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Abstract— In this paper, we introduce the concept of using
passive arm structures with intrinsic impedance for robot-
robot and human-robot collaborative carrying with quadruped
robots. The concept is meant for a leader-follower task and
takes a minimalist approach that focuses on exploiting the
robots’ payload capabilities and reducing energy consumption,
without compromising the robot locomotion capabilities. We
introduce a preliminary arm mechanical design and describe
how to use its joint displacements to guide the robot’s motion.
To control the robot’s locomotion, we propose a decentralized
Model Predictive Controller that incorporates an approxima-
tion of the arm dynamics and the estimation of the external
forces from the collaborative carrying. We validate the overall
system experimentally by performing both robot-robot and
human-robot collaborative carrying on a stair-like obstacle and
on rough terrain.

I. INTRODUCTION
Legged robots are becoming increasingly common as

machines in our society. They are versatile systems that can
cover a wide range of tasks, from domestic and urban to
industrial applications, being able to navigate seamlessly on
flat and irregular surfaces, or in natural scenarios. So far,
the main focus of their application has been inspection and
monitoring, with minimal to no physical interaction with the
environment or people. In recent years, the research commu-
nity has increased the effort to endow legged platforms with
manipulator arms or mechanical structures to make them
perform physical interaction and object manipulation [1], [2],
[3], [4], [5], [6].

Even if some of these works have pushed forward research
in the field of collaborative legged robots, they all share one
major drawback from the viewpoint of this paper: the col-
laboration is always carried out with an active manipulator,
which brings additional complexity and failure points into
the interaction task. In fact, active manipulators are costly
since they require the presence of multiple actuators, and
are prone to failure in case of fall given the intrinsic rigidity
of the mechanisms. Furthermore, the use of an actuated arm
can significantly reduce the carrying capabilities of a legged
robot, since the arm itself and its actuators usually account
for most of the robot’s payload capacity. For example, the
arm mounted on the earlier version of the ANYmal robot
weighed more than 40% of its payload [2]. Nowadays,
actuators that perform torque control are becoming stronger
and lighter, but still scale up significantly to carry high
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Fig. 1: Experimental scenarios to assess three different
collaborative carrying tasks using PACC: on the top-figure,
robot-robot CC with rigid payload coupling; on the mid-
figure, robot-robot CC with non-rigid payload; and on the
bottom-figure, human-robot CC with rigid payload coupling.

payloads1. The actuated arm also requires a whole-body
controller that takes into account the additional degrees of
freedom of the arm for motion planning and control [8],
increasing the complexity of the control scheme.

For simpler tasks, such as general load transportation in
construction sites or the transportation of accident victims
in rescue missions, in which the main objective is simply to
carry a payload and there is no need for grasping maneuvers,
an actuated arm is not necessary. In fact, for Collaborative
Carrying (CC) tasks, most of the works design a simpler
mechanism to attach the payload to the robot [9], [10], [11].

Several previous works have presented two or more legged
robots performing collaborative payload carrying [12], [13].
Most of them place the load between the robots using a rigid
mechanism, which implies additional holonomic constraints
that need to be handled specifically by the locomotion
controller. Furthermore, such mechanism is not well suited

1Here defined as above 30kg, which is nearly half of the global average
weight of a person [7].



for statically or quasi-statically stable locomotion, in which
each robot needs to adjust its base position with respect to
the support polygon independently. For such cases, a flexible
mechanism is required to link the robots and the load.

Other works explored collaborative carrying tasks with
flexible connections between the robots. Yang et al. [10], for
example, combined a centralized and decentralized planning
for collaborative manipulation of multiple legged robots,
exploiting a rope for pulling objects. However, the robots
do not compensate for the load and are shown to perform
only a trot gait in flat terrain. Furthermore, their design, being
a rope, permits only the transportation of an object together
with other robots.

For human-robot collaborative transportation tasks, one
of the main challenges is designing a control framework
that allows the robot to follow the human without knowing
his/her intention. This can be performed by using haptic
measurements or employing a motion-capture system that
provides information about the human motion. Sirintuna et
al. [14] formulate an adaptive control framework to handle
objects with unknown deformability for human-robot co-
transportation tasks. They combine a whole-body controller
with an admittance controller based on a motion capture
system for the human behavior, which hinders the application
of the approach in real-world industrial scenarios. Xinbo et
al. [15] proposed a human-robot co-carrying framework that
uses visual and force sensing to estimate the human motion
and an adaptive impedance-based controller for trajectory
tracking. However, real-world applications can be limited by
the need for a calibration board for visual feedback of the
human-hand motion. Furthermore, these two works focus
on collaborative tasks with wheeled robots, which are not
appropriate for rough terrain scenarios.

