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ABSTRACT Over the past decade, rehabilitative devices have undergone significant advancements.
Orthoses, which are assistive limb devices, have transitioned from passive supportive devices to active or
semiactive devices with adjustable damping. Similarly, prosthetic limb-replacement devices for amputees
have shifted towards the integration of semiactive dampers instead of passive or bulky dampers. The imple-
mentation of semiactive damping is achieved through the use of smart magnetorheological (MR) fluids that
can modify their viscosity based on the input current, resulting in reduced power consumption. This article
focuses mainly on modelling, sensors and control strategies inMR damper-based rehabilitative devices since
these areas contribute to the development of the overall end product. There have been notable improvements
in the modelling of human knee joints and the damping system components, aiming to achieve more efficient
damping control. Traditional mathematical equations, such as Lagrangian and Newtonian formulations,
have been supplemented with machine learning algorithms. Additionally, the utilization of various sensor
combinations to measure knee/ankle joint angles has advanced. These sensors range from basic mechanical
sensors to wireless inertial and piezoelectric sensors, enabling faster and more diverse communication.
Furthermore, control algorithms have also witnessed a progression from classical control approaches to
more sophisticated strategies such as fuzzy control and neural network controllers. These advanced control
algorithms enhance the overall performance and responsiveness of the rehabilitative devices. However, there
are certain disadvantages found in MR fluids, sensors, modelling and control algorithms that are discussed
further in this review article. This review explores the developments in different rehabilitative devices that
integrate modelling, sensors, and control designs to achieve optimal and efficient outcomes.

INDEX TERMS Modeling, MR damper, orthosis, prosthesis, sensors, semiactive controller.

I. INTRODUCTION
Orthosis or braces are appliances that are applied externally
to assist and resist movements and can unload, accommodate
and support segments of the body [1], [2]. Bracing of the
lower limb joints, especially for the knee and ankle, is in
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practice for several reasons, such as to increase proprio-
ception, to prevent injuries, especially in contact sports and
sports involving jumping and landing, to protect the healing
ligaments and soft tissues during rehabilitation from injuries
and to be therapeutic, as in cases of acute injuries or in
inflammatory or degenerative arthritis in the aged population.
Various passive braces or orthotic supports prescribed in var-
ious conditions with several indications, as shown in Fig. 1,
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FIGURE 1. Types of passive knee orthoses [1].

may range from protective braces to resist movement and
support the limb that is damaged due to degeneration or post
traumatic conditions such as degenerative arthritis/post trau-
matic arthritis [3], [4], [5]. Knee sleeves are used to provide
compression during minor injuries. Rehabilitative braces are
used to support the limb resisting unwanted movements and
assisting locomotion, such as in rehabilitation movements
and assisting locomotion, such as in rehabilitation of liga-
mentous injury in movements and assisting locomotion, as in
rehabilitation of ligamentous injury in recovery stage either
following nonoperative treatment or following surgical inter-
vention for example post anterior cruciate ligament injuries
in knee joint, postsurgical intervention for instability at ankle
joint. Functional braces allow full range of movement at the
joint but with additional support to prevent injuries. Bracing
is worn as a protective aid during a sporting activity that
involves cutting and jumping movements, such as in soccer,
tennis, basketball, etc. Varieties of ankle foot orthoses, knee-
ankle-foot orthoses for knee and ankle joints, spinal orthoses
for neck and spine, wrist-hand orthoses and powered elbow
wrist-hand orthoses for wrist and elbow joints, mobility aids
are discussed [3], [6], [7], [8].

This section provides an overview of the evolution in
orthotic devices and prosthetic devices and application of
MR fluid in these devices. The earlier orthotic and prosthetic
devices were passive with limited fixed range of damping.
But incorporating them with sensors, smart actuators and
advanced control algorithms resulted in sophisticated cus-
tomized devices. One such device is MR fluid based reha-
bilitative device that alters the damping output of the actuator
based on the input current provided, in turn to give variable
damping at the lower or upper limb joint so as to restrict its
movement.

In [3], the authors discussed muscle diseases such as
distal, atrophy, myositis, carnitine deficiency, and congenita
that require lower and upper extremity orthoses. Upper and
lower extremity orthoses are preferred for many muscular
disorders in the elbow, wrist, spine, ankle, and knee for main-
taining range of motion and steady balance and preventing
contractures, thus delaying surgery. Post stroke, the plantar
flexion and dorsiflexionmovements of the ankles are severely
affected in individuals, resulting in nonuniform gait [9].
To overcome this, several ankle foot orthoses have been

discussed for rehabilitation and metabolic cost reduction

FIGURE 2. Passive orthoses (a) for knee and (b) for ankle [3].

during walking [3], as shown in Fig. 2. The rehabilitative
type includes passive, active and semiactive orthoses, and
the metabolic cost-reducing type includes exoskeletons. The
orthoses will be a combination of sensors, actuators, power
sources and control units. The weight of the orthoses varies
from 0.53 kg to 4 kg. The sensors may be motion capture
systems, EMG sensors, angle sensors, force sensors, and
orientation sensors. Patients with paretic ankle need torque
at the propulsive gait phase; hence, active and passive braces
are preferred. According to [10], orthoses affect the lower
limb calf muscles, such as the tibialis posterior (TP), flexor
digitorum longus (FDL), and peroneus longus (PL) [11].
Fine-wire and surface electromyography (EMG) sensors and
force plates were employed to measure muscle activity and
gait phase, respectively. Sixteen participants were chosen for
the study, and three running trials were conducted on bare-
foot, footwear and footwear with orthosis. The EMG signals
were captured in the stance gait phase during all the trials,
and measurements from only eight participants were chosen
for further analysis. Although there were no significant differ-
ences in FDL and PL EMG signals, TP muscle activity was
reduced while the orthosis was worn. A commercial ankle
foot orthosis (AFO) for patients affected by stroke is com-
bined with trunk orthosis that was previously developed by
the same authors [12]. A motion capture system was used to
obtain kinematic gait data. Twenty-eight stroke patients were
chosen for the study and were divided into two groups: one
group with AFO plus trunk orthosis and the other with AFO
plus corset. The AFO plus trunk orthosis group performed
better during the walking test in terms of walking speed, steps
per minute in the affected foot and peak ankle plantar flexion
angle during the stance gait phase. Previously developed pow-
ered orthoses were primarily tethered while aiding the limb,
but in [13] and [14], portable electric and pneumatic orthoses
were developed. In [13], the device helped in dorsi and plantar
flexion using control from embedded electronics that depend
on foot force sensors. However, size is an issue of concern,
and future developments should focus on minimizing size
and, ultimately, weight to increase patient compliance, which
is reflected in Fig. 3.

