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Exoskeletons of lower extremities are used mainly for gait treatment in physical
rehabilitation. However, they are also capable of being involved in other types of
exercises. Nevertheless, their structure needs to be adequately adjusted for such appli-
cations. To analyse approaches to that, this review paper investigates the mechanical
designs of rehabilitation exoskeletons for lower extremities. The study seeks to iden-
tify best practices in designing and implementing these devices by analysing fifty-two
articles. It covers aspects such as kinematic structures, materials used, types of drives,
and the range of exercises. Standard design features include multiple degrees of free-
dom, primarily at the hip, knee, and ankle joints, and using lightweight materials
to enhance mobility and reduce power consumption. The review also discusses the
advantages of different driving systems. The findings provide valuable insights for
developing effective and safe rehabilitation exoskeletons, contributing to improved
patient outcomes in physiotherapy and rehabilitation settings.
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1. Introduction

The development of mechatronics led to the fusion of this field with others,
including medicine. Thanks to these, many processes can be at least partially
automatised [1]. Such enhancement of a single specialist’s work partially solves
problems of shortages in medical staff. As the robots are typically used for repetitive
processes that require high precision and accuracy, they become popular in surgery,
service of elderly patients and physiotherapy.

Physiotherapy is the process of recovering a maximum available physical
performance of a patient with a certain level of impairment [2, 3]. The treatment
with motion, kinesiotherapy, is used for patients with neurological and motor
disorders. Kinesiotherapy can be performed either as active or passive [4]. In a
human-conducted process, the participants’ motion is supported or resisted by the
professional. In the most severe cases, patients may not even be able to move at all
voluntarily and require mobilising their joints to prevent stiffness.

The rehabilitation robots are used to either support patients’ recovery process
or substitute their missing motor functionality [5]. The use of such robots in
kinesiotherapy aims at increasing the accuracy and repeatability of motions while
reducing a physiotherapist’s effort during exercises [4]. They are applicable for
both, passive and active training, as can mimic typical motions of human-conducted
exercises [3].

The recovery process can be realised with a task-oriented approach. For such,
a patient is exercising while performing typical daily-life motions — often, the
most necessary for themselves. These can include snacking, sipping, scratching
and personal grooming [6] or other activities correlated with their work or hobbies
[7, 8]. When it comes to the lower extremity, their main functionality is related
to standing up or sitting, commuting, and sports. Therefore, most of the exercises
are performed while walking or sitting. However, mobilisation of flaccid limbs to
prevent joint stiffness is often performed while laying.

Rehabilitation robots used in kinesiotherapy of extremities use motors to sup-
port or oppose patients’ motion, depending on their physical conditions. This
requires sensing the intention of their motion and physically interacting with the
extremity at the characteristic points. The rehabilitation robots are typically either
end-effector open-chain type or exoskeletons. Within lower-extremity treatment,
the latter are relatively more often used. These, compared to the end-effector
structures, can mobilise every joint directly. However, they are also vulnerable to
dimensional differences and misalignments relative to the user’s extremities. As a
result, they can cause harm to the patient if they are not accurately adjusted. The
injuries or inaccurate exercising can appear as an effect of mistakes in designing
or installing such devices [9].

Even though the exoskeletons of the lower limb are not lifted by the users’
musculoskeletal system, their mechanical design strongly affects their functional-
ity. The heavier structures, in general, require more bulky drives, which can limit
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the range of motion and make motion with the device more difficult. Moreover,
these result in higher power consumption which is critical for battery-powered
devices. Additionally, in line with telemedicine, rehabilitation robots easily trans-
ferable between institutions or even patients’ houses are preferable compared to
stationary large ones. For this reason, the selection of a kinematic chain, its me-
chanical implementation, and the physical components used are critical for the
functionality of the constructed exoskeleton. These can indicate its real-life appli-
cability.

The study is a literature review of the lower-limb rehabilitation exoskeletons’
mechanical designs. It aims at analysing the structures currently constructed by
the researchers and defining the best practices of such. However, multiple different
reviews of wearable robots for lower extremities are available. Nevertheless, the
majority of them focus on the control strategies of the robots [10]. Compared
to other recent studies on exoskeletons of the lower extremity for physiotherapy,
this one is limited mainly to deep analysis of mechanical designs [10, 11]. The
discussion on additional technologies implemented within the research is added
to correlate certain structures to their possible applications. Despite the trend of
Bowden cable-based power transmission systems and soft exoskeletons[11, 12] the
presented analysis is limited to direct drive-based rigid systems. The aim of such
an approach is to focus on rehabilitation devices which can precisely control joint
movements while reducing their mass and not resigning functionality. Also, the
review is focused mostly on the devices enabling a wide range of exercises, rather
than the ones targeted at gait recovery — as for some other reviews [11].

