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Abstract— Collaborative robots can relief human operators

from excessive efforts during payload lifting activities. Mod-

elling the human partner allows the design of safe and efficient

collaborative strategies. In this paper, we present a control

approach for human-robot collaboration based on human mon-

itoring through whole-body wearable sensors, and interaction

modelling through coupled rigid-body dynamics. Moreover, a

trajectory advancement strategy is proposed, allowing for online

adaptation of the robot trajectory depending on the human

motion. The resulting framework allows us to perform payload

lifting tasks, taking into account the ergonomic requirements of

the agents. Validation has been performed in an experimental

scenario using the iCub3 humanoid robot and a human subject

sensorized with the iFeel wearable system.

I. INTRODUCTION

In many workplaces, such as warehouses and manufac-
turing industries, payload lifting activities are executed by
human operators. Those activities are the main cause of
musculoskeletal problems, such as work-related low-back
disorders [1], which are the most common and costly mus-
culoskeletal diseases [2]. Robots of the future, including
humanoid robots, are expected to relief human operators in
heavy manual activities, by collaborating with them towards
injury risk reduction [3], [4] without renouncing human
dexterity and decision-making. This paper presents a control
framework for ergonomic human-robot collaborative lifting.

Human-robot physical interaction has been of great inter-
est to the robotics community since the 1990s. The main
strategies are summarized in [5] and [6], and identify safety
and dependability as the principal requirements. Collabora-
tion is a particular case of interaction where both agents,
i.e. the human and the robot, pursue a common goal [6].
While safety remains a prerogative, a fruitful human-robot
collaboration depends as well on the agents capability to
coordinate the actions and distribute the function to achieve
an efficient task execution. In this perspective, robots should
be able to continuously monitor the human collaborator to
estimate its state and intentions [7].

Humanoid robots resemble human body shapes. Human-
likeness is expected to ease the exploration and interaction
with anthropomorphic environments, hence, to facilitate ex-
ecution of certain collaborative tasks [8]. Moreover, anthro-
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Fig. 1: Human-robot collaborative scenario where an iCub
humanoid robot and a sensorized human lift a payload.

pomorphism seems to positively affect social interaction and
empathy toward robots [9]. In order to maintain humanoid
robot balancing and achieve locomotion, momentum-based
whole-body control strategies have been successfully imple-
mented into different platforms [10]–[14], and compliance
with respect to external interactions is achieved thanks to
motor joint torques control [15]–[17]. There are few exam-
ples in literature, where whole-body control strategies are
used on real humanoid robots to enable payload lifting with a
human partner [18]–[20], but they do not consider the whole
dynamics of the two agents during the interaction. In [18],
[20] the human action is modelled through interaction forces,
while [19] propose a kinematics-only strategy.

In [21], we proposed a shared-control framework for
robot-robot collaboration allowing two humanoid robots to
perform a team lifting task. The solution is based on the
usage of a coupled dynamics model, originally proposed in
[22], which describes the interaction of the two agents with
a single set of equations, and on a global optimization for
the system dynamics. Moreover, ergonomics principles are
introduced and applied for improving efficiency of the task
execution. Starting from those results, we aim at updating the
framework by replacing a robot with a sensorized human.

This article presents a control approach that allows hu-
manoid robots to perform collaborative lifting tasks with
humans, as shown in Figure 1. The proposed approach is
based on human partner awareness through the estimation of
human kinematics and dynamics quantities from wearable
sensors data, and it exploits the coupled dynamics model
proposed in [21]. Furthermore, it allows to synchronize
agents actions and it is validated on real hardware executing
collaborative lifting tasks with the humanoid robot iCub3
[23] and using the iFeel wearable sensors system.
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The manuscript is organized as follows: Section II intro-
duces the notation and modelling. Section III presents the
proposed control framework. Section IV presents the imple-
mentation details and the experimental results. Concluding
remarks presented in Section V end the manuscript.

