based on the Chebyshev center. This makes it suit-
able for closed-loop control. It also allows exploiting all the
contacts (including moving/sliding ones) for dynamic balance
when this is possible, and permit balance contacts to also
contribute to force tasks.

We assess our approach through complex scenarios with
the HRP-4 humanoid robot: four contacts are controlled in

Uhttps://github.com/jrl-umi3218/mc_rtc
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Fig. 7. Target trajectory tracking of the sliding hands. The light discrepancies
are due to uncertainties of planed board and wall position w.r.t HRP-4.
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Fig. 8. Normal Force tracking of hands and left foot contact during the
shuffling motion. The oscillations are due to the change into the reverse
direction in the shuffling motion.

force under dynamic balance with switches between fixed and
sliding contact modes at user’s will. A simple online friction
estimator is implemented to update the friction coefficient of
the sliding contacts. A video of the experimentsﬂ and the open-
source code of the controllef] are available online.

In future work, we aim at improving the force tracking
based on the extension of [40] that is currently limited to
translation forces (i.e. non-moments). We are also considering
to extend multi-contact modalities to include soft supports.
That is to say, contact that combines fixed, sliding, pushing,

Uhttps://youtu.be/cFYd9oQueRE!
Zhttps://github.com/SaeidSamadi/Multi- sliding- Contacts
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Fig. 9. Estimated and filtered dynamic friction coefficient for co-wiping (up)
and shuffling scenarios (bottom).
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Fig. 10. CoM trajectory tracking in « and y directions for co-wiping (up)
and shuffling scenarios (bottom)

and rolling eventually on soft supports. We then need to
develop a more sophisticated friction identification models and
associated filters. These modalities would then cover almost
all spectrum of possible contacts encountered in the appli-
cations we are targeting. Robustness consideration, namely
w.r.t. uncertain dynamic parameters shall also be accounted
for (e.g. considering relative forces instead of absolute ones).
Finally, we shall cover multi-contact planning that considers
such multi-modal contacts in order to achieve tasks that require
accessing narrow or cumbersome passages. These skills will
be deployed in real use-case scenarios defined by two large-
scale manufacturing industrial partners, one of which is the
continuation of and in physical human-robot assistive
robotics [41]].
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