Intentionally, the presented paper should be a base for selecting the most ap-
propriate kinematic structure and comparing critical parameters to the competition
while designing own rehabilitation exoskeleton. Thanks to this, design errors can
be detected in the early stages and corrected. Therefore, the risk of constructing
too heavy and impractical rehabilitation devices will be omitted.

2. Methodology

The literature review was based on the Scopus database. The records included
were selected from the result of the query: TITLE-ABS-KEY("exoskeleton” AND
("rehabilitation” OR "physiotherap*") AND "lower" AND "limb" AND ("mechani-
cal" OR "design") AND NOT "software" AND NOT "soft"). Moreover, these were
limited to articles and conference papers not older than five years, falling within
the Engineering subject area and written in English. The review aimed to define
the best practices for designing electrically-powered rigid rehabilitation exoskele-
tons for lower limbs. For this reason, the articles not mentioning mechanical design
and/or not related to devices for lower extremities and/or not related to devices with
electric drives were excluded from the systematic analysis. As a result, 52 original
papers were included in the review. The schematic graph of the search process is
presented in Fig. 1. The devices presented in the remaining papers were analysed
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in terms of kinematic structures, materials and manufacturing technologies used
for their main parts, types and parameters of their drives, types of available exer-
cises, and additional information and communications technologies (ICTs) used to
enhance treatment.

Documents identified through Scopus
abstract database search
(n=628)

Excluded published before 2018
(n=223)

Excluded out of ,Engineering” subject area 2018
(n=223)

Excluded out of ,Article and
conference papers” category
(n=31)

Excluded not in English
(n=91)

A
Abstracts screened
(n=239)

Excluded as not related to lower extremity
(n=49)

Excluded as not related to mechnical design
(n=95)

A
Papers screened
n=95

Excluded as not related to rehabilitation
(n=21)

Excluded as not related to design
> without electric drives
(n=22)

Papers included
(n=52)

Fig. 1. Literature review search schematic process

3. Results and Discussion

The conclusions drawn from the review were based on 52 articles most closely
associated with the subject. The distribution of publications indicates an increasing
number of scientific papers in this field over the last five years. According to Scopus
data, the year 2022 saw the highest number of articles published in this domain.
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3.1. Mechanical Design

3.1.1. Kinematic structure

In the reviewed studies, constructions operating on all degrees of freedom in
the lower limb were excessively rare. Among the considered papers, constructions
most frequently described featured three degrees of freedom: in the hip, knee, and
ankle (34.6% of the papers). Active degrees of freedom (joints) were predominantly
located in the hip and knee, less frequently in the ankle [13, 14], where passive
degrees of freedom were also applied [15, 16]. This mechanical configuration
constituted the foundation for the majority of constructions discussed in other
articles. However, such a configuration allows limb movement only in the sagittal
plane. This can be used for gait training but is not applicable to exercising based on
motions reflecting activities of daily living such as dressing up, wiping buttocks,
grooming or picking up objects [17].

Increasing the number of degrees of freedom can result in bringing new ex-
ercises into treatment. Particularly, additional movements in hip joints than its
flexion/extension enable task-oriented treatment not based on gait [18]. Such ex-
ercises include not only the ones in standing positions but also those lying and
sitting. Moreover, the devices with the more complex mobility can be significantly
beneficial for patients with muscle flaccidity who require full external mobilisation
of joints for their recovery process [19].

Constructions with two degrees of freedom ranked second in quantity (25%
of the papers). Systems with four degrees of freedom accounted for 13.5% of the
considered papers [20, 21].

In a few cases, exoskeletons had over four degrees of freedom (13.5% of the
papers), for instance, [22—24]. These stood out with additional degrees of freedom
at the hip or ankle.

Publications addressing constructions with a single degree of freedom were
the least common (5.8% of the papers) [25, 26].

In 7.7% of publications, data on the number of degrees of freedom of the
exoskeleton design were not provided [27-30].

3.1.2. Kinematic Design

Most of the constructions reviewed operate as serial robots. Each subsequent
segment is attached to the previous one, thus creating an open kinematic chain.
Since these are exoskeletons, they are connected to the body in parallel. The
designed constructions aim to achieve the greatest possible kinematic compatibility
with the user’s kinematic structure. Regulatory mechanisms are used to manipulate
the distances between joints [31].