In this paper, we propose a novel mechanism for robot-
robot/human-robot interaction, with the aim of resolving the
aforementioned limitations. Our prototype is a 3 degrees-
of-freedom arm based on passive elements, such as springs,
which modulate automatically the impedance of the interac-
tion, and only need joint encoders to operate, rendering the
design lightweight and more robust to accidental damage.

Regarding the locomotion controller, Model Predictive
Control (MPC) has become a popular choice for legged
robots due to the possibility of ensuring constraints and
considering the terrain, optimizing footholds, and handling
external disturbances. For legged robot control during collab-
orative tasks, either between two robots or between robots
and humans, two main approaches are commonly used. The
first one is the application of a centralized controller that
takes into account the state of all robots and that models the
shared payload as rigid bodies [11], [16], [17]. The second
one is the use of a decentralized controller with a load
compensation mechanism in each robot to handle the joint
payload [13], [18], [19]. The latter is easier to implement
and has the advantage of being more reactive, which makes
it more suitable for rough terrain navigation and human
interaction due to the naturally unpredictable behavior of
humans.

From the control point of view, we design a distributed
controller for robot collaboration that does not require any
centralized information to carry out the designed task, en-
hancing its scalability in the presence of multiple robots.
Based only on proprioceptive information coming from the
passive arms, our controller enables the robot to collaborate
seamlessly with humans and other systems, rendering it
able to understand collaboration intention and safely traverse
rough terrain during the interaction. To achieve this last point,
we employed an MPC with a modified dynamic stability
criterion, which takes into consideration the force exchanged
during the interaction to enhance the robot’s locomotion
stability.

To summarize, the main contributions of this paper are:
• A concept and first design of a passive-arm mechanism,

used for collaborative carrying with multi-legged sys-
tems, that enhances locomotion on challenging surfaces;

• An MPC control formulation that incorporates the influ-
ence of the coupling effects between payload and robot
introduced by the passive-arm impedance;

• Experimental assessment and validation of the proposed
mechanism and controller on three collaborative carry-
ing scenarios over different types of rough terrain.

The paper is organized as follows: in Sec. II, we introduce
the mechanical design of a Passive-Arm for high-payload
Collaborative Carrying (PACC), the concepts behind it, and
its features. The MPC-based locomotion control strategy,
which makes use of PACC to stabilize and drive the robot,
is explained in Sec. III. Experimental results are shown in
Sec. IV and Sec. V concludes the paper.

II. PASSIVE ARM DESIGN AND FEATURES

The PACC proposed in this paper has 3 degrees-of-
freedom (DoF) and does not have joint actuators, see Fig. 2.
It is composed of 3 revolute joints, in yaw-pitch-pitch config-
uration, where each joint torque is created by the extension
and/or compression of springs and other mechanical elements
that introduce damping.

Different from previous designs used for collaborative
carrying with quadruped robots, we propose a structure that
introduces intrinsic compliance between the payload and the
robot. Such compliance is fundamental to achieving safer
locomotion on very rough terrain where a trot does not
represent the ideal choice for the robot’s gait or in case the
robot must perform a non-periodic gait and quasi-static or
static locomotion. The core problem lies in the fact that,
differently from the trot, in quasi-static and static locomotion
the robot needs to sway the trunk to maintain its stability,
and having a stiff connection between the robot and the
payload forces the sway (or the end-effector motion) of
the robot and its carrying companion (robot or person) to
be synchronized. However, the synchronization of sways or
end-effector motions on rough terrain cannot be guaranteed,
considering that both carriers walk on a random irregular
surface, which tends to require different body attitudes and
corresponding footholds. In the remainder of this section,
we describe the main elements involved in the mechanical



Joint 1

End-effector Tip

Joint 2

Encoders Damping

Elements

Springs

Joint 3a) b)

c) d)

A

B
C

D

E

Fig. 2: PACC mechanical design and components: a) the arm
has 3 revolute joints, arranged in a yaw-pitch-pitch configu-
ration; b) the location of the springs and kinematics of the
arm (see Table I for the data referring to the green dots). Note
that joint 1 and 3 can also be equipped with an antagonistic
pair of springs instead of only one spring (as seen in the
figure); c) each joint is equipped with an encoder to measure
angular displacements; d) structural elements, highlighted in
yellow, create friction forces against the spring extension
and retraction to insert damping. The 4 subfigures show the
arm in the joint zero-position configuration. Kinematic data
related to the green dots are described in Table I.

design and how the joint impedances are selected for the
intended object-carrying tasks.