In [15], the authors developed a fabricated orthosis with
a motor that assists patients with paraplegia and causes
synchronized movement of the hip and knee joint. The
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FIGURE 3. Pneumatic portable orthosis [13].

FIGURE 4. Orthosis with electric motor [16].

previously proposed orthoses were bulky and inconvenient
with pneumatic and hydraulic actuators, which even provided
insufficient power; thus, this device helps overcome these
limitations. The orthosis could provide improvement in gait
in terms of speed and balance. To further improve patient
convenience as well as the weight of the orthosis, the authors
of [16] developed a gear-based ankle orthotic for assistance
with dorsi and plantar flexion that consists of an electric
motor controlled via a proportional-integral-derivative (PID)
controller, as shown in Fig. 4. The PID controller was respon-
sible for position and speed control based on the state of the
force sensors. However, there was room for improvement in
the use of other gait parameters, including the use of injured
foot pressure sensor data rather than healthy individuals’
foot data for obtaining the control curve, additional torque
production for the ankle and soft sensing systems for locking
and braking.

Several devices for tremor suppression were discussed
based on their functionality. Transcutaneous Electrical Nerve
Stimulators, Functional Electrical Stimulators, wearable
active and semiactive and orthoses, assistive feeding devices,
gyroscopic stabilizers and haptic stimulation systems were
assessed [6], [17], [18], and an example from [17] is shown
in Fig. 5.

The study evaluated the devices based on efficiency and
potential risks. Noninvasive tremor-suppressing devices were

FIGURE 5. Tremor suppression upper limb orthosis [17].

preferred over invasive transcutaneous devices. Addition-
ally, the devices could provide 30-99.8% tremor suppression.
However, passive orthoses provide adequate damping only
when static and certain dynamic activities are performed.
When dynamic activities are involved, such as brisk walking,
running, ascent or descent of stairs, additional assistance in
the form of torque is required to the affected limb.

As in [7], a random crossover design was used, and two
orthoses, a prefabricated orthosis and a sham foot orthosis,
were compared. The ground reaction force variables (cush-
ioning of forefoot and heel, arch support) and subjective
opinions (visual analogue scale) were obtained by twenty
male athletes with flat foot. The participants weremade to run
on an instrumented treadmill for 5 s at each speed (5, 6 and
7 m/s), gradually increasing at a rate of 0.4 m/s2 with each
foot orthosis. The data recorded were processed inMATLAB,
and statistical analysis (ANOVA, t test between speed and
orthosis) was carried out in SPSS software. After using pre-
fabricated foot orthosis, there was an increase in the vertical
impact force, loading rate, and kinetic variability of the peak
propulsive force while running from lower to higher speeds.
Prefabricated foot orthosis gave better arch support but less
forefoot and heel cushioning and overall comfort. As illus-
trated in Fig 6, an ankle foot orthosis was used in patients
with drop foot conditions [8]. Nineteen patients were chosen
for the study and classified into the robotic group (active
powered ankle assistance) and the sham group (passive torque
impedance for 10) based on a double-blinded randomized
controlled trial. The inclusion criteria were assessed by func-
tional ambulatory category ≥ 4 and Berg balance scale ≥40,
and the exclusion criteria included range of motion evaluated
bymodifiedAshworth scale≥ 3. Evaluationswere performed
before and after the 20-session gait training (30-minute level
walk and stair ascent) with follow-ups every 3 months. After
the training test, the robotic group performed well in terms
of gait improvement, walking speed, loading response of the
affected side and prevention of flat foot ground contact.

To achieve additional active torque during ascent, a ball
screwmechanismwas used, which was driven by a motor and
hydraulic damper-based prosthesis [19], as shown in Fig. 6.
Inspired by a healthy knee, a four-bar link was designed
to simulate the prosthetic knee, as shown in Fig. 7. The
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FIGURE 6. Robotic orthosis for drop foot [8].

FIGURE 7. Four bar link knee prosthesis [19].

simulation was carried out in ADAMS software, and the pro-
posed algorithm provided a 10% torque symmetry index and
34.7% and 11.5% knee angle symmetry index in the stance
and swing phases, respectively. The results were comparable
with the healthy knee, and the proposed knee outperformed
other previous works in terms of active torque generation and
overall weight. Similarly, in [20], a five-bar link prosthesis
was proposed by the authors.

In [21], a crossover study design was carried out to
compare four conditions, i.e., shoes only, a commercially
produced carbon fibre ankle foot orthosis, a custom-made
carbon fibre ankle foot orthosis and a powered orthosis
with a series-elastic actuator. The mechanical efficiency and
net metabolic costs were some of the evaluated parameters
assessed by effect sizes (d, where d>0.8 signified better
performance). Three subjects with lower-limb reconstruction
were chosen for the study and were made to walk at different
speeds in four conditions. Although the powered ankle foot
orthosis outperformed other conditions in net positive work
(d≥1.17) and efficiency (d≥1.43), patients still considered
nonpowered orthosis since the weight of the orthosis was a
drawback.

The paper is divided into three major sections. Section II
describes the evolution of the modelling of knee joints and
MR dampers. Section III discusses the advancements in the

sensors used in orthotic and prosthetic devices. Section IV
consists of the progress in the control algorithms applied in
rehabilitative devices over the last decade.

The advancement in prosthetic knees from 2010 to
2020 has been discussed in the area of structure and con-
trol strategy in [22]. Various designs of prostheses, such
as uniaxial, multiaxial, with and without locking mech-
anisms, and four bar links with MR dampers for swing
control, have been discussed. In [23], the authors provided
a detailed review of various passive, active and semiactive
ankle foot orthoses, data collection for achieving good control
in orthoses, and data interfacing with the wearer. Passive
orthoses are preferred for simple activities since the damping
is fixed, but semiactive and active orthoses are necessary
for difficult walking or pacing conditions since the damp-
ing varies according to the angle of the ankle joint. Rigid
actuators such as motor, hydraulic and MR dampers and
elastic actuators with series and parallel configurations for
less energy consumption [24], [25] are explained. The article
explains the control algorithms for gait phase recognition
using EMG sensors. The evolution of the prosthesis can be
perceived in terms of weight reduction of the prosthesis,
advanced control algorithms for damping using cost-effective
elastic actuators and actuators, and easy adaptability for
patients. Single segmented rehabilitation devices (for shoul-
der, elbow, forearm, wrist, finger/s) and multisegmented
rehabilitation devices (shoulder-elbow, wrist-finger, forearm-
wrist, shoulder-elbow-forearm) have been described [26].
High-level control (assistive, task, haptic interface, noncon-
tact monitoring control) and low-level control (linear-PD,
PID and nonlinear-adaptive, impedance, sliding mode con-
trollers) have been discussed. The actuators can be classified
into hydraulic, pneumatic and electric, and devices can be
stationary, portable or wearable. The various assisting modes
are active/passive assist, active assist and resist passive assist
and resist. Prominent control inputs include EMG, position,
force, joint angles and torque.

