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I. INTRODUCTION

The growing trend of human-robot collaboration across
various industries is motivated by its promising benefits
of improving human productivity as well as safety and
comfort. For instance, in healthcare, human-robot systems
can augment the capabilities of healthcare workers (e.g.
power exoskeletons, lift support mechanisms) as well as
provide assistance to patients, elder and physically-impaired
individuals (e.g. exoskeletons, prosthetics, orthotics) (see Fig.
1). These systems need to be adorned, attached to or held by
humans while in operation, resulting in a dynamic coupling
between human and robot, which may lead to unanticipated
modifications of human motions and forces [1].

Advanced human models provide the benefits of sim-
ulating this complex interaction which enables improved
system designs capable of providing adequate assistance to
humans [2]. For instance, to evaluate human effort when
using an assistive exoskeleton for loco-manipulation tasks (e.g.
stair climbing while holding rails), a predictive simulation of
human model capable of balancing and stably transitioning
between various loco-manipulation poses [3] given support
provided by the exoskeleton and environment, would be
beneficial in the system design. Such simulations would also
enable the analysis of kinematic, dynamic and biomechanical
responses from the human model, which could be difficult
to measure in a user study.

Several human models have been proposed to evaluate the
usability of assistive robots such as lower-back exoskeleton
for lifting [4], lower-limb exoskeleton for running [5],
upper-extremity rehabilitation robot [6] and human-robot
co-manipulation [7]. However, limited work has been done
on a comprehensive active human model for predictive
simulation of human motion in loco-manipulation scenarios.
Previous studies tended to address the issues of locomotion
and environment manipulation in isolation. However, in
numerous human-robot interaction scenarios, the human
needs to manipulate the environment at the same time as
dynamically negotiate for postural stability.

Therefore, we propose to develop an active biomechanical
human model integrated with a motion planner and controller
capable of rendering natural human motion coordination for
loco-manipulation tasks. This model will enable us evaluate
human performance (kinematics, joint loading, muscle effort)
in the interaction with robots, which is crucial to the design
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Fig. 1: Sit-to-stand task assisted by a mobile manipulator (A) and lower-limb
exoskeleton (B)

of compatible assistive exoskeletons.

II. RELATED WORK

The use of computational human models to better under-
stand how humans interact with environmental elements is
common in various applications. Our prior work proposed
an active whole-body model for simulating human-vehicle
interaction to improve design of advanced driver assistance
systems [8]. Model-based design approaches have also
been proposed to improve safe interaction between humans
and robots in co-manipulation scenarios [9], and in upper-
extremity rehabilitation [6]. However, these studies focus
on manipulation tasks, with the assumption of whole-body
postural stability.

Several studies have also proposed sophisticated models
(e.g. OpenSim [10]) for analyzing human motion and forces
in walking [11], running [5]. These models, however, rely
on experimental data, and hence are unable to perform
predictive simulation. Recent works has integrated active,
rigid whole-body models with exoskeletons to estimate human
performance and evaluate system designs [4]. However, these
models are not applicable to simulations involving loco-
manipulation tasks. Maurice et al. proposed a human-model-
based approach for performing ergonomic assessments of
human-robot co-manipulation tasks. Their work resolved the
whole-body multi-tasking problem using a quadratic program-
ming controller [7]. Our work differentiates by enabling the
predictive simulation of complex loco-manipulation tasks
where the human interacts with the robot not only at the
end-effectors.



Fig. 2: Model-based human-robot interaction framework

III. PROPOSED METHODOLOGY

A. Human and Robot Models

The human whole-body model used derives from our prior
work [8], which was adapted from existing biomechanical
models [11]. The model comprises 31 degrees of freedom
(DOF). The mass and inertia properties were scaled to match
that of a human body with height of 1.8m and weight of
77.4 kg. The model was driven by muscle torque actuators,
which combine the muscular efforts at each joint [2]. Contact
surface meshes and forces were modeled between the human
body and environment as in [8]. The robot is modeled based
on the scenario (i.e. with A or B in Fig. 1). For scenario A,
mobile manipulator robot can be modeled as 7 rigid segments
having 9 DOF (6 for the manipulator, 3 for mobile base)
with spring and damper constraint between the human hand
and the robot end effector. For scenario B, the exoskeleton
can be modeled as 6 rigid segments having 3 degrees of
freedom (ankle, knee and hip) for each leg. The exoskeleton
is attached to the human body using kinematic constraints.
The robots are driven by ideal torque actuators at each DOF.

B. Whole-body Task Planner

The interaction of humans with robots in the environment
results in multi-contact scenarios, where the human not only
negotiates stability via their legs but also upper limbs and
body. Borras et al. proposed a taxonomy of whole-body
support poses [3]. In our work, we propose to plan transition
trajectories between these support poses that guarantee
postural stability and effective interaction dynamics during
loco-manipulation task. The desired robot behavior is also
derived from the tasks defined by the task planner.

C. Controllers

To actuate the whole-body human model, we employ the
task prioritization control strategy proposed by Sentis et

al [12]. Here, human motion is abstracted into distinct primi-
tives/tasks (e.g. postural stability, contact support, reaching,
gaze) which are derived from the task planner. Using adequate
control policies, the whole-body joint torques is estimated to
satisfy all tasks in a hierarchical fashion. The control scheme
for the robot component is robot- and task-specific, and will
vary accordingly.

IV. FUTURE WORK

This ongoing work proposes to develop a simulation-based
approach (see Fig. 2) to evaluate human-robot interaction
in loco-manipulation scenarios. Our methodology integrates
a biomechanical whole-body model, animated by a motion
planner and controller, with robot systems to enable the
evaluation of human performance and robot assistance dur-
ing interaction. We intend to first validate our proposed
human model using experimental studies for simple loco-
manipulation tasks. Thereafter, this framework would be used
to guide the design of assistive robotic devices, specifically
in healthcare scenarios.
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