A. Mechanical Design

Apart from focusing on a sufficient arm workspace and a
lightweight design to maximize the robot carrying capability,
the proposed design has as core aspects its impact on the
robot stability and on the robot motion generation and
control. For what regards the robot stability, the kinematic
design aims to reduce harmful disturbances on the trunk.
Therefore, in our passive arm, the tip (hook), where the
payload is hooked, is located at the level of the robot center-
of-mass (CoM). During operation, the arm hook height tends
to work at a lower height than the repose configuration, due
to the gravitational forces from the payload. A lower working
height for the end-effector is beneficial because it impacts
less on the robot’s Zero-Moment Point (ZMP) [20] in case
of strong horizontal forces, which are mainly present during
collaborative carrying using, e.g., cables or ropes (that get
tensioned to prevent the load from touching the ground).

Regarding the aspects related to the robot’s motion gen-
eration and control, the design gets inspiration from the

pendulum motion and dynamics, where the third link is
meant to behave mostly like a pendulum during the carrying
task. When the arm-tip is oriented toward the average pay-
load motion, the most relevant external interaction forces lie
inside the pendulum plane, i.e., the plane orthogonal to the
third joint axis and that crosses the third link. In this way, the
angular position and the oscillation of the third link w.r.t. to
the gravity vector, can be exploited to estimate the average
payload motion, to give motion commands to the robot, and
to estimate future external forces (as described in detail in
Sec. III-A and Sec. III-C).

The size of the third link is chosen so that its pendular
displacement allows the robot to move its ZMP inside the
support polygon without experiencing critical external forces
from the interaction. The size of the second link, in turn, is
chosen so that the expected pendular motion of the third link
can occur without colliding with the robot’s head (similarly
if instead installed in the back of the robot), and to prevent
collisions with the legs in case of large displacements of
the first joint. All the kinematic parameters are described
in Tab. I. In total, the passive arm weighs about 1.3 kg,
comprising: base-link (0.366kg), first-link (0.162kg), second-
link (0.497kg), and third-link (0.258kg).

Distances [m] Angles [Degree]

AB BC CD DE ÂBC B̂CD ĈDE

0.082 0.056 0.271 0.277 117.6 164.7 51.6

TABLE I: PACC linear and angular kinematic parameters.

Although the design targets CC, its application can also
be extended to tasks performed alone, like dragging objects
using ropes or carrying objects that can be hooked.

B. Joint Impedance Selection

The design of the joint stiffness and damping elements has
three main criteria: 1) the positioning of the end-effector in
a convenient location inside the arm workspace during the
carrying task; 2) to serve as a means to estimate the forces
on the arm tip/hook; and 3) to shape the natural dynamics of
the subsystem formed by the payload and the arm in a way
it can be exploited by the locomotion controller and reduce
the disturbance to the robot’s base motion.

The impedance of the third joint can assume two con-
figurations: 1) antagonistic arrangement, when antagonistic
springs are installed to create a stiffer neutral joint position,
which is intended for tasks where the robot must carry or
drag some payload alone; 2) asymmetric, when only one
spring is installed to create a joint pre-torque that is useful to
control the payload height from the ground when the payload
is carried using ropes.

There is an interesting feature to be highlighted. In the
case of pure inertial payloads, and if the forces generated
by the impedance of the third joint are relatively small in
comparison to the payload inertial effects, it is possible to
estimate the oscillatory dynamics of the payload without
knowing the payload mass. That is why a pure pendular



motion is independent of mass and only dependent on the
length of the pendulum. This feature becomes very relevant
to estimate future external forces caused by the payload
oscillation, and feedback them into locomotion controllers
that work based on receding horizons (e.g. MPCs).

When the arm is unloaded, or when there is only vertical
gravitational force acting on the payload, the antagonistic
pair of springs of the first joint stabilizes the first joint at
zero position (when the arm is oriented towards the trunk
longitudinal direction). However, during the carrying task,
the impedance of the first joint is compliant enough to let the
arm orient toward the payload motion. All three estimated
arm joint impedances are described in Table II. Since the
third joint does not have any designed damping mechanism,
the only source of damping comes from its shaft and it is
assumed to be negligible.