Since variable damping is preferred over passive damp-
ing (fixed braking for both static and dynamic activities)
and active damping (more power consumption), smart fluids
such as electrorheological (ER) and MR fluids are used in
dampers. The MR damper is a component that has MR fluids
consisting of micron-sized ferrous particles suspended in car-
rier liquids. The carrier fluid goes to a semisolid state under
the influence of a magnetic field since the ferrous particles
in the fluid align themselves in the direction of magnetic
lines of force, in turn increasing the resistance or viscosity.
The resistance decreases when the magnetic field is removed,
with the fluid reversing to the liquid state, behaving like a
Newtonian fluid [27], [28], [29]. This property is used to
create vibration isolation in structures, braking in automobile
suspensions, prostheses, cable bridges, washing machines,
etc. In biomedical applications such as knee prostheses and
haptic and tactile devices, the MR damper is employed to
provide braking and shock absorption to mimic the functions
of damping in the human leg.
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FIGURE 8. MR fluid particle behavior [27].

FIGURE 9. MR damper fluid behavior in the presence of magnetic
field [27].

When a magnetorheological (MR) damper, which has a
response time of only a few milliseconds, is incorporated in
the aforementioned braces. It increases the compliance to the
braces as well as the efficiency of the individual’s locomo-
tion. The yield strength of the MR damper is controlled by
altering the viscosity of the damper fluid, as seen in Fig. 8,
rather than having fixed damping as seen in passive dampers;
thus, MR damping is considered to be semiactive damping,
as shown in Fig. 9, as well as efficiency of the individ-
ual’s locomotion. having fixed damping as seen in passive
dampers, thus, MR damping is considered to be semiactive
damping.

The characteristics of ER fluids, MR fluids and shape
memory alloys are thoroughly discussed [27], [30]. The
ER and MR fluids are smart fluids with suspended col-
loidal materials excited by electrical and magnetic fields,
thus altering their viscosity. Shape memory alloys are alloys
that change their shape and return to normal based on the
heat applied. These features of the materials are applied in
robotics, biorobots and automobile industries. Applications
of ER fluids include tactile displays, flexible robotic arms,
gantry robots, orthoses, and manipulators. MR fluids are used
in vehicle shock absorption, robot manipulators, grippers,
prostheses, haptic robots, rehabilitation, climbing robots, leg
robots and building dampers [31], [32]. Although ER fluids

exhibit a relatively faster response time than MR fluids,
ER fluids require a high voltage power supply to generate
the electric field necessary for their response. This may limit
their use in certain portable or battery-powered applications.
MRfluids require a lower power supply, typically in the range
of a few volts, making them more suitable for portable and
low-power applications, which allows for the use of simpler
and more compact magnetic actuation systems in orthotic or
prosthetic devices.

Shape memory alloys are applied in bioinspired robots
such as microfish, jumping, buoyance, flying and swimming
robots [34], [35]. In [36], the wide applications of MR flu-
ids in engineering and medical fields are discussed. From
2018-2020, in engineering fields, MR clutches, MR brakes,
MR mounts and in medical fields have been extensively used
in haptic devices and rehabilitative devices in flow, squeeze
or shear modes [37], [38]. By altering the properties of the
MR damper coil, there will be certain advantages, such as a
quicker response with replacement using a permanent magnet
or by increasing turns. However, these changes will also add
more weight to the structure. Additionally, the combination
of modes of the MR damper can be beneficial for energy
savings. In [39], the Newtonian properties of the MR fluid,
operation modes and evolution of MR devices were dis-
cussed. MR fluid devices operate in flow mode, shear mode
or squeeze mode, and the combination of these modes is
found in recent applications such as mounts, shock absorbers
and servo valves. The relationship between magnetic flux
density and shear stress has been depicted using the Bingham
plastic model. MR fluid applications have evolved from MR
dampers, MR valves [40], [41], [42], MR mounts [43] and
MR brakes from 2001 to 2015. A systematic review of MR
damper fluid properties, operational modes, and dynamic
models is carried out [44]. Classic, advanced and intelli-
gent control strategies of MR damping systems in various
applications are brought to attention. Since the MR damper
dynamic model is nonlinear, model accuracy plays a key role,
and advanced control algorithms give better performance for
bionic [45], [46] and structural vibration attenuation. Elec-
tronically commutated (EC) motors with MR clutches and
MR brakes are both used in the prosthesis as actuators and
dampers [47], which is highlighted in Fig. 10. Similar work
was carried out in an MR damper with flow mode and EC
motor, with a nonlinear proportional derivative controller
in [33], and these operate individually or together based on
the phase of the gait cycle.

In [47] and [48], dynamic models of the MR clutch
and brake were derived and tested experimentally to
obtain a model from the MATLAB identification toolbox.
A proportional-integral (PI) controller was also designed
to control the clutch and braking, as depicted in Fig. 11.
For ground level walking, the proposed device with both
motor reducer plusMR brake/clutch (active), with onlymotor
reducer unit and only MR brake (semiactive) unit was com-
pared. The semiactive mode with only the MR brake required
only 6.0 J of energy, the MR clutch/brake combination
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FIGURE 10. Knee prosthesis with MR damper [33].

FIGURE 11. MR brake and clutch for knee prosthesis [47].

required 16.3 J, and the active mode with the motor reducer
required 26.6

Angle sensors, strain gauge sensors and accelerometers
were used to measure the flexion angle, ground reaction
force and gait posture [49]. The microprocessor controls
the hydraulic damper used for braking. In the article men-
tioned, the method is compared with the hydraulic-based
Otto Bock C-leg, Mauch prosthetic knee and MR fluid-based
Ossur Rheo in terms of energy cost, gait efficiency and
exercise intensity tested on the MasterScreen testing sys-
tem. Ten amputees with ages ranging from 20-45 who have
been using prosthetics from 1-15 years. Analysis of variance
(ANOVA) was used to analyse the significance between the
tests performed at different speeds (0.5, 0,7, 0.9, 1.1 and
1.3 m/s). There was no significant difference in energy cost
or gait efficiency for the four prosthetic knees. However, the
Mauch SNS underperformed compared to the other three
prosthetic knees. A similar retrospective study was con-
ducted by the authors in [50] with four microprocessor-based
prosthetic knees, namely, C-leg (hydraulic damping), Orion
and Plie (hydraulic and pneumatic damping) and Rheo (MR
damping). The results were measured based on quality of
life, mobility, satisfaction and injurious falls. Several ques-
tionnaires were presented to assess the comfort with the
prosthesis and frequency of injurious falls. A significant
difference was not observed for functional mobility and sat-
isfaction. In the case of quality of life, differences existed
for C-Leg versus Plie, and for injurious falls, in comparison

FIGURE 12. Ankle orthosis with MR fluid-based damper [51].