An important aspect from a constructional point of view is the type of contact
the exoskeleton has with the environment. There are two possible scenarios: in one,
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the exoskeleton allows the user to have direct contact with the ground [20, 32, 33];
in the other, the exoskeleton is mounted to a frame [14, 34]. In some cases, the
assisted limb does not contact the ground when performing exercises in a sitting
or lying position.

In the construction described in [21], a two-degree-of-freedom exoskeleton is
mounted parallel to the body. Its purpose is to assist hip movements during gait
rehabilitation. No supporting frame mount is used.

The exoskeleton described in [35] does not allow the user to contact the
ground. In addition to the exoskeleton segment, a mobile frame to which the
entire construction is attached has been designed. The patient has the exoskeleton
mounted parallel to the lower limbs, and foot plates support the whole weight.

Examples of the analysed designs are visualised in Fig. 2. Kinematic struc-
ture and other physical parameters of the described exoskeletons are presented
in Table 1.

Rehabil

al
forokd pRopl with sy of e b

MOVING UP

DC motor

thigh link
./ q

_thigh frame
-

Fig. 2. Examples of the designs of the analysed exoskeletons (visuals in subfigures: a) [23], b) [31],
¢) [36], d) [21], e) [37], }) [20]; photos in subfigures: ¢) [37], f) [14], g) [38], h) [39], i) [40], ) [20])
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Table 1. Parameters of mechanical constructions (abbreviations used for describing numbers of
DOFs: HA - hip active, HP — hip passive, KA — knee active, KP — knee passive, AA — ankle active,
AP — ankle passive, P — passive)

No. | DOFs Constr}lctlon Mass Drive Parameters Ref
Material
Hip: max. torque of 50 Nm,
1 | 3(1HA, 1KA, 1AP) No data No data Knee: EC90 motor 90W, 56 Nm [41]
2 | 4(3AA,IKA) Aluminium 9.8 kg Knee: DC gear motor [42]
3 | 3(1HA,1AA,1KA) No data /3'157 ke Each joint: EC 45 flat 70 watts [13]
egs
4 | 1(KA) Aluminium and iron | No data | BLDC EC45 flat 13,4Nm [25]
5 | 2044 Alumml.urn, steel, No data Motor 1, EC-4pole, 95,6 mNm (33]
composite Maxon Motor 2, 128 mNm
6 | 3(1HA, 1KA, 1AP) No data 14.4 kg | Hip: 64,2 Nm, Knee: 40,1 Nm [43]
3 per limb
N N 14
7 (IHA.IKA.1AA) o data o data | Servomotors [14]
g |2 perlimb No data Nodata | No data (44]
(1HA,1KA)
9 4 per limb No data 8 ke Max torque for each joint [45]
(1HA, 1HP, IKA, 1AA) 76 Nm
10 | 3 (IKA, 2P) No data No data | RE 40, 150 W, 27Nm [46]
. 50 Nm/160 RPM
6 per limb ..
11 Aluminium No data | MYACTUATOR RMD-X10 [40]
(3HA,1KA,2AP)
400W
12 | 2 (1HA, 1KA) No data Nodata | NE 40, graphite brushes, [47]
150 W
13 | 2 (IHA, 1KA) No data No data | No data [48]
14 | 3 (1HA, 1KA, 1AP) No data 14.4 kg | DC motor, no data [49]
15 | 3(1HA,1KA,1AA) No data No data | BLDC motor, no data [50]
7 per leg
16 | (2HA 1HP, 1KA, No data No data | No data [23]
1AA 1AP, IMP)
17 | 2 per limb(1HA,1HP) Aluminium alloy 2,4kg BLDC EC60 Flat, PG 1:24 [21]
18 | 7 per limb(1HA,6P) No data 8 kg No data [22]
EC90 Flat harmonic drive gear
19 | 3 (1HA, 1KA, 1AP) Aluminium alloy No data | 1:160/1:100, [51]
80Nm 30 RPM/ 50Nm 48RPM
M -
20 | 3(1HA,IKA,IAA) agnesium Nodata | 50 Nm (H), 50 Nm (K) (52]
aluminium alloy
21 | 3(1KA,1AP,1HA) Aluminium 7ke 91.5Nm (K) [53]
alloy 1100
. Aluminium and
22 | 6 per limb(1KA,5P) No data | No data [54]
carbon fiber
23 | 2 (IKA.THA) Al7075 T6 ke 74 Nm, EC90 ﬂat,' 100:1 gearbox, [20]
and spandex nominal voltage hip:36V knee:24V
24 | 3 (1HA,1KA,1AA) No data No data | No data [37]
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Table 1 — continuation