II. BACKGROUND

A. Notation
• I denotes the inertial frame of reference.
• ApB 2 R3 is the the position of the origin of the frame

B with respect to the frame A.
• ARB 2 SO(3) represents the rotation matrix of the

frame B with respect to A.
• A!B 2 R3 is the angular velocity of the frame B with

respect to A, expressed in A.
• The operator sk(·) : R3⇥3 ! so(3) denotes skew-

symmetric operation of a matrix, such that given A 2
R3⇥3, it is defined as sk(A) := (A�A>)/2.

• The vee operator ._ : so(3) ! R3 denotes the inverse
of skew-symmetric vector operator. Given a matrix A 2
so(3) and a vector u 2 R3, it is defined as Au = A_⇥u.

• AXB denotes a wrench 6D vector transform, as defined

in [24], such that AXB =


ARB 0

S(pB � pA) ARB

�
.

• The operator k.k2 indicates vector squared norm. Given
v 2 Rn, it is defined as kvk2 =

p
v21 + ...+ v2

n
.

• The operator (·)† indicates the Moore-Penrose pseudo-
inverse operator. In case A is a full row rank matrix it
can be computed as A† = AT (AAT )�1.

B. Modelling
A humanoid robot can be modelled as a multi-body me-

chanical system composed of rigid links connected by joints.
None of the links has a constant position-and-orientation
– equivalently pose – with respect to the inertial frame,
and it is said to be floting-base. Hence, a specific frame,
attached to a link of the system, is referred to as the
base frame and denoted as B. The model configuration is
characterized by the pose of the base frame along with the
joint positions. The configuration space lies on the Lie group
Q = R3 ⇥ SO(3) ⇥ Rn. An element of the configuration
space q 2 Q is defined as the triplet q = (IpB,

IRB, s)
where IpB 2 R3 and IRB 2 SO(3) denote the position
and the orientation of the base frame respectively, and
s 2 Rn is the joints configuration representing the topology
of the mechanical system. The position and orientation of
a frame A can be obtained from the model configuration
via a geometrical forward kinematics map hA(·) : Q !
SO(3) ⇥ R3. The model velocity is defined by the linear
and angular velocity of the base frame along with the joint
velocities. The velocity space lies on the set V = R6+n.
An element of the velocity space ⌫ 2 V is defined as
⌫ = (IvB, ṡ) where IvB = (I ṗB, I!B) 2 R6 denotes the
linear and angular velocity of the base frame, and ṡ denotes
the joint velocities. The velocity of a frame A attached
to the model is denoted by IvA = (I ṗA, I!A) with the
linear and the angular velocity components respectively. The

mapping between frame velocity IvA and system velocity ⌫
is obtained via the Jacobian JA = JA(q) 2 R6⇥(n+6), i.e.
IvA = JA(q)⌫.

In a first approximation, a human can be modelled as
a multi-body system following the same formalism used
for humanoid robots. Hence, throughout this work, we will
refer to the human model as a simplified model composed
of simple geometrical shapes. This choice allows for fast
processing, while trying to capture the dominant dynamics.

C. Coupled Dynamics

The dynamics of each agent is described applying the
Euler-Poincarè formalism [25]. Agent dynamics is thus de-
scribed by a set of differential equations complemented with
holonomic constraints characterising the contacts:

M(q)⌫̇ + h(q, ⌫) = B⌧ + JT

c
f,

Jc ⌫ = 0,
(1)

where M 2 Rn+6⇥n+6 is the mass matrix, the term
h 2 Rn+6 accounts for Coriolis and gravity forces, B =
(0n⇥6, In)T is a selector matrix, ⌧ 2 Rn is a vector
representing the agent joint torques, f 2 R6nc represents
the wrenches acting on nc contact links of the agent, and
Jc 2 Rn+6⇥6nc is the contact Jacobian. Now, consider the
case shown in Figure 2 where a robot, denoted with the
subscript (R), and a human, denoted with the subscript (H),
are physically interacting through an object, denote with the
subscript (o). The contacts are not limited to those with the
environment, but agent-object-agent contacts should also be
considered. Denoting composite matrices with bold font, the
coupled system dynamics is described as follow [22]

M⌫̇ + h = B⌧ +QT f , (2a)
Q⌫ = 0. (2b)

The structure of matrices M, ⌫, h, B, ⌧ , Q, and f is
presented in [22] and [21].