FIGURE 13. Human lower limb model (a) Newtonian (b) Lagrangian [52].

with nonmicroprocessor-based prostheses, C-Leg and Orion
performed better, but with aging, C-Leg and Plie performed
poorly. The authors in [51] developed an ankle foot orthosis
for healthy subjects with MR fluid, as shown in Fig. 12, with
an electromagnetic coil, and a spring, which is a combination
of semiactive and passive devices. The braking action is
achieved by microprocessor-based control that depends on
the insole force sensor and ankle angle potentiometer sensor
states. The proposed device weighs 819 g and can provide
braking during initial foot contact and better dorsiflexion
assistance compared to an oil-based damper by avoiding toe
drag. However, the authors have also put forth some future
modifications in the design process of MR fluid to achieve
more output power to implement on gait-disabled patients.

The revolution of active and semiactive orthotic and pros-
thetic devices has significantly impacted the field of assistive
technology, offering improved functionality, comfort, and
mobility for individuals with physical disabilities. Active
orthotic and prosthetic devices incorporate powered com-
ponents, such as motors and actuators, to enhance their
functionality. Powered prosthetic limbs, exoskeletons, and
active ankle-foot orthoses are examples of devices that offer
active damping. Some of the advantages of active devices
are enhanced functionality and natural movement replication,
customizable control and adaptability to various activities,
improved energy efficiency and reduced effort for users.
However, they have a complex design and higher costs than
passive devices. Additional weight and bulkiness due to the
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inclusion of motors and power sources, higher power require-
ments and limited battery life cause slight hinderance for
patients. Semiactive orthotic and prosthetic devices combine
passive mechanical elements with active components to pro-
vide adjustable support and control. Some of the semiactive
devices are variable damping systems, sensor-driven control
systems, smart materials and actuators. They provide adap-
tive support and control and personalized assistance because
of their ability to dynamically adapt to changing condi-
tions, thus enhancing user safety and ensuring optimal func-
tionality. However, these devices are complex and costlier
than passive devices. Additional weight and power require-
ments due to active components, calibration and maintenance
requirements for sensors and control systems are other fac-
tors that create setbacks. However, semiactive damping has
gained steady pace in the recent decade, which is achieved
by electrorheological and magnetorheological fluids. Hence,
to achieve good, quick tracking of the knee angle trajectory
or better damping at the lower limb joints, variable dampers
are preferred over passive fixed damping devices. Variable
dampers with smart fluids are light and portable and consume
less power than active dampers with pneumatic and hydraulic
dampers. Additionally, modelling plays a pivotal role while
simulating the real-time systems to envisage the performance
of the control strategies. The selection and placement of
sensors are important for deciding data capturing parameters
such as sampling rate, noise, and bandwidth. The control
schemes are sensitive to the type, state, and sampling rate
of sensor data for providing appropriate damping in lower
limb joints. Hence, the evolution of modelling, sensor selec-
tion, and controllers employed in rehabilitative devices are
discussed in further sections of the paper.

II. MODELING OF THE KNEE JOINT AND MR DAMPER
The modelling of a system is required to visualize the
behavior of the system and to analyse the input and out-
put relationship. The models need to accurately present the
linearities and nonlinearities in the system to achieve qual-
ity control. In this section, some of the major modelling
techniques have been discussed for knee joints and MR
dampers using various methods, such as Lagrangian equa-
tions, Newtonian equations, multibody modelling, the Bing-
ham model, the Bouc-Wen model and finite element analysis
methods.

A. HUMAN KNEE JOINT MODELING
The knee joint models using Newtonian and Lagrangian
motion equations shown in Fig. 13 and the neural network
were compared, and the estimation of knee torque was car-
ried out in [52]. The former models required anthropometric
data captured from motion capture systems, which vary from
person to person, whereas the proposed feedforward neural
network required data from force sensors. As mentioned in
this literature, the learning methods in neural networks pro-
vide robust estimation with a normalized root mean square

FIGURE 14. Realization of Human lower limbs [53].

error of 2.67% with two kinematic inputs and one kinetic
input.

In [53], the model-free adaptive control (MFAC), slid-
ing mode control and prior torque calculator are elabo-
rated, which are responsible for control of the exoskeleton.
A weight is assigned to vary the effect of prior torque on
the exoskeleton. Referring to Fig. 14, the knee exoskeleton is
modelled using the Lagrangian equations given in (1), where
M is the inertia matrix (kgmm2), C is the centripetal and
Coriolis matrix, G is the gravitational torque vector (Nmm), τ
is the actuator torque vector (Nmm) and τh is the torque acting
on the exoskeleton (Nmm). The input of the exoskeleton
model is torque, and the output is knee joint angle. The knee
angle data were obtained from the Vicon motion capture
system from a 25-year-old female subject. The simulation
is carried out in MATLAB (for visualizing control) and
ADAMS (for input and output visualization) software. The
hip, knee and ankle errors between the desired and simulated
angles are 2.03%, 1.63% and 3.6%, respectively, with a root
mean square error of 0.094, thus proving that the proposed
method replicates human gait.

M (θ) θ̈ + C
(
θ, θ̇

)
θ̇ + G (θ) = τ + τh (1)

A demonstration of multibodymodelling is carried out in [54]
via Simscape to obtain a knee model since rigid bodies
(femur, tibia and patella) are interconnected and their motion
and interactions in different coordinates are to be analysed.
Two joints connecting femur to tibia and patella to femur
are modelled to visualize flexion. The joints contain a spring
damper that describes stiffness k (Nmm/rad) and damping D
(kg/s), and the force f is a resultant (N) when x is the distance
between connected bodies given (mm) in (2) referring to
Fig. 15 as given in the paper. In this work, authors have
compared the Simscape model with Adams model that has
been developed for knee of a 77-year-old man. The output
of the simulation is flexion and extension of the knee or
the angle between the femur and tibia. The proposed model
output shows that the absence of ligaments in the model
causes missing dynamics; thus, increasing the degree of
freedom by including ligaments can provide a more precise
model.

f = k (x − 1) + Dẋ (2)
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FIGURE 15. Knee joint initial and flexed state [54].

FIGURE 16. Bouc-Wen model of MR damper [55].

FIGURE 17. Bingham model of MR damper [55].

B. MR DAMPER MODELING
In [55], the properties of MR fluid yield stress, operating
temperature range, shear rate, viscosity, density and satura-
tion magnetization are discussed. Models of MR dampers
are classified based on the type of modelling. The types
are quasistatic (Bingham plastic) and dynamic parametric
(Bouc-Wen, Dahl, LuGre), as shown in Figs. 16, 17, and (3)-
(4). Dynamic nonparametric (Neural, Fuzzy, Black-box) and
inverse dynamic models (Feedforward and recurrent neural
network) are explained in [56], [57], and [58]. In these arti-
cles, testing of the MR damper to assess the input–output
relationship is performed.