No. | DOFs Constr}lctlon Mass Drive Parameters Ref
Material
25 | 3(1HA,1KA,1AA) No data No data | No data [55]
26 | 3 (1HA,1KA,1AA) 7075 aluminium 8.4 kg DJI M3508 [56]
27 | 2 (1KA,1HA) 304 stainless steel No data | No data [57]
28 | 4 (3HA, 1KA) No data No data | No data [39]
29 | 2 (1HA,1KA) No data No data | No data [58]
30 | 2 (1HA,1KA) No data No data | EC60 Flat, harmonic drive [59]
31 | 2(1KA. 1P) No data No data | No data [60]
32 | 2(1HA,1KA) No data No data | No data [61]
25.72 Nm (H), 13.42 Nm (K),
33 | 3 (1HA,IKA,1AA) Aluminium alloy | 16kg |, Nm"&)) m (K) [35]
34 | 3AA PLA No data | No data [62]
4 per limb ( 2HA, L. Hip and knee motor: EC 90 Flat,
35 Al 6061 16 k 31
KA, 1AA) i €| 400 W, 1260 mNm 31]
36 | 3 (1HA, 1KA, 1AP) Aluminium 16 kg 52.055 Nm (H) 11.677 Nm (K) [15]
37 3 per limb No data No data | Stepper motors [27]
(IHA, 1KA, 1AA)
38 | 4 active Aluminium 32kg | Upto6Nm [63]
and plastic
. Hip: 150W, 50Nm
3
39 | 1 per limb (1KA) No data No data Knee: 180 W [34]
40 | 2 (1HA,1KA) No data No data | No data [64]
41 | 3 (IHA,IKA,1AP) No data Nodata | [P Joint torque: 32.66 N, [16]
Knee joint torque: 12 Nm
Nitrile butadiene
42 | 1 (1KA) No data | Knee motor: EC Flat 90 [38]
rubber
43 | > perlimb No data 12.15 kg | No data [24]
(2HA,1KA2AA) SR
44 | 4 (1HA,1HP,1KA,1AP) | No data 4.55kg | Nodata [32]
45 | 4 (2HA,1KA.1AP) No data 3kg No data [65]
46 | no data No data 10 kg No data [28]
47 | 2 per limb(1HA,1KA) No data No data | No data [36]
48 6 per limb (2HA, IHP, No data No data | No data [66]
1KA, 2AA)
40D le-si
49 | No data 840D double-sided |\ 120 | No data [29]
fabric
50 | 3 (2HA, 1KA) No data No data | No data [67]
5 limb(1HA,1KA,
51| IE: 1I/I:P)( No data No data | No data (68]
52 | 1IKA No data No data | Servomotor - Yaskawa 100 W [30]
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3.1.3. Weight

The weight of individual constructions directly correlates with the number
of degrees of freedom. Among structures with a maximum of three degrees of
freedom, most of them did not exceed 15 kg, including actuators [35, 42, 45].
Notably, the most lightweight exoskeletons achieved a total mass below 5 kilograms
[26, 65]. While reaching such low weight demands compromising strength and
durability to some extent, the studies analysed included a comprehensive structural
strength analysis, demonstrating a satisfactory safety margin [32].

For constructions with higher kinematic complexity, mass ranged between 16
and 20 kilograms [15, 35, 69]. A solitary article reported a design surpassing this
range, reaching 23 kg [20].

Despite the majority of presented designs being dedicated to rehabilitation
[22], [70] and providing force support for users, they remain relatively lightweight.
Lower mass typically correlates with reduced manufacturing costs, power use
(critical for battery-powered devices), and higher dynamics with lower torque
requirements [21]. Contrariwise, heavier constructions are generally stiffer and,
therefore, suitable for patients with limited neuromotor capabilities and greater
motor assistance needs [27].

