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Control Framework for Cooperative Object
Transportation by Two Humanoid Robots

Louis Hawley, Wael Suleiman

Electrical and Computer Engineering Department,
Faculty of Engineering, Université de Sherbrooke, Quebec, Canada

Abstract

This paper aims at proposing a comprehensive control framework designed for
cooperative transportation of a heavy load by two humanoid robots. First, a
simplified dynamic model of the cooperative task is developed and the system
stability is rigorously analyzed. Next, a centralized controller is formulated, this
formulation provides an optimal control of the system by considering the robots
dynamical stability while satisfying the robot-object-robot constraints. Finally,
the controller is integrated with an arm controller and a local planner mod-
ule forming a complete framework for cooperative transportation tasks. The
approach is thoroughly analyzed and validated in simulation, and experiments
are carried out on a team of two Nao humanoid robots transporting a range
of objects placed on a small table. The experimental results pointed out the
robustness of the approach as the robots successfully accomplished the trans-
portation tasks in a stable way, moreover the transported objects masses were
up to half the mass of one of the robot. Besides increasing the robot payload,
some of the transported objects are relatively large and it is simply impossible
for a single robot to transport them.

Keywords: Humanoid robot, Control, Legged locomotion, Robot-Robot
Cooperation

1. Introduction

The human-like structure of humanoid robots enables them to perform a
variety of tasks, such as climbing a ladder and driving a car; tasks that cannot
be achieved using traditional wheeled robots. However, this increased mobility
comes at a price as some of the simplest chores such as object manipulation and
transportation can become challenging tasks. The main limitations with respect
to object handling and transportation tasks come from humanoid robots delicate
dynamic balance and the usually low power-to-weight ratio of the humanoid
robot actuators .

Since object transportation is one of the most common tasks for a robot,
it is important for humanoids to be able to efficiently handle them in order to
enact their capacity in real-life situations.
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Figure 1: A team of two humanoid robots cooperating to transport an object among obstacles

To this end, one of the most interesting options is to have multiple robots
cooperating in order to carry heavy and/or large object as shown in Fig. 1.
Although simpler solutions such as using a wheeled-cart [15, 29] can achieve
great results, cooperative transportation has the advantage of not requiring
any external tool, thus it is a promising option in precarious and unknown
environments such as the scene of a natural disaster. However, cooperation
between robots requires particular considerations at both motion planning and
control levels.

2. Related Work

There are two main challenges that arise when two robots are rigidly linked
together :

1. The robots motion planning modules must be linked and synchronized in
such a way that they move in a coherent manner.

2. The robots controllers must also be connected to make sure they don’t
compete with each other while trying to maximize their own balance in-
stead of ensuring the whole system stability and overall performance.

Previous works in both robot-robot and robot-human interaction can provide
insights into how to deal with both challenges.

2.1. Leader-Slave Cooperation

There are multiple ways of planning the displacement of a robot-object-robot
(or a human) system in the environment. The simplest one requires defining
only the trajectory of one of the agents that is considered the leader. It is



an approach that is often used in human-robot cooperation [1, 6, 35] where
the human acts as the leader and the robot simply follows along with the car-
ried object acting as a haptic interface between the human and the robot. A
drawback is that complex coordinated motions that are usually required in a
cluttered environment are not possible with this strategy. Furthermore, in a
human-robot cooperation, the human can greatly reduce the imperfection in
the haptic feedback by adapting his motions with the robot actions, however,
in the case of a robot-robot scenario, the interaction force between the agents
can increase rapidly. In [33], the Leader-Slave approach has been implemented
on two HRP-2 robots with the slave robot using Force/Torque (F/T) sensors
in the wrist to infer the intention/motion of the leader. Using this method, the
leader robot velocity must be limited to consider the lag in the measurements of
the force by the slave robot. Despite the relatively small velocity of the robots,
strong interaction forces were measured during the experiments. Of course, it is
expected that the results would be far worse if the robots were not equipped with
F/T sensors as is the case for the majority of small or medium-sized humanoid
robots.

2.2. Symmetry Control Framework

The authors in [34] proposed a control framework for multiple humanoids
transporting an object where the input is a trajectory for the transported object
and a desired internal force. Then, the trajectories for the hands of each robot
are generated from the object desired trajectory and the robots footsteps are
finally produced in order to keep the feet at a constant position from the center
of the object.

From a motion planning point of view, it makes more sense to specify the
trajectory of the object rather than the trajectory of one of the robots as done
in the master-slave approach. However, keeping the robot always at a fixed
position from each other severely reduce the set of feasible motions, some of
which might be needed in complex environments.

An interesting aspect of the framework is the possibility of specifying an in-
ternal force as this force could be useful when transporting a deformable object.
However, the authors only present the most practical case where the desired in-
ternal force is set to zero. The interaction force between a robot and the object
is limited by moving the arms using a force control loop that uses measurements
from F/T sensors in the robot wrists. As a consequence, the robustness of the
framework highly depends on the performance of the force sensor akin to the
master-slave approach. Furthermore, the pattern generator does not consider
the whole system dynamic, but instead it is only treated as an inverse kinemat-
ics problem where constraints on the feet and the torso of a robot are computed
by each robot pattern generator and the hand position constraints are supplied
by a high-level motion planner. The approach exhibited a good performance
in simulation with a transported object of negligible mass and the interaction
force between the robot kept low by using the force control loop of the arms.

In [25], the authors used two Darwin-OP robots to transport a small stretcher.
The proposed approach used a separate control schemes for each robot where the



footsteps were synchronized using communication over a wireless network. The
distance between the robots was also monitored using the embedded camera of
the robots. Therefore, the problem was treated more as a synchronization task
in terms of footstep timing and relative displacement. However, the dynamic
was simplified as the stretcher had a negligible mass, moreover, no interaction
force was applied to the robots since the stretcher could easily slide into the
robot grippers.