F = c0ẋ + k0x + αz (3)

where c0 is the viscous coefficient (kg/mm/s), k0 is the stiff-
ness coefficient (N/m) and z is the evolutionary variable.

F = fcsgn (ẋ) + c0ẋ + f0 (4)

where x is the external solicitation (mm), fc is the frictional
force (N), f0 is the force offset (N) and c0 is the damping
coefficient (kg/s). In [57], the genetic algorithm is used to
analyse the hysteresis behaviour in the Bouc-Wen model of
a commercial MR damper. The author has mentioned that
under damping, critical damping or over damping of the
system dependant on the damper that can be changed by
varying the current supplied to the MR damper ranging from

0-1.5 The MR damper is applied to a heavy vehicle seat sus-
pension system with various input vibrations and visualized
in the MATLAB environment.

Similarly, in [59], the authors realized the twin rod MR
damper MRF-132DG using the Bouc-Wen model, whose
parameters are optimized by a genetic algorithm and vali-
dated against a standard dataset from experimentation. The
inverse model is then integrated with a single-axis two-
segment knee model with a forward dynamic MR damper
model. A proportional-derivative (PD) plus computed torque
control algorithm is incorporated with the prosthesis model
and is analysed in MATLAB.

The Bouc-Wen model and experimental data are compared
for various frequencies ranging from 0.5-1 Hz with varying
currents ranging from 0-1.2 The controller is efficient in min-
imizing the error between the desired and reference torques.
The maximum flexion at the knee during the swing phase
with a terminal velocity of 0.44 rad/s can be damped by the
MR brake, thus validating the proposed algorithm. In [60],
a single-axis MR damper in an above-knee prosthesis is used
since damping action is required in the swing phase of the
gait cycle. The Bingham plastic model of the MR damper is
modelled, and the model parameters are optimized using the
Nelder–Mead algorithm. Using finite element analysis, the
MR damper characteristics are analysed. In the article, it is
proven that the swing trajectory is being followed efficiently.
After optimization for a 1 A current, the damper weight was
reduced by 71%when comparedwith the RD-8040-1 damper.

Dynamic models are preferred for the assessment of
seismic engineering and automotive applications for vibra-
tion attenuation. Furthermore, measurement of MR damper
parameters can be challenging in the presence of nonlineari-
ties such as drift, electrical and mechanical noise in sensors,
and backlash. The electromagnetic circuit model of the MR
damperwas validated by comparing theMATLAB simulation
with ANSYS [61], [62], [63]. The direct current (DC) and
pulse width modulated (PWM) actuation signals were used
to excite the MR damper to assess the effect of hysteresis on
output power and torque [62], which is depicted in Fig. 18.
As mentioned in the literature, by using the PWM actuating
signal, the power consumed was 6 W, which is 40% less
than the DC signal. Additionally, the PWM 5 kHz, 60% duty
cycle signal could deliver 99.8% of the MR damper torque
output, and the hysteresis and self-inductance effect in the
core and fluid were responsible for the stable torque output
even during the off condition of the PWM signal. In Fig. 18,
B is the magnetic field strength (T), τy is the variable torque
(Nmm) generated in the MR fluid and T is the total torque
(Nmm) of the MR damper. In [64], the authors proposed
finite element analysis (FEA) and computation fluid dynam-
ics analysis (CFDA) for assessing magnetic and fluid flow
behavior, respectively. A coupling function that relates FEA
and CFDA to provide the output stress. The short-stroke RD-
8040-1 MR damper by Lord Corporation displays nonlin-
earities such as magnetic saturation, viscoelasticity, friction
and air gaps, which when considered while modelling can
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FIGURE 18. PWM used to assess the MR damper model [62].

give better control performance. This section discussed the
modelling of knee joints andMRdampers, which is important
to have an efficient control algorithm. The Lagrangian and
Newtonian equation-based models captured the dynamics of
the knee and ankle joints that depended on the equations of
motions and energy dissipated at the joints. Multibody mod-
elling can represent the dynamics of limbs if the degrees of
freedom are increased. In lower limb modelling, Newtonian
modelling focuses on the overall dynamics and kinemat-
ics of the limb by simplifying the lower limb as a rigid
body system and considers the external forces and moments
acting on it and provides insights into joint angles, joint
torques, and forces during movement. Lagrangian mechanics
is based on the principle of virtual work and the concept
of generalized coordinates. It provides a more detailed and
comprehensive representation of the dynamics and kinetics
of a system. It considers the mass distribution, segmental
inertia, and muscle activation patterns while enabling anal-
ysis of muscle forces, muscle-tendon lengths, joint reaction
forces, and joint moments. However, it is more complex
and computationally intensive than Newtonian modelling.
If some of the dynamics are omitted or simplified in the
equations of motion, this might lead to inaccuracy with the
actual limb dynamics. While multibody dynamics accurately
simulates the dynamic behavior of the lower limb and orthotic
devices, it considers the interactions between rigid bodies and
joints. This provides insights into joint kinematics, forces,
and torques during dynamic activities. It can be computa-
tionally demanding, especially for complex systems. TheMR
damper models using the Bouc-Wen and Dahl-LuGre meth-
ods represent the damper using spring-mass-damper systems,
and these can show only linearities in the system. To cover
the nonlinearities in the MR damper, the genetic algorithm
and finite element analysis methods are preferred. For MR
damper modelling, the choice between the Bingham model,
Bouc-Wen model, FEA, and CFDA depends on the specific
requirements of the analysis or design process. The Bingham
model is simple but may not capture all the complexities of
MR dampers. The Bouc-Wenmodel provides a more accurate
representation of hysteresis. Modified Bouc-Wen model can
capture additional dynamics by adding additional terms in
the fundamental equation. FEA allows for detailed structural
analysis but requires additional constitutive models for the

MR fluid. CFDA provides a comprehensive understanding
of the fluid flow behavior but requires advanced numerical
methods and computational resources. Additionally, accuracy
may be influenced by assumptions about fluid behavior and
boundary conditions. Finite element analysis (FEA) enables
detailed analysis of the mechanical behavior of the fluids by
providing insights into stress distribution, deformation, and
structural response. It is also useful for optimizing device
design and predicting its performance under different loading
conditions. However, it requires accurate material properties
and boundary conditions for accurate simulations. Addition-
ally, it can be computationally intensive, time-consuming
and difficult to validate with real time data. Logic deci-
sion trees are interpretable, as they provide explicit rules
that lead to specific outcomes. They are relatively easy to
implement and understand, making them suitable for simpler
lower limb models. Decision trees can handle categorical
and continuous input variables, making them versatile for
different types of data. However, decision trees may strug-
gle with capturing complex relationships and interactions
between variables, especially when the dataset is large and
high-dimensional, and are prone to overfitting, especially
when the model becomes more complex or when the dataset
is small. Neural networks can capture nonlinear relationships
and handle high-dimensional data, making them suitable for
more complex lower limb models. They can handle a wide
range of input and output types, including both categorical
and continuous variables. However, neural networks are often
considered ‘‘black-box’’ models, as they lack interpretability
compared to decision trees, require a large amount of training
data to generalize well and may be prone to overfitting if the
dataset is small. Neural networks are computationally inten-
sive and require more resources for training and inference
than decision trees.