(R) (H)
(o)

Fig. 2: Example of physical interaction between two multi
rigid-body models, representing a robot and a human, in
contact through an object.

7505



Trajectory
Planning

Trajectory
Control

Muscle
Activation

Trajectory
Adjustment

Task

Robot (R)

Sensory
System

Motor
Actuators

Human (H)

Physical
Interaction

Trajectory
Planning

Motor
Control

Human
Perception

Wearable
Sensors

Human Behavioural Model

⌧R

qR, ⌫R

q H
,⌫

H

Fig. 3: Ergonomics control framework for human-robot collaboration.

III. PROPOSED APPROACH

The proposed architecture for human-robot collaborative
payload manipulation is shown in Figure 3. The robot is
controlled via a hierarchical control framework, while the
human is monitored trough a wearable sensors system.
The characterizing feature of the framework is whole-body
partner feedback. The interconnection between the blocks is
not limited to data flow (solid lines) but it assumes reciprocal
model awareness (dashed lines). In this Section, the main
blocks composing the architecture are discussed.

A. Human Behavioural Model

The collaborative controller embeds a representation of
the human partner behaviour depending on its state, on the
environment, and on the task that has to be achieved. The
representation is divided into three parts: human perception,
trajectory planning, and motor control.

1) Human Perception: The human perception block re-
trieves online an estimate of the human configuration from
sensors measurement. The model kinematics, i.e. the model
configuration q(H) and velocity ⌫(H), are retrieved online from
inertial measurements using dynamical inverse kinematics al-
gorithms [26]. Contact wrenches exchanged with the ground
are measured using force-torque sensorized shoes.

2) Human Trajectory Planning: The trajectory planning
block models the motion to be executed by the human
to achieve the specific task. In order to accomplish the
collaborative task, the motion of both human and robot are
mutually dependent, and should be planned considering the
presence of the other agent. Hence, in the proposed approach,
robot and human trajectories are planned within a single
optimization program.

3) Human Motor Control: The motor control block mod-
els the response of the human to external stimuli. In the
proposed approach, the momentum-control model, generally

applied to humanoid robots, is used as reference model for
the human

L̇⇤
(H) : = L̇des

(H) �K(H)
d

(L(H) � Ldes
(H)), (3a)

L̇(H) = G(H)
X(H) · f(H) +m(H)g, (3b)

where L(H) 2 R6 is the human linear and angular momen-
tum, G(H) is the human center of mass, and K(H)

d
2 R6⇥6 is

a symmetric positive definite matrix. Finding a set of gains
consistent with the human behaviour is not trivial, for this
reason further simplifications are discussed in Section IV.
In other words, we are assuming that the human generate
muscular forces in a way similar to how humanoid robots
generate joint torques.

B. Trajectory Planning and Advancement

The trajectory planning is achieved applying the postural
ergonomics optimization introduced in [21]. In a nutshell,
the postures of the human and the robot model are obtained
from a non-linear optimization problem that constraints the
payload position and tries to minimize the joint torques of the
two agents for the static case. As an outcome, nref reference
robot postures qref

(R),0, . . . , q
ref
(R),nref

are obtained.
The trajectory advancement block has the role to regulate

the transition between reference robot postures, synchroniz-
ing the robot motion with the human. This is achieved by in-
troducing a time-dependent free parameter  2 [0, nref], =
 (t), following the idea previously presented in [27].

Assumption 1: There exists a frame B in the model, that
has a constant reference pose in the desired configuration, i.e.
IH ref

B,i
= IH̄ ref

B 8i = 1, . . . , nref. The frame B is assumed to
be the base frame of the model.