Stiffness [Nm/rad] Damping [Nms/rad]

Joint 1 Joint 2 Joint 3 Joint 1 Joint 2 Joint 3

3.5 8.47 2.75 0.26 1.43 -

TABLE II: Measured joint impedances.

III. LOCOMOTION GUIDANCE AND CONTROL

In this section, we first describe how the velocity refer-
ences are generated using the passive arm for a robot that
needs to act as a follower. After that, we describe how the
foot contacts are planned and how the external forces at the
end-effector are estimated, which are important elements of
the proposed MPC formulation presented at the end.

A. Locomotion Guidance

To drive the robot in a collaborative carrying task where
a leader (another robot or a person) is in charge of choosing
the path, we propose a simple approach using the angular
displacements of the passive arm to generate motion refer-
ences. In synthesis, the follower-robot, or just follower, is
commanded in terms of forward velocity (velocity along the
longitudinal axis of its horizontal frame [21]) and heading
velocity. The desired forward velocity and heading velocity
are computed according to the displacement of Joint 3 and
Joint 1, respectively, as illustrated in Fig. 3. There, the green
range represents the neutral angular range where the desired
velocity is zero. The blue range refers to the first velocity
level and the red range the second level (with increased
velocity). Since such velocity modulation is discontinuous,
we apply a second-order low-pass filter to smooth out the
command signals. The values for the range limits, defined
by θ and ψ, and the velocities considered in this paper are
detailed in Sec. IV.

B. Foot Trajectory Generation

Each foot performs a cubic spline between foot contact
positions based on the gait parameters and on the desired
x (longitudinal) and y (lateral) body velocities. Thus, the

-ψ
1

ψ
1-ψ

2
ψ
2

-θ1 θ1
-θ2

Fig. 3: Velocity command zones according to the arm joint
displacements: on the left, lateral view showing the angular
ranges used to obtain the desired robot forward velocity,
where θ is the orientation of Joint 3 with respect to the
gravity vector; on the right, top view showing the angular
ranges used to obtain the desired robot’s heading velocity,
where ψ is the angular position of Joint 1.

nominal xy coordinates of the footholds of the ith leg at the
horizontal frame are defined as

pH
xyi

= pH
ci +

1

2

Df

fstep
Vf

H
xy +∆pai (1)

where pci is the foot default position (home position), Df is
the ratio of the stance period and the step period, fstep is the
step frequency, Vf

H
xy is the desired xy velocity defined in the

horizontal frame; and ∆pai is a correction term to adjust the
support polygon due to external forces at the end-effector

∆pa =

[
fHeexp

H
eez−fHee zp

H
eex

mg−fHee z

fHee yp
H
eez−fHee zp

H
eey

mg−fHee z

]T

, (2)

where fHee , pH
ee are the force and the position of the end-

effector in the horizontal frame; m is the total mass of the
robot, and g is the gravity value.

The pHz component of the foothold is computed based on
the previous lift-off height ploz , the desired linear velocity,
and the desired angular rate Θ̇d of the robot’s CoM

pHzi = plozi −
Df

fstep
Vz, (3)

where Vz is the desired linear velocity for the base projected
in the direction of the locally estimated terrain inclination.
The next footholds in the world frame are predicted based
on the desired velocity and remaining swing time of the ith
leg ∆tswi

pni = RW
H pH

ni
+ r+∆tswiR

W
H Vf , (4)

where RW
H is the rotation from horizontal to world frame,

pH
ni

is the nominal foothold with components defined by (1)
and (3); and r ∈ R3 is the position of the robot’s CoM in
the world frame.

C. Locomotion Controller

1) End-effector Force Estimation: Let us consider the
dynamic model of the passive arm subject to an external
force in the end-effector

Maq̈a +Va = τg + τs + τd + JT

eefee, (5)



where qa ∈ R3 is the joint position of the passive arm, Ma ∈
R3×3 is the inertia matrix, Va ∈ R3 captures the Coriolis
effect, τg ∈ R3 is the gravitational torque, τs ∈ R3 is the
torque from the joint stiffness, τd ∈ R3 is the torque from
the joint damping, Jee ∈ R3×3 is the end-effector Jacobian,
and fee ∈ R3 is the force applied at the end-effector. Due
to the low inertia of the third link, and assuming small joint
velocities and small accelerations for the first and second
joints, the terms Maq̈a and Va can be neglected. Hence,
the force is computed as

f̂ee = −(JT

ee)
−1(τg + τs + τd), (6)

where τs and τd are computed as

τs = −ks(qa − qa0) and τd = −kdq̇a, (7)

where ks and kd are, respectively, the diagonal matrices of
spring and damping coefficients from Tab. II, and qa0 is the
vector of joint positions at the springs’ equilibrium length.