Regarding weight categories, the analysis indicates:

* Designs weighing 5 kg or less: 5 designs (representing 9.62%)

* Designs weighing over 5 kg up to 10 kg: 7 designs (representing 13.46%)

* Designs weighing over 10 kg up to 15 kg: 2 designs (representing 3.85%)

* Designs weighing over 15 kg: 5 designs (representing 9.62%)

* No data available for 33 designs (representing 63.46%)

3.1.4. Material

To minimise a device’s weight, materials comprising low density and high
strength must be selected. Moreover, the exoskeletons are often divided into sup-
porting elements, carrying the main force loads, and other functional components,
such as attachment elements, etc.

For the supportive elements, aluminium alloys [14, 21, 31, 40, 56, 59] are
the most frequently selected materials (23% of the considered studies). Heavier
materials such as stainless steel were rarely used in exoskeletons, mainly for main
structural components [57]. This represents only 2% of all papers. 3D printing
materials, such as PLA, as the primary material for exoskeleton construction,
were used less often and mainly for single-DOF devices with lower loads acting
upon them [62]. It is possible to further reduce the weight of construction by
applying composite materials or titanium alloys. However, the materials themselves
and the correlated manufacturing process can significantly increase the price of
the devices. As the physiotherapy technology is intended to remain available for
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patients, the price for dedicated devices remains one of the key factors for their
practical implementation.

Exact data regarding the material used for constructing the critical parts of
the exoskeleton was rarely presented. In 64% of cases, this information was not
available. Selected mechanical parameters for the mentioned materials used for the
supportive components are presented in Table 2.

Table 2. Comparison of Physical Properties of Aluminium Alloys (YS — Yield Strength,
UTS - Ultimate Tensile Strength)

Alloy | Density [g/cm3] Young’s Modulus [GPa] | YS [MPa] | UTS [MPa]
6061 2.70 69 276 310
7075 2.81 71 503 572
1050 2.71 65 65 95

3.1.5. Body mounting

As the presented exoskeletons act parallel to the lower extremity, they must
be attached to its characteristic point. Thanks to this, they prevent certain motions
and support or resist others. Depending on the selected body mounts, different
rigidity of connection is achieved. In the analysed research, velcro belts or bracket
mountings were the most frequently chosen to achieve the most durable and user-
friendly system. The application of Velcro belts has been shown here [20]. Velcro
belts offer a practical and cost-effective solution for mounting the lower limb to
an exoskeleton. They provide ease of use, customization, and comfort, although
considerations such as durability and load-bearing capacity should be taken into
account based on requirements. The usage of brackets was also presented in one of
the research papers [54].

The primary function of brackets in an exoskeleton is to establish a secure and
adaptable connection between the exoskeleton and the user’s lower limb. Using
brackets to secure the extremity to the exoskeleton brings an advantage in terms
of substantial durability. Employing material straps reduces the risk of loose or
damaged connections. Additionally, the simplicity of adjustment enables easy cus-
tomization of stable connections to accommodate a variety of users. However, this
method also entails certain drawbacks compared to other solutions. The replace-
ment of worn-out components becomes considerably more complicated, especially
without the appropriate tools. Additionally, there is a risk of reduced user comfort
due to using metal or plastic clasps if preventive measures are not taken [45].

3.2. Driving system

In the field of engineering, various drive systems are used. In all analysed
publications, motor functions were performed using electrically powered drives.
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Nevertheless, many types of electric drives are available on the market, each with
its own advantages and disadvantages, as observed in the discussed studies.

In most of the cases, brushless direct current (BLDC) motors were selected
(utilized in 29% of analysed papers), due to high efficiency and rapid response
to changes in current and torque. BLDC motors are characterized by a relatively
low weight-to-torque ratio and offer a position or velocity control system [51].
These are often selected with the controllers enabling setting the individual motor
positions. Regarding the manufacturers, Maxon is the most common choice in the
recent designs. Outstandingly often, the motors of EC Flat series with the EPOS
controllers are selected [21, 51].

The second most commonly chosen type of motors were brushed DC motors
(6% of analysed publications). They are characterized by lower manufacturing costs
and significantly easier control [47]. However, due to their lower lifespan compared
to other types, such as BLDC, they are becoming increasingly less prevalent in the
analysed field.

The least chosen types of drive systems were servo motors (2% of analysed pub-
lications) and stepper motors (2% of analysed publications). Servo motors operate
on the feedback principle, where regulation is carried out to achieve and maintain
the desired position. Stepper motors execute a specified number of steps per revo-
Iution; their movement is controlled by appropriate control pulses, causing precise
rotational steps. Despite the advantages they offer, the quantity of such applications
suggests the existence of more optimal solutions for lower limb exoskeletons.

