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Abstract

A common issue with many commercial rehabilitative exoskeletons and orthoses are that they can be prohibitively expensive
for an average individual to afford without additional financial support. Due to this a user may have limited to the usage of
such devices within set rehabilitation sessions as opposed to a continual usage. The purpose of this review is therefore to
find which actuator implementations would be most suitable for a simplistic, low-cost powered orthoses capable of assist-
ing those with pathologic gait disorders by collating literature from Web of Science, Scopus, and Grey Literature. In this
systematic review paper 127 papers were selected from these databases via the PRISMA guidelines, with the financial costs
of 25 actuators discovered with 11 distinct actuator groups identified. The review paper will consider a variety of actuator
implementations used in existing lower-limb exoskeletons that are specifically designed for the purpose of rehabilitating or
aiding those with conditions inhibiting natural movement abilities, such as electric motors, hydraulics, pneumatics, cable-
driven actuators, and compliant actuators. Key attributes such as technical simplicity, financial cost, power efficiency, size
limitations, accuracy, and reliability are compared for all actuator groups. Statistical findings show that rotary electric motors
(which are the most common actuator type within collated literature) and compliant actuators (such as elastic and springs)
would be the most suitable actuators for a low-cost implementation. From these results, a possible actuator design will be

proposed making use of both rotary electric motors and compliant actuators.

Keywords Actuator - Assistive Devices - Cost - Lower Limb Exoskeleton - Systematic Review - Wearable Robots

1 Introduction

While the concept of an actuated leg attachment designed
to aid in walking can be traced back to as early as 1890 [1],
the first working examples are seen in 1969 with Mihajlo
Pupin Institutes’s “Kinematic Walker” [2] and in 1971 with
General Electric’s “Hardiman I [3]. Motors and Actuation
as a concept however can be traced back far further, to early
Steam Engines of the 1700’s for functional powered devices
and all the way to the rudimentary curiosity known as an
Aeolipile in the first century.

Lower Limb Rehabilitative Exoskeletons can be used
to aid wearers with conditions such as Spinal Cord Injury,
Cerebral Palsy, and Strokes. This can take the form of fully
dictating leg movement based off of an external controller
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such as for cases with heavily paraplegic patients who have
little to no ability to move their legs independently, to reha-
bilitative or augmentative designs that encompass the leg
and move based off of the user’s leg movements, to more
passively assistive exoskeletons for those with strokes or
Cerebral palsy, who may instead suffer pathologic gait issues
such as Hypo/Hypertonia (muscle limpness/stiffness) and
Hypo/Hyperkinesia (poor/excessive muscle movements) but
are none the less capable of some independent movement.
One of the most critical components of the exoskeleton
would be the actuator, as it is these that result in the exo-
skeleton’s movement. Actuation in its traditional form is
most obviously seen in “Hard” exoskeletons, which employ
sturdy, non-compliant materials in their construction, actua-
tors are directly attach to this frame as does the user’s leg,
which will move with it when the frame is actuated, well-
known examples include BLEEX [4] and HAL [5], they
have the benefit of increase structural integrity and so can
apply more force to the wearer at the cost of reduce mobility
and higher inertia. “Soft” exoskeletons meanwhile are made
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of compliant materials and can often make use of cabling
and elastics, they allow for greater mobility and are usually
lighter than their hard counterparts but are less suitable for
carrying heavy loads or for supporting a user who lacks the
ability to support themselves as compliant materials are by
their nature not as sturdy.

This paper looks to review different types of Actuators
used by lower-limb exoskeletons, analyse patterns of what
actuator types are most commonly used by what types of
exoskeleton, as well as the costs of such actuator implemen-
tations. Additionally, this paper will cover the basic func-
tionality of these actuator types.

Commercial exoskeletons have already been criticised as
being expensive, especially for an independent consumer
with average monetary availability. For example, medical
spending in the UK was estimated in 2019 to be ~ £2,347
per person [6] (estimates of 2020 and 2021 are anomalously
high due to COVID-19 and so not included), with the costs
of well-known exoskeletons such as the EksoNR costing
upwards of £126,000 [7], which is infeasible for many with-
out external funding. Even for the developed country with
the highest medical spending per capita, the United States,
of ~£8,369 ($11,582) [8] per person the average exoskeleton
cost far exceeds the average spending, for developing coun-
tries such as India with considerably lower medical spending
and individual wealth, acquiring such equipment is effec-
tively impossible for the average person without external
funding.

As such, exoskeletons are more likely to be purchased by
medical institutions who have more available capital and can
then share these exoskeletons between multiple users taking
part in rehabilitation sessions. While rehabilitation sessions
still help to rehabilitate a wearer, pathologic gait issues often
produce long-term side effects such as crouch gait which
can worsen over time as a result of gradual bone and muscle
damage, effects that will continue to worsen when the patient
is not being externally supported. When not part of these
rehabilitation sessions a wearer may have access to sim-
pler orthoses or braces to reduce gait degradation, although
these are often passive solutions that would be less able to
actively adapt to the wearer. An alternative to this would be
to try to create a low-cost exoskeleton that can perform basic
rehabilitation and assistive actions to reduce this degrada-
tion effect while remaining capable of actively adapting to
the user’s needs, of the various components required for the
function of an exoskeleton the actuator’s cost is one of the
most significant.

The actuator is a component that is often purchased mul-
tiple times for each active degree of freedom an exoskeleton
supports, more actuators would naturally require a larger
power supply and a likely more advanced controller to han-
dle sending commands to them, additionally expensive, high
end actuators with low latencies and high torque require a
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higher quality speed controller to manage them and a more
ruggedly built frame to hold them; each of these further
increases the price of the exoskeleton. As such, using a low-
cost methodology, if one were to use an “ideal” actuator
which was of a low cost, while also providing high torque,
reliability, and accuracy, with low power consumption, and
an simple control system, one could considerably lower the
overall cost of the exoskeleton and make it more accessible
to the average person. As such this paper will compare a
variety of different actuator types to judge which best fits a
low-cost implementation. For consistency, all prices have
been converted to British Pounds (£), while this currency
was chosen due to author familiarity no special effort has
been made to find the feasibility for actuator or exoskeleton
purchases within the UK specifically, it is believed by the
author that much of the information presented within this
paper would be equally appropriate regardless of location,
although prices may differ regionally. As a rough estimate
of the most common conversions used within this paper:
£1=€1.20, and £1 =$1.35, prices of components are likely
to have changed between their recording and time of reading.

2 Research Methodology

For this paper, literature has been sourced Primarily from
Web of Science and Scopus, two well-known databases of
scientific journals. Papers were considered eligible if they
were published after 1990 (up to June 2021), were in the
subject area of Electrical/Electronic Engineering, and came
from Conference Proceedings or Journal Reports. The fol-
lowing search procedure that has been used for Scopus is
displayed below:

Title/Abstract/Keywords: (leg OR foot OR hip OR knee
OR ankle OR (lower AND (limb* OR extremity OR
body)))

AND

Title/Abstract/Keywords: (rehab* OR assist* OR treat*
OR pathological)

AND

Title/Abstract/Keywords: (wearable OR ortho* OR robot*
OR exoskeleton OR actuat® OR powered)

AND

Language: (English)

AND NOT

Title/Abstract/Keywords: (control OR classif* OR recog-
nition OR review OR analysis OR examin* OR compari-
son OR investig* OR estimation OR effect OR simul* OR
assess* OR evaluation)

This Produced 734 results, a similar search used for Web
of Science produced a further 339 results, as of June 2021.
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Finally, an additional 131 results were obtained through mis-
cellaneous collection prior to the development of this paper
primarily through a process of extracting possibly relevant
references from other academic papers. Collectively this pro-
duced an initial total of 1204 papers, after several rounds
of exclusions 127 articles were considered eligible. The
Exclusion process is shown in Fig. 1, following PRISMA
Guidelines.

To be eligible for partial use within the review, the
remaining papers had to contain information on a lower limb
exoskeleton or part of one (such as a leg or ankle orthosis),
and then have some mention of the actuation method used.
To be eligible for full use the exoskeleton had to specify
which actuator specifically was used with enough informa-
tion where one could then find details about it such as price,
power requirements, weight, and so on. While similar, for
the purposes of uniformity, protheses and static walking
aids such as static rehabilitation systems were not eligible
as these are subject to different design philosophies. Station-
ary exoskeletons designed for use on treadmills, designs that
made use of external connected hardware, or that only cover
part of the leg such as a knee orthosis, were however permit-
ted. In other words, Papers should be for Lower Limb Exo-
skeletons or orthoses that directly aid locomotion and must
contain some information regarding the actuation methods
and specific hardware of said exoskeleton or orthosis.

The 127 remaining papers provided enough information
to determine an exoskeleton’s purpose (assistive, rehabili-
tative, or augment), coverage (full leg, or individual hip,
knee, or ankle), whether the exoskeleton was mobile (can
be worn and moved around in) or stationary (limited to a
treadmill), and finally what type of actuator the exoskeleton

1073 Records Identified through 131 Records Identified through other
database searching (Scopus: 734, WoS. sources (Grey Literature, found through
339) citations in other papers, eic)

Identification

[ l _ J

385 Records Screened for Relevance —»)

|

338 Records after duplicates removed —>|

819 Records Excluded

47 Duplicates Excluded

l 211 Full Text Articles Excluded
(Papers were not focused on

127 Full-text articles assessed for construction of Lower Limb
eligibility Exoskeletons/Orthoses, or didn't

I contain information regarding

actuator/hardware specifics)

! !

102 Partially Eligible Papers (Did not
contain enough information to find
actuator price, but enough to identify
actuator type)

| | Eligibility | | Screening, | |

25 Fully Eligible Papers (Contained
enough information to find actuator
price)

Included

Fig. 1 Data Acquisition via PRISMA Guidelines

used. Despite 127 papers describing in detail the develop-
ment of their respective exoskeleton designs, none of them
stated any costs associated with exoskeleton actuators or any
other components, and only 25 (19.6%) provided sufficient
specific detail as to the actuators used that a price could be
found from further online searches (and in doing so making
them “fully eligible” papers).

Other papers either failed to provide any details beyond
the actuator type or provided incredibly vague information
that did not state any specific brand, product detail, watt-
age, or so on which could be used as identifiers (for exam-
ple, stating the usage of “A Brushless DC Motor”, with no
further expansion). In some cases, the actuators were no
longer available, were custom-made, or required contacting
the manufacturer (which was done where possible), and so
had no easily discoverable cost.

As seen in Fig. 2, there is a clear majority of Rotary Electric
Motors, when compared to all other actuator groups, electric
motors as a whole account for~51% of all actuators. Regarding
documentation quality and quantity seen in Fig. 3, there was
a notable increase in usefully identifying actuator information
from 2011 onwards. With only 4 out of 37 (~10.8%) papers
between 1996 to 2011 containing identifiable information
compared to the 20 out of 90 (~22.2%) from 2012 to 2021.

The disparity of identifiable information is further split by
actuator type, with the most common actuator type, Rotary
Electric Motors, which appeared in 72 (56.7%) papers, also
had the highest proportion of useful identifying informa-
tion, as 12 of the 25 identifiable prices were Rotary Electric
Motors, with 10 of these being of the Maxon brand. This is
due both to Maxon Motors being the most commonly used
brand overall, with at least 30 papers directly stating the
usage of their actuators, as well as motor costs and other
details being freely available on the Brand’s website and
therefore far easier to find when compared with competing
brands which often required information requests that went
unanswered, leading to further bias.

