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ABSTRACT
An exoskeleton is a body-worn mechanical device designed to work in concert with the user to
enhance human capabilities. For the dismounted close combatant, an exoskeleton could be worn
whilst performing a variety of complex tasks and duties. As such, there is a requirement for the
human and the exoskeleton to readily adapt to different movements in different contexts. There
have been many attempts to design an exoskeleton to improve the performance of the complex
adaptive human system with limited success. Despite a vast investment in time and resources,
exoskeletons have not yet been adopted for operational use by military leadership for use by the
dismounted close combatant as they are yet to demonstrate substantive augmentation to
individual warfighter and collective team capability. We argue that a major limitation of current
exoskeleton systems is their inability to concurrently adapt to the user, task and environment.
Unless a device can meet this requirement, it is unlikely to offer a comparative benefit to the
dismounted close combatant. This paper will present the state of the art of current exoskeleton
technology, and recommend future research necessary to reach an acceptable standard of
augmentation and thereby lead to widespread adoption.

KEYWORDS
Motor control; technology;
policy; performance; injury
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1. Introduction

The dismounted close combatant is required to complete a
broad range of physical tasks. For example, load carriage
and manual material handling were found to be the most
common physically demanding activities performed by
Australian soldiers (Lo, Carstairs, Mudie, Begg, & Billing,
2020). During close combatant operations (tactical situ-
ations) adopting and holding firing positions were ident-
ified as critical tasks (Boynton, Mudie, & Tweedell, 2020).
Additionally, a causality drag, leopard crawl and wall or
window clearance are other physical tasks frequently per-
formed by warfighters (Karakolis, Sinclair, Kelly, Terhaar, &
Bossi, 2017). These tasks, alongwithothers, canbegenerally
grouped into five capability areas that include mobility,
lethality, survivability, sustainability and C4I (Command,
Control, Communications, Computers and Intelligence).

In describing the battlefield of 2050, Kott, Alberts, and
Wang (2015) forecasted that it will be

populatedby fewer humancombatants, and thesehumans
would be physically and cognitively augmented with
enhanced capabilities to sense their environment, make
sense of their environment, and interact and collaborate
with one another, as well as with robots of various forms.

This scenario would require the human to be equipped
with (or assisted by) an optimal amount of machine
intelligence to augment their capabilities (Figure 1).
Exoskeletons offer an option for physical augmentation.
The human remains the high-level decision maker, while
the exoskeleton augments the physical attributes of the
user and automates various low-level functions, elimi-
nating the need for human involvement. A critical area
of automation is the dynamic interaction between the
user, task and environment.

Anexoskeleton is definedhereas abody-wornmechan-
ical device designed to work in concert with the user to
enhance the capabilities of the warfighter (Herr, 2009;
Mudie et al., 2018), with the potential to enable the com-
pletion of tasks not possible by the human alone.
However, despite a vast investment in time and resources,
exoskeletons have not been adopted for operational use
as they have not yet been demonstrated to substantively
augment task performance to a level that would
enhance the individual warfighter and collective team.
We posit that this is due to the requirements placed on
the exoskeleton developers to focus on optimising
specific physiological or biomechanical parameters, i.e.
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reducing oxygen consumption during load carriage or
reducing ground reaction forces (Crowell, Park, Haynes,
Neugebauer, & Boynton, 2019) as opposed to focusing
onmore comprehensive individual or collective team per-
formance variables. Simply put, many exoskeletons are
designed for specific tasks (e.g. augmenting walking
under specific load conditions). When these exoskeletons
are required to perform activities outside their original
design criteria (i.e. runing, crawling, jumping or lifting for
an exoskeleton designed to assist with walking), they are
substantially less effective and incur a performance decre-
ment (Gregorczyk et al., 2010). In fact, many current exos-
keletons potentially degrade performance or inhibit
successful performance of other tasks.

While exoskeletons may be designed to optimise a
single parameter (such as reducing metabolic cost), it
is believed that human movement is based on the
complex interaction and concurrent balance between
multiple performance characteristics (Todorov, 2004;
Todorov & Jordan, 2002). The aim of this paper is to high-
light limitations in current exoskeleton research, and rec-
ommend future research that will be necessary to reach
an acceptable standard of augmentation and thereby
lead to widespread adoption.