The Assumption 1 is valid when a foot remains always in
contact with the ground. Under this assumption, the transition
between the reference postures depends exclusively on the
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joints configuration. A piece-wise linear model defines the
transition between the joint configurations:

sdes
(R)(t) =

8
>><

>>:

sref
(R),0 +�s(R),0 ·  (t) 0   (t) < 1,

...
sref
(R),i +�s(R),i · ( (t)� i� 1) i   (t) < i+ 1,

(4)
where �s(R),i = sref

(R),i+1�sref
(R),i. The right derivative is used

to approximate ṡ(t), such that

˜̇sdes(t) ⇡ ṡref
+ (t) =

8
>><

>>:

�s(R),1 ·  ̇(t) 0   (t) < 1,
...
�s(R),i ·  ̇(t) i   (t) < i+ 1,

= �s( (t)) ·  ̇(t),
(5)

where �s( (t)) 2 Rnj⇥nj is a diagonal matrix where
�sj,j = �s(R),j . In order to regulate the dynamics of the
free-variable, a set of task-space targets is defined starting
from human measurements. For the sake of simplicity, we
consider the case in which the position of the robot hand
frame T(R), should follow the human hand frame T(H), i.e.
Ipdes

T(R)
(t) = IpT(H)

(t) + offset and I ṗdes
T(R)

(t) = I ṗT(H)
(t).

Hence, the following desired dynamics is defined

I ṗ⇤T(R)
(t) : = I ṗdes

T(R)
(t) +Ktrack

⇣
Ipdes

T(R)
(t)� IpT(R)(t)

⌘
,

(6a)
I ṗ⇤T(R)

(t) = JT(R)⌫(t), (6b)

where Ktrack 2 R6⇥6 is a positive definite gain matrix.
From Assumption 1 it holds that vref

B,(R) = 0, and using the
approximate derivative of ṡ in (5) we can write Eq. (6b) as

I ṗ⇤T (t) = Js

T(R)
·�s( (t)) ·  ̇(t), (7)

from which, given  (0) = 0, we have:
(
 (tk) =  (tk�1) +  ̇(tk) ·�t,

 ̇(tk) = (Js

T(R)
(tk�1) ·�s(tk�1))† · I ṗ⇤T(R)

(t)(tk).
(8)

C. Motor Control
The robot trajectory control block takes into considera-

tion the human motor control model, and coordinates the
robot balancing and the task execution, defining the desired
robot joint torques. In order to facilitate the understanding,
trajectory control can be divided in two parts, namely the
force optimization and the task-space inverse coupled dy-
namics. As shown later in Section IV-B, the two parts are
implemented as a single optimization that can be solved as
Quadratic Programming (QP) optimization.

1) Force Optimization: The force optimization is designed
as a set of constraints on the contact wrenches for the
achievement of the following tasks:

• control of the robot momentum

L̇⇤
(R) : = L̇des

(R) �K(R)
d

(L(R) � Ldes
(R)), (9a)

L̇(R)(f(R)) = G(R)X
(R) · f(R) +m(R)g, (9b)

where L(R) 2 R6 is the robot linear and angular
momentum, and K(R)

d
2 R6⇥6 is a symmetric positive

definite weight matrix;
• control of the payload position and orientation [28]

v̇⇤(o) :=

"
p̈des
(o)

!̇des
(o)

#
�K(o)

d

"
ṗ(o) � ṗdes

(o)

!(o) � !des
(o)

#

�K(o)
p

"
p(o) � pdes

(o)

sk(R(o)R
des
(o)

T
)_

#
, (10a)

M(o)v̇(o) = Go
X(o)f(o) +m(o)g, (10b)

where K(o)
d

2 R6⇥6 and K(o)
p 2 R6⇥6 are positive

definite diagonal gains matrices, and the location of the
contacts is assumed to be known, as well as the object
pose, e.g. via vision;

• control of the human momentum accordingly to the
human motor control model in Equation (3).

The tasks in Equation (3), (9) and (10), are linear with respect
to the contact wrenches, and can be expressed as

b⇤ = A · f . (11)

In order to ensure feasible contacts, additional constraints
should be added on the contact wrenches in order to grant
unilaterality of contacts, static friction constraints, and en-
suring the center of pressure is contained within the contact
surface. As shown in [29], those types of constraint can be
modelled as linear inequality constraints, defined as follow

C · f < d. (12)

Those constraints not only allow stable contacts at the feet,
but they can also be used to regulate the grasping wrenches
between the hands and the payload. In order to enforce the
inequality constraints on the wrenches, the force optimization
can be solved as QP problem:

f⇤ = minimize
f

kA · f � b⇤k2, (13a)

subject to C · f < d. (13b)