III. TYPES OF SENSORS USED IN REHABILITATIVE
DEVICES
Various sensors, such as inertial measurement units (IMUs)
and flexible sensors, have been used to measure knee angles
during different gait phases.Machine learning techniques and
heuristic methods require proper data to achieve accurate
predictions. Proper selection of sensors is critical based on the
signal processing, number of sensors used, placement area,
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FIGURE 19. Flexible polymer sensor [73].

FIGURE 20. Dielectric elastomer sensor placed on knee [75].

and weight. Some of the sensors used are wearable goniome-
ters [65], piezo electric sensors, microphones [66], [67],
mechanical sensors [68], accelerometers [69], [70], wear-
able gyroscopes, foot pressure sensors [71], strain sensors,
smartphone inertial sensors, force sensors [72] and textile
capacitive sensors.

A. FLEXIBLE RESISTIVE TYPE SENSORS
In [73], a flexible polymer unit was developed that was
stitched to leggings, as shown in Fig. 19, which changed its
conductivity based on the stretching of limbs, and data acqui-
sition was wireless. In this work, the voltage outputs were
correlated with knee flexion angles during gait. Intraclass
correlation coefficients were used to evaluate the test-retest
reliability. The proposed sensor system is compared with ten
camera motion capture systems. Sixteen participants were
chosen for the study for both systems. The absolute error and
relative mean square error were 0.35 and 1.2, respectively,
and the intraclass correlation coefficient was greater than 0.8,
thus proving the ability of the proposed system for knee angle
measurement.

Flexible sensors stitched on a garment are placed on the
wrist, elbow and knee since more bending movements occur
in these joints [74]. The sensor is calibrated by experi-
menting on various diameters, and a second-order polyno-
mial equation is presented. A 34-year-old male subject with
healthy joints is selected to test the flexible smart garment for
standing and walking tests. For twenty-two cycles of walking
at 4 km/h, sensor sensitivities for wrist, elbow and knee were
0.94◦, 0.8◦ and 0.56◦, and the maximum flexion angles were
80◦, 95◦ and 140◦, respectively. The ranges of measurement
for the wrist, elbow and knee joints were 40-45◦, 70-90◦ and
40-75◦, respectively, thus making the sensor a viable option
for angle measurement.

FIGURE 21. Flexible goniometer and IMU for knee joint angle
measurement [65].

FIGURE 22. Mechanical sensor to measure lower limb joint angles [67].

A flexible dielectric elastomer sensor, a strain measur-
ing device, is used to measure knee angles in the sagittal
plane [75], as shown in Fig. 20. The sensor working is
realized using an equivalent circuit with strain as the input
and output being the voltage. The sensor is stitched on the
pants for hip and knee joint angle measurement, as shown in
Fig. 20. The circuit model of the strain sensor is validated
against an actual model by experimentation. On comparison
with motion capture system Phasespace, at different walking
speeds, the proposed sensor is found to be comparable and
feasible with squatting and walking detection at 3◦ and 5◦

accuracy, respectively, with a sampling frequency of 200 Hz.

B. MECHANICAL SENSORS
In [65], the authors developed a piezo-electric electromechan-
ical goniometer that measures knee flexion and extension.
The two layers of piezoelectric materials are isolated via an
insulating layer between them. The change in the extent of
bending results in a change in the resistance of the material.
Additionally, inertial measurement unit (IMU) sensors are
fused along with a goniometer, as shown in Fig. 21, using
the Kalman filtering technique to estimate the overall angle
of the knee joint.

In [68], a mechanical measuring device was developed,
as depicted in Fig. 22. The device is placed on the limbswhere
there is a change in the angle of the limbs, such as on the hip,
knee and ankle joints. The measurement card placed in the
holder resembles a protractor, and the pointer moves along
the measurement as and when the limb moves. This is helpful
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FIGURE 23. Electrodes placed on the insole of shoe [76].

FIGURE 24. Placement of IMU on limb [78].

in the dynamic measurement of angles (flexion/extension)
of lower limb joints. Fig. 23 illustrates the use of capacitive
textile sensors in [76] to measure the pressure under the foot.
Capacitive sensors are placed on the inner sole that change
the capacitance based on the force applied by the foot during
various phases of gait or movements [77]. An artificial neural
network is used to predict the angles of the lower limb based
on the data obtained from capacitive sensors placed in three
different shoes with normal and fast gait patterns.

C. BODY-ORIENTATION BASED SENSORS
The authors in [78] used IMU sensors placed arbitrarily on
the limbs with sensor frames aligned with the vertical gravity
axis to record knee angles, as depicted in Fig. 24. The sensor
data are conditioned to obtain angular velocity and linear
accelerations using accelerometers and gyroscopes [79], [80].
The orientation and position of knee axes in reference frames
is achieved by minimizing the cost function. A smoothing
filter depends on the dynamic model of the legs to estimate
the leg segment motion. In this paper, the proposed algorithm
is tested on a robotic leg and compared with a motion capture
system for lunge movement. The results indicate that the
proposed method is able to estimate varus and valgus muscle
movement and internal and external rotation within a feasible
range of motion.

In [81], commercially available Runscribe sensors were
used to measure step count and cadence, which are wearable
accelerometer and gyroscope-based sensors, and heart rate
was obtained from a Polar T-31 chest strap and FT1 watch.
Fifteen participants (ages 17 to 23) were involved in the study,

FIGURE 25. Gyro sensor to measure the knee joint angle [82].

FIGURE 26. Combination of acoustic sensors [66].

which was carried out for three days and made to run for
1600 m on track and grass surfaces. The Runscribe sensors
were able to detect the differences in running speeds and on
surfaces, and the results were comparable with motion cap-
ture systems. Similarly, an electromagnet-based knee locking
mechanism is proposed, and the prototype geared the knee
with a gyroscope-based sensor [82]. The electromagnet is
controlled by an atmega (AVR family) microcontroller for the
locking mechanism based on the thigh position provided by
the gyro sensor, as shown in Fig. 25.
The proposed method is tested experimentally by apply-

ing disturbances to visualize the locking mechanism, thus
preventing the patient from falling. The device is capable
of recreating the healthy limb gait and creates a locking
mechanism for sudden inputs.