2. Current technology

2.1. Utility in the military context

Military applications for exoskeleton have been envi-
sioned over the previous quarter of a century (Crowell
et al., 2019; Ding et al., 2016; Galle, Malcolm, Derave, &

De Clercq, 2014; Gregorczyk et al., 2010; Kazerooni &
Steger, 2006; Mooney, Rouse, & Herr, 2014a; Panizzolo
et al., 2016; Rome, Flynn, & Yoo, 2006; Walsh, Endo, &
Herr, 2007) and have demonstrated more promising
results in recent years (Sawicki, Beck, Kang, & Young,
2020). For example, portable exoskeletons have shown
a reduction in energy cost of 8–15% during loaded
walking (Lee et al., 2018; MacLean & Ferris, 2019) and
4% during running (Witte, Fiers, Sheets-Singer, &
Collins, 2020). From an operational perspective, a 10%
reduction in energy cost during walking could extend
the warfighters’ maximal acceptable working duration
during a pack march from 5.5 to 7 h, or allow an extra
10 kg of armour/equipment to be safely carried (Drain,
Billing, Neesham-Smith, & Aisbett, 2016). However,
these incremental improvements in mobility do not
offer a clear operational advantage, especially when
limitations are introduced, such as reduced tactical
mobility. For example, an exoskeleton that reduces
energy cost during load carriage may enhance
endurance and reduce fatigue levels. However, the
same exoskeleton may also reduce the warfighters’ leth-
ality, mobility and thereby survivability, if ambushed by
an enemy force.

2.2. Limitations of current technologies

Current exoskeleton design can be characterised by a
sequential one-dimensional design framework
(Figure 2). As the framework depicts, the exoskeleton
(device) can influence the user, and the user in turn influ-
ences or completes an action. In this sequential model,

Figure 1. Author’s interpretation of balance between human involvement and machine intelligence to realise a substantively aug-
mented human. The theoretical optimal level of machine intelligence and human involvement is shaded blue. Insufficient
machine intelligence, as observed in contemporary exoskeletons, does not enable a sufficient level of adaptation between user,
task and environment.
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each element is considered in isolation and only the
effect of an element, i.e. the device, on another (the
user) is studied. Further, the device only receives infor-
mation on the user and does not receive information
about the environment or action. Successful result is
considered as the sum of the elements (i.e. device +
user) that produces an optimised or enhanced specific
action.

Exoskeletons may not have matured to the point that
they are fielded partly due to the fact that many are
designed to augment specific actions rather than
being designed to improve capability areas. For
instance, the design of an exoskeleton to optimally
enhance ambulation for prolonged load carriage may
be completely different to the design of an exoskeleton
to enhance tactical mobility (which inherently could
include walking, running, crawling, etc.). While humans
easily transition between these tasks (i.e. from standing
to walking to running, to adopting prone firing pos-
itions), exoskeletons have not been as adaptable.
Specifically, current technologies are unable to adapt
in real-time or pre-emptively to changes in the specific
kinematics of the human user due to changes in the
task, environment, or user physical state (e.g. fatigued).
Noting each human user will adapt in a unique
manner necessitates that an exoskeleton must have a
level of machine intelligence to account for many
complex and dynamic interactions. This sequential
approach does not take into account the concurrent
and dynamic interaction between the device, task and
environment.

Exoskeleton control strategies remain a major limit-
ation to their adaptability. Many control algorithms are
based on the kinetics (Mooney, Rouse, & Herr, 2014b),

kinematics (Ding et al., 2016) or EMG (Ferris, Czerniecki,
& Hannaford, 2005; Sawicki & Ferris, 2009) signals
during movement. However, these control strategies
have shown limited success in allowing an exoskeleton
to follow the human’s movement as it adapts to
changes in environmental or task constraints. These
strategies make the assumption that we can measure
kinematics, kinetics or EMG to a sufficient resolution,
analyse it in real time, and use that data to affect the
motion of the exoskeleton while the exoskeleton is
already moving.

More recently, a control algorithm demonstrated the
ability to optimise metabolic rate (task output) during
walking by providing gradual changes in the timing
and magnitude of mechanical assistance, following a
period of user optimisation (Zhang et al., 2017). In
addition, an exoskeleton control algorithm was able to
reliably detect the walk-to-run transition and adjust
the mechanical assistance accordingly (Kim et al.,
2019). These approaches may better allow an exoskele-
ton to provide more individualised mechanical assist-
ance, or adapt to subtle changes in task or
environmental constraints. However, exoskeleton
control may continue to be limited by only utilising his-
torical or current sensor data of cyclic, expected actions
to inform future movements.