2) Task-Space Inverse Coupled Dynamics: The coupled-
dynamics description in Equation (2) allows to retrieve the
motor torque command from a desired wrench vector f⇤.
This process is also referred to, in the literature, as task-
space inverse dynamics [30]. In the following formulation,
however, the inverse dynamics is not solved for a single
robot, but for the whole system of agents. The joint torques
vector ⌧⌧⌧ can be obtained as follow. From Equation (2a), the
state acceleration is retrieved as

⌫̇⌫⌫ = M�1
⇥
B⌧⌧⌧ + JT f � h

⇤
, (14)

and substituting it into Equation (2b), one obtains

J ·M�1
⇥
B⌧⌧⌧ + JT f � h

⇤
+ J̇ ⌫⌫⌫ = 0, (15)

which represents the projection of the system dynamics into
the constraints. Equation (15) can be solved for ⌧⌧⌧ substituting
f⇤. Generally, a solution can be found via pseudo-inverse:

⌧⌧⌧ = ⇤⇤⇤†
h
J ·M�1(h� JT f)� J̇ ⌫⌫⌫

i
+N⇤⇤⇤⌧⌧⌧0, (16)
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where ⇤⇤⇤ = J · M�1B 2 Rnk⇥nj , N⇤⇤⇤ is its null-space
projector, and ⌧⌧⌧0 2 Rnj is a free variable. A convenient
approach, adapted from literature [13], consists in exploiting
the free-variable to achieve a postural task, i.e. tracking of
desired joints trajectory (sdes

(R), ṡ
des
(R)), choosing it as follow:

⌧⌧⌧0 = hs � JT

s
f �

"
Ks,(R)

p 0

0 Ks,(H)
p

#"
s(R) � sdes

(R)
s(H) � sdes

(H)

#

�
"
Ks,(R)

d
0

0 Ks,(H)
d

#"
ṡ(R) � ṡdes

(R)
ṡ(H) � ṡdes

(H)

#
,

(17)

where hs 2 Rnj , Js 2 Rnk⇥nj are extracted from h
and J by considering exclusively the joints dynamics, and
Ks,(.)

p ,Ks,(.)
p 2 Rnj,(.)⇥nj,(.) are positive definite matrices.

IV. EXPERIMENTAL VALIDATION

The proposed framework is implemented and validated
in an experimental scenario where a humanoid robot and
a sensorized human subject perform a payload lifting task.

A. Experimental Setup

The control infrastructure has been tested using the iCub3
humanoid robot platform [23], which, for the purpose, was
endowed with 22 degrees of freedom. The human subject
is tracked using the iFeel wearable suit, and is modelled as
a 29 degrees of freedom multi-body system. According to
the capability of the robot, a payload of 4 kg is used. The
experimental setup is shown in Figure 1.

B. Implementation Details

The force optimization and task-space inverse coupled
dynamics, introduced in Section III-C, are implemented
as a single QP optimization allowing to enforce a force
ergonomics minimizing the energy expenditure [21]. This
is possible by defining a human motor control model that
relates the torques generated by the two agents.

Some of the quantities from the human momentum control
model in Equation (3), are not trivial to be determined, and
some simplifications are required. The momentum feedback
term K(H)

d
(L(H) � Ldes

(H)) appearing in Equation (3a) is
removed, and the estimated human momentum derivative
replace the desired one, i.e. L̇des

(H) =
ˆ̇L(H). The desired object

height is computed from the human hands position which
acts as master (human hands have an similar role in the
trajectory advancement strategy discussed in Section III-B),
while its desired orientation is maintained constant. More-
over, a gravity compensation task is used as regularization
for the human internal joint torque solution, such that

⌧0,(H) = hs,(H) � JT

s,Hf(H). (18)

Combining the human motor control model, the force
ergonomics optimization, and adding an inverse dynamics
task, the following hierarchical optimization is implemented

f⇤ =argmin
f

k⌧⌧⌧⇤(f)kW⌧

+ kfK,(H) � f̂K,(H)kWf̂
, (19a)

s.t.: b⇤ = A · f , (19b)
C · f < d, (19c)