2.3. Centralized Controller

In [27, 28], a thorough strategy for planning is presented as the whole system
footprint consisting of the two humanoid robots and of the transported object
is considered in the motion planning phase. Using this approach, the robots can
effectively use their arms to execute more complex motions such as sharp turns
in tight corners. The biggest challenge with this strategy is ensuring that the
robots are accurately following their respective trajectory and in a synchronized
manner. The strategy used by the authors is to separate the navigation into
two tasks: the first one is for each robot to follow its respective trajectory and
the second is to respect the desired distance between the robots. Therefore,
each robot must locate itself in the world frame as well as with respect to
the other robot. A similar approach was investigated in [18], where all the
possible positional errors (vertical misalignment, horizontal misalignment, etc.)
between two humanoid robots are estimated and the optimal strategies to bring
the system back to the desired state are found using Q-learning methods.

This sort of approach is efficient in cases where the agents are not directly
linked together such as drone flying in formation, but as it has been shown by
the authors of both papers, it is often not sufficient in the case of rigidly linked
humanoid robots where the acceptable margin of error is really small.

Up to our knowledge, the most complete approach is probably the one pre-
sented in [5], where the authors propose a general framework for humanoid
robots enabling them to execute any task by considering all the kinematic and
dynamic constraints. Unfortunately, the computational requirements of this
approach makes it currently unadapted for real-life scenarios.

3. Contributions

The main contributions in this work are:

e Designing a control framework allowing two humanoid robots to efficiently
execute a cooperative transportation task of a heavy or large load. The
stability of the closed-loop control system is also thoroughly analyzed.

e The implementation and validation of the framework on two Nao hu-
manoid robots. Even though the proposed framework is general enough
to be applied to any advanced high-end humanoid robot, such as HRP
series, ATLAS or Toro robots, we show that it can also be implemented
on small or medium-sized humanoid robots having limited hardware and
computational capabilities, such as a Nao robot.
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Figure 2: Global architecture: central modules are executed on an external PC and embedded
modules are executed on the robot on-board computer.

The global architecture of the developed framework to carry out the coop-
erative transportation task is shown in Fig. 2. The main differences between
our approach and those presented in Sec. 2:

1. From Fig. 2 and the connected centralized and embedded (decentralized)
modules, one can figure out that our strategy clearly differs from the
master-slave and centralized approaches.

2. It differs from the symmetry control strategy as the robots are given the
possibility to have a variable distance between them. To cope with this
variation, we propose a control strategy that is based on estimating the
internal force, more details are in Sec. 4 and 5.

The next subsections briefly present each module separately.

3.1. Global Planner

The role of the global planner is to find a valid path for the system (robot-
object-robot) to reach the desired goal (position and orientation). This can be
a particularly complex task in the case of two rigidly linked humanoid robots
since there are a lot of degrees of freedom. In our previous works [27, 28],
we investigated the problem and came up with a lattice-based graph planner
that uses motion primitives to reduce the set of possible motions. Using this
approach, it is possible to easily tweak the planner to take into account the
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Figure 3: A footstep planner is used as a local planner to follow a global trajectory, which is
in blue line, among obstacles

limitations and abilities of different robots. This paper does not focus on the
global planner and the framework is independent of the actual implementation of
this module as long as it provides a high-level command for the system whether
it is an operator command or a global path provided by a planning algorithm.

3.2. Local Planner

The local planner module manages the navigation of the robots. In other
words, the local planner provides a high-level command to the humanoid robots
to follow the desired global plan as shown in Fig. 3. Typical high-level motion
commands for humanoid robots are speed reference [16] or footsteps [10].

In the case of a cooperative transportation task, another role of the local
planner is to ensure the synchronization of the robots displacements. Indeed,
if one robot is progressing more rapidly than the other one for various reasons
(slipping, external disturbance, etc.), the system will rapidly become unstable
since the transported object ties them together. In this case, changing the foot-
steps is the preferable high-level control command as it gives an accurate control
over the displacement of each robot. The local planner module is discussed in
section 7.

3.8. ZMP Preview Controller

The objective of the ZMP preview controller is to plan the Center of Mass
(CoM) trajectories in order to ensure the robots dynamical balance and pro-
viding the high-level command for the footstep module. A popular approach
is the model predictive control [20] which uses a simplified model of the robot
dynamics. This module is central since it has an immediate control over the
robot motions contrarily to the local planner that can only modify the footsteps
at discrete intervals. In our previous works [27, 28], we treated cooperative
transportation as a kinematic problem since we didn’t consider the particular



dynamic of this task. Hence, the approach was validated with the robots car-
rying a flexible table of negligible weight, thereby limiting the interaction force.
As the motion of each robot directly impacts the other one via the transported
object, a centralized controller is the preferable option in this case. In Section
5, the dynamic equations of the cooperative transportation task is analyzed.
Section 6 presents our controller formulation.

3.4. Arm Controller

In human-robot and robot-robot cooperative system, the arms often play an
important role since the interaction between the agents usually occurs through
them. It is also the case for cooperative transportation, and as such special
attention is given to the control of the arms during the task. In Section 4, the
particular dynamic behavior and stability of the humanoid-object-humanoid
system are presented and the relevance of having compliant arms during the
task is discussed.

4. Compliance Control of the Robot Arms

One of the biggest challenges with cooperative transportation by two hu-
manoid robots is that commonly used stabilization strategies [31] are no longer
valid. This is because those approaches assume that all external forces applied
to the humanoid robot are undesirable and must be compensated. However,
when two robots are rigidly linked together, the main source of disturbance is
the interaction between the robots. Therefore, it is no longer desirable to try
to compensate for the force, but instead the robots must comply with it.

In such a situation, the controller must act rapidly to re-establish stability
by reducing the perturbing interaction force. In a human-robot scenario, the
human can quickly and actively rectify the situation and act accordingly. It is
a more complex problem in a robot-robot collaborative transportation scenario.
This is because the controller can either modify the desired ZMP trajectory or
keep that trajectory and modify the CoM trajectory instead. The first solution is
done by modifying the footsteps to bring the robot back to the desired relative
position with respect to its partner. The second option can be achieved by
moving the arms, thereby maintaining control of the robot torso/CoM.