Thus, the equivalent force and torque in the robot’s CoM
described in the world frame are

fext = RW
B f̂ee, τext = RW

B pB
ee × f̂ee, (8)

where pB
ee is the end-effector position in the base frame.

2) MPC: A nonlinear MPC is formulated to compute
ground reaction forces (GRFs) and foot positions to track
a desired CoM’s trajectory. Similar to [22], a Single Rigid
Body Dynamics (SRBD) model is considered

m(r̈− g) =

4∑
i=1

δifi + fext, Θ̇ =Wη(Θ)ωB ,

Iω̇B + ωB × IωB =

4∑
i=1

δipi ×RW
B fi +RW

B τext,

(9)

omitting the swing legs’ dynamics. In (9), r ∈ R3 is the
position of the CoM in the world frame, g ∈ R3 is the
gravity vector; I3×3 is the inertia tensor of the robot given
in the base frame; pi ∈ R3 is the ith foot position given in
the base frame; fi ∈ R3 is the GRF of the ith foot, and δi
is the contact state variable of the ith foot; Wη(Θ) ∈ R3×3

is the transformation matrix between the angular velocity
ωB ∈ R3 in the base frame and the rate of the Euler angles
Θ̇; fext and τext are external forces and torques applied in
the CoM. In order to optimize the footholds location pi, we
augment the input space of the controller by an additional
variable v ∈ R12, obtaining a simplified model for the ith
foot position dynamics as

ṗi = (1− δi)vi. (10)

Considering as external disturbances only the forces acting
at the end-effector and that they can be estimated using
Eq. 6 and Eq. 8, it is possible to include in the prediction
model an approximation for the evolution of such forces due
to the movement of the base. To do so, we simplify the
modeling assuming that both the end-effector and the base

can move independently from each other and that the end-
effector positions along the horizon are known. This way,
the distance between them along the horizon is given by:

∆er = p0
ee − r (11)

where p0
ee is the end-effector known position along the

horizon. If all forces between the end-effector and the base
are assumed only caused by the deformation of the springs,
the disturbance and its evolution are given as:

d =


fextx − k̄sx∆

0
erx

fexty − k̄sy∆
0
ery

0
0
0

τextz − ||∆er||2k̄sy(ψ0 − ψ)

 (12)

ḋ =
[
−k̄sxṙx −k̄sy ṙy 0 0 0 −||∆er||2k̄syψ̇

]
(13)

where

k̄s = (JT

eeR
B
W )−1ks(R

W
B Jee)

−1 = diag(k̄sx, k̄sy, k̄sz)
(14)

For ensuring dynamic stability, the ZMP is constrained to
be inside the support polygon, e.g. the convex-hull generated
by the leg of the robot in stance, which is defined based
on the momentum associated with the passive arm end-
effector [20] as

xzmp =
mgrx − rzmr̈x − peexfextz + peezfextx

mg − fextz
,

yzmp =
mgry − rzmr̈y − peeyfextz + peezfexty

mg − fextz
,

(15)

where rj , peej , fextj are the components of r, pee, and fext,
respectively, with j ∈ {x, y, z}.

Finally, the state, control, and disturbance vector are
defined as

x =
[
ΘT rT ωBT

ṙT pT dT
]T

,

u =
[
fT vT

]T
,

(16)

with x ∈ R30 and u ∈ R24.
Given a periodic contact sequence that defines δ along the

prediction horizon ny, an optimization problem is formulated
to track a desired state trajectory xd

min
x̄k,ūk

ny∑
i=0

∥xd
k+i − xk+i∥2Qx

+

ny−1∑
i=0

∥uk+i∥2Ru
+ ∥ϵk+i∥2ρ

(17)
s.t. xk = x0, (18)

xk+i+1 = g(xk+i,uk+i, δk+i), (19)
hfc(uk+i) ≤ 0, (20)
hzmp(xk+i,uk+i) + ϵk+i ≤ 0, (21)