2.1 Low-Cost Implementation and Requirements

As has been discussed prior, a low-cost, low complexity exo-
skeleton implementation would be beneficial in reducing gait
degradation as well as other pathologic issues such as crouch
gait. For this paper, “Low-Cost” will refer to minimising the
total financial, power, and weight costs of the exoskeleton
through reducing various types of cost of its components,
with a focusing on exoskeleton actuators.

Financial cost of components: The most obvious con-

tributor, the overall cost of components comes from
individually expensive components such as actuators or
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Fig.2 Actuator Type Appear-
ances Pie Chart (Note the total

. Compliant (Elastomer), 5,
number of appearances is larger 3%
than total number of papers as
multiple actuator types may
appear in one paper, in such
cases, the two most prominent

Hydraulic, 5, 3%
actuator types are used)

Series Elastic
Actuator, 12, 8%

Magnetlc Brake, 3, 2%

Pneumatic (Muscle), 15,
10%

Pneumatic (Rotary), 1,
1%

L=t

Pneumatic (Linear), 6, / Motor (Linear), 5, 3%

the exoskeleton frame, and multitudes of less expensive
components such as batteries and sensors.

Power cost of components: The amount of power drained
by components over time, a high power cost reduces the
overall use-time of the exoskeleton unless additional
batteries are added, which increases financial cost and
weight cost.

Weight cost of components: The overall weight of com-
ponents, as well as the inertia they cause, a high weight
cost requires more powerful actuators to overcome as well
as requiring a stronger frame to support the additional
weight, increasing financial and power cost indirectly.
Effectiveness of components: While keeping costs low
is ideal, if the components themselves are not effective
in aiding in the assistance or rehabilitation of the wearer
then they are ineffective components and not useful in the
exoskeleton. As such components can be defined by how
effective they are based on movement ability (how fast
the actuators could move and with what force and accu-
racy), latency (what sort of delays may be experienced

Fig.3 Graph of Eligible and
Fully Eligible Papers, showing

70

mmmm Eligible Papers

4%

between commands being sent and the actuator respond-
ing), durability (how much does the actuator degrade over
time), controllability (how does the actuator interface
with control systems) and, reliability (Actuator quality
consistency, force output variance, effects of changes in
environment).

Actuators will be judged by these four elements, the
financial cost of their implementation as well as any periph-
erals they require, the power cost of their running and how
power efficient they are, the weight cost on the exoskeleton
as well as any peripherals they require, and their effective-
ness using the metrics already defined. It will be postulated
how a Low-cost implementation could be achieved if it is
possible.

On top of this, the effectiveness of the actuators will be
considered, with both benefits and disadvantages of each
actuator type outside of Low-cost considerations. The paper
will then conclude with a summary of which actuator imple-
mentations would be optimal for a low-cost implementation.
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The Significance of these factors of effectiveness may vary
dependant on the purpose of the exoskeleton, for example,
an exoskeleton that is designed for sit-to-stand movements
would prioritise high force output over absolute precision
compared to an exoskeleton designed for correcting a patho-
logic gait deficiency. This paper uses a hypothetical exoskel-
eton designed for long-term everyday usage while remaining
simple and inexpensive as its target for which actuators will
be judged by. The paper will however later present a method
to manipulate collected data to effectively bias it to a desired
exoskeleton type or task.

While the criterium of this review paper were developed
independently of other literature, a similar set of exoskeleton
requirements were outlined in [9], although this paper was
focused on exoskeletons as a whole as opposed to specifi-
cally actuators, similar requirements such as Cost, Weight,
Reliability, and so on are considered. This paper also rec-
ognises electric motors as being the most commonly used
actuator method, which is in line with the data set of this

paper.

3 State of the Art

The following is a section containing the current state of the
art as known from the previously referenced collection of
papers. This does not necessarily act as a perfectly accurate
representation of the entirety of the current state of exo-
skeleton technology, but rather can be used as one view of
many. Each subsection will focus on one of the previously
mentioned commonly used exoskeleton actuator methods,
containing a list of some of papers collated as well as a
reference to the actuators used by each, and the technology
behind these actuators. Not all papers will be shown within
these tables to reduce otherwise bloated sizes, papers were
prioritised based on how complete the information they pro-
vided regarding actuator usage, with those with little to no
information omitted from tables where possible, The Com-
plete Dataset as well as other quantitative information can
be found in the following reference [10].

The key, active actuator types, those being electric
motors, hydraulics, and pneumatics, will be treated indepen-
dently from each other for the sake of simplicity, in theory
however multiple types could be used within the same exo-
skeleton, with the benefits and disadvantages of each theo-
retically supporting each other. Although coming at a cost
to additional complexity and possibly added weight. Within
the dataset there were no examples of such multi-actuator
implementations although non-active actuator types such as
cables and compliant actuators were seen very commonly in
unison with the active actuator types, often taking the form
of series elastic actuators.

Therefore, for each actuator type, a table has been made
outlining some examples of that type, with as much detail as
could be found within a paper, including the name and type
of the actuator used, any characteristics such as the power
usage, voltage, weight, and torque/force output of the motor,
as well as its cost, finally, any noted peripherals required for
the full function of the actuator are mentioned. These char-
acteristics are to a degree estimated based on often patch-
work information given by various papers, and as such not
all actuator characteristics are available for all actuators,
as some may not provide enough to explicitly define what
actuator was being used. For example, a paper may state
the usage of “a 74 W Maxon DC motor”, however the clos-
est that could be found to this may be a 70 W Maxon DC
motor, with several variations of different voltages, weights,
and torques but all of the same price. In such an instance,
the price would be noted as it is “close enough”, however
all other details would be left blank due to there being no
way to specify which details would be appropriate, with the
exception being if they were the same across all variants.

For some other actuator types such as hydraulics cylin-
ders or linear electric actuators where Actuator Character-
istics are more lacking, approximations may be made from
other, non-exoskeleton related examples or additional papers
will be sourced that have such examples, these will not be
counted as part of the dataset and deliberately separated
from those that are.

3.1 Electric Motors

Rotary Electric Motors are the most commonly used Exo-
skeleton actuator found by this paper, electric motors will
often be designed to use their torque for high speeds as
opposed to driving a large weight which is more appropri-
ate for exoskeletons, which need high torque and relatively
low speed solutions. Electric Rotary Motors can make use
of gearing to improve torque and precision at the cost of
rpm and increased size and weight costs, as well as reduc-
ing energy efficiency as a result of friction between gears.
Table 1 displays some examples of Rotary Electric Motors
from the dataset, display priority was given to those with
more complete information.

3.1.1 Function

As seen in Table 1, the vast majority of electric motors seen
are DC servo motors, with peripherals such as a gear assem-
bly, encoder, motor controller, and optionally a ball screw.
Observing trends from Table 1, most of the electric motors
range in price from £152 to £681 if purchased individually
(many prices decrease when purchased in higher quantities),
with further cost coming from peripherals.
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Many examples of electric motors producing linear motion
are actually rotary electric motors paired with Ball screws.
[27, 32, 35], and [36] make use of Ball Screws to convert
the rotational motion of a rotary electric motor into linear
motion, becoming a type of electric linear actuator. In [27],
the motor is connected via a pulley and timing belt to the ball
screw, that then provides the translational push—pull motion
to the supported ankle. [35] uses a similar ball screw method
but integrates an additional compliant spring element, the
ball screw forms an inner shaft that moves a spring element
that connects to the outer shaft. This compliant element is
seen in series elastic actuator designs and can be used to
allow for minor movements in the leg without necessitating
motor movement, as well as resisting backlash. Ball Screws
add additional financial and weight cost, with the example in
[27] costing between £370-£420 (before VAT) [29].

Commonly used gear units include Planetary Gear sets
such as the GP32 HP seen in [36] which costs ~£183.54 [37],
weighs 213 g, and has a reduction ratio of 159:1, or the Bane-
bots P61 planetary Gearbox seen in [38], costing £60, weigh-
ing 227 g, with a reduction of 26:1 [39]. Planetary gears bene-
fit from being able to handle large amounts of torque, although
a lot of stress can be placed on the structure’s output shafts
which need to be sufficiently durable as to avoid snapping.

The other commonly used gear set is the Strain Wave Gear
(Sometimes referred to as a “Harmonic Drive”, although this
is a specific brand name), such as the CSD-25-100-2A-GR-
BB, used in [26], with a ratio of 100:1 and weight of 240 g,
or the CSD-20-2UH used in [22] with a ratio of 1:100 and
weight of 650 g, with others weighing up and over a kilo-
gram. Harmonic Drive appear to be the brand used by the vast
majority of papers employing strain wave gears in the dataset.
They are known for having minimal backlash, although many
can be expensive, with one example being ~£1000 [40] if pur-
chased individually. [11, 24, 26, 41], and [42] use this gear set.

For Encoders, those mentioned within the data set can be
split into two groups, the first are those developed by Maxon,
such as the 4095 PPR (Pulse Per Revolution) MILE Incre-
mental Encoder mentioned in [26]. The other group would
be non-Maxon Encoders, such as the RMB28IC Rotary Mag-
netic Encoder in [43], or Avago HEDL-5640 A13 Encoder in
[11]. Maxon Encoders in the dataset seem to cost~£130-£150
[44], but benefit from very small profiles, being specifically
designed to work with Maxon Motors, and higher precision.
Non-Maxon choices however seem to be cheaper but may be
less precise, for example the RMB28IC costing ~£30 [45] with
a PPR of 2048 and the Avago Encoder costing £46.22 [46] but
with a PPR of only 500. All encoders had similar characteris-
tics, with low power requirements of ~5 V and 15 mA-50 mA,
and weights rarely above 100 g. While the majority of encoders
seen in the dataset appear to be incremental, the non-volatile
absolute encoder may also be useful for exoskeleton imple-
mentations, albeit with possibly higher costs.

The final commonly required component seen is the
motor driver/controller, there may only need to be one of
these components to control multiple motors. [17] uses
an ESCON 50/5 servo controller that weighs ~204 g and
costs ~£209. Drivers may be the source of power for the
actuator itself, with the prior example being designed for
up to 250 W motors, as such its contribution to power is
dependent on its efficiency which has been averaged to 95%
(the stated efficiency of the example driver).

Linear Actuators Linear motors are an alternative to stand-
ard rotating motors, applying their force forwards and back-
wards rather than in a rotation. In Table 2, the examples
both function effectively like a rotary electric motor that
has been “unrolled”, with lines of alternating magnets (the
stator) surrounding a mover that contains metal coils. The
Baldor LMCF04C-HCO has a U-shaped stator, with its con-
nection point sliding on top of the U and its mover extending
into it. Copley Controls’ STA2508 meanwhile has a cylindri-
cally shaped stator, with its mover sliding through the centre
of the cylinder.

As with Rotary Electric Motors, Linear Electric Motors
use encoders and drivers, although there are far fewer exam-
ples of each. An example that might be suitable for such
motors would be the KOMP-ACT KDRV-1-MK-X-X [84],
which has a weight of 160 g.

One notable similarity in these actuators is their incred-
ibly low force outputs when compared to their weights and
power usages. Unlike Rotary Electric Motors it would be
far more cumbersome for them to receive any benefit from
gearing and so this becomes far more of a hindrance for
heavier exoskeleton designs. It is perhaps this reason that the
vast majority of linearly actuated electric motors are actu-
ally rotary, making use of a ball or lead screw to convert
rotational motion to linear in a far more compact means.