Following real-time human movement implies that
the exoskeleton will, at best, be slightly delayed in
response to unexpected events or disruptions to a
cyclic pattern of movement. In fact, the notion of a
control strategy that follows the human may be funda-
mentally flawed. There exists a need for a control
system capable of accurately predicting the human’s
movement in every environment and under every con-
dition. It is the authors’ view that this level of adapta-
bility is absolutely necessary and recent advances in
technology will help realise this aim (https://www.arl.ar-
my.mil/business/collaborative-alliances/current-cras/
strong-cra/, 2020).

3. Pathway to fielding

Human movement scientists have long thought that
human movement is influenced by the complex inter-
action between environmental, user, and task con-
straints (Newell, 1986). It may be helpful to view the
exoskeleton as adding a fourth constraint to this frame-
work. Therefore, successful adoption of an exoskeleton
depends on being able to concurrently balance the
interactions between user, exoskeleton, task, and
environment. A new framework for fielding and wide-
spread adoption of exoskeletons is proposed (Figure 3)
in recognition of the importance of the dynamic

Figure 2. Theoretical one dimensional framework for current
exoskeletons that are constrained due to the device only receiv-
ing information on the user and not receiving information about
the environment or action. Shown here is that the device influ-
ences the user, and the user completes the action. More
advanced algorithms for controlling exoskeletons include
some feedback from the user to the device.
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interactions between these elements for optimal coordi-
nation and control of any activity (Newell, 1986).

Emerging research considerations from the new
framework include the augmented human (user-device
interaction); task optimisation (user-task interaction);
detection and integration of environmental information;
and opportunistic learning (task-device interaction).
We propose that a comprehensive and collective
understanding of these interactions will provide the
greatest potential for successful adoption of military
exoskeletons.

3.1. Augmented human

Most current exoskeletons have sensors that allow
recording of kinematics and kinetics, but a revolution-
ary advance in exoskeleton control algorithms will
require sensing and understanding not only the
human, but the task and environment as well. This
information could be used to predict the way the
user adapts to the environment to allow the exoskele-
ton to move in a way that assists movement (as
opposed to reacts to the way the human moves).
Amongst other systems, users integrate information
from their sense of proprioception, visual and vestibu-
lar systems during movement, allowing an understand-
ing of current and future state and how they need to
move to continue to interact effectively with the
environment to complete the task at hand. Exoskele-
tons do not currently have this ability.

When first wearing an exoskeleton during walking
users typically demonstrate a short term neuromotor
adaption to reduce their energy expenditure (Galle,
Malcolm, Derave, & De Clercq, 2013; Gordon & Ferris,
2007). These changes represent a learning period by
the user adapting to wearing the device. Thus, the
user considers the device as a constraint in optimising
(augmenting) their movement (Figure 3). In clinical
populations, the interaction between the device and
the user has shown long term adaptations in their move-
ment patterns while wearing the exoskeleton, learning
over time to move more efficiently with the exoskeleton
(Moucheboeuf et al., 2020). Research is currently
ongoing to determine the extent to which long term
movement adaptations occur in a military population
wearing an exoskeleton. However, the exoskeleton
must also be adaptive, and to a certain extent be able
to “learn” along with the user. Therefore, there remains
a need to better understand how the user and device
collectively learn to optimally augment movement.

3.2. Task optimisation

A thorough understanding of the underlying mechan-
isms by which humans optimise movement and coordi-
nate motion is needed. Currently, performance
optimisation of exoskeletons is defined as an intrinsic
(biological and biomechanical) problem. However,
optimisation of the task should also be considered.
Indeed, biological systems tend to optimise energy
expenditure at all times, while accounting for task and
environmental constraints (Selinger, O’Connor, Wong,
& Donelan, 2015). In contrast, optimisation of perform-
ance requires a shift in the way the task and environ-
mental constraints are accounted for. There are two
aspects to be considered for an exoskeleton to be
effective: minimisation of the intrinsic effort and optim-
isation of the extrinsic task. There is currently a lack of
understanding of intrinsic effort and how this variable
may be measured across a range of tasks. There is also
a lack of knowledge on what is required to be optimised
for a given task.