where x̄k and ūk are the state and control actions along
ny; x0 is the current state using the values of fext and
τext given by (8); (19) is the prediction model defined by
(9), (10), and (13); (20) comprehends the friction constraint



defined by a pyramidal approximation and maximum force
constraint [22]; (21) constrains the ZMP (15) to be inside the
support polygon defined by the leg in stance at time k + i,
and ϵ is an additional slack variables employed to avoid a
potential infeasibility of the MPC. These variables, in fact,
permit a small violations of the ZMP constraints instead of
incurring in a failure of the MPC solver, and are heavily
penalized in (17) by using the weight ρ. Finally, Qx, Ru,
are diagonal weighting matrices that define the importance
of the tracking error for each robot’s state and input.

The MPC2 has been implemented using Acados [23],
an open-source Sequential Quadratic Programming solver
tailored for optimal control, employing HPIPM [24] as a
quadratic solver.

IV. RESULTS

In this section, we present the results from the exper-
imental tests we made to demonstrate PACC with two
quadruped robots (Unitree’s Aliengo, 21kg mass). We de-
signed three different task scenarios involving robot-robot
(RR) and human-robot (HR) collaboration considering a
leader-follower motion coordination. In all the scenarios, the
robots are required to walk on a two-stage circuit composed
of stair-like obstacles and rocks. To do so, each robot
executes a periodic crawling gait with a step frequency of
0.5 Hz and a duty factor equal to 0.8 (ratio computed as
the period a foot stays in contact with the ground over
the step period). The locomotion is controlled by the MPC
formulation described in Sec. III-C where the desired margin
for each robot’s ZMP is set to 4 cm, the prediction horizon
is ny = 15, and the discretization time of the model (19) is
set to 0.04 seconds.

The first two demonstration scenarios involve robot-robot
CC and the third one human-robot CC, but with different
types of carried payload, as shown in Fig. 1. The leader-
robot is commanded by means of an operator computer. The
follower-robot, in turn, implements the strategy explained in
Sec. III-A with the following parameters: θ1 = 10o, θ2 =
25o, ψ1 = 10o, ψ2 = 20o, V1 = 0.1 m/s, V2 = 0.2 m/s,
ψ̇1 = 0.3 rad/s and ψ̇2 = 0.4 rad/s. In the remainder of
this section, we provide more details about each scenario.

A. RR collaborative carrying of a rigid payload

In this CC task, the robots are commanded to traverse
the stairs and rocks carrying a 7kg payload connected to a
rigid bar attached on both sides to the tip of each passive
arm. Since the slack of the loops connecting each arm to
the bar is negligible, we consider this arrangement as a rigid
coupling that imposes a distance constraint between each
arm tip. A sequence of snapshots from the experimental
test, showing both robots completing the two-stage circuit, is
depicted in Fig. 4. In Fig. 5 we show relevant data from the
experiment where we highlight aspects related to the robot
commands, interaction forces, and locomotion stability. To
improve readability, Fig. 5 has two columns, where the left

2https://github.com/iit-DLSLab/Quadruped-PyMPC/

column refers to the data when the robots are crossing the
stairs, and the right column when traversing the rocks.

The first plot of Fig. 5 shows the guidance strategy
modulating the velocity command of the follower to keep
the distance to the leader. In the second plot, we see the
interaction forces along the longitudinal axis of each robot
and, as expected, the average force is negative for the leader
and positive for the follower. Note the relevant oscillations
caused by the pendulum effect and the rigid payload coupling
arrangement. Such oscillations have a period of approxi-
mately 1s, which is very close to the value of 2π

√
l/g

(l = DE), validating the concepts behind the arm design.
Despite the strong oscillations and variation of the external
forces, the MPC was able to make use of the estimated forces
for compensation and produce the needed trunk sway motion
to keep the ZMP inside the support polygon for both robots.
This fact can be verified in the two plots on the bottom. It
is important to note that the average ZMP margin is slightly
lower for the follower since it needs to be reactive to follow
the leader.

4

1

6 5

2 3

Fig. 4: Sequence of numbered snapshots from experimental
tests of collaborative carrying on a stair-like obstacle and
rough terrain. The two quadruped robots are endowed with
the passive arm to carry a 7kg payload connected to a stiff
bar in a leader-follower manner. From snapshots 1 to 6, the
robots walk up and down the stairs and turn around to cross
the rocks. The stair obstacle is composed of pallets that are
55cm in depth and 16cm (bottom pallets) and 13cm (top
pallet) in height.