3.1.2 Summary

When looking at the literature, every rotary motor was a
servo motor, with no found examples of stepper motors. This
is may be due to servo motors typically being closed loop
systems, allowing its current orientation to always be easily
known by the control system, combined with stepper motors
being less effective for both high speed and high torque situ-
ations. In situations where the motors are not combined with
a series elastic actuator or other similar compliant systems
however, the motor is required to move with the movement
of the leg, leaving a very small latency window to prevent
it resisting the movement of the user. This, combined with
often large force requirements to move limb sections leads
to the motors often being expensive with the commonly used
Maxon Motors commonly ranging from £ ~ 150- ~£700 per
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Table 2 Linear Actuator Examples

Study Actuator Type Actuator Actuator Characteristics Cost (£) Peripherals
Name Power (W) Volts (V) Weight () Force (N)
Emkenetal. BLDC Linear Baldor - - 320 g [49, pp. 58N £620 [, p. Baldor
[47] (2006) Actuator LMCF04C- 2-3]+1.5 kg/m 36149 Lindrives
HCO roller [48] (LD1AO2TR-
EN20),
Linear Roller
(THK, HSR-
15R), Optical
Encoder
(Renishaw,
RGH41)
Pietrusinski Linear elec-  Copley 7448 W [,p. 380V 225kg+35kg/m T5N[53,p. ~£750% -
et al. [49] tromagnetic Controls 30150 rod 22]
(2011) actuator STA2508

*This price is a “best guess” based on a similar component [50]

motor; encoders, gearing, and motor controllers/drivers
would compound these costs. The benefits are a more com-
pact and relatively simple implementation when compared to
hydraulics or pneumatics which are complicated as a result
of fluid containment and distribution, as a result, weights
of electronic motor implementations tend to be lower than
similar hydraulic or pneumatic approaches.

Linear electric Motors are less commonly seen than
rotary motors with the majority of linear electric actuation
instead using Rotary Electric Motors in combination with
ball screws. This may be a result of the size of some linear
motors, for example, the Copley Controls STA2508 used in
[49] was 290.5 mm long, 94 mm tall, and 54 mm wide, which
would take up a lot of space on an exoskeleton. While the
Baldor LMCF04C-HCO seen in [47] is smaller, at 134 mm
long, 30.5 mm wide, and 57.15 mm deep, it sits and moves on
a larger rail which takes up further space and weight.

In terms of cost, linear electric motors seem to be more
expensive than rotary, although the total price when account-
ing for peripherals evens out to, on average, be very similar
as linear motors do not need gearing, rotary electric motors
with ball screws similarly do not use gearing, although may
still make use of timed belts, with 2:1 timed belts com-
monly seen connecting the rotary motor to the ball screw,
this makes up for the on average lower torque motors used
in these designs.

Overall, Rotary Electrical Servo Motors and their periph-
erals are by far the most commonly used actuators in the
collected data set, with 70 of the 127 papers making use of
a rotary motor in some capacity, this may be just a rotary
motor on its own or used in tandem with other components
as will be seen in later sections. Other types of electric
motor, such as stepper motors, are less practical due to their
lack of inbuilt direct feedback and so are more susceptible
to drift, as seemingly evidenced through there not being any
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examples of their usage within the collected data set when
compared to the numerous examples of servo motor actu-
ated powered exoskeletons. A similar claim can be made
for linear electric motors (although there are at least some
examples of these), as many linear actuators seen within
papers are simply a rotary motor in combination with a ball
screw as opposed to an actual linear electric motor.

3.2 Hydraulics

Hydraulics have been used most commonly in Exoskeletons
designed to enhance the user’s current strength such as in
industrial or military applications. This is due to hydraulics
having a high power to weight ratio, although in turn have
high power costs, the complexities of dealing with fluid
pumping, and weights of said fluid pumps and tubing.

One of the only common factors between the limited
number of hydraulic actuator examples found in the data-
set is the lack of given characteristics about them. Beyond
whether the exoskeleton made use single or double acting
cylinders, little to no information was found for power usage,
applied force, and so on. This necessitating additional exam-
ples be sought out, these are separated by a dotted line and
are not considered as part of the dataset when counting the
proportion of actuator types, but will be used when consid-
ering examples of actuator costs. Table 3 displays hydrau-
lic actuator examples, as well as additional, cherry picked
examples (Sun et al., Staman et al., and Wang et al.) that
provide additional information but are not considered a part
of any further quantitative analysis.

3.2.1 Function

As with electric motors, hydraulic actuators can be both
linear and rotary, although within the found literature most
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Table 3 Hydraulic Examples

Study Actuator Type Actuator Name Actuator Characteristics Cost Peripherals
Power  Voltage (V) Weight (g) Force (N or
(W) Nm)
Saito et al. Hydraulic Cylinder, - 50 and 30 mm cylinders - -
[51] servo motor
(2005)
Zoss et al.  Doubling-Acting - 19.05 mm bore - -
[,4,52] Hydraulic Cylinder
(2006)

Kaminaga Electro-Hydrostatic - 100 W - Vane Motor
etal. [53]  Actuator (Rotary) 100cSt oil viscosity, 4.6 MPa operating pressure Pump
(2010)

Kimetal. Single-Acting - - - Fixed dis-
[54] Hydraulic Cylin- placement
(2015) der + Spring + Servo gear pump,

Motor proportional
flow control
valve, motor
driver

Sunetal. Hydraulic Cylin- - 340 W - 1770 N at - Copley Motor
[55] der+ Servo Motor 18 MPa controller

Pump

Staman Hydraulic Cylin- Clippard HOC- 200 W 2 360g!  1100N'! £36[58]' Kollmorgen
et al. der + Servo Motor 6D brass 1000 g 0.84Nm > £537 $20260
[56] Pump cylinder' + Koll- [571 [59] driver

morgen
AKM22C-
BCNC-002

Wang et al. Hydraulic Cylin- Servo Motor 440 W - 1570 N- - Proportial
[60] der+ Servo Motor 2453 N at Servo and

Gear Pump 5 MPa Relief valves,
3L fuel tank

Due to the lack of information present in the data set, additional papers (separated by the divider line) with hydraulic actuators have been found
to provide it, these are not counted in the dataset as it would introduce bias, however are collated here to provide more useful information.

12 Price represents component of the same number.

were linear cylinders. Peripheral components such as the
pump, tank and valves are also required. [85]

The linear hydraulic cylinder itself consists of a piston
actuated via the movement of highly pressurised fluid. It
may either be Single Acting, where a fluid inlet only exists
on one side (usually the pushing side), such as in [54], which
benefit from simplicity due to reduced piping, but may have
an unreliable force output on the non-fluid actuated side
which often makes use of a spring instead. Double Acting
cylinders such as those used in [52] meanwhile have a fluid
port on both sides of the piston seal, and as such fluid can
push the piston rod in both directions, improving reliability
and stroke at the cost of complexity due to more piping and
valves to switch the flow of fluid.

Hydraulic Cylinders rely on several other components
to form the full hydraulic actuator, such as fluid flow con-
trolled by valves/solenoids and pressure produced by the
pump. There are three types of valves seen within hydraulic
systems. Pressure control valves can act to relieve or control

pressure to reduce the chance of pressure damage within
the system, direction control valves which redirect or stop
fluid flow such as redirecting fluid in double-acting cylinders
when they change from actuating one direction to another,
and Flow control valves which regulate the rate of flow of
fluid, and therefore the speed of hydraulic actuators.

The Hydraulic pump is the input that converts mechani-
cal energy to fluid energy for a hydraulic actuator. During
function pumps operate continuously at high RPM, and in
a single direction. Common pump types include the gear
motor and Vane motors, the pump motor itself can be a
rotary electric motor that is then enclosed in the pump hous-
ing, for example [56] uses a 290 W Kollmorgen AKM22C-
BCNC-00 servo motor for its pump.

The final parts of a hydraulic actuator setup are the
method by which fluid is transported through its components
(the pipes, tubes, and hoses) and how excess fluid is stored.
Fluid is stored in a tank or reservoir, while size may vary one
example seen in [65, p. 10] uses a 3L Tank weighing 400 g
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for storing VG46 Hydraulic Oil. If full, this Tank would
weigh an extra 2.6 kg due to this oil, with a density of 0.87 g/
cm’. The tank itself is light, and may indicate that the fluid
in the tank would not be pressurised.

Electro-Hydrostatic Actuators like the one used in [53],
combine the cylinder and pump into a single self-contained
unit that runs on electrical power, this reduces the need for
tubing and separate pumps, therefore simplifying the struc-
ture. However it still contains the same components as a
regular hydraulic system.

3.2.2 Summary

Hydraulic Actuation sees the least usage of the major
defined actuation types presented in this review, with only
5 papers reporting to use it in some capacity in addition to
no available references to specific hardware or costs and
very limited descriptions as to the exact functionality of the
actuator implementations. From analysis, the sample size
is too small to find further patterns, and as such some of
the 5 exoskeletons will receive individual explanations as
to their function, before then looking at information from
other papers.

[51] makes use of two double acting cylinders, a master
cylinder and a biarticular slave cylinder connected together
such that when the master extends the slave compresses and
vice versa as shown in Fig. 4. The extension and compres-
sion levels of the master cylinder are directly controlled by
a servo motor via a screw that converts rotational energy

Input Fluid

expands
chamber

Fig.4 Double-Acting Hydraulic Actuator [51]
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to linear motion. This bypasses the need for a pump as the
servo motor directly controls the level of compression of the
master cylinder and therefore the extension/compression of
the slave cylinder.

The lack of need for pumps, tanks and so on allow for
reduced weight when compared to other hydraulic sys-
tems, although this actuator requires two cylinders instead
of one. This system benefits from not needing the elec-
tric motor to run continuously to maintain pressure, only
rotating when pressure needs to be changed, with the full
exoskeleton using 2 of these actuators per leg, with an
upper actuator for the hip and knee, and lower for knee
and ankle. This may also allow the motors to be placed
externally to lessen the load of the exoskeleton.

[54], Fig. 5 makes use of a single-acting linear hydrau-
lic cylinder, with a gear pump providing fluid pressure
(with its mechanical power provided by an electric motor)
which is monitored by flow control and check valves. The
system uses a pressure sensor to provide feedback that
controls the force of the hydraulic cylinder. The system
only does work during certain phases, with 4 phases in the
paper described as “Negative work™ such as a crouching
motion where fluid flows from the cylinder to the reser-
voir and energy is dissipated. “Positive work”, such as a
standing motion where fluid flows from the reservoir to the
cylinder via the pushing action of the pump allowing the

Positive Work
(Standing Up)

Negative Work
(Crouching Down)

Swing Motion
(Walking)

Maintaining
Posture
(Staying
Crouched)

Fig.5 Example of different phases [54]. Numbered components are:
fixed displacement gear pump (1); hydraulic reservoir (2); single-act-
ing hydraulic cylinder (3); proportional flow control valve (4); check
valve (5)
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cylinder to provide work to aid in standing. “Maintaining
posture”, where hydraulic fluid cannot flow to the reser-
voir and so is stuck in the cylinder, as the fluid cannot be
compressed the cylinder and piston stay at their current
position. Finally, “Swing Motion” where the fluid may
flow to and from the reservoir but not via the pump and so
the cylinder and piston move freely. This method attempts
to save energy by having the pump only be on when it
needs to be.