D. MULTIMEASUREMENT SENSORS
The authors in [66] developed an integrated knee angle
measuring system. The piezo electric film is accompanied
by two airborne microphones, i.e., the commercially avail-
able electret and micro electromechanical system (MEMS),
which are used to measure the acoustic emissions from knee
joints. From the acoustic signals, it is found that the type of
emissions is particular for all the movements of knee joints.
Additionally, IMUs were placed above the knee and on the
shank to measure the change in the angles of the lower limbs,
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FIGURE 27. Control flow diagram for prosthesis [77].

as shown in Fig. 26. Flexible sensors such as polymer-based,
piezoelectric, and capacitive sensors are able to provide elec-
trical output based on the bending of the knee and ankle joints.
There is less necessity of processing data in these types of
sensors, unlike inertial sensors, where filtering needs to occur
every now and then eliminate the accumulation of errors.
In summary, strain gauge sensors are highly accurate for
measuring localized forces, while they require careful mount-
ing and calibration for accurate measurements. Piezoelectric
sensors provide a fast response and high sensitivity, are sus-
ceptible to temperature variations and can exhibit hysteresis.
IMU combines accelerometers, gyroscopes, and sometimes
magnetometers may suffer from drift over time and require
calibration.Mechanical Goniometers provide direct measure-
ment of joint angles and are relatively simple and low-cost.
However, they are limited to specific joint measurements and
may restrict motion. Flexible goniometers are lightweight,
flexible, and conformable to the body and can be integrated
intowearable devices but are prone to hysteresis and drift over
time. Acoustic sensors are noninvasive and provide real-time
data but can be affected by background noise and require
signal processing techniques [94].
In conclusion, multimeasurement sensors and mechanical

sensors tend to offer higher accuracy and precision compared
to flexible resistive type and body-orientation based sen-
sors. Multimeasurement sensors can capture a wide range of
data, including movement, orientation, and forces. Mechani-
cal sensors are limited to specific types of motion. Flexible
resistive type sensors are often more comfortable to wear
due to their flexibility and conformability. Body-orientation
based sensors and IMUs are compact and suitable for wear-
able devices. Body-orientation based sensors and multimea-
surement sensors (IMUs) provide real-time monitoring of
movement and orientation, making them suitable for dynamic
activities. mFlexible resistive type sensors are relatively
cost-effective and simple to implement. Multimeasurement
sensors can be more expensive and require advanced signal
processing and calibration. Mechanical sensors are generally
durable and reliable due to their direct mechanical measure-

ment. Body-orientation based sensors may require protection
from external impacts. Flexible resistive type sensors are
often used for simple joint angle measurement and pressure
distribution analysis. Mechanical sensors find applications in
joint angle measurement. Body-orientation based sensors and
multimeasurement sensors are suitable for gait analysis, pos-
ture monitoring, and more complex movement assessment.

IV. CONTROL ALGORITHMS IN REHABILITATIVE DEVICES
To achieve the required braking at the knee/ankle joints dur-
ing different phases of the gait cycle, the control algorithm
must provide quick and efficient output [83], [84]. The con-
trol schemes discussed, such as finite state machine, machine
learning, fuzzy control, sliding mode control and hybrid con-
trol, such as fuzzy-PID, provide damping based on inputs
such as sensor states or trajectory states.

A. FINITE STATE MACHINE AND MACHINE LEARNING
CONTROL
In [85], an MR damper-based prosthetic mechanical leg was
developed. The gait phases were detected by the inertial mea-
surement unit comprising an accelerometer, gyroscope and
magnetometer, whereas the angular velocity wasmeasured by
an encoder. These sensors are embedded in a Teensy micro-
controller, which also serves as a platform for communication
via a wireless Xbee module. The MR damper is controlled by
the pulse width modulation (PWM) of the microcontroller.
Finite state machine-based control has been proposed for
smooth transitioning from heel strike (HS), foot flat (FF), toe
off (TO) and mid swing (MSW) phases of gait based on the
sensor state zi. An identification procedure was carried out
using reflective markers of the motion capture system, and
for normal walking speed, the HS, TO andMSW phases were
successfully identified.

According to [77], two controllers, a finite state machine
for providing reference current based on insole foot sensor
output and a proportional-integral (PI) controller (receiv-
ing Hall sensor output from the MR damper), as shown in
Fig. 27, for achieving desired braking from the MR damper
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are essential for efficient control. A 24-year-old male trans-
femoral amputee who had been using a passive prosthesis
for three years was taken as the subject for this study. The
prosthesis weighed 1.77 kg and cost 22,000 INR. The device
was able to deliver normal gait for swing and stance phases
with constrained movement at approximately 70◦. The aver-
age power consumption of the prosthesis is 2.25 W with a
battery of 9 V and 2.4 AHr for the gait cycle on ground level
walking and requires charging once a day.

Ankle position and electromyography signals were the two
inputs that provided datasets for training the nonlinear autore-
gressive exogenous neural network [86], as shown in Fig. 28.
The damping stiffness is the output of the MR damper of the
orthosis and depends on the output of the neural network.
The proposed optimization algorithm reduced the number
of sensors, i.e., only ankle sensor data were considered,
thus reducing the weight of the orthosis. Additionally, the
Bayesian regularization training algorithm was best suited
when compared with other training algorithms, with fifteen
hidden layers and a delay of 2 and a mean squared error and
coefficient of determination of 19.16 and 0.992, respectively.
In [87], various sensors such as mechanomyogram (MMG),
EMG, IMU, strain gauge, and force sensors as inputs to
neural networks are discussed. The control algorithms based
on neural networks (predefined trajectory tracking and gait-
pattern, human–machine interaction based, adaptive oscilla-
tor based, neuromuscular model-based control) are discussed.
The author of [87] proposed a template-based force mod-
ulated compliant ankle (FMCA) that used ground reaction
forces as variables in ankle prostheses for angle control using
a finite state machine, as shown in Fig. 29. The simulation
of the proposed algorithm was compared with experimental
data, and the results were feasible for real-time application.
The proposed control algorithm was adopted for a powered
orthosis on a treadmill with twenty-one healthy subjects. The
vertical ground reaction force (GRF) values, ankle angle and
torque during assisted walking were comparable to those
during normal walking. The footswitch sensor and EMG
sensors were used to measure various angles and muscle
activities during walking [88], as shown in Fig. 30. The fea-
tures were extracted and fed to the neural network, where the
Levenberg–Marquardt (LM) and scaled conjugate gradient
(SCG) neural network algorithm efficiency was compared to
control braking using an MR damper.