Modifying the footsteps is the only solution that can really bring the system
back to its desired state, but it is quite slow. That is why an important part of
any humanoid robot interaction system is the implementation of a compliance
control. Indeed, most work [8, 30, 33, 34] in robot-robot and human-robot
cooperation have implemented some sort of compliance of the robot arms as a
way to ensure the robot balance while executing the interaction task.

The most widely documented method in the literature for implementing arm
compliance with position-controlled humanoid robot is based on an impedance
control loop of the end-effector position. The control law is usually given by:

Ty =T — Ty

e . (1)
F.=D2%,, + Bt,, + Kx,,



where x,, is the difference between the actual, x, and desired position, x,, of the
hands, D is the desired (apparent) inertia, B is the desired damping coefficient
and K is the desired stiffness coeflicient.

Using this method and assuming that the external force F. can be accu-
rately measured, the arms of a position-controlled robot can become actively
compliant. In most cases, the external force F. is obtained with six-axis F/T
sensors located in the robot wrists. Even though this approach has been proven
to be efficient, a lot of humanoid robots are not equipped with such sensors,
thus the external force must be estimated using less reliable methods [4, 14, 24].
In the next section, the dynamic of the cooperative transportation task by two
humanoids is analyzed.

5. ZMP Dynamic for Two Humanoid Robots Transporting an Object

Let us consider a system consisting of two humanoid robots transporting
a mass of mg as depicted in Fig. 4. In the sequel, we refer to the robot
moving forward in the direction of the displacement as robot 1 and the robot
moving backward as robot 2. It is assumed that the robots arms move under
the influence of an external force modeled with the impedance control law in
Eq.(1). Additionally, only the stiffness component in (1) is considered as it is
assumed to be the main component of the compliance.

Figure 4: Dynamic model for the two humanoid robots carrying a load

The CoP/ZMP is an important point for humanoid robot control, since it
provides a good estimation of the robot stability. First, let the ZMP along =
axis of each robot be expressed by the following vector:

p = I:p$1 p:rz]T



where p,, and p,, are respectively the projections of the ZMP of the robots 1
and 2 on the x axis.

As shown in [2, 13], the ZMP is given by the following formula (for more
details, refer to Appendix A):

Mey zeq - Zeq 1 _ext
T Te, — F, — =
Day et Ty e T - Fan T e Ty
pP= = . (2)
cy Zeg s Reg 1 _ext
P Teo b FH Be = 7 Fow = 77 T

where:

e M., and z., are respectively the total mass and the height of the robot 4
CoM.

e ¢ is the magnitude of gravity acceleration.

e z., and Z., are the position and acceleration of the robot i CoM projection
on the x axis.

e [, is the external force applied to the CoM of robot 4 along z axis.

° T;ft is the external moment applied to the CoM of robot i along y axis.

e f,. is the total normal force applied to the robot i feet, it is given by the
following expression:

= _MC'i g— MCz‘ Zcz + in (3)

n;
where F),, is the external force applied to the CoM of robot i along z axis.

Without loss of generality, we assume that the carried mass myg is located
at the middle of the transported object and is therefore split uniformly between
the two robots, i.e. a mass 5% is carried by each robot. Note that if the object is
not placed in the middle, each robot should estimate its carried mass separately
as explained in Section 8.2.2.

By assuming that the CoM height, z,, is constant during the locomotion,

and replacing F,, = —%% g, we obtain:
m
Tgi:_<MCi+7O) g
e 2 (4)
£ Mg

767 is the moment applied to the CoM of robot 1 as a result of the force

Y1
=84 which is exerted on the robot hands:

ext __ mog
Y1 9

zy ()

where x} is the position of the robot 1 hands with respect to its CoM.



Up to this point, the dynamic equations are equivalent to a robot carrying an
object [12], however, the main difference is the additional external force caused
by the interaction between the robots. For instance, the interaction force Fy,
applied to robot 1 CoM along x axis is expressed as:

mo ..
F, = —— %o + Keq (20, —xe, — L)

(6)
——
FO FC

where

e [} is the force caused by the transported mass and F. is the resultant
force of the compliance control.

e [ is constant which is the initial/desired distance between the two robots.
o K4 is the equivalent stiffness coefficient:

Ko K, K>
“CT K + Ko

and K is the stiffness coefficient of the compliance controller for the robot
i.

The position, velocity and acceleration, xq, g, o, of the projection of the
carried mass on the z axis are given by:

L K,
Xrog = ‘/L.Cl + 5 + (.’I;CQ — xcl — L) Klq
K
G0 = ey + (dieg — o)) =
0 1 ( 2 1) K,
. . .o Ke
To = xC1 + (IC2 - ’Icl) Klq

The position of the robot 1 hands, x’1‘7 can be obtained as follows:

Keq
K,

F.=K, (x]f - a:]fref) = zh = z’fref + (ey — ey — L)

1

xi‘ref is constant which is the initial/reference value of the hands position

with respect to the CoM.
Similarly, for robot 2 we obtain:

mo

F.’L'z = —7‘130 — Keq ($C2 — Ty — L)
and 757" is given by:
m
it = 5l (7)

10



where % is the position of the robot 2 hands with respect to its CoM:

Keq
K,

f
Qfg = xgre - (xcz — Ley — L)

x’gmf is defined in a similar way as m’fref. Note that xé‘ref is negative, and as
it is designed to be in the middle of the effective operational space of the robot
hands, o} is always negative, as a result Te””t is also always negative.

As a result, p,;, and p,, become:

MC C . C . Ke C
Doy =Ty — G, — e g DR (g — L)
Mg 2My1 g My g
m re Ke m
+ /(l‘rill f+ . 0($52—$61—L)
2M, 2 K, M,

:xcl —_

(8)
C Ke

o (Mcl+< )772L> ..1_m021 q-TCQ

Mlg 2M, g Ky

m re Ke m Zc
+2/(1"E}11 f+Aq< 0 +g>($02—$cl—L)

1 M, \2K,
and
Mc Zeg . mo Ze, .. Ke Ze
Pzy =Tey — /i 2xcz_ — 2:EO_ /q\ Z(xcz_mm_L)
Msg 2Ms g Mg
m re Ke m
4 B0 phrel _ ZRea MO (0 g, — L)
2M> 2 Ky Mo )
K, . K. co .
=T, — <MCQ+ Kq 77;0> Zey — <1 Kq) mE\Zchl
Mgg 1 1 2Mgg
mo pref Keq < mo ZCQ)
+—x —— ==+ =2 (e, —xc, — L)
2M2 2 M2 2K2 g :

Similar equations can be found for the ZMP on the y axis.