Due to the lack of available examples within the existing
dataset, effort was made to find some additional actuator
characteristics, although the papers that these have been
taken from have not been considered in the full list of lit-
erature to avoid introducing bias. The Hydraulic Actuation
System seen in [55] provides actuation to the hip, with the
whole unit weighing 2.5 kg, requiring 340 W to power the
DC motor used for the pump, a rod diameter of 10 mm, and
operating at a pressure of 18Mpa, this results in a maximum
thrust of 1770 N, a normal torque of 0.8Nm, and peak torque
of 1.8Nm. This system uses 4 of these Actuation systems,
with a separate power unit weighing a further 16.6 kg, bring-
ing the total mass of the exoskeleton to 26.6 kg.

Another example called “PREHydrA” [56] states exam-
ple components used, including a Kollmorgen AKM22C-
BCNC-00 0.84Nm, 290 W servo motor for the pump esti-
mated to cost~£537.57 [59] and weighing ~ 1 kg [62, p. 21],
this was driven by a Kollmorgen S20260 weighing 770 g
[67, p. 17], estimated to cost~£725 [86] and a Clippard
HOC-6D brass cylinder for the hydraulic cylinder, this cyl-
inder had a weight of 0.67 kg and cost of £36. It was used to
produce up to 1100 N of force [58].

From a low-cost perspective, Hydraulics would likely not
be applicable within rehabilitative or assistive exoskeletons.
While claims are often made to hydraulics possessing high
power to weight ratios, this may simply be referring to the
hydraulic cylinders’ weight when compared to the force it
is capable of putting out when connecting to a powerful
pump system which is more easily placed elsewhere where it
would not contribute to the weight of the actuator. However,
as an exoskeleton has to carry all hydraulic peripherals with
it rather than being able to store them on separate, more
stable platforms as with the traditional industrial equipment
that most commonly sees hydraulic usage, each peripheral
would instead contribute to the mass of the overall exoskel-
eton, it quickly becomes impractical for a preferably light-
weight system that would instead have to carry a bulky pump
and battery pack to remain functioning. As many of these
pumps seem to rely on an electric motor already (albeit such
a motor would not require high precision or low latencies) it
effectively adds a lot of extra complexity which while ben-
eficial for providing a higher force does so at too much of a
cost in weight and power usage for a specifically low-cost
implementation.

Additional issues of a hydraulic actuator include its noise,
potential of leakages and spillage as a result of malfunction-
ing piping, and high levels of maintenance due to many rap-
idly moving parts, all of which would be a mark against it for
use in rehabilitative, at-home exoskeleton implementations,
although may be less important for industrial, augmentative
exoskeleton implementations.

3.3 Pneumatics

Pneumatic actuation is similar in nature to hydraulic actua-
tion, however it makes use of compressed inert gases as
opposed to liquid. A Valve allows compressed air in from a
container to increase pressure within a piston or diaphragm
to cause it to extend, or air out (returning to a secondary
chamber or vented) to decrease pressure and cause it to con-
tract. Table 4 and Table 5 display Pneumatic Cylinder and
Pneumatic Muscle Actuator examples respectively.

3.3.1 Function

Pneumatic Cylinders Pneumatic Cylinders are a rigid linear
actuator that can be extended or retracted through changing
the pressure of the compressed gas within. It is similar to a
hydraulic cylinder, although unlike fluids, gasses are com-
pressible and therefore not as effective at transferring input
energy to output mechanical motion, the benefits are how-
ever that it may be compressed into a smaller reservoir, and
possesses a superior flow rate even at lower pressures due
to far lower viscosities when compared to hydraulic fluids,
finally the gas does not need to be forced to flow via a pump
as long as there is a sufficient pressure differential between
the desired source and destination. One key disadvantage
however is that for a piston to retract into a chamber already
filled with pressurised air, the air must be vented otherwise
the piston rod’s movement would be resisted, as a result
the volume of air in the system decreases with continued
usage, and so the pressure in the system decreases over time
so decreasing output force. A method of air recompression
may be used to counteract this and refill a storage tank, the
exoskeletons in [63] and [69] used an external compressor
for testing purposes, however ideally a smaller on-board
implementation such as a Micro-compressor, Diaphragm
Compressor, or some other method [87] could be used.
While none of the examples directly mentioned a traditional
on-board compression method, one less traditional method
in [61] used dry ice, as it sublimates directly into carbon
dioxide it allows for the storage of gas as a far denser solid,
although not requiring direct power this method works only
as long as there is enough dry ice to ‘fuel’ it.

Single-Acting Cylinders see use in [61] and [68]. Dou-
ble-Acting Cylinders (DAC) meanwhile see examples of
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Table 4 Pneumatic Cylinder Examples

Study Actuator Type Actuator Name

Actuator Characteristics Cost

Peripherals

Weight (g) Force (N or Nm)

Wuet al. [61] (2007) Single Acting Pneu-
matic Cylinder

Fujikura BF cylinder

Sato et al. [63]

1500g - [62]

Double Acting Pneu- Inner diameter -

SMCITV2051-212 s
Pneumatic regulator

- £107.72* [64] Electro-pneumatic

(2011) matic Cylinder 32 mm, 200 mm regulator
stroke
Lietal. [65] (2013)  Rotary Pneumatic Parker Hannifin, 480 g 2.7-16.6 Nm £284.75 [67] JacPac J-6901-91 CO,
Actuator PRN30D-90-45 (0.2-1 MPa/ Bottle with pressure
30-145 PSI) [66] regulator, Festo
LRMA-QS-4 Pres-
sure Regulator, Festo
VOVG 5 V Solenoid
Yamada et al. [68] Single Acting Pneu- - - - - Nihon Pisco SEU11-
(2014) matic Actuator 6A pressure sensor
Zheng et al. [69] Double Acting Pneu- Bimba Manufactur- - 1965 N (250 PSI/ £44.42[70] Sizto Tech 2S020-
(2019) matic Cylinder ing 173.5-DPY, 1.72 MPa) 1/8A solenoid

valves, Pneumadyne
PNV11-66 Needle
Valves, Dura Pro
SLP air tank

* This value is a “Best guess” based off of limited information.

implementation in [69] as the knee actuation method for a sit-
to-stand device, this method connects the pneumatic cylinder
between points on the lower leg and upper leg on an exoskel-
eton that hinges at the knee, with its positioning such that it
is naturally facing upwards when the user is sitting down.
When the user wishes to stand the pneumatic cylinders are
enabled via solenoid valves to assist in this action by pushing
up on the upper legs, needle valves then control the speed of
the pneumatic cylinders to best assist the wearer. This system
does not run into the issues of the unreliable pulling force of
a single-acting cylinder as it only needs to be used in pushing
actions, with it simply remaining passive if the user contracts
their legs to sit back down. Another example would be [63]
where a full-body exoskeleton is used to augment arm and leg
joints, to aid in the action of lifting heavy objects.

An additional implementation seen used within exoskel-
etons is as part of a pneumatic rotary actuator such as [65].
Rather than having the cylinder itself push and pull in the
exoskeleton, two small cylinders (or one double-acting cylin-
der) either side of a gear wheel, connected by a toothed rack
that runs across the gear. This converts the linear motion of
the pneumatic cylinder into rotary motion that can drive the
joints of an exoskeleton.

Pneumatic Muscles Pneumatic Artificial Muscles (PAMs),
were first developed in the 1950’s under the term “McK-
ibben Artificial Muscles”. These lightweight membranes
hold compressed air, when at high pressure they will expand
widthways and contract lengthways, when at low pressure
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they can stretch lengthways and contract widthways. The
strength of these is based upon the strength of the woven
membrane and the air pressure used. Effectively by pump-
ing air into them they will contract, pulling the objects con-
nected at either end closer together.

Mckibben Muscles (or similar implementations) see
usage in exoskeleton examples such as [73, 88-90], and
[91]. These muscles have the issue of only being able to
effectively pull and not push, meaning that if one wished
to actuate a knee joint for example, two pneumatic muscles
would be needed for each degree of freedom. An Imple-
mentation such as [89] uses of two PAM’s connected at
either end of a cable and pulley system such as Fig. 6,
When either one contracts it pulls the cable along with
it, and pulling up the other side. If the pulley is then con-
nected to the relevent joint the muscles can be used to
control its rotation by either expanding or contracting.

Another type of Pneumatic Muscle is shaped more like
a series of thin sections attached together rather than a
straight tube (Fig. 7). Each section expands while attached
to some kind of stiff yet still compliant surface attached
on one side. When the muscle expands, it will attempt
expand out to a straight position and therefore cause the
surface to bend, changing its angle. These have seen use
in exoskeletons to aid in abduction/adduction and flexion/
extension. They are also seen in papers such as [79] and
[81] which use a bubble-like strip of PAMs attached to the
knee and ankle respectively to act as walking aids, when
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Table 5 Pneumatic Muscle Examples

Study Actuator Type Actuator Name Actuator Characteristics Cost (£) Peripherals
Weight (g) Force (N)
Yamamoto et al. Fluidic Muscle Hitachi Medical Air - - - Servo Valve Regulator
[71](2007) Muscle
Chandrapal et al.  Fluidic Muscle Festo DMSP Fluid - - - -
[721(2009) Muscle
Park et al. [73] Fluidic Muscle Festo DMSP- 190g-230g 480N at - Parker Hannifin NEX-
(2011) 10-(120/140/160)-RM-  [74] 0.6 MPa [75] 2-03-L Solenoid valves
CM
Sasaki et al. [76] Inflatable Actuator 85 mm x - - External air compressor
(2012) 80 mm x 0.6 mm Alu-
minium film balloons;
Sasaki et al. [77] Textile Inflatable Okenseiko RFP32B03R - - - Pressure Sensors and
(2013) Actuator rolling air pump, Flow Meters
140 mm diameter rub-
ber/cloth balloons
Chung et al. [78]  Textile inflatable Fiberglast Thermoplastic - - - Humphrey solenoid valve
(2018) actuator polyurethane (TPU), 320 12VDC, Honeywell
Seattle Fabrics Nylon 100PGAAS pressure
sensor, D55146 Com-
pressor
Park et al. [79] Textile/ thermo Jinheung Industry 13.4kg [, p. - Est. £350  Griinhain PSE540-MS5,
(2020) plastic inflatable JTC1003 thermoplas- 18180! [80] SMC Pressure gauges,
actuator tic polyurethane (TPU) SMC Co PFM750S-
film, C6-C flowmeter, SMC
Co ZUOS5SA vacuum
ejector, Elektromotoren-
werk ECS 80G 4-213
EMG Compressor'
Thalman et al. [81] Texile inflatable 200 Denier Rocky- 110 g/m?! - ~£3.60/m Humphrey solenoid valve
(2020) actuator woods nylon 1.21 g/cm3 [83]" 320 12VDC, Model
Fabrics! + thermo- [82]2 8010A Compressor

plastic polyurethane?
(TPU)+

12 Price represents component of the same number.

filled with air they expand outwards and so can help to
extend the knee or ankle, then when are is taken out they
contract and allow the knee and ankle to flex. A different

Muscle 2

GasIn (Contracted)

Fig. 6 Fluidic Actuator

implementation is seen in [76] and [92] which use single,
large inflatable pads place on the back of the upper and
lower leg and the front knee, connected via a non-com-
pliant cloth which also attaches to the leg, when inflated
they help to contract the knee by changing the cloth angle.