An essential component of the motor systems appearing in the studies were
pieces of apparatus to measure the angle in each joint, which served as a feedback
signal for position control. The first solution utilized a rotary potentiometer, the
measurement based on resistance change [13]. The other way of providing position
data was using encoders. Such an implement is more accurate and allows precisely
controlling each actuator’s position [25]. They usually differed in the selected
resolution per turn (counts per turn); for instance, encoder Mile with a resolution
of 2048 counts per turn [21, 43].

Itis generally more convenient to use an absolute encoder, but this is not always
the case. For example, in research [68], both types of encoders were utilized to
minimize possible position error. The work by [63] provides a detailed description
of drive assemblies, which include absolute encoders (MA3, US Digital, WA,
USA).

For instance, in [33], a typical incremental encoder is utilized. The level of
complexity does not require any complicated solutions.

In the article [30], the type of encoder used is not specified. This situation
is similar in many publications. Very often, there is a lack of information on the
specific sensors used. In [38], the presence of an encoder is mentioned without
describing any further details.

Pneumatic and hydraulic driving systems were not used for the analysed ex-
oskeletons. However, air-based control is often used in soft exoskeletons based on
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the pneumatic muscles. They enable a better power-to-weight ratio without over-
heating. However, the power supply system is typically heavier and more bulky.
Moreover, precise control of such requires more complicated tracking systems than
rotational encoders [71].

3.3. Exercises

The described devices mainly appeared in the context of passive rehabilita-
tion, where they could replace human involvement in simple therapies [25, 42].
However, it is possible to involve exoskeletons also in more advanced multijoint
active treatment [72]. The motive of lower limb exoskeleton participation in treat-
ing stroke patients also emerged [50]. This is a response to speculations regarding
an ageing society [73]. It should be noted that passive rehabilitation essentially
involves performing repetitive exercises without significant structural loads; hence,
lower torques of the drives are required. Moreover, it is worth noticing that the main
purpose of rehabilitation robots is to repeat intensive, task-oriented exercises [74].
Therefore, the efficacy not necessarily is better with the same amount of treatment,
but it is easier to receive therapy sessions of high intensity and accuracy of motion.

More advanced exercises for which exoskeletons were designed include sitting
down and standing up [52] and even walking [67] — as a part of gait rehabilitation
for individuals with walking difficulties and more. This approach remains in line
with the task-oriented therapy [75]. In a rare instance, the exoskeleton was used to
work on body balance [68]. The exoskeleton developed in this research combines
features of sitting/lying and suspended weight-reducing robots to enable "Sit-Lie-
Stand" multi-position rehabilitation training. It includes a leg abduction mechanism
to adjust leg distance and shift the centre of gravity, increasing each leg’s degrees
of freedom to five for balance and ankle training. The construction consists of two
modules: one for posture transformation and another for lower limb rehabilitation
exercises.

An aspect to consider is whether the participation of physical therapists is
included and whether physical assistance from a physical therapist is required
when using the exoskeleton. In the study [44], the role of the physical therapist is
described as controlling the start of each step and helping the patient get used to
the device. Additionally, the physical therapist adjusted the exoskeleton to fit the
participants’ anthropometric characteristics and set the gait parameters.

In the study [50], the involvement of physical therapists was limited to con-
ducting surveys during the design process to ensure the best possible adaptation of
the exoskeleton to real-world requirements.

In most studies, due to their primarily mechanical focus, the involvement of
physical therapists in operating the exoskeleton is not mentioned.

When utilized as an assistant, an exoskeleton in the hands of a physiotherapist
can hold enormous significance for the future of rehabilitating patients with lower
limb disabilities. The set of exercises which can be transferred into the exoskeleton-
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aided therapy with their kinematics and dynamics parameters are presented in the
complementary research [17].
The exercises possible with the presented devices are described in Table 3.