6. Controller

Using the ZMP equations (8) and (9) of the robots, our objective is to define a
state-space representation and formulate the control problem as an optimization
problem.

6.1. State-Space Formulation
First, let us define p such that :

K m Zc m nref
Pz, ’e\q(2féJ + 1)[’_ =]

Ml 1 9 2M1
p(t) = , (10)
K. ¢ re
e = i (d + 5 L - et



Then, it is possible to discretize the ZMP equations in (8) and (9) at a
sampling period T', and express the system as a Linear Time Invariant (LTT)
system as follows:

X(k+1)=AX(k) + Bu(k) (11)
p(k) = CX (k)

where:

X (k) = [we, (KT) i, (kT)  e,(KT)  wey(KT) ey (KT) iy (KT)]"

(12)
u(k) = u(kT) = [, (kT)  %o(kT)]"
p(k) = p(kT)
- 3
17 Z 00 0 T 0
01 7T 00 O L0
00 1 0 0 0 T 0 (13)
A= T2 | > B = T3
o0 o 17 = o L
o0 0 01 T 0 %
00 0 0 0 1 0 T |
r 9T
Keq m Zc Keq m Zc
- S (5 + ) T (3 + )
0 0
Ze Keqg\ m Keq | ™o 2c
o (MCl * (1 Ky ) 70) B (1 K ) 2 0
C = (14)
K. Keq m Ze
() e (3 + )
0 0
mo z¢, Ke Ze. Keq mo
L N 2@21(1(1 M;g (MC2 TE 2 )

Note that even though the state and input matrices, A and B, in (11) are the
same as in [20], the coupling between the state variables occurs at the output
level through the matrix C'.

The main objective of the controller is then to maximize the system stability
by maintaining the ZMP of each robot at the center of the supporting foot.
This can be expressed as an optimization problem where the cost function to
be minimized is expressed as:

J=e"Qee+XTQ, X +u" Ru (15)
where e is the error between the reference and the actual values of the vector

p, it is defined as follows:

12



e=p" —p

i ref Keg mo Zeq _ mg nref Keq mo Zeq _ mg nref
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_pwz /; (2K2 + g )L 42]/\4\21:2 Pxy E 2K, + g L 2M:x2
. re
prel — pa,
e
95 = pas

(16)
phel and pie/ are the ZMP reference trajectories of each robot.
The matrices @, Q. and R are positive definite. This cost function means
that we wish to follow the reference ZMP trajectory without rapid change in
the states and the inputs.

6.2. Optimal Control Approaches

Linear Quadratic Regulator (LQR) and Model Predictive Control (MPC)
approaches are among of the most used methods in gait generation for humanoid
robots. They use a model of the robot dynamic to predict the effect of current
command on the robot future states. The objective of the controller is then to
minimize the cost function over a preview horizon N instead of only the current
state such as:

N+k
minimize J = > {e(i)" Qeeli) + X ()" Qu X (i) + uli)” Ruli)}
i=k 17
subject to X (i+ 1) = AX (i) + Bu(i) (7
p(i) = CX (i)

The next subsections present how to design a controller that minimize such
a cost function.

6.2.1. LQR Approach

LQR algorithm provides the optimal state-feedback, i.e. u(k). Even though
the formulation of (17) is under the finite-horizon form, many approaches, such
as [20], solve it as an infinite-horizon problem by assuming that N is big enough.
This is because the Discrete time Algebraic Riccati Equation (DARE), in the
case of infinite-horizon, is solved only once offline and used online for computing
the optimal feedback, therefore it is particularly interesting for small or medium-
sized humanoids with limited on-board computational power. The controller can
also be improved by integrating an integral term [19].

13



6.2.2. MPC Approach

Another possible way is the MPC approach, in this case the design of the
controller is transformed into reformulating the optimization problem (17) as a
Quadratic Programming (QP) problem of the following form :

1
minimize iuTHu +gTu
u

subject to b~ < Au < bt (18)
u <u< ut

where H is a n X n is positive semidefinite matrix. The objective is to find
the input vector u that minimizes the cost function while also satisfying some
constraints.

The authors in [16] present the detailed procedure to setup the QP prob-
lem in order to solve the cost function of (17). Evidently, the main advantage
of using quadratic programming to solve this problem is the possibility to add
constraints, such as constraining the ZMP within a certain area instead of fol-
lowing a predefined trajectory. However, this approach is computationally more
expensive than the LQR algorithm even though it can usually be solved rapidly
with an off-the-shelf solver such as [9]. Note that when no constraints are added,
the QP can be solved analytically as shown in [32]. In our implementation, we
used the MPC approach since it offers the possibility of adding constraints as
discussed in the following subsection.

6.3. Controller Robustness

The primary objective of the previously presented controller formulation is
to ensure the stability of the robots by ensuring that the ZMP is kept at the
center of the feet. There is however another aspect that must be considered, the
robots CoM motions are actually restricted since the arms motions are limited
to a small maneuverability range. Once the limits are reached, the compliance is
lost and the system of robot-object-robot becomes rigidly linked. In this state,
the system can easily collapse as explained in Section 4.

To avoid this situation, there are two ways of limiting the distance between
the robots:

e Option 1: Reducing the interaction force by implementing a fast and
efficient compliance control of the arms.

e Option 2: Relaxing the constraint of precisely following the ZMP reference
trajectory by reducing the norm of weighting matrix on the error, e(k), in
(17).

The best option is of course option 1, however, implementing such control
is a challenging task for small humanoid robots since it requires a rapid and
accurate estimation of the interaction force and a fast motion of the actuators.