Both Pneumatic Cylinders and Muscles require a source
of pressurised gas in order to function, this in turn requires
Solenoids to block/redirect the gas, air tanks to store it,
and compressors to pressurise it.

Example solenoids such as the Festo 5 V VOVG Sole-
noid used in [65], Sizto 2S012-020 in [69], and Humphrey
Series 320 in [81] have been used in order to control the
flow of pressurised gas within both pneumatic cylinders
and muscles. Some of these designs, such as the VOVG
Solenoid are modular, and as such their weight and size
do not increase entirely proportionally with the number
of valves, starting at 84 g for 2, they increase by ~21 g
per additional valve [99, p. 17]. Prices of solenoids can
vary, with the Sizto 2S013-20 costing ~ £24 [93], while the
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Fig.7 Redrawn Inflatable Actuator [77]

Humphrey Series 320 costs [94]. All three solenoids are
capable of or have variants that can run at 12VDC, as well
as varying between ranges between 5 to 24 V.

Example Air tanks include the Dura Pro SLP Tank used
in [69], this tank is capable of storing pressurised gas at
4500 PSI, which is much higher than the 250 PSI used by the
Pneumatic Cylinder, this may allow it some limited function
without a compressor by storing gas at a much higher pres-
sure than is needed, such that as pressure decreases with the
used up gas the system can still function, although this puts a
hard limit on the amount that the cylinder can be used before
needing to be refilled. However to hold such high pressures
the tank must be strong enough to hold it, increasing weight,
this example being ~ 1.2 kg [95] and costing ~£148. The tank
itself must also have an output pressure higher than the pres-
sure of the pneumatic cylinder, otherwise it would act as a
bottleneck, this example having a 300psi output pressure.

Compressors are the component that causes the most con-
cern for the feasibility of low-cost pneumatic actuators, espe-
cially pneumatic cylinders, as all examples within the dataset
make use of external compressors, which in every case are
impractically heavy for an actual, real-world exoskeleton.
With some examples including the DeWALT D55146 225
PSI Compressor [96] used in [78], the Elektromotorenwerk
ECS 80G 4-213 EMG Compressor [97] used in [79], and
the California Air Tools 8010A [98] used in [81]. Each of
these have output pressures varying from 120 to 225PSI,
but require power in the kW’s, have weights between
16.8 kg-37.7 kg, and noise outputs between 60-78 dB
(60 dB ~ =sound of a conversation, 78 dB ~ =sound of a
vacuum cleaner). These devices would be impractical for
continual home use due to all of the above factors, except if
used as a place where a user could “refuel” an on-board gas
tank, or replace an empty one with a pre-filled one. Small,
compact compressors do exist, such as the Nitto Kohki
DAH 110 [99] or the TOPSFLO TMD45A-A [100], both
with voltages of 12-24 V and weights at or just below 1 kg.
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However both of these have much lower output pressures of
15 and 56.5 PSI respectively, this would, at most, be able to
provide enough pressure to textile inflatable actuators. The
costs of these compressors average to~£160 [101] [102].

3.3.2 Summary

Pneumatic Cylinders are capable of providing a lot of linear
force to aid in moving a person’s limbs, and so have seen
use in assisting sit-to-stand or other crouch-based manoeu-
vres which require high levels of force. When compared to
rotary motors they can be relatively cheap, with an off-the-
shelf £44 cylinder [70] used in [69] capable of outputting
a considerable 1965 N. When compared to rotary motors,
a 420 W Maxon EC-I motor over 10 times the price can
have a torque of up to 1.04Nm to achieve a similar force
when attached 10 cm from the knee joint a 188:1 gear shaft
would be needed. However in order to achieve this force
the gas would have to have first been pressurised to 250 PSI
and stored, meaning some kind of compressor is required
to pressurise the gas, however all examples capable of pro-
ducing high enough pressures are too large to be fitted to
an exoskeleton. Limiting the feasibility of this exoskeleton
type within rehabilitative scenarios, unless contained within
some kind of movable trolley or as previously stated used
as a refuelling point, although if it were used as a refuelling
point, it would be essential for the gas tank to be able to
be able to provide pressurised air to the exoskeleton for at
least a few hours, the capacity of such a tank may need to
be considerable.

While cylinders can provide considerable power, it comes
at the cost of weight and space with the distance the rod
can travel (the stroke) being tied to the length of the cylin-
der itself, this means that a longer stroke will take up a lot
of space and weigh more. Additionally, a cylinder alone is
useless, requiring additional components such as solenoids,
piping, air tanks, and compressors adding further weight,
complexity, and cost.

Pneumatic Muscles on the other hand have found usage
within soft exoskeleton designs due to their relatively low
weight and compliance allowing for unrestricted movement.
They can directly attach to hardpoints near to where weaker
muscles are located. Pneumatic muscles are also capable
of providing somewhat significant force, for example the
FESTO DMSP-10-120-RM-CM used in [73] claims to pro-
vide up to 630 N of force at maximum operating pressure.
However as previously mentioned this is limited to a single
degree of freedom, and so at least two would be needed for
full actuation.

One flaw that affects pneumatic actuators as a whole
would be the delay between commanding the actuator to
increase or decrease in power and it actually happening, as
it inevitably takes time to build up or release pressure, this
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is more of an issue than with hydraulics, due to gas being
compressible.

3.4 Cables

Cables are rarely used by themselves within the literature,
but instead in tandem with other actuators to reduce the iner-
tia that needs to be overcome when applying force to limbs
by shifting the placement of the actuators themselves and
instead transferring force via cables. This allows the legs to
be lighter due to a lack of actuators and so less inertia to be

Table 6 Cable Examples

overcome. Table 6 displays cable actuator examples, which
often make use of additional active actuator methods such
as Electric Rotary Motors.

3.4.1 Function

Bowden Cables use a hollow sheath which allows for a
cable to slide through it. When an actuator exerts force on
the inner cable it will slide within the sheath and transmit
the actuated force from one end to the other even when the
sheath is at an angle. With softer, elastic materials such as

Study Actuator Type Actuator Name Actuator Characteristics Cost Peripherals
Power Volts Weight Torque
(W) ~ (® (Nm)
Veneman et al. [115, Bowden 4% 1.5 m Bowden 567 W! - 1080 0.87 - Neugart Planetary
116] (2006,2007)  Cables+ Servo Cables 690 W2 g! Nm' Gearheads (64:1 and
Motors + Linear Kollmorgen 250 W? 8:1)
Actuators AKM22C!
Berger Lahr
SER3910?
Linmot PO1-
37x240°
Asbeck et al BLDC Maxon EC 4-pole 200 W* - 300 ¢*  0.092 £598.20 Copley motor
[107] (2013) Motor + Bowden 30*, Nokon # Nm* [117* Controller, 111:1
Cables KONO05020 Cables £76 1187 gearbox
Mooney et al. [103] EC motor, Cable Maxon EC-4pole 200W 48V  300g 0.093 £ 606.45 13:8 belt transmis-
(2014) (305,015), 1 mm Nm [119] sion, Maxon HEDL
diameter Dyneema 5540 Encoder,
polyethylene cord Roboteq SBL1360
motor controller
Jin et al. [105] BLDC Kollmorgen - - - - - -
(2015) Motor + Cables AKM43 servo
motor + Nylon
coated steel wires
Schmidt et al. [110] BLDC Maxon OW - - - £207.31 Encoder and Motor
(2017) Motor + Cables EC-i40+ Dyneema [120] Controller
/ UHMWPE
0.6 mm cable
Lee et al. (2019) BLDC Motor +Steel Maxon EC-1 brush- 75W°  48V® 24 g/ - £195.22 Maxon DCX10
[106] Cables less motor®+ Carl m’ [1217° Rotary Cam
Stahl Sava Indus- £3-3.75/ ft
tries steel cable (1137
20817
Mioskowska et al. Pneumatic Cyl- CHLED SC40X75 - - - - - 12 g CO, cartridge
[108] (2020) inder + Bowden air Cylinder,
Cables 37.5 mm bore,
77 mm stroke
Bryan et al. [104] BLDC 10 Kollmor- 700W8 - - - £1.50-2/ft  Kollmorgen AKD-
(2020) Motor + Bowden gen AKM74P [1147° P02407 Motor
Cables Motors® + West
Marine, V-12 Vec-
tran Single Braid
inner cable; Lexco
415,310-00 outer
cable.’
1,23.4,5,6,7.8,

¥ Price/Characteristics represent component of the same number.
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nylon and polyurethane like those used in [103] and [104]
the actuation system can only react to pulling motions,
meaning two cables may be required for bi-directional
movement. Stronger materials such as stainless steel can be
used such as in [105] and [106], the strength of the steel
allows for transmission of both pulling and pushing motions,
although sacrificing some flexibility. In terms of cost, while
examples are limited, braided cables such as those used
in [104] are slightly cheaper and lighter (~£1.50-£2) than
equivalent thickness steel cables such as those used in [106]
(~£3-£3.75).

Within the acquired literature, Bowden Cables saw a large
amount of use, seen both in mobile exoskeletons such as
[107] and [108], and stationary such as [104] and [105]. The
Mobile exoskeletons often transferred power from actua-
tors placed in backpacks to reduce inertia on the user’s legs,
while stationary examples lightened the weight of the exo-
skeleton all together by using cables to transfer power from
external motors not placed on the exoskeleton, with the user
walking on a treadmill to remain stationary. Such an imple-
mentation benefits low-cost implementations in many ways,
as actuators can be placed out of the way to less restrict
movement. Although a stationary exoskeleton would not be
as useful in every-day usage.

Pulleys Cables that make use of a pulley less from the issue
of friction as the pulley itself can rotate with movement of
the cable, this pulley can be rotated to move the cable. This
method requires the cable to always be tensioned as to not
slip off the pulley. Implementations may include having an
endless cable that forms a belt-like loop between two pul-
leys, a rotary actuator could then apply a bi-directional force
to rotate one pulley, moving the cable and so rotating the
other pulley. The cable will usually be wrapped around these
pulleys multiple times to increase friction between it and the
pulley, as in [109], using an endless cable drive to transmit
actuator force from the central walker to the exoskeleton
itself. The cable may also be open ended, in which case the
cable connects to end points with the pulley as the inter-
mediate point, these endpoints may be direct connections,
connections via a spring, or actuated connections, the pulley
itself can also be an endpoint, with the cable attached such
that the pulley can be rotated to pull the cable in or release
it out. Other mobile pulley systems that did not make use of
walkers include [110, 111], and [112].

3.4.2 Summary

Cables will often not be used on their own, as every noted
example in Table 6—Cable Examples makes use of active
actuators alongside them, with the vast majority being rotary
electric motors. This does not cables being a potential low-
cost technique, with cabling itself having a negligible cost
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with quoted costs of £3-3.75/ft [113] and £1.50-2/ft [114]
respectively, although these are for bulk orders of 100-250ft
which were seen as standard minimums. These examples
were from cables providers used in [106] and [104]. The
cables can take the place of some actuators, such as is used
in [110] where a single 70 W Maxon EC-i40 electric motor
is used for each leg, connected to a cable that connects via
pulleys from the front leg shank around the back of the
upper leg and eventually connecting at the hip. The motors
can then loosen or tighten the cables to let the user’s legs
down or pull them straight. Compliant elements then hold
the front upper leg and back lower leg. Therefore, one motor
can assist the entire leg, albeit not as precisely as an entirely
motorised system, but with the benefit of lower power usage,
cost, and possibly (heavily dependent on implementation)
weight. The exoskeleton in [110] weighed 4.6 kg with batter-
ies, which is considerably lighter than some fully motorised
implementations.