⌧⌧⌧⇤(f) = argmin
⌧⌧⌧

k⌧⌧⌧(f)� ⌧⌧⌧0k, (19d)

s.t.: M⌫̇⌫⌫ + h = B⌧⌧⌧ + JT f , (19e)
J⌫̇⌫⌫ + J̇⌫⌫⌫ = 0, (19f)

⌧0,(R) = hs,(R) � JT

s,Rf(R)

�Ks

p,(R)(s(R) � sdes
(R))

�Ks

d,(R)(ṡ(R) � ṡdes
(R)), (19g)

⌧0,(H) = hs,(H) � JT

s,(H)f(H), (19h)

where:
• Equation (19a) applies force ergonomics minimizing

the energy expenditure via torques minimization, and
applies regularization on human feet forces using shoes
wrench measurement denoted as f̂K,(H) ;

• Equation (19b) corresponds to Equation (11), and cor-
responds to force optimizatio tasks;

• Equation (19c) applies the inequality constraints contact
wrenches to ensure unilaterality, static friction, center of
pressure, and grasping feasibility;

• Equation (19e) and (19f) define the coupled dynamics
formulation presented in Section II-C;

• Equation (19g) regulates the robot torques free variable,
while Equation (19h) defines the gravity compensation
model for the human.

C. Results
The proposed controller implementation allows to

perform collaborative lifting task in the proposed
scenario. The code and video are available at
https://github.com/ami-iit/paper_rapetti_
2023_icra_eronomic_payload_lifting.

Robot configurations at height 35 cm and 75 cm are com-
puted. The transition between the configurations is han-
dled by the trajectory advancement strategy proposed in
Section III-B. Figure 4 presents the results for a lifting
tasks experiment. The robot grasp the payload from the
side, and regulates the wrenches following the motion of
the human collaborator. Figure 4d-4f represents the data
collected during the lifting motion, showing the measured
configuration of human, robot, and payload, and the desired
configuration of the robot and payload, in yellow. The plots
presents the tracking performances for the object position and
orientation. Comparable performances are observed for the
three position components, which retains the error < 5 cm.
Compared to the other axis, yaw tracking presents the worst
performances. Since the estimation of the object pose relies
on the kinematic of the human, errors might be affected by
modelling error. Concerning the desired wrenches, it can be
observed from Figure 4h that a fixed compression wrench of
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Fig. 4: Human-robot collaborative lifting experiments. Pic-
tures (a)-(c) are captured during the execution, while (d)-(f)
represents the measured configuration of human, robot, and
payload in grey, and in yellow the reference configuration of
robot and payload. (g) and (h) show respectively the object
pose tracking performances and the computed wrenches f

⇤.

20N, determined empirically, has been enforced as constraint
in order to maintain the grasp on the object. Figure 5 shows
a second experiment. In this case the subject moves the
payload up and down. As a consequence, the robot reference
trajectories follow the human motion along the trajectory.
It is important to note that both experiments use the same
controller, and the speed and direction of the robot movement
are automatically adjusted based on the human motion.

V. CONCLUSIONS

This paper proposes a framework that allows a humanoid
robot to perform collaborative payload lifting task with a hu-
man partner. Using wearable sensors and coupled dynamics,
the controller is designed to optimize the task execution tak-
ing into consideration the ergonomics of both agents through
symmetrical models for humans and robots. Moreover, the
robot has the capability to adapt its trajectory to follow hu-
man motion. The implementation of the framework has been
tested on robot hardware. Since a single scenario has been
tested, extended validation should be performed with a group
of operators, collecting feedback on the quality of the lifting.
Adding more sophisticated human behavioural models, such
as black-box and data-driven, can enrich the framework
towards predictive control strategies while introducing less-
invasive monitoring systems can facilitate transferring the
proposed method to real-world scenarios.
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Fig. 5: Trajectory advancement in collaborative controller.
(a)-(c) display motion sequence: object is moved upwards,
(a) and (c), and downwards, (b). (d) shows the estimated and
reference trajectories for the CoM z-axis.
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