To increase the overall robustness of the system to positional errors, we
propose to integrate an additional constraint on the relative torso displacement,

14



hence allowing the ZMP to slightly move away from the reference position in
order to reduce the torso displacement.
To this end, we add a new objective in the cost function, thereby obtaining:

J=e"Qee+XTQ, X +u” Ru+ Azl Qq Az, (19)

where Az, = (2¢, —2¢, — L), and Qg is the weighting matrix of the new objective
that minimizes the relative distance between the robots torsos. However, each
time a new objective function is added, the weighting matrices should be tuned
to reflect the priority between those objectives, a way for tuning the weighting
matrices is given in [21].

With this simple formulation, the limitations on the arm motions can be
implicitly integrated into the controller. Additionally, the limitation can also
be explicitly considered in the QP problem by adding the following constraint :

e” <Az, <et (20)

where e~ and et are respectively the minimum and maximum relative distance
between the robots torsos.

6.4. Controller Stability

Another aspect to be taken into consideration during the design of the con-
troller is the system stability.

Note that the stability of the closed-loop depends on the ratio R/Q and the
length N T of the horizon over which the trajectories are pre-computed as men-
tioned in [32], using reasonable values similar to those in [32], R/Q = 10~ and
N T = 1.2s, we only focus on the stability of the closed-loop of the optimization
problem (17) as a function of K., and mo through numerical analysis. Fig. 5
shows the closed-loop system poles for a K., in the range of 10 to 300 Nm™*
and two different transported masses.

0.2 *Kg=10 L. 0.2 XKy =10 |
O Keq =50 - O Keq =50 :
ARy =75 | o AKey=75 |
0.1 OT\'Tq::B(JO ’ | 0.1 OKT(,:JOU ’
0 . | 0
—0.1} B —0.1}
ool _gole |
0.85 0.9 0.95 1 0.85 0.9 0.95 1
(a) mp =0Kg (b) mg =5Kg

Figure 5: Closed-loop dominant pole positions in the Z-plane for Keq varying from 10 to 300.

The following points need to be kept in mind when designing the controller:

15
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Figure 6: Block diagram of local planner

e The system is always stable. However, some values of K., are undesirable
since they bring the poles really close to the instability region. In the case
of small humanoid robots (M., = M., = 5.1Kg), the critical values are
roughly between 70 and 80 Nm™1!.

e Fig. 5 points out that the oscillations in the closed-loop response can be
avoided by keeping the interaction coefficient (K.,) low.

e Transporting a heavier load has a stabilizing effect on the system response
since it reduces the oscillations at high values of K.

7. Local Planner for Cooperative Transportation

Although the previously presented architecture of ZMP preview controller
can ensure the robots stability, it cannot bring the system back to the desired
state contrarily to some other control schemes that enable reactive footstep
modification [7, 11, 30]. Therefore, it is the role of the local planner to ensure
that both robots follow their respective paths, it is decomposed into two modules
as presented in Fig. 6.

The first module is a conventional footstep planner [10, 17] that, using the
robots current position estimations and the global path, outputs high-level foot-
steps command to follow the global path. However, since it can be difficult for
a robot to position itself precisely in the world, another module is necessary to
ensure that the robots do not move too close or too far from each other. The
approach used here is to modify the footstep length, but another solution could
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Figure 7: Block diagrams of footstep modification procedure in the synchronization module.

have

been to modify the step frequency of the robots [26]. The used module is

a finite-state machine (FSM) that modifies the footsteps command according to
the robots relative position error.
As can be seen in Fig. 7(a), there are five possible states :

State 1.

State 2.

State 3.

State 4.

State 5.

The robots Relative Position error (RP,,..) is small. No compensation is
needed.

The robots are too close to each other (RP.,. < €1). The leading robot
(robot 2) needs to speed up by taking bigger steps while the other robot
will slow down by taking smaller steps.

The stability of the system is compromised as the arms are close to the
limit (RP., < €2). The leading robot needs to speed up by taking bigger
steps while the other robot should stop walking and wait for the system
to come back to a more stable state.

The robots are too far from each other (RP.,,. > €3). The leading robot
needs to slow down by taking smaller steps while the other robot will
speed up.

The stability of the system is compromised as the arms are extended to
the maximum operational space (RP.,.. > €4). The leading robot will stop
walking while the other robot will walk faster until the system comes back
to a more stable state.

The thresholds ¢; and €3 are added so that compensation is done only when

it is

really needed. Whenever the footsteps are modified, the new resulting

footprints must be checked for collision using a map of the environment. As for
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the thresholds €4 and €5, they were added because of the important slipping of
the feet of Nao robot that was observed during the experimentations.

As shown in Fig. 6, the local planner needs both the estimated position of
the robots in the world frame, using the robot odometry (visual or other), as
well as an estimation of the robots relative position. An important assumption
is that the robots are able to estimate their relative position more accurately
than their global position.

In order to estimate the position between the two robots, two techniques
were considered :

e Vision-based technique
e Closed-loop kinematic

In the previous version of our framework [27], the global position of the
robots was monitored using a Simultaneous Localization and Mapping (SLAM)
algorithm. The robots relative position was then computed and compared with
the already known object dimension to compute the relative position error. The
precision of the estimation was therefore highly dependent on the performance of
the localization algorithm, which turns out not to be enough for our application.

The approach was refined by adding a locally running optical flow based
module [28] that monitored the relative displacement of both robots using the
robot embedded camera. A relatively good performance was obtained using
this method but there were some drawbacks. First, the approach required some
pre-processing to find a set of good features to track and to set the reference of
the robots relative position. Second, an obvious requirement is that the robot
can see each other. This requirement goes against the objective of cooperative
transportation of a heavy or large object.