3.5 Compliant Actuators

Compliant Actuators refers to a variety of miscellaneous
actuation methods that make use of elasticity to contract and
extend or compress and expand in order to move part of an
exoskeleton. Table 7, Table 8, and Table 9 refer to examples
of Spring Actuators, Compliant Materials, and Magnetic
Breaks, actuator methods, which may be used alongside
other more active actuator implementations.

3.5.1 Function

Springs and spring-equivalents The elasticity of the spring
itself can also store some energy, this in particular is useful
for legged locomotion such as exoskeletons as a leg out-
stretched or contracted with a series elastic actuator could
partially return to an unstretched position through the natural
contraction of the elastic, saving energy as there is no need
for a powered actuator to do it. This process can also be used
for fully or partially passive exoskeleton implementations.

Springs require no electrical power and provide an
increasing force the more they are either extended or
compressed, as long as the force applied does not result
in inelastic deformation. Such Implementations are seen
in [122, 126], and [144] which directly use springs or
spring-like devices as actuation for knee and hip joints.
Such a system would seem excellent from a low-cost per-
spective, as springs have both low financial and weight
costs, requiring no additional batteries or other peripher-
als. However, on their own a spring can only provide a
set force dependent on how compressed/extended it is,
while capable of fulfilling a basic assistive role it would
not be able to adapt to the needs or situation of the wearer.
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Table 7 Spring Actuated Examples

Study Actuator Type  Actuator Name Actuator Characteristics Cost Peripherals
Power (W) Voltage (V) Weight (g) Force (N or
Nm)
Banala et al. Passive Gravity - - -
[122] (2006) Balancing
Spring

Wiggin et al. Spring 23.4 N/mm - Ratchet and Pawl
[123] (2011) system

Ranaweera et al. Spring - 5875 N/m stiffness - -

[124] (2018)

Zhou et al. Torsional - 270Nm/Rad - -
[125] (2021) Spring

Pengfan et al. Spiral Spring - 0.2Nm/degree - -
[126] (2021)

Giovacchini BLDC EC60 Maxon 100 W! 24V 470 g 100 Nmm/rad®> - 1024 PPR MILE
etal. [127] Motor + SEA Motor! 4+ Custom [128] Incremental
(2015) Spring Torsional Spring > Encoder, 80:1

CPL-17A-
080-2A Har-
monic Drive

Kai etal. [129] BLDC RE-40 Maxon 150 w! 24 V! 480 g 177 Nmm' £334!  KHK Worm
(2014) Motor + SEA Motor' + Tokai- [130] 19.8Nmm/deg2 £2.16° Gears and KHK

Spring bane Torsion 3.53N° [131] Worm Wheel,
Spring? +MISUMI MISUMI
VURS-20 Com- MRDM-W
pression Spring® Rotary Damper

Alouane et al.
[132] (2019)

Motor and Tor- -
sional Spring

1:23 Price/Characteristics represent component of the same number.

For example, if the wearer were to sit down rather than
stand up, it would be expected that their knees would
naturally rest at a 90° angle as opposed to 180°, a purely
spring-based exoskeleton designed for assisting walking
while standing would provide considerable resistance to
a wearer attempting to sit down and prove more of a hin-
drance than help.

A way of adding a level of control without adding power
is explored in papers such as [123] and [124] which make
use of locking mechanisms like a clutch. For example, a
ratchet and pawl mechanism in Fig. 8 linked to the spring by
a wire. At maximum gait dorsiflexion the ratchet and pawl
mechanism prevents the wire from being pulled downward
by the spring, as the foot plantarflexes to a flat position the

Table 8 Compliant Material Actuated Examples

Study Actuator Type Actuator Name Actuator  Cost Peripherals
Character-
istics
Nikitczuk et al. [133] (2005) ER Fluid Electro-Rheological Fluid: ERF- - - -
33568S; Springs
Jamaal et al. [134] (2006) Elastomer Carbonyl iron particles (168 g) - - -
and low viscosity Silicone oil
(Blg)
Lietal. [135] (2016) Elastomer PVC powder; dibutyl adipate - - -
(DBA) plasticizer; tetrahydro-
furan (THF) solvent
Cheng et al. [136] (2020) Elastic Knee 8 X Yoshimi Inc. Nickel-titanium 22 cm (C)£~10[137] Mueller Sports Medi-
Brace 4+ Shape Shape Memory Alloy Wires. ' length,  (P)£21.80[138]  cine Knee Brace
Memory Material 1.8 mm (54,557)*
diameter
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Table 9 Magnetic Brake Examples

Study Actuator Type Actuator Name  Actuator Characteristics Cost Peripherals
Power (W) Volts (V) Weight (g) Torque (Nm)
Yoshizawa [139] Electro- Mag- Neodymium 0.8A - 10N - Kawamura GISHI
(2008) netic pillar magnets; AFO
0.8A solenoid
electromagnet
Washabaugh Permanent Two pairs of - - - £5.59 [141] P60 Banebots
et al. [38, 140] Magnets 2 kJ Magnetics 26:1 Planetary
(2016, 2018) DX04B-N52 Gearbox and
Magnets Aluminium disc
Chaichaowarat Electro- Mag- Sinfonia electro- 9.7 W 24V 550 g 7Nm £189.26 [143] -
et al. [142] netic magnetic brake
(2020) (PB-260/FMS-

AG)

wire is still allowed to go upwards and so the slack is taken.
When the foot begins dorsiflexion again the clutch locks,
meaning the spring will be stretched from the movement of
the leg as the wire cannot move, it reaches maximum stretch
just prior to push-off. When the foot pushes off the spring
contracts again, aiding in plantarflexion. Once the spring is
contracted fully the clutch unlocks and the wire moves freely
to reset the system.

For softer exoskeleton designs, elastic belts can be used
instead of springs. While unable to provide a pushing force
they are still capable of pulling if stretched, as seen in [145]
where a stiff belt on the upper leg connects to the knee,
wraps around the lower leg to the back in an inverted-Y
shape, and attaches to the calf and bottom of the heel. The
system aids in ankle plantarflexion and knee flexion by using
a DC motor to pull on the belt. As with cabling, compliant
actuators can be used to extend the reach of a limited num-
ber of motors to decrease weight and financial costs at the
sacrifice of precision effectiveness.

[127, 129], and [132] make use of Series Elastic Actu-
ators, a combination of a rotary motor with a compliant

Fig.8 Redrawn Clutch Mecha-
nism [123]

Clutch

On heel strike clutch engages,
wire is pulled in with foot
dorsiflexion
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\\

When foot is flat, clutch
locks, prevents wire from
moving

element (spring, elastic, muscle, etc.) in series with it.
The compliant actuator can take some of the strain off of
the motor, allowing it to better deal with sudden bumps
and changes as the compliant element can compress and
extend, absorbing impacts in the process. The elastic aspect
is achieved in [127] through a torsional spring of stiffness
100 Nm/rad, this is attached in series with the rotary motor
such that the motor does not have to move exactly with the
motion of the hip. Torsional Springs as well as Compression
Springs and other series elastic actuator implementations
come with the cost of limiting maximum actuator force
due to loss of energy from the spring, reduced precision in
controlling exact force amounts, and increased complexity
[146]. They can however be inexpensive ways to improve
the durability of an actuator through shock and backlash
absorption, as well as allowing for larger latencies and
lower precision motors to be used as the compliant actua-
tor can respond instantly and make up for minor positional
differences. The weight cost of a spring can often be con-
sidered negligible unless weight is of critical importance,
for example the system within [127] had a total actuator

Clutch,

Clutch

As wire cannot move, during  As Plantarflexion begins, clutch
further dorsiflexion spring unlocks, spring compresses
extends, storing energy and energy is released.
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weight of 1.2 kg, of which the spring was likely a relatively
small percentage of.

Compliant Materials Artificial muscle could be seen as a
semi-elastic cable that is capable of squashing and stretch-
ing to mimic the flexing of a biological muscle. There are
several different existing examples of this technology.

Pneumatic muscles have been discussed in a prior sec-
tion, other similar examples include Dielectric Elastomers
[147] which make use of an electrostatic attraction between
conductive layers, these can cause a compressive strain on
each other when an electric field is applied to them. It has a
constant volume, and so when compressed together in one
plane, will expand in the other two. By then restricting one of
these planes most expansion will occur in one direction per-
pendicular to the compression. Usages within exoskeletons
include [135] which uses PVC gel pads attached to a belt
that runs from the hip to the knee, when these pads expand
outwards they contract sideways shrinking the belt and so
aiding hip flexion, and [148] which uses a bellows shaped
constraint filled with polymide fibres, in a similar belt struc-
ture connected between the knee and ankle. When activated
these expand to provide dorsiflexion assistance to the ankle.

Another compliant material would be shape memory
alloys, these alloys usually can be deformed at low tem-
peratures, then when heated revert to their original shapes.
However, in [136] a nickel-titanium alloy is kept in a state
of superelasticity (aka pseudoelasticity) that occurs between
the Shape Memory Alloy’s hot, difficult to deform austen-
ite memory phase where the material will recover from
any already existing deformities and the cold, more easily
deformable martensite phase, there is however an in between
area, as it requires a higher temperature to go from mar-
tensite to austenite than it does to go back down from aus-
tenite to martensite. Superelasticity means that the material
is deformable under strain, and will recover when not under
strain.

Magnetic Brakes Magnetic Brakes, while not strictly com-
pliant, they can be used in a similar role to compliant actua-
tors. As seen in [140] and [142], A magnet is placed in par-
allel with a spring plate as part of the brake rotor, when the
electromagnet is activated, the rotor moves to be in contact
and impart friction on the brake stator which causes resist-
ance to joint movement. By varying the voltage applied to
the electromagnet the resistance can also be varied.

This can act as a very simple and potentially powerful
way of imparting joint resistance which could be used in
resistive control systems for wearers with pathologic gait,
although the method would not be able to provide actuation
as it is simply a brake.

3.5.2 Summary

While compliant actuators are not always passive, they
can be effective ways of reducing power usage of exoskel-
eton designs, such as through energy recuperation through
springs. To analyse each of the several methods presented,
elastomers and shape-memory materials seem to be limited
in the amount of force they can provide, and as such would
likely not be very useful for driving a full exoskeleton, rather
than the often-partial assistive devices they have been seen
in. Elastic belts show a similar usage pattern to cables with
the same limitations of not being able to provide a pushing
force, only pulling unless two were used in a pulley system.

As such it is likely that springs offer the best benefits for a
low-cost system, with standard springs providing both push-
ing and pulling forces proportional to their compression
and extension as long as they are not deformed elastically.
Unfortunately none of the papers reviewed gave useful prices
of springs or other reliable costs of other compliant actua-
tor methods, however from external research, off the shelf
springs of similar spring constants and sizes, for example in
[149], a paper that makes use of a SODEMANN compression
spring with a resting length of 0.044 m, range of 0.0185 m
[150] amongst other components, a price range of ~ £4-£6 is
found for a single spring although this is quite a small spring,
despite this, as even unreasonably sized springs of over a
metre generated on the same site costed ~£150, which is less
expensive than many other actuators, the cost of a reasonably
sized spring would therefore be a negligible expense within
the total cost of an exoskeleton’s construction.