B. RR collaborative carrying of a deformable payload
Differently from the previous task, in this one, the two

robots are required to walk in the same scenario but carry
a 2kg payload that is not attached to the arms by means
of a stiff element. Instead, the payload is connected to the
arms using a 60cm rope (30cm from the payload to each
arm tip). Therefore, we here use the terminology deformable
payload. The main difference in this task is that the robots
need to keep a minimum of tension in the rope to prevent the
payload from touching the ground. To do so, we exploit the
intrinsic arm impedance and shift θ1 and θ2 by 10 degrees.
As for the first task, the results from this experimental test
are shown in Fig. 6 and Fig. 7. From the figures we can see
that the robots manage to complete the circuit, maintaining
the locomotion stability while keeping the tension of the rope
sufficient to have the payload distant from the ground. Note
that the dynamics of the interaction forces are different w.r.t.
to the previous task, where the oscillations are less present
and the robot velocities are more constant.
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Fig. 5: Plots for the experimental tests with two robots
carrying a 7kg payload attached to a rigid bar. The left
column refers to the period in which the robots walk on
the stairs while the right column when traversing the rocks.
From top to bottom, the first plot shows the forward velocity
commands for each robot. The following two plots show the
estimated forces along the longitudinal axis and moments on
the sagittal plane of the trunk horizontal frame. The last two
plots show the ZMP margin for each robot and the dotted
line is the constrained margin.
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Fig. 6: Sequence of numbered snapshots from the RR col-
laborative carrying experiment transporting a deformable 2kg
payload.

C. HR collaborative carrying of a rigid payload

In this last task, we assess the robot’s performance and
analyze the interaction forces during an HR collaborative
carrying, in which the human acts as the leader, to transport
a rigid 7kg payload. Similar to the previous tasks, the results
from this experimental test are shown in Fig. 8 and Fig. 9.

Differently from the previous results, in this task the
relevant interaction forces present a hybrid behavior between
the features from the first test and some from the second. In
other words, it presents smaller oscillations than observed in
the first experiment and more intense interaction forces than
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Fig. 7: Plots for the experimental tests with two robots
carrying a payload attached to a rope. The order and content
description of the plots follow as the ones in Fig. 5.
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Fig. 8: Sequence of numbered snapshots from the HR
collaborative carrying experiment transporting a rigid 7kg
payload.

observed in the second one. This is because the payload is
as heavy as in the first experiment but the human arm tends
to stabilize the payload motion.

V. CONCLUSIONS

In this paper, we introduced the concept of endowing
multi-legged systems with a passive arm with intrinsic
impedance, called PACC, to tackle the problem of collab-
orative carrying of high payloads over rough terrains. Its
benefits comprise the increase of the robot’s net payload, by
not installing heavy actuated arms, reduction of system cost,
and mechanical robustness against undesired robot collisions
or falls. We presented a conceptual and mechanical passive-
arm design and an MPC formulation that takes into account
the arm features to control the robot locomotion. We showed
that the kinematic morphology of the arm can be used to
drive the robot in case of a CC in leader-follower manner.
Most importantly, we showed that the passive arm allows



25 35 45 55

0

0.05

0.1
v
[m
/s
]

75 80 85 90

X-Force

30 40 50

0

10

20

F
x
[N
]

75 80 85 90

Y-Moment

30 40 50
5
10
15
20
25

M
y
[N
m
]

75 80 85 90

ZMP Margin - Leader

t [s]
30 40 50

0

0.05

0.1

M
ar
gi
n
[m
]

75 80 85 90

Forward Vel. Command Follower

Desired MPC Margin

Fig. 9: Plots for the experimental tests where a person (the
leader) and a robot (the follower) carry together a rigid 7kg
payload. The order and content description of the plots follow
similarly as the ones in Fig. 5.

quadruped robots to use gait sequences that are ideal for
very rough terrain, but that require robot’s body sway to
guarantee locomotion stability. We validated the approach by
performing robot-robot and human-robot CC over stair-like
obstacles and rough terrain, and carrying different payloads
under blind locomotion.

Our future work will concentrate on the optimization of
the mechanical design, on the improvement of the motion
references based on the displacement of the third arm joint,
and in the inclusion of vision-based foothold selection and
motion planning to improve the robot’s terrain traversability.
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