In the case of humanoid robots where most of the mass of the robot is located
at the torso, the distance between the robots torsos is equivalent to the distance
between their CoMs. As the transported table is rigid, the transformation
between the robots hands and the center of the table is constant, as shown
in Fig. 8. Therefore, using the knowledge of the object dimension, one can
compute the transformation between the robot torso i and the center of the
transported object as follows:

Tl = midpoint(T'" x T2, T x Tfy) (21)

where 77} is the homogeneous transformation matrix between the torso of robot

¢ and the center of the object, Trhi(l/ ") is the transformation between the robot
torso and its left /right hand and T}‘L’é’l /r) is the transformation between the robot
hand and the center of the object. However, this time we assume that Tﬁ’é’l /7) is
the actual transformation matrix and not simply a desired one. This assumption
is valid because the table is rigid. Therefore, the relative position between the
robots can be easily obtained with :

Tiy =Ty x (To)™" (22)
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Figure 8: Transformation used to compute the distance between the robots torso

If the object dimensions are precisely known, the performance of the method
is only limited by the precision of kinematic model of the robot arms and the
joint encoders. In the case of Nao robot, the available magnetic rotary encoders
have a 12 bit precision that provides precision around 0.1°. Considering the
small size of Nao robot, a maximum error within a couple of mm is to be ex-
pected for the arms forward kinematics. Another advantage is that the method
does not require a line of sight between the robots, thus allowing the robots to
transport a huge object while allocating the cameras to other tasks, navigation
for instance.

In the local control loop, it is not required to have an absolute transformation
between the robots, but instead each robot only monitors its arms positions with
respect to a reference/desirable position such as :

T = midpoint(T}'", T (23)

Then, the rotation and position errors between the actual hand position and
the reference position for each robot can be found:

R. = R" « M7

P phel _ph (24)
where R, is a rotation matrix that expresses the orientation error, thef is
the desired orientation and R" is obtained from the current transformation
matrix T r’t P., P""" and P" are respectively the positional error, reference
position and actual position of the robot hands. All the rotation and position
are expressed in the robot reference frame. These errors can then be used by
the controller and by the local planner to adjust the footsteps and bring the
system back to the desired state.

8. Experiments and Results

Before testing the system on real robots, the soundness of the controller was
first asserted in simulation.
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8.1. Controller Validation (Simulation)

We have conducted two simulations:
e Case 1: The robots need to get closer or farther away from each other.

e (Case 2: An external disturbance generates a rapid positional error between
the robots.

The first case may be observed in a situation where the robot footprints
are highly restricted, for instance in a cluttered environment. In this situation,
the robots must remain stable despite the generated internal force. The second
situation simply represents a case where one of the robot slips and an internal
force is rapidly introduced in the system. The goal is then to bring the system
back to the desired state while remaining stable.

The following parameters, which represent realistic values for our Nao robots,
are used in simulation : g = 9.81m.s72 , T = 16.7ms (F = 60 Hz which is
the frequency that we used in the real experiments on the Nao robots), M., , =

5.1kg, K1 = 100Nm™, mg = 1kg, z.,, = 0.315m , L = 0.20m, 2h" =
0.1m, 22" = —0.1m.

As for the controller, we used the MPC approach with the following param-
eters: NT=12s5,Q.=1,R=10"% Q, =0and Q4 =0.

0.4 Robot1 CoM 22
Robot2 CoM
Actual ZMP
— — — Reference ZMP 2 — | B
~— 8/
=)
g 02 g 20
-~ =}
.5 fg
O g2
o0 . A 19| .
0 \ \ \ \ 18 | |
0 2 4 6 8 0 5 10
Times (s) Times (s)
(a) Global ZMP and CoM trajectories in (b) The distance between the robots CoMs
the sagittal plane (z-axis) during the displacement

Figure 9: Simulation result for the optimal scenario where the robots are moving in a sym-
metrical way.

In all scenarios, the reference ZMP trajectories are generated so as to keep
the ZMP in the middle of the support foot of each robot. Fig. 9 presents
the ideal case where both robots are given symmetrical footstep commands at
the same time. As can be seen, both robots are able to follow their respective
reference ZMP trajectory and move in a perfectly symmetrical motion with their
torsos remaining at the same relative distance during the whole trajectory.
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8.1.1. Robustness to Planned Error

This situation represents the case where the robots cannot maintain a con-
stant distance between them because of the environment. For example, the
robot may need to get close or farther from each other to access a particularly
restricted area. To simulate this case, the robot 2 executes bigger footsteps
which results in an increased displacement of 2 cm in comparison to its partner
as shown in Fig. 10. The relative displacement of robot 2 can be figured out by
comparing its ZMP to the green dashed line which corresponds to the original
position of the ZMP if it had executed symmetrical footsteps with respect to
robot 1. Again, the results show that the robots are able to follow their respec-
tive reference ZMP trajectory despite the interaction force that is generated.
However, in order to do so, both robots move their torsos far away from each
other for a total displacement of 8 cm as shown in Fig. 10(b). As noted in Sec-
tion 6.3, this behavior might generate problems since the robot arm movement
is restricted.

30
0.4
g g
g 3 25 | .
2 ]
ES 0.2 E
O g
~ a
20 .
0 | | | | | | |
0 2 4 6 8 0 2 4 6 8
Times (s) Times (s)
(a) Global ZMP and CoM trajectories in (b) The distance between the robots CoMs
the sagittal plane (z-axis). The dashed during the displacement

green line represents the position of the
ZMP of robot 2 if it executed symmetrical
footsteps.

Figure 10: Simulation where robot 2 executes two footsteps that are 1 cm longer than the
footsteps of robot 1.

In order to reduce the torso displacement, we can increase the weight on the
relative torso displacement in the minimization objective defined in section 6.3.
For example, Fig. 11 presents the results of the same scenario as Fig. 10 except
that Qg was increased from 0 to 1073, As can be seen, the new objective function
effectively reduced the relative torso displacement. An interesting observation
is that the relative torso displacement was reduced by about 3 cm, or 1.5 cm
per robot while introducing a ZMP tracking error of only 4 mm per robot.
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Figure 11: Same experiment as in Fig. 10 while minimizing the objective function (20) instead
of (17).

8.1.2. Robustness to disturbance

A challenging problem with controlling the robot-load-robot system is the
fact that positional errors are sometimes introduced rapidly in the system. For
example, Fig. 12 shows the results of an experiment where two Nao robots
were placed in front of each other and symmetrical footstep commands were
sent to both of them. During the experiment, one of the robots was monitoring
its relative distance from the other robot using an RGB-D Camera (Asus Xtion
Pro-Live). Fig. 12 points out that the robots can’t maintain a constant distance
from each other even though they received identical commands. However, it is
interesting to notice that the error increase incrementally in synchronization
with the footsteps, this behavior is expected since the error mostly occurs when
the robot foot lands on the floor. This kind of error is really problematic for
the controller as instead of handling an error that increases gradually, it should
handle relatively big and instantaneous variations of the error.