Assistive devices on the market appear to be
focused on augmenting a specific intrinsic character-
istic, almost disregarding overall task optimisation.
This is justified by a methodological limitation,
steady state testing and cyclic or repetitive movements
such as ambulation. Therefore, in order to advance this
field and render the new generation of exoskeletons
usable, researchers should study intrinsic and extrinsic
elements of performance optimisation both in isolation
and combination while using various movement
patterns, transitions between movement patterns,

Figure 3. Proposed multi-dimensional interaction based frame-
work to successfully field exoskeletons in a military context. Suc-
cessful adoption of an exoskeleton depends on the concurrent
integration of multiple elements including user, exoskeleton,
task, and environment. In this framework, the exoskeleton
receives information on the task, the user and the environment,
and more importantly predicts future requirements. We envision
future control algorithms will need to incorporate a way for the
device to perceive the environment as well as the user’s
response to environmental stimuli.
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and perturbations or unexpected events, including
obstacle avoidance.

3.3. Detection and integration of environmental
information

A successful exoskeleton would work in concert with the
warfighters’movement, predicting the way the user per-
forms a task in a given environment. There is no direct
technology that can estimate (record) human intention.
Indeed, intention is an abstract concept that depends in
part on tangible (and therefore measurable) elements
such as the environment, user state, and task demand.
The integration of multi sensor data should produce a
“machine-defined” intention. A potential approach is
to apply motor control concepts (Kelso, Del Colle, &
Schöner, 1990) to “train” the machine for human inten-
tion prediction. Human intention as “development of a
thought” is not accessible, but with extensive monitor-
ing of human performance during already required mili-
tary training (opportunistic learning) control algorithms
could be refined to better assist the user (Lance et al.,
2020). Due to the volume of accessible data in military-
based tasks, learning and prediction should take place
online where sensor data is immediately processed
and utilised to maximise machine intelligence.

So far, human intention has been defined using internal
frames of reference such as muscle electrical activity, brain
activity, motion of segments in space. Some methods are
indeed useful because the signal is recorded before the
visible movement, allowing the pre-emptive actuation of
the exoskeleton. However, all methods lack an understand-
ing of the context (environment and task constraints)
within which the intention is derived. From a dynamical
system perspective (Kelso et al., 1990), intentional move-
ment emerges from (or is defined by) the interaction
between the user’s biomechanical and physiological con-
straints, environmental constraints and task constraints.
The key for an assistive device is the ability to recognise
the context and anticipate (predict) which family of poss-
ible solutions (redundancy problem) should be facilitated
(assistance provided) to accomplish the task at hand. To
achieve this, it is necessary for the exoskeleton to predict
how the task will be carried out. To recognise a user’s
ability, an extensive library of warfighter tasks will be
required so that the device is constantly updated with
new information about the unique way of completing
movements within the current environmental constraints.

Shifting the thought paradigm used to design an
exoskeleton and its control algorithms also necessitates
a different approach to sensing the environment. As
shown in Figure 3, the human user, the task, and the

device are all influenced by the environment. Under-
standing how to design a better exoskeleton control
system likely requires the device to perceive and under-
stand the environment on the same level that the
human does. Perceiving environmental constraints
requires advanced sensors. However, solely perceiving
these constraints is insufficient. A successful exoskeleton
controller needs to react to these constraints in the way
the human user does. For instance, vision allows humans
to perceive our environment and aids in determining the
limb configurations needed to continue moving. For
example, perceiving an obstacle will help someone
who is walking change their gait to avoid an obstacle.
In this way, vision helps the human adapt to their
environment and fine-tune their gait to account for
objects in the environment in anticipation of interacting
with those objects. Initially, the human was merely
walking. Once the obstacle was perceived, the task
changes to “continue walking while adapting to the
obstacle”. This change is subtle, but highly important.
Current exoskeletons that are based on kinematics, kin-
etics or EMG are limited to knowing the current state of
the user. In contrast, algorithms are needed that can
predict the near future state of the user. Framed this
way, the problem of designing an exoskeleton control
algorithm seems much more complex than human
control in that humans are only constrained by the
environment, task and internal constraints. In contrast,
the exoskeleton control needs to adapt to the environ-
ment, task, the device’s internal constraints (such as its
limb lengths, degrees of freedom, ability to generate
power, etc.), and the user.