Compliant Materials are unlikely to see use as major
actuators in exoskeletons due to the minimal amounts of
force they can produce on their own, but may be useful for
smaller, assistive or rehabilitative devices due to being inex-
pensive and having a low size profile, or alongside active
actuator types.

In summary, springs seem to be excellent additions to a
low-cost implementation, although are of limited outside of
small scales unless paired with other actuators, such as in
series elastic actuator configurations.

4 Discussion

This discussion will attempt to build theoretical exoskeleton
actuator implementations for all actuator types based on avail-
able information, then compare the overall costs, weights,
power usage, and effectiveness against each other as displayed
in Table 10. This may provide useful quantitative analysis of
various actuator implementations. For actuator types where
less information was available such as hydraulic cylinders,
an effort has been made to find some examples with avail-
able characteristics. These implementations will consist of
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Table 10 Actuator Type Characteristic and Cost Breakdown

Actuator Type ~ Component Characteristics Characteristics Total
Power (W) Weight (g) Force (N or Cost (£) Power (W) Weight (g) Force (N or Cost (£)
Nm) Nm)
Rotary Electric  Averaged 150 W 415 ¢ 0.32 Nm £375 160 W 1165 ¢ 48Nm £1005
Motor Motor ~130N*
Averaged 0.25 W 50g - £80
Encoder
Averaged Gear - 400 g 150:1 £300!
Set
Averaged +5% 300 g - £250
Driver?
Rotary Electric Averaged 150 W 415¢ 0.32 Nm £375 160 W 1665 g ~500 N £1125
Motor + Ball Motor
Screw Ball Screw - 900 g 4 mm lead £370
Averaged 0.25 W 50¢g - £80
Encoder
Averaged +5% 300 g - £250
Driver?
Linear Electric  Averaged Lin- 200 W 1000 g* 60 N £700% 210 W 1350 g 60 N £1030
Motor ear Motor
Averaged 0.25 W 50¢g - £80
Encoder
Averaged +5% 300 g - £250
Driver?
Hydraulic Averaged - 600 g* 1800 N £40?7 370 W 3600 g+2000g 1800 N £1565
Cylinder Cylinder
Estimated 5W 500 g - £150°
Valves/Sole-
noids®
Estimated 350 W 1000 g 0.8 Nm £500
Pump Motor?
Av. Pump 025 W 50g - £80
Motor
Encoder?
Est. Pump +5% 770 g* - £725%
Motor
Driver?
Estimated - 200 g* - £20
Piping®
Averaged Fluid - 500 g - £303
Container 2
Estimated - 2000 g - £20
Fluid®
Pneumatic Estimated - 750 g* 1800 N £150 1105 W 2070 g 1800 N £765
Cylinder Cylinder +27kg’
Estimated 5W 120 g - £100
Valves/Sole-
noids®
Estimated - 150 g* - £15*
Piping®
Estimated Gas - 1000 g - £150
Container?
Estimated 1 kW 27,000 - £350
Compressor”
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Table 10 (continued)

Actuator Type ~ Component Characteristics Characteristics Total
Power (W) Weight (g) Force (N or Cost (£) Power (W) Weight (g) Force (N or Cost (£)
Nm) Nm)
Pneumatic Est. Fluidic/ - 200g* ! 100 N*! £100* 1 35W 2470 g 100 N* £615
Muscle Inflatable
Muscle!
Estimated 5W 120 g - £100
Valves/Sole-
noids®
Estimated - 150 g* - £15%
Piping?
Estimated Gas - 1000 g - £150
Container’
Estimated 30 W! 1000 g - £250
Compressor”

! Values can range very considerably, this value is a middle ground, in practice, it may either be much more or much less than this.

2 This example assumes one of each component is purchased, meaning if multiple actuators are needed, the ratio of this component to other
components may not be consistent. This may be because only one is required for the entire exoskeleton, or that the component can be expanded.

3This is an estimate to the price of a 3L unpressurised tank as seen in [65, p. 10], a pressurised tank would be both heavier and more expensive.

# For the purposes of comparing this torque value to the linear force values of the other actuators, it has been assumed that the motor is rotating
a 20 cm shaft, with a force reading taken perpendicularly from its end, as this is a rough estimate to the length to the CoM of an average adult’s

upper leg.

3 Pneumatic Compressors capable of providing enough pressure to power cylinders seem to be too large to fit on the exoskeleton, therefore their
weight would not count towards it, however their presence should still be considered. As such, for the purpose of scoring, pneumatic cylinders

will have a normalised weight of 1.

* This information is a “Best Guess” based on limited source components, in some cases as little as one.

the actuator itself, in addition to any peripherals it is stated
to require. Averaged characteristics are averages of several
components of a similar type (such as electric servo motors)
while estimated are only of a small (3 or less) number of com-
ponents. It is expected than in reality, actuator costs will vary
wildly depending on specifications, availability, actuated joint
target, and many other factors beyond the scope of this paper.

Fig.9 Normalised Actuator

While Cables and Springs can both be used alongside
other actuators or on their own, for the purpose of simplicity
they have been paired with Rotary Electric Motors to see the
effect they may have on the overall cost of the system, other
compliant materials such as elastomers, as well as mag-
netic brakes offer too different of an actuation method to be
effectively comparable to the current list. Figure 9 shows
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normalised values of actuator Power usage, weight, force
output and costs

Rotary Electric Motors average out to be the lightest of
the actuator types, with all electric motor types benefit-
ing from not requiring any sort of fluid that must be con-
tained and used for force application which is the primary
source of weight for pneumatic and hydraulic actuators.
This comes with the downside of a potentially high cost,
especially due to the varying expense of gearing. Rotary
motors with ball screws would not have to deal with as
expensive gearing due to a higher reliance on high RPM
to rotate the ball-screw, the less expensive gearing seems
to counter most of the extra cost of the ball screw itself.
The more numerous implementations of a motor and ball
screw in place of traditional linear motors may be due to a
superior force and lower weight and power usage. Hydrau-
lic is the worst in all categories with the exception of force,
which while on average tied with pneumatic cylinders can
be considered superior due to a higher precision in applica-
tion. However due to a high-power usage, weight, and cost
it struggles to offer much relevance outside of industrial
exoskeleton technologies. While Pneumatic Cylinders aver-
age out to be both low-power and low-cost, the compres-
sor however is a divisive component as it is debatable as
to how large of a gas tank would be needed to allow an
exoskeleton to function for several hours without refill if
there were no compressor, with a compressor the power
and weight costs of the system would make it infeasible
for every day usage. In all examples within the literature,
this component is external, which would be infeasible for
an exoskeleton seeing actual usage. The only benefit is that
there would only need to be one of this component that
would then power the rest of the system. Other than this,
pneumatic systems may find some use in softer applica-
tions which may be able to use a lower power compressor
for lower pressures. The normalised values displayed in
Fig. 9 in addition to the Force to Weight Ratio, Impact,
and Precision (described in Table 11). These will further
rank the actuator types in a quantitative manner, with each
being weighted according to different approaches. This is
a similar albeit simpler financial analysis to what is seen in
[151], which this paper took some inspiration from.

Impact describes the effect the exoskeleton has on the
surrounding environment, such as from spillages, noise, or
repairs. Precision describes how well the actuator can handle

Table 11 Impact and Precision of Actuator Types

precision movements. The values in brackets are the arbi-
trary normalised values assigned to them, as actual values do
not appear to be readily available it was deemed impractical
to find actual values.

The weights within Table 12 are defined semi-arbitrarily
based on the perceived priorities of different exoskeleton
types and as demonstration for quantitative analysis. The
Equal Weights Approach exists as an unbiased control value
to provide weights with no special priorities, in a sense
showing how well rounded an actuator type may be.

The Industrial Augmentative Exoskeleton Approach pri-
oritises high power to weight ratios and force, sacrificing
precision and power usage to achieve this, as the exoskeleton
is only required to follow the already healthy user and reduce
strain, allowing for bulkier designs and higher power usage
to support stronger actuation.

The Rehabilitative Exoskeleton Approach aims to aid a
user capable of some ambulation to improve their gait pat-
tern, it is therefore important that the exoskeleton does not
detract from movement through imprecise movement or
heavy weight, additionally as this device should be used in
more home environments, it must be more power efficient
and less impactful on the wider environment as to avoid
disruption. It does not however require high force as the user
is still capable of most of the walking motion themselves.

The Assistive Exoskeleton aims to provide walking function-
ality to those that would not be able to walk otherwise, and to
therefore assist in the walking process. As with rehabilitative exo-
skeletons it therefore requires high precision, although its weight
is less of a concern as the user’s gait does not contribute heav-
ily to the walking process. Instead, the system requires stronger
actuators in order to move for them. Due to its specialized nature,
this exoskeleton does not need to reduce costs as much.

The Low-Cost Approach is the focus of this paper and
seeks to provide an alternative to the Rehabilitative Exo-
skeleton Approach that focuses on reducing financial cost by
removing the need for high precision actuators, and reducing
power usage through using the active elements of the actua-
tor as little as possible.

Other approaches could also be designed to focus on
whatever exoskeleton aspects would be desired by the user,
for example rather than focusing on a type of exoskeleton
it could instead focus on an exoskeleton purpose, e.g. a sit-
to-stand exoskeleton would weight force-to-weight ratio
highly, but may weight power usage and precision low as

Rotary Electric Rotary Electric

Linear Electric Hydraulic Cylinders

Pneumatic Cylinders Pneumatic Muscles

Motors Motors + Ball Screws Motors
Impact Low (1) Low (1) Low (1) High (0.5) V. High (0.35) Medium (0.75)
Precision High (1) High (1) High (1) High (1) Medium (0.75) Low (0.5)

@ Springer



Journal of Intelligent & Robotic Systems (2022) 106: 3

Page230f31 3

Table 12 Weights of Approach Criteria

Power Usage Actuator Weight Actuator Force Actuator Cost F/W Ratio Impact Reduction Precision

Equal-Weights Approach 0.142857 0.142857

Industrial Augmentative Exoskel- 0.1 0.125
eton Approach

Rehabilitative Exoskeleton 0.15 0.175
Approach

Assistive Exoskeleton Approach ~ 0.15 0.125

Low-Cost Approach 0.175 0.15

0.142857

0.142857 0.142857  0.142857 0.142857

0.125 0.225 0.125 0.1

0.125 0.15 0.15 0.15

0.1 0.15 0.15 0.175
0.125 0.2 0.15 0.15 0.05

the exoskeleton is designed to assist in occasional but intense
generalised movements as opposed to continual minor
adjustments.

Table 13 contains the normalised results of the data from
Tables 10 and 11 for the different approaches described in
Table 12. For this calculation, the Power, Weight, and Cost
were normalised to the lowest value rather than the highest
as displayed in Fig. 9, this was so that the highest values
were always “better”, as lower power usage, weight, and cost
are more desirable.