To simulate this case, let us analyze the controller behavior when an instan-
taneous error of 2cm is added to the state of robot 2 (i.e. a 2c¢m foot slip).
As can be seen in Fig. 13, an undesirable motion of the robots CoMs is notice-
able as the robots first move their torsos closer to each other, and then rapidly
bring them backward. In this simulation, the reference ZMP trajectories are
only moved to the new feet positions at the end of the preview window which
is about two footsteps. A simple solution was to simply offset the reference
ZMP trajectory by the error terms, thereby repositioning it at the current foot
position. As can be seen in Fig. 14, using this simple solution greatly reduced
the undesirable behavior in the CoM motion.
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Figure 12: Relative displacement between the two robots while they walk freely and given the
same commands.

23



[\
[09]

Robot } L:ol\l
0.4 Aetwi TP
. T2 Czp —~ 26 N
g 5 4y
g s
}é 0.2 § 929
D?. 8
= 20
0 18 : ‘
0 5 10
Times (s) Time (s)
(a) Global ZMP and CoM trajectories in (b) The distance between the robots CoMs
the sagittal plane (z-axis) during the motion

Figure 13: Simulation result for a scenario where an instantaneous positioning error is added
to robot 2
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Figure 14: Simulation result for a scenario where an instantaneous position error is added to
robot 2 and the ZMP reference trajectory is offset in accordance with the detected error

8.2. Real Robot Ezxperiments and Results

The framework was tested and validated on a team of two Nao humanoid
robots transporting an object placed on a light and rigid table. The next sub-
sections describe the details of the implementation on the Nao robot and the
conducted experiments.

8.2.1. Compliance Control of Nao Robot Arms

As mentioned in Section 4, the arms compliance is a critical component of
robot-robot cooperation. In that section, the most common active compliance
implementation method relies on F/T sensors measurements was presented.
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However, regarding the Nao robot, a major implementation challenge is the
estimation of the external force applied to the robot using the available sensors.
Although good results were obtained using the method presented in [13], the
performance degrades during the cooperative transportation task. The main
problem is that the force observer relies on the IMU, motor encoders and Force
Sensitive Resistors (FSR) under the robot feet. However, during a cooperative
transportation task, the interaction between the robots often causes a bad or
lost contact of the feet on the floor which results in unreliable data from the
FSR.

Thereby, to implement a compliance control of Nao arms, the force observer
[13] was used in combination with a joint level compliance strategy. It is pos-
sible to estimate the magnitude and direction of an external force applied to a
manipulator if an accurate dynamic model of the robot is available and if the
torques applied by the motors are known [22, 23]. The approach can also be
extended to humanoid robots [24], albeit it is more difficult since this type of
robot is not rigidly attached to a base.

First, the torque due to the robot mass and transported object must be
isolated. To do so, it is possible to use the following inverse dynamic equation:

7=DB(q) i+ C(a,4)d+9g(g) +J (@) F (25)

where J is the Jacobian matrix of the considered chain, 7 is the joint torques,
B(q) is the inertia matrix, C(q, ¢) ¢ includes the Coriolis and centrifugal forces,
g(q) is the gravity terms, F is the external force applied at the end-effector, and
q,q, { are respectively the position, velocity and acceleration of the joints.

The equation can be simplified since we estimate the torque when the arms
are not moving (¢ = ¢ = 0) and we do not consider external forces. Therefore,
we obtain:

7=y9(q) (26)

The external force can then be easily obtained by subtracting this torque
from the measured one to get the external force applied to the humanoid arms:

Tm —7=J (q) F (27)

where 7, is the measured torques.

In [24], the authors applied the above approach to a Nao robot to estimate
a force applied anywhere on the body of the robot. Although great results
were obtained in simulation, the implementation on a real Nao robot was rather
inaccurate mostly because of the large static friction at the joints of the robot.
However, in our case, we can greatly simplify the problem since we know the
point of application of the interaction force. In a natural body configuration,
in which the upper and lower arms are perpendicular as depicted in Fig. 1, an
external force applied to the hands in the z-axis can be observed using only a
single motor in the arm.

We decided to implement the arms compliance as an error minimization
problem at the joint level. Referring to Nao robots official documentation [3],
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we considered the shoulder pitch motor position error as an estimation of the
interaction force. This is because the Nao arm motors are controlled through
a PD controller, making it possible to determine the motor output torque with
the following linear approximation [24]:

Tm = K (g4 — q) (28)

where (gg—q) is the position error and K is a constant coefficient that depends on
multiple parameters of the joint motor (e.g. reduction ratio). Compared to our
observer [13], the motor error signal (gq — ¢) is less noisy, and more importantly
only detects the forces that are applied to the robot hands. However, as pointed
out in [24], the error signal is only meaningful with a large interaction force that
produces a relatively high signal to noise ratio. Therefore, this strategy was used
in conjunction with our force observer as depicted in Fig. 15.

Figure 15: Arm Compliance Controller

Fig. 15 shows the control loop used to implement a compliant behavior of
the Nao robot arms. The main component is a feedback loop that keeps the
shoulder pitch motor position error (q.) close to a reference value (¢7¢/) by
moving the arms/hands (z") in the direction of the errors. K,, and K, are
proportional gains and IK stands for Inverse Kinematics algorithm that converts
the shoulder displacement (g) into an equivalent hand displacement (Az"), the
aim being to move the shoulders while keeping the hands in a parallel plane with
respect to the floor. The secondary component is a feedforward compensation
that is computed using the output from our external force observer [13], F.
The estimated force F, is converted into a relative hands displacement (Az})
using a proportional gain and injected into the main loop. This architecture
increases the controller robustness as the arms will only move rapidly if a force
is detected in both the joint and the operational spaces. However, because of the
modeling errors and in order to have a stable compliance controller, we added
threshold values to both e and F,, that means if e and F, are within a set of
thresholds, their values are not used and simply considered as O.