Consider a system that incorporates a portable eye
tracker to constantly record and analyse what the user
is looking at while walking or running with an exoskele-
ton. Although an eye tracking device introduces new
challenges (Singh & Singh, 2012), this data could start
to provide information on the user’s perception and
could form part of the control system. Eye tracking pro-
vides a way of quantifying what the user is looking at in
the environment. If the eye tracking data is augmented
with inertial measurement unit (IMU) data, there may be
the opportunity to develop models of how that individ-
ual performs specific tasks and reacts to specific
obstacles in the environment. Given the correct circum-
stances, IMU augmented eye tracking while performing
military tasks and/or moving in a natural environment
offers that chance of sensing how humans interact
with the task and environment at an unprecedented
level. However, traditional discrete approaches for pro-
cessing large volumes of data can be tedious and time
consuming. Applying advanced machine learning algor-
ithms and predictive filters provides a feasible approach
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for processing and drawing insight from continuous
data streams and the opportunity to build a user
specific response model to important stimuli in the
environment. These methods can be used to develop
advanced and individualised control strategies for
exoskeletons.

It seems like there is a natural progression occurring
toward a more instrumented warfighter. The most prom-
ising technology that needs to be developed in order to
realise more accurate control algorithms for exoskele-
tons appears to be in utilising advanced machine learn-
ing for processing data from many of the sensors
warfighters are already beginning to use. The final chal-
lenge is sensor fusion via machine learning to predict
the future movement of the human, and move the exos-
keleton in the same way.

3.4. Opportunistic learning

In order for an exoskeleton to understand and predict
how a specific human responds to environmental and
task constraints, there needs to be a movement library
of how that user reacts to the environment and task.
Each user is unique and they will perform a task in a
specific way that is the result of the interaction of their
physical, cognitive, task and environmental constraints.
Given this intra- and inter-subject variability while per-
forming any given task, an exoskeleton must keep
adapting to the user. To achieve this, the control
system of the exoskeleton must constantly update
itself based on the flow of new information. In this
context, opportunistic learning refers to an online
system acquiring information while users perform tasks
in the field, and streaming information to a central com-
putational unit that sends updated information to the
exoskeleton. Thus, future research should aim to take
advantage of the warfighters’ everyday duties by record-
ing relevant information and utilising machine learning
to extract as many features as necessary to update the
control system of the exoskeleton (Lance et al., 2020).
As users learn to perform a task in their optimal way,
the device should learn and acquire this information in
order to provide an increasing level of assistance.

A system like this would require large amounts of
data collected over long periods of time. Consider the
above example of IMUs and eye tracking data that a dis-
mounted combatant wears on patrol as part of their
regular work equipment. The system may store the
data for a day or more, and then send it to a central pro-
cessing system that develops the necessary machine
intelligence unique for that individual. The longer the
warfighter wears the system, the more data is collected
and the more intelligent the exoskeleton becomes at

predicting how that user will interact with objects in
the environment.

As simple as this idea may sound, it represents an
important change in the way control algorithms are con-
ceived. In this setup, we propose that the feature acqui-
sition algorithm should process a continuous stream of
input data that is forever growing, with no distinct train-
ing or test samples. Similar to how humans learn, exos-
keletons should improve through an accumulation of
knowledge and experience.

4. Conclusions

A state-of-the-art exoskeleton would provide transfor-
mational benefits to the warfighter, whereby the best
of the human and machine are taken collectively to
enhance the warfighter and collective team capabilities.
To achieve this vision, an exoskeleton needs to be based
on a deep understanding of the underlying mechanisms
by which humans optimise movement, have the ability
to sense the environment, and have an understanding
of how the user reacts to specific task and environmental
constraints. In addition, the next generation of exoskele-
ton should be able to derive the likelihood of an
intended movement based on understanding an indi-
vidual user and how they interact with their internal
and external constraints. Therefore, we propose the fol-
lowing thematic recommendations:

. A shift from a one-dimensional to multi-dimensional fra-
mework where interdependency among constraints are
explicitly studied rather than implicitly assumed

. A deeper understanding of intrinsic and extrinsic
elements of task optimisation during various move-
ment patterns, transitions between movement pat-
terns, and perturbations or unexpected events.

. The prediction of near future state will likely be reliant
on large datasets gathered for individual users over
long periods of time, which can be achieved by
opportunistic and persistent sensing of the environ-
ment and the individual’s reactions to environmental
stimuli.

. Opportunistic sensing of the environment will likely
result in extremely large datasets, requiring machine
learning to be developed to understand that data
and construct predictive models of the environment
and individual’s response.
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