The result of the table show that Rotary Electric Motors
are, on average the most effective actuator, which is consist-
ent with it being the most commonly used, either without or
in combination with ball screws. Rotary Electric Motors in
combination with ball screws saw higher scores than stand-
ard Linear Electric Motors which may also be why they are
so comparatively uncommon as any time where a linear
actuator would be applicable, the rotary electric motor + ball
screw has a higher score. Meanwhile, there is a consider-
able gap in score between electric motors and Hydraulic
and Pneumatic Actuators. For Hydraulic and Pneumatic
Cylinders, this is as a result of their very high weights,
which plummet their overall score by significant margins,
they did however see prominence in Industrial Exoskeleton
Approaches, being the highest scoring methods, although
while pneumatic was marginally higher, it assumes a method
of easily carrying the separate compressor that would be
required for extended function. If this method was not pre-
sent, hydraulic would be superior due to being more easily
self-contained. Pneumatic muscles meanwhile saw little sig-
nificance in most categories due to a weight score crippling
otherwise promising low power usage and costs.

These values were made with only a single actuator in
mind, however as several components would only need
to be purchased once such as motor drivers, or hydraulic
pumps, or would not scale directly in some capacity if
multiple actuators were needed such as a solenoid which
can have multiple ports in one block, or fluid piping which
would only need to connect between the new actuator and
pump, components that may only need to be counted once
or at a reduced rate are referenced in Table 10, under “2”.

Furthermore, it is unlikely all actuators will be functioning
simultaneously, reducing power usage for electric motors
and fluid throughput requirements for hydraulic and pneu-
matic implementations. This becomes difficult to calculate,
and as such could be a topic for future study. It can how-
ever be speculated that Electric Motor types would suffer
more as the vast majority of their components are needed
for each new actuator, with only the controller being able
to be used across multiple. Hydraulic and Pneumatic actu-
ators meanwhile could benefit from a single centralised
pump and cheaper individual cylinders or muscles for each
actuator, translating into reduced cost, although not neces-
sarily reduced weight when compared to electric motors.

When considering the implementation of compliant ele-
ments or transmission systems such as springs, there will be
a minor increase in weight from additional hardware, and a
potential loss of precision due to uncontrolled movement
from these elements. Each presents different, less quantifi-
able benefits as outlined in their relevant sections, cables
allowing for the relocation of actuators to more favorable
positions, for example, moving actuators from locations on
the leg to a backpack worn by the user, therefore reducing
the effect of inertia on walking. For compliant elements a
level of feedback prevention is provided as compliant ele-
ments can absorb impacts as well as store energy.

Series Elastic actuators and other similar implementa-
tions are the most common implementation involving mul-
tiple different types of actuator being used within the same
exoskeleton, often taking the form of a spring and rotary
electric motor, theoretically a similar design could be made
with multiple types of active actuator. A simple example of
such an implementation can be imagined for an industrial
exoskeleton. It would make use of hydraulic or pneumatic
actuator for joints that would experience high force loads,
such as hip, knee, and ankle flexion/extension, however for
degrees of freedom that may see less load such as ankle
abduction/adduction or hip rotation, geared electric motors
could be used due to their smaller volume. This could reduce
complexity and weight due to the need for less hydraulic
fluid capacity and cabling. As seen in Table 13, both rotary
electric motors and hydraulic cylinders score highly for an
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Table 13 Normalised Actuator Scores for Different Approaches

Rotary Rotary Electric Linear Elec- Hydraulic ~ Pneumatic =~ Pneumatic
Electric Motors +Ball Screws tric Motors ~ Cylinders Cylinders Muscles
Motors
Equal-Weights Approach 0.9966 1.0000 0.8080 0.8953 0.8861 0.8321
Industrial Augmentative Exoskeleton Approach ~ 0.9445 0.9934 0.6829 0.9967 1.0000 0.6884
Rehabilitative Exoskeleton Approach 1.0000 0.9844 0.8149 0.8171 0.7932 0.8114
Assistive Exoskeleton Approach 0.9836 1.0000 0.7942 0.9233 0.8744 0.7851
Low-Cost Approach 1.0000 0.9967 0.7928 0.8329 0.8929 0.9654

Industrial Augmentative Exoskeleton Approach, using them
together could be analysed quantitatively by averaging the

two scores <0'9967 + 0'9445/2 = 0.9706).

One final aspect that has not been discussed within the
paper is that the financial costs of the actuators and their
respective peripheral components only encompasses the
initial investment of purchasing them. Another similar
point considered of near-equal significance by stakehold-
ers of exoskeleton technologies is the cost of maintaining
and repairing such components and the exoskeleton as a
whole [159, p. 5]. Such maintenance costs would vary
dependant on factors such as the reliability of the compo-
nents, the intensity, frequency, requirements of the tasks
they perform, and the environment that the exoskeleton
functions in. Per-actuator costs are difficult to calculate
exactly, although there are some examples within literature
of “Maintenance Contracts” for the total cost of exoskel-
eton servicing per year, in [152] a maintenance contract
of an exoskeleton was estimated at ~£7,400 ($10,000)
per year, with a lifespan of 5 years and initial device
cost of ~£110,000 ($150,000). In this instance, assuming
that after the 5-year lifespan the exoskeleton would need
replacement, maintenance represented % of the total cost
of the exoskeleton, although it is important to note not all
of the remaining initial device cost would be as a result of
the construction of the exoskeleton and its components. It
is also likely that initial costs would decrease at a more
rapid rate than maintenance costs with the development of
the exoskeleton industry.

To place an estimate for individual component’s
lifetimes [153] predicts an electric motor to function
for ~20,000 h of runtime in ideal conditions, which is in
line with the estimates given by Maxon for their motors
[154], although they also state 1000-3000 h is more
expected in average conditions. Pneumatic Cylinders mean-
while have been estimated to last up to 10’s of millions of
cycles [155], which is somewhat in line with a prediction
made by the Bimba Manufacturing Company predicting its
cylinders could function for a total travel distance of 3,000
miles [156], if a cycle equated to ~40 cm, this would equate

@ Springer

to~ 12 million cycles. While it does not seem unreason-
able to assume hydraulic cylinder and pneumatic cylinder
data would be similar, both are likely to suffer in terms of
lifetime as a result of other peripheral components, notably
leaks in piping as well as wear and tear in pumps and com-
pressors which will cause gradual degradation of actuator
quality, necessitating regular replacement or maintenance,
as well as cleaning up any mess they make due to leaks,
which an end user may consider to be worse than the main-
tenance itself.

As a summary, quantitative analysis on actuator char-
acteristics reveals rotary electric motors score well for the
most types of exoskeleton approaches, which is in line
with them being the most common actuator type within the
reviewed dataset. How these scores would be affected by
considering multiple actuators however becomes difficult
to calculate.

4.1 Conceptual Low-Cost design of a Lower-limb
Exoskeleton

Based off of the findings of this paper, Rotary Electric
Motors seem to be an effective low-cost actuator, when
looking to further optimise for a low-cost implementation,
choosing rotary electric motors with low power usage and
low financial cost would be ideal, such as an off-the-shelf
hobby motor. Such actuators may not be capable of as high
speeds, small sizes, high precision, and low latency when
compared to those seen within this paper, therefore a low-
cost implementation should attempt to resolve or otherwise
nullify these issues.

A conceptual knee actuator proposal shown in Fig. 10
may make use of an off-the-shelf actuator that does not
directly control the movement of the joint it is a part of
actuating. A compliant spring is responsible for actuation,
having effectively zero latency and being capable of absorb-
ing with sudden movements. The motor meanwhile is used
to vary the length of the spring, which results in a varying
force output, this does not need to be either precise or low
latency, instead only needing sufficient torque to continue
rotating the spring even while under strain.
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Spring
Compresses
under stress

shortened by
motor as wearer

Active Spring is l
crouches

Fig. 10 Conceptual Knee actuator proposal

The length of the spring is varied by rotating it like a
screw jack through the lower section of the structure, rotat-
ing the spring in one direction “activates” more of the spring
increasing the force it applies, while a shorter active spring
does the inverse. This method is similar in nature to the
rotary motor and ball screw, with the ball screw replaced
with a less expensive and lighter spring.

From Preliminary design work done on this subject as
part of wider study, the two parts of the exoskeleton relevant

\\Q’@Q

62mm

85mm

Fig. 11 Conceptual Knee Design—Upper Section (Note — Spring not
to scale)

A

85mm

115mm

Fig. 12 Conceptual Knee Design—Lower Section

to actuation are named the upper and lower sections. The
upper section (Fig. 11) is connected to the upper leg via a
rotatable resolute joint and contains a brushless DC servo
motor connected by two gears to a Stainless steel spring. The
spring has a diameter of 24 mm, a length of 300 mm, and a
pitch of 9.5 mm.

The Lower section (Fig. 12) consists extends out from
the leg and raises up to be in line with the upper section, the
spring slots through a tube connected by another resolute joint.
Within this tube is a rod that the spring rests and pushes on.

When the spring is rotated by the servo motor, it slides past
the lower-section spring rod. As shown in Fig. 13, any part
of the spring that is past the rod is “inactive”, and will not be
compressed if strain is placed upon it by the upper leg section.
Effectively rotating the servo motor increases and decreases

Fig. 13 Cross Section of
Conceptual Knee Design Lower
Section

Upper
Section

Active
Spring

Inactive
Spring
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the spring length and so the force it can apply. A slotted tube
runs down the centre of the spring to prevent it from bending,
which would reduce applied force.

Future study will expand on this design.

5 Conclusion

This review discusses a variety of actuator implementations
used in exoskeletons and has attempted to analyse whether
they would be suitable in exoskeletons designed for low-cost
implementations. While this review focuses on lower-limb
exoskeletons, the actuators here are similar to those seen in
other exoskeleton designs for the upper body, and as such its
conclusions could be used there as well.

This paper is biased towards the concept of an “intermedi-
ary” or “home” exoskeleton, a device that can be worn by a
patient that is not necessarily capable of fully rehabilitating
any pathologic gait issues, but can, at a bare minimum, prevent
further degradation for issues such as crouch gait which if left
untreated would lead to long-term harm to leg musculature and
permanent walking issues. Such an exoskeleton would need to
be wearable during everyday life, and therefore should have
minimal impact on the wearer (low weight cost), be capable of
functioning for long periods of time (low power cost) and be
practically affordable (low financial cost) while still capable of
fulfilling the purpose of preventing or reducing gait degrada-
tion (sufficient effectiveness). It has been judged by the author
that the actuator is the key component whose state affects the
cost of many other components and has therefore been the
focus of this paper. This judgement has been made based off of
the impact the actuator has upon all other components.

For powered actuators, the requirements of hydraulics
and pneumatics for bulky external peripherals lead to a high
weight cost and higher complexity, more peripherals, espe-
cially ones that have to work with fluids, will lead to more
wear and tear on a device that would benefit from being sim-
pler to use. The biggest flaw of many rotary electric motors
meanwhile is their price will not necessarily scale as well
when considering multiple actuators, as many of their com-
ponents are needed for each new actuator on an exoskeleton,
especially due to the commonly seen usage of expensive, low
latency, high precision, high torque motors in combination
with their peripherals. A solution to this may be to find a way
to use less advanced off-the-shelf actuators, implemented
in such a way where their inferiorities are made redundant,
for example, by combining them with compliant actuators.

In summary, this paper proposes low-cost actuator imple-
mentations for simple and reliable exoskeletons that can
potentially reduce gait degradation in patients such that they
can attend more advanced rehabilitation sessions without los-
ing progress, or, for assistive cases, have access to intelligent
assistive exoskeletons without serious financial investment.

@ Springer

Regardless, both could lead to a faster and more efficient
improvement the patient’s walking ability.
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