The performance of the compliance controller was validated by a spring-
based force sensor as well as by our external force observer [13]. As shown
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in Fig. 16, a stiffness coefficient of 50 Nm ™! seems to model the compliance
mechanism reasonably well, therefore we used that value in our implementation.

Characterization of the compliance
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Figure 16: Displacement of the arms and the estimated external force using [13]

8.2.2. Estimating the mass

The limited sensor set of the Nao robot has motivated the development
of a model-based controller instead of solely relying on sensor measurements
to estimate the system state vector. However, similarly to the robots relative
distance estimation during the execution of the task, the transported mass is
also an important part of the model that must also be estimated.

To this end, we used the external force observer described in [13]. The
transported mass could then be directly estimated using the observed force
along the vertical axis, F,, as follows:

my = = (29)
g

Fig. 17 presents the force observer outputs of one of the robots when they

are immobile and a mass of 1.13 kg is added in the center of the transported
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Figure 17: Estimated force by the force observer [13] when a mass of 1.13 kg is placed on the
transported table.

rigid table. As can be seen, F, is estimated at around 6 N whereas the expected
value is 5.54 N by assuming that the mass is uniformly split between the two
robots.

Once the mass is found, the optimal feedback gains (or the matrices used
in the QP formulation) are computed once and can then be used for the whole

task. It is also possible to precompute a set of gains for different masses as
shown in [15].

8.2.3. Experiments

We validated the proposed framework through several experiments of trans-
porting a variety of objects ranging in size and in mass (0-2.13Kg). A selection
of representative tests is shown in the video attached to this paper. During all
experiments, the robots used a light cardboard table, of about 60 cm in length
and 20 cm in width, and moved using a pace gait (legs on the same side move
at the same time) to carry numerous objects as depicted in Fig. 18.

The experiments were carried out at low-speed (= 2cm - s~ 1) in large part
because of the important oscillation in the joints of the robots that occurs
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(e) A mass of 2.23 Kg

Figure 18: Experiments with two Nao robots using a table to transport a variety of objects.
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when transporting a heavy object. Fig. 19 and Fig. 20 respectively present
the relative displacement between the robots and the robot 1 ZMP during two
experiments. As can be seen, the robots displacement is synchronized in both
cases as the distance between the robots do not vary much. Also, the walk is
stable as the ZMP is kept well within the support region for most of the motions
thereby validating our controller.

A problem that we have encountered during the experiments is that some-
times an important slipping of the robots feet occurred during the execution of
the task. Although the stability of the system was always maintained, the speed
and performance could certainly be enhanced by developing a stabilizer that is
consistent with the controller proposed in this paper. Lastly, as can be seen in
the screenshots of the experiments (Fig. 18), the table is not completely rigid
and it sometimes bent because of the weight and its legs did not stay parallel.
As a result, the performance of the arm controller was degraded, and the arms
motion range was quite small (= 5em).

9. Conclusion

In this paper, we presented a control framework for the cooperative trans-
portation of a heavy or large object by two humanoid robots. The main building
blocks are a local footstep planner, a compliant control of the arms and a ZMP-
based pattern generator. The ZMP controller uses a complete dynamic model of
the task to ensure the stability of the system. This controller formulation is par-
ticularly interesting for smaller humanoid robots in comparison to sensor-based
approaches that rely on measurements from force/torque sensors.

Cooperative transportation by humanoids is a topic that has received rel-
atively few attention despite its relevance in multiple scenarios. This article
explored both the theoretical and practical sides of the problem. Even though
the focus was on the actual implementation on the Nao robotic platform, we
also discussed how the mass of the transported object and the interaction force
model impact the stability of the robots during the execution of the task. These
results can be generalized to other humanoid robots and can help in designing
a controller that makes the most out of the used platform. Notably, an interest-
ing option would be to unify the arms control and the ZMP preview controller
into a single module, thereby providing the ability to modify the interaction
model (stiffness coefficient K) to stabilize the system. Another interesting op-
tion would be to give the controller the ability to modify the footsteps during
execution to increase the responsiveness of the controller. Moreover, replacing
the predicted state by the measured one as a feedback in the controller would
improve its robustness. Finally, a limiting factor to the performance of the ap-
proach on the Nao was the important joint oscillation and foot slipping due to
the physically challenging nature of the task. As mentioned briefly before, we
believe the system would greatly benefit from the development of a low-level
stabilizer for the Nao and it is a priority for future work.
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Figure 19: The relative displacement of the robots during two experiments
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Figure 20: Robot 1 ZMP during two experiments. The stability limits (in red) represent the
size of the robot foot, the desired ZMP position (in green) is located in the middle of the

support foot.
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Appendix A. Proof of Eq (2):

Let the ZMP on the horizontal ground be given by the following vector:

p= [pa: py]T (Al)

where p, and p, are respectively the projections of the ZMP on the x and y
axis. Let us suppose that the robot CoM is subject to external force F** and
external moment 7¢*¢,

To compute p, one can use the following formula:

n x 7°
p—NW (A.2)

where the operators x and (.|.) design respectively the cross and scalar products,
and

e NN is a constant matrix

(A.3)

e the vector n is the normal vector on the horizontal ground (n = [O 0 1] T) .
e The vector f¢ is the result of the gravity, inertial and external forces:
f°=M.g— M, X, + F (A.4)

where g denotes the gravity acceleration (g = —gn), M, is the total mass
of the humanoid robot, and X, = [i, §j. Z.]T is the acceleration of the
CoM. Fet = [F, F, F,]7 is the external force applied to the humanoid
robot.

The normal force is given by the following expression:

(f°ln) = f7=—-M.g— M.%.+ F, (A.5)
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o 7° denotes the moment of the external force and the moment of the force
f° about the origin of the fixed world frame in addition to the external

moment 7t

Thus, we obtain:

, it is given by the following expression:

T° =X, x f°+ 7! (A.6)
where X, = [xc Ye ZC]T is the Cartesian position of CoM.
[Ps
| Py
(e + Moo — 25 Fy — o 7p" (A7)
e + M G — 56 Fy o+ 7o i
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