Table 3. Functional parameters of exoskeletons

No. Exercises Additional Technologies [Ref]
1 No data Functional electrical stimulation (FES) | [41]
2 | Rehabilitation exercise, passive assistance No data [42]
3 No data No data [13]

A system that maintains
4 No data the device’s axis of rotation [25]
aligned with the knee’s axis of rotation
5 No data Series elastic actuators (SEA) [33]
Assisting in 1 limb
6 . ssIsting 1n O\fver m During rehabilitation therapy [43]
during rehabilitation therapy
Transcutaneous Electrical
7 No data Nerve Stimulation (TENS), [14]
CONTEMPLAS
8 No data No data [44]
IMU, EMG and EEG-based
9 Walking and gait rehabilitation - BV an ase [45]
neural interface shared control
10 No data No data [46]
Standing, leg lifti
1 Anding, ‘eg hng, No data [40]
gait training
12 Functional suPport of t.he lower limbs, No data [47]
performing walking cycles
Control methodologies:
ti th s
13 Following the desired trajectories cooperalive game theory [48]
fuzzy set theory,
probability theory
14 No data Neural network [49]
15 No data No data [50]
16 No data Cable transmission system [23]
17 Walking EMG [21]
18 Walking Heel pressure data, fuzzy processing | [22]
19 No data Compliant joint actuators [51]
20 Sitting down and standing up EMG [52]
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Table 3 — continuation

No. Exercises Additional Technologies [Ref]
The subject stands
21 from a sitting position ESP32 [53]
at natural speed and sits down
22 No data No data [54]
23 Walking No data [20]
4 No data The LES can. gene?rz?te different (37]
cycles of gait training modes
Dual-mode control,
25 No data [55]
PID-fuzzy parallel control
26 Walking Complex knee motion system [56]
27 No data No data [57]
Rpi as CCU,
28 No data potentiometer to measure [39]
the ankle joint
29 No data No data [58]
30 No data Air pressure actuator [59]
31 No data No data [60]
32 No data No data [61]
Pediatri kelet
33 eclatrie exosteeton, Kinect-LabVIEW [35]
assist gait rehabilitation
34 Repetitive leg recovery exercises No data [62]
Assisti 1
35 . SIS }ng p.eop 'e' . Self-tuning controller [31]
with walking disabilities
36 Walking No data [15]
37 No data No data [27]
38 No data No data [63]
Sit-To-Stand (STS
39 it-To-Stand (STS) process, No data (34]
walking training
40 No data No data [64]
41 Suppgrting l'luma.n body ivn'wa.lking, No data [16]
assist patients in rehabilitation
42 Rehabilitation exercises No data [38]
43 No data OpenSim simulation method [24]
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Table 3 — continuation

No. Exercises Additional Technologies [Ref]

Assisting hemiplegic patients
44 in lower-limb Motion capture technology [32]
rehabilitation training

Aid in lower extremity

45 i EMG [65]
paralysis recovery
46 No data No data [28]
Cycle racing exercises,
47 flexion and extension exercises, Adaptive Fuzzy Control (AFC) [36]
leg lifting exercise
Support during walking and
48 rehabilitation training No data [66]
for children with cerebral palsy
49 Walking EMG [29]
50 Walking No data [67]
51 Practice balance skills Platform for user [68]

Subjects were asked to slowly swing .

. L EMG and a Hill-based muscle model
52 their knees while sitting . L [30]
. . for joint torque estimation
with their calves fixed to the exoskeleton

3.4. Additional Technologies

The exoskeleton-aided therapy is often supported by additional technologies
(see Table 3). They can enhance the control capabilities of the system, visualisation
for the patient or increase the therapy entertainment [24, 68].

So far, biosignal monitoring is one of the most common technologies accom-
panying robot-aided rehabilitation. They enable short-reaction-time monitoring of
patient performance and can even be used for sensing individuals’ intentions [30].
These include mainly electromyography (EMG, a measurement of muscle electric
activity) and electroencephalography (EEG, a diagnostic method allowing the ex-
amination of the brain’s bioelectrical activity). These signals can be used to analyse
the treatment in almost real-time. However, the time of gathering and transferring
data to the exoskeleton’s control system can bring delays. Moreover, processing
EEG data to obtain information on a patient’s state can take even up to a few
seconds [76].

In many cases, surface EMG was used to observe muscle activity to quantify
muscle efforts during exercises in both situations: when wearing the exoskeleton
and when not wearing it [21, 29, 52].

The EEG was used as an additional source of information while using the
exoskeleton. As a result, observing the brain’s reactions to the interaction with
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the exoskeleton becomes feasible [45]. It was utilized to establish a shared control
neural interface based on EEG.

As patient safety is an important emerging topic, systems dedicated to these
applications were developed. Only one of the analysed articles included a vision-
based approach to such a challenge. In order to provide an accurate monitoring
system to observe the operation of the exoskeleton and the patient, the Kinect
sensor was used in collaboration with LabView National Instruments software [35].
Nevertheless, providing safety through minimally supervised treatment remains
one of the main challenges in contemporary robot-aided physiotherapy [77, 78].
This is particularly significant for telerehabilitation applications, which currently
struggle mostly with the stability of the remote connection between an operator and
the device [79]. Apart from the mentioned system, is possible to add mechanical
compensation mechanisms that reduce hazards coming from misalignments and
dimensional inaccuracies of the devices [80].

