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Human-in-the-Loop Optimization of Exoskeleton
Assistance Via Online Simulation of Metabolic Cost

Daniel F. N. Gordon , Christopher McGreavy , Andreas Christou , and Sethu Vijayakumar

Abstract�Many assistive robotic devices have been developed
to augment or assist human locomotion. Despite advancements
in design and control algorithms, this task remains challenging.
Human walking strategies are unique and complex, and assistance
strategies based on the dynamics of unassisted locomotion typically
offer only modest reductions to the metabolic cost of walking. Re-
cently, human-in-the-loop (HIL) methodologies have been used to
identify subject-speci�c assistive strategies, which offer signi�cant
improvements to energy savings. However, current implementa-
tions suffer from long measurement times, necessitating the use of
low-dimensional control parameterizations, and possibly requiring
multiday collection protocols to avoid subject fatigue. We present a
HIL methodology, which optimizes the assistive torques provided
by a powered hip exoskeleton. Using musculoskeletal modeling, we
are able to evaluate simulated metabolic rate online. We applied our
methodology to identify assistive torque pro�les for seven subjects
walking on a treadmill, and found greater reductions to metabolic
cost when compared to generic or off-the-shelf controllers. In a sec-
ondary investigation, we directly compare simulated and measured
metabolic rate for three subjects experiencing a range of assistance
levels. The time investment required to identify assistance strategies
via our protocol is signi�cantly lower when compared to existing
protocols relying on calorimetry. In the future, frameworks such as
these could be used to enable shorter HIL protocols or exploit more
complex control parameterizations for greater energy savings.

Index Terms�Assistive robotics, exoskeletons, human-in-the-
loop optimization, musculoskeletal modeling.

I. INTRODUCTION

FOR decades, assistive robotic devices such as exoskeletons,
exosuits, and prosthetic limbs have been a topic of major

interest in the biomechanics and robotics communities [1]. Many
of these developed platforms [2] are thought to have huge
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potential in a wide range of application domains related to human
movement. For example, devices such as the Lokomat [3], a gait
rehabilitation robot, have demonstrated the potential to be more
effective than conventional treatments at restoring mobility to
patients with spinal cord injuries [4]. Passive exoskeletons are
being developed to help reduce the potential for strain-related
injuries in the work-place [5], or to reduce the energy required
for locomotion [6]. New powered ankle prostheses continue to
be designed with the goal of replicating the energy ef�ciency of
the biological human ankle [7], [8].

A particularly common design goal for powered exoskeletons
and exosuits is to reduce the metabolic cost of walking [9]�[12].
Devices, which achieve this goal could be used either to augment
human locomotion capabilities, for example to assist humans
carrying heavy loads over long distances [13], or for long-term
mobility rehabilitation or assistance of movement-impaired or
elderly people [14]. This latter use case is of particular relevance
to modern society, which increasingly faces the issue of mobil-
ity loss tied to an aging population [15], [16] along with the
associated health problems and reduction in quality of life [17].
However, designing exoskeleton controllers, which can ef�-
ciently assist human locomotion has proven to be a challenging
problem, as the ef�cacy of these devices is strongly dependent on
the timing and magnitude of the delivered assistance [18]�[22].
Moreover, this issue is compounded by the fact that, due to
variations in age, size, limb proportions, and even internal loco-
motion strategies, humans can exhibit signi�cant differences in
walking styles [23]�[25]. The consequence of this is that generic
exoskeleton controllers may be suboptimal for a large number of
individuals.

Recently, a solution to this problem has emerged in the form
of human-in-the-loop (HIL) optimization. HIL optimization (see
Fig. 1) is a technique, which seeks to optimize some aspect of
an assistive device by iteratively taking measurements from the
intended wearer �in the loop,� evaluating device performance
according to some metric and updating the system accordingly.
Ultimately, the aim of this process is to produce a tailored
assistance solution for each individual. Typically this process
is used to optimize a parameterised control law [26]�[28],
though other objectives have included step frequency [29], [30],
parameterised design variables [31], and the energetic pro�le of
assisted locomotion [32]. Most commonly, device performance
is evaluated by quantifying metabolic rate via respiratory gas
analysis [26]�[30], however, other physiological signals such
as EMG activity [31], [33], or subject feedback [34], [35] have
successfully been used as a performance criterion. A critical
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Fig. 1. Schematic illustrating the key steps comprising a generic implemen-
tation of HIL optimization. To illustrate, a speci�c implementation [28] could
use calorimetry (the real-time measurement) to quantify metabolic cost (the
performance metric) while using Bayesian optimization (the optimization step)
to update some parameterised control law (the system update).

aspect of HIL optimization is the technique used to drive the
update of system parameters, which must be ef�cient in order
to promote convergence [30]. Two widely used and successful
methods are covariance matrix adaptation [27] and Bayesian op-
timization [28], [30], which have comparable performance [32].
Other implementations have utilised reinforcement learning
frameworks to optimize exoskeleton [33], [36] and prosthe-
sis [37]�[39] control parameters. In general, using HIL opti-
mization, researchers have been able to identify individualized
control patterns, which result in signi�cantly greater energetic
savings than traditional control schemes [28].

Despite the impressive energetic cost reductions achieved by
existing HIL optimization implementations, a clear limitation
of the method exists: the signi�cant time investment required
to produce optimized assistance pro�les. This is particularly
relevant when the aim is to reduce metabolic cost, as to do
so typically involves the measurement of noisy, low frequency
calorimetric data, which requires large measurement times in
order to produce accurate readings [40]. This presents two
issues: �rst, as the time spent walking increases, so too does
the likelihood that the subject will become fatigued. Not only
is this uncomfortable for the subject, increasing the potential
for early termination of the process, but due to physiological
changes, which reduce the energy ef�ciency of fatigued mus-
cles [41], further measurements cannot be considered valid.
Second, long measurement times effectively place limitations
on the complexity of the optimization objective. For example,
relatively simple control pro�les offering unimodal assistance
patterns may be used [27], [28], albeit to strong effect. In order
to explore the use of more complex control parameterizations,
which may offer even greater energetic cost reductions, or to
optimize the control of multijoint exoskeletons and exosuits,
more ef�cient HIL optimization protocols are necessary.