The dynamics of the biomechanical systems, such as an extremity attached
to the exoskeleton, are often difficult to determine [49]. A controller utilizing the
RBFNN compensator is proposed to mitigate the impact of friction within the com-
pliance tendon-sheath actuation system. In the design of the compensator, singular
parameter exploration is conducted to substitute weight information within the neu-
ral network. Therefore, computations benefit significantly from using Feedforward
Artificial Neural Network [59].

Furthermore, considering the rapid pace of artificial intelligence and machine
learning advancements, the capabilities of neural networks within an exoskele-
ton as an autonomous personal rehabilitation device are becoming irreplaceable,
particularly in detecting the intentions of a user and acting before certain events
occur [81, 82]. Considering the needs of rehabilitation robotics, the systems would
benefit from the control based on learning algorithms developing new exercising
trajectories based on the user performance with the initially registered benchmark
exercises and detecting hazards prior to their occurrence. This can be realised with
the use of recurrent neural networks. Almost real-time operation can be obtained by
teaching the models with the data shifted with the time required for computations
of the pre-taught architecture [81]. Thanks to this, the exoskeleton can react to
potential dangers to the patient and plan new therapeutic motions, implementing
them between exercise cycles.

3.5. Future trends

Based on the analysed research papers, it can be expected that rigid exoskele-
tons of lower extremities will become lighter while keeping a high number of
activated DOFs. This can be realised by performing mechanical optimisation to
reduce the amount of materials used and maintain the strength of the construction
or by implementing new materials with a higher strength-to-density ratio. The de-
vices will be more portable and tailored to home-environment use. Thanks to this,
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patients will be able to exercise in nonmedical facilities, also while performing
real-life activities.

Moreover, the kinematic structures of the exoskeletons will be adjusted to
enable more complex motions. Compared to contemporary designs, it is highly
possible that the devices will be mostly used for task-oriented treatment based on
activities of daily living, not only walking.

When it comes to materials, many new designs will include main components
made of lightweight composites or metastructures possible to manufacture with
additive technologies. Electrically driven devices tend to use flat BLDC drives
integrated with gearboxes of high ratios and dedicated controllers. However, due to
this fact, the exoskeletons have low backdrivability and require additional methods
of automatic safety supervision for spastic patients.

4. Conclusion

The presented review met its aim and revealed the most common practices for
the design of rehabilitation exoskeletons. The critical criteria considered were the
devices’:

¢ mass of the device;

¢ kinematic chain;

» material of main components;

* body segments attachment method;

* driving system;

* exercises supported;

* accompanying ICT technologies.

Most of the analysed devices had no more than three active degrees of freedom.
It was consistent with the most common intended use for gait treatment. However,
the use of only flexion and extension in the parasagittal plane can lead to recalling
incorrect motion patterns.

In general, the mass of the devices was correlated with their number of degrees
of freedom and material. To keep them relatively lightweight, they were mainly
manufactured from aluminium alloys and 3D-printable thermoplastic materials.
However, mainly, the papers describing lighter designs had their mass included.

Based on the analysed sources, tracking the biomedical signal is the technology
often used while supporting motion with exoskeletons. These, and the dynamics of
the rehabilitated extremity, are also sometimes supported by predictive algorithms,
including recurrent neural networks. Nevertheless, providing safe physiotherapy
with minimal supervision of the specialist still remains a challenge.

Many of the presented designs can be implemented clinically in the future.
However, rehabilitation robots typically suffer from low technological adaptation
due to the high costs of the device required at one time compared with the low hour
wage of a physiotherapist paid over a longer period [83], designing the devices for
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single exercises (e.g., gait treatment devices), and poor acceptance of the technology
by physiotherapists and older patients [84].

The presented review is the basis for further work on constructing the ex-
oskeleton for lower extremities for task-oriented exercises that are not limited to
gait. Moreover, the project will consist of developing technologies for providing
safe telerehabilitation over such devices and automation of treatment with minimal
supervision. The former will be realised with a VR-based digital twin of the system,
while the latter will be with EMG and EEG tracking to detect the discomfort of a
patient and irregular, potentially dangerous muscular activations.
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