This problem of excessive runtimes in HIL protocols is
well recognised, and recent works have attempted to �nd so-
lutions by implementing early-stopping within the optimiza-
tion process [42] or by replacing the use of respiratory gas

analysis with machine learning models on less coarse data
inputs [43]. We propose an alternative approach, which leverages
the strengths of musculoskeletal modeling [44]. Simulation-
based approaches have proven useful both for the analysis of
exoskeleton-assisted locomotion [45], [46] and the design of
exoskeleton controllers [47]. Utilising dynamic models driven
by musculo-tendon actuators [48]�[51] combined with models
of muscle energetics [52], [53] the metabolic power consump-
tion of movements can be readily estimated [47], [54], providing
approximations to the ground truth data from calorimetry [53],
[55]. Musculoskeletal models can easily be scaled to match a
subject in terms of proportions, but adapting muscle parameters
(for example, to differentiate between subjects with different
muscle strengths) is challenging, and furthermore these models
do not by themselves account for innate differences in walk-
ing styles. By combining musculoskeletal modeling with HIL
optimization, we can ef�ciently simulate the metabolic cost of
walking using a scaled generic model, while retaining the ability
to learn personalized controllers using data collected directly
from subjects.

To summarise, in this article, we present a HIL methodol-
ogy, which optimizes the assistive torque patterns applied by
exoskeletons. Musculoskeletal simulations are conducted on-
line in order to simulate metabolic rate, signi�cantly reducing
the time investment required to sample speci�c torque pro�les
when compared to implementations relying on calorimetric
measurements. We evaluate the effectiveness of our method for
seven subjects wearing an active pelvis orthosis. In addition,
we present results from a secondary investigation in to the
correlation between simulated and experimental metabolic rate,
based on data collected from three additional subjects wearing
the same pelvis orthosis.

II. HARDWARE

A. Motion Capture Equipment

Our experiments were conducted in the Gait Lab, The Uni-
versity of Edinburgh, seen in Fig. 2. The lab is out�tted with
a 12-camera motion capture system (Vicon, Oxford, U.K.) to
track re�ective marker trajectories as well as a six-axis, split-
belt treadmill (Motekforce Link, Amsterdam, Netherlands) for
measuring ground reaction forces and moments. The ground
reaction force data is measured independently for each foot via
two force plates integrated in to the treadmill, which report both
forces and torques, i.e.,

fg = (fx, fy, fz, 0, Ty, 0) � R6 (1)

as well as the centre of pressure on each force plate

cp = (cx, cy, cz) � R3 (2)

where we have assumed that the vertical axis is in the y-direction.
Note that twists in other directions could be introduced if verti-
cal shear forces were present, e.g., when walking on unstable
ground, however, this is typically not the case in treadmill
walking.

Subjects also wore a Cortex Metamax 3BR2 system (Cortex,
Leipzig, Germany) for a portion of the experiment, which was
used to experimentally quantify the metabolic cost of walking.
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Fig. 2. (a) Subject walking in the Gait Lab, The University of Edinburgh. Equipment shown includes a Vicon motion capture system, Motek Medical treadmill
and active pelvis orthosis (APO). (b) Close-up of the APO worn by the same subject whilst walking. (c) Realtime capture of motion data via Vicon�s Nexus software
and the APO controller. (d) Subject walking whilst wearing a respiratory gas analysis device.

Fig. 3. Series of closeup images of the APO illustrating the various components, which comprise the device. Labels indicate the position of the orthotic shells,
fastening straps, and the three main components of the exoskeleton itself: the backpack, actuator housings, and carbon �bre lateral arms.

The device takes breath-by-breath measurements of the rates
of oxygen uptake and carbon dioxide output by the wearer. A
subject is seen wearing the device in Fig. 2.

B. Exoskeleton System

During our experiments subjects wore the active pelvis
orthosis (APO), a rigid pelvis exoskeleton, which is de-
signed to offer �exion and extension assistance at the hip
joint during walking [56]. This exoskeleton was developed
at The BioRobotics Institute of Scuola Superiore Sant�Anna
(Pisa, Italy); the technology is currently licensed to IUVO Srl
(http://www.iuvo.company, Pontdera, Italy). The version of the
APO used in this article is an evolution of an earlier design [56],
which is now fully portable featuring an on-board battery with
a total mass of 6.8 kg.

The physical structure of the APO consists of a backpack
segment, which houses the battery and internal electronics; hous-
ings for the actuation units; two carbon �bre lateral arms, which
contain a 4-bar power transfer mechanism [57]; and two carbon
�bre links, which interface directly with the human thighs. Two
orthotic shells attached to the backpack help to distribute the
weight from the device evenly over the subject. The exoskeleton
is secured to the wearer via a series of straps: one securing each
thigh to the corresponding carbon �bre link, two straps securing
the shoulders to the upper orthotic shell, and �nally two further
straps, which secure the lower orthotic shell to the pelvis. The
components of the APO are labeled for reference in Fig. 3.

The APO is driven by two series elastic actuation units, which
drive �exion and extension assistance on either side of the
device [56]. Each actuator contains a 100 W dc motor in series
with torsional spring of stiffness 100 Nm/rad. A harmonic drive
and four-bar mechanism are used for gear reduction and power
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