The number of feature inputs to the neural network was
also of concern. Three participants aged 22-25 were chosen
for the study and were asked to walk on the treadmill for one
minute. On training the neural network algorithms ten times
with 2, 10, 12 and 14 features, the Levenberg–Marquardt
algorithm performed better by 2% than the SCG algorithm in
terms of the average classification rate. The neural network
accuracy increased by 5% when at least or more than ten
inputs were used instead of two inputs. In [89] and [90],
surface EMG signals were used in a prosthetic arm to assess
muscular electrical activity. The authors of [89] used Myo
armband at triceps and biceps of the amputated arm. Ten

time-domain features were selected for the classifier to detect
motions of the arm. Fifteen healthy and four amputated indi-
viduals were chosen for the study, and arm motions, namely,
elbow extension and flexion, wrist pronation and supination,
were evaluated using surface EMG signals. The signal mean
and waveform length were the best feature combination, and
with the classification algorithm as k-nearest neighbours, the
simulation accuracy was 95.8% and 68.1%, and the real-time
accuracy was 91.9% and 60.1% for healthy subjects and
amputees, respectively.

The authors in [91] proposed an MR damper forward
mechanical model based on the sigmoid method and using
back propagation neural network, and an inverse model is
also proposed. To address model uncertainties, a second-
order sliding mode controller is designed [86], [87]. For
level walking, the proposed prosthesis is compared with
the normal gait (Lagrangian model) trajectory. The maxi-
mum error for the swing trajectory is 9.4%, thus validating
the method.

Strain gauge sensors and angle sensors are used to measure
the amount of deformation in carbon foot and ankle rota-
tion [88], respectively.The data from the strain gauge sensor
are fed to a five-layer convolution neural network for training
and gait recognition. Three transtibial amputees were chosen
as subjects and performed 35 cycles of walking, climbing
up and down the ramp and stairs. The overall three-mode
gait recognition was 92.06±1.34% for the hold-out test and
92.53±1.61% for 5-fold cross-validation. From the literature
review, it is found that orthoses play a major role in resusci-
tating limb movements by providing additional assistance to
limbs. In [89], an MR damper is realized as a double pen-
dulum model obtained by using Lagrangian equations. The
reward shaping method in Q-learning control is adopted for
the control of braking in the MR damper for swing phase tra-
jectory tracking. The simulation is carried out using an Intel
processor. The dataset used for simulation is gathered from
a male weighing 87 kg and 1.75 m tall who is made to walk
on a treadmill at different speeds (2.4, 3.6 and 5.5 km/h). The
proposed model is compared with the previous work carried
out by the same authors. In comparison with another adaptive
dynamic programming (ADP) algorithm, the average RMSE
of the proposed prosthetic knee is 1.59◦ and that of the
ADP-based knee is 2.5◦. The knee angle sensor (on the thigh
connector), IMU (on the shank), and load cell force sensor
(embedded in the shank) were used to measure the extension
and flexion angles of the knee joint [90], as depicted in
Fig. 31. Themicroprocessor controller has a state machine for
the detection of gait phases that controls the electrically actu-
ated hydraulic damper to achieve braking. The prototype is
tested on a robotic walking ground simulator. The experiment
was carried out on a treadmill (45 gait cycles) for different
walking speeds (0.6 m/s, 1.1 m/s and 1.6 m/s) to check speed
adaptation, gait phase recognition and symmetry [95]. The
kinematics were obtained by a motion capture system. The
prosthetic knee symmetry is compared with the simulated
normal foot, and via a symmetry index, it is concluded that
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FIGURE 28. Intelligent control algorithm for Ankle foot orthosis [82].

FIGURE 29. Control algorithm depending on sensor states [87].

FIGURE 30. Control process depending on EMG sensor [83].

the proposed algorithm is acceptable (98.8% for 0.6 m/s, 98%
for 1.1 m/s and 96.4% for 1.6 m/s). In [96], a dataset for a
logic decision tree was obtained from thirty healthy individ-
uals. Ten strides with knee angles, thigh angular velocity and
acceleration features are used in MATLAB and interpolated
for 200Hz. The data are obtained for different walking speeds
and conditions. Additionally, another set of data was obtained
from twelve healthy participants for validation. A correction
algorithm called transition sequence verification and correc-
tion is used to improve the results from the logic decision
tree, as shown in Fig. 32. The gait phase features, such as
loading response, push-off, swing and terminal swing, were
comparedwith the validation set and proposed algorithm both
before and after using the correction algorithm. The accuracy
increased to 98.72% from 98.38% for the first training set

and 60% to 98.61% for the validation set. The sensitivity and
F score indicated the feasibility of the proposed algorithm for
application in ankle orthosis.

B. HYBRID CONTROL
An intelligent above-knee prosthesis [97] was proposed by
the authors. A four-bar link mechanism was employed to
visualize the knee joint. TheMR damper acts as the meniscus
of the actual human knee and provides shock absorption
during tenuous activities. The forward Bouc-Wen model and
inverse neural network models are designed and analysed
in ANSYS software to visualize the input current and out-
put damping variables. To accommodate the drawbacks of
PID control, since the MR damper is nonlinear, fuzzy PID
control is designed based on trajectory tracking to control
the current to the MR damper, thus providing the desired
braking, and the results are proven to be satisfactory with
minimum error. The MR damper is tested experimentally to
obtain a spring-mass-damper model of the same [98], [99].
Proportional-integral-derivative (PID) control and fuzzy PID
control are applied to the MR damper-knee prosthesis model,
as shown in Fig. 33, and the performance is compared. The
inclusion of a semiactive MR damper gives variable damping
rather than passive damping to protect the limb from further
injury. The proposed fuzzy PID controller provides better
damping and shock absorption than PID control.

The finite state control scheme is dependent on the state
of the sensors employed in the rehabilitative devices. It is
considered an efficient control algorithm since the finite
states can be defined priorly to achieve good control.Whereas
conventional PID control may fail if there are nonlinearities
such as hysteresis, backlash and saturation, hybrid control
strategies such as fuzzy-PID are employed to cover the
negative effects before they affect the system. Addition-
ally, neural networks are computational models that excel at
handling high-dimensional data, capturing nonlinear relation-
ships, and adapting to dynamic environments, as discussed
earlier. Fuzzy control is used to handle uncertainties, variabil-
ity, and nonlinearity in the control system. Fuzzy control is
particularly suitable when there are complex and ambiguous
relationships between input and output variables. It provides
robustness against noise and uncertainties in the system and
can handle nonlinear dynamics effectively. However, fuzzy
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FIGURE 31. Control algorithm for prosthetic knee [90].

FIGURE 32. Gait phase control with IMU data input [96].

FIGURE 33. Control diagram for transtibial prosthetic limb [98].

control may require manual rule design and tuning, which
can be time-consuming and subjective. Q-learning is used
for adaptive and autonomous control by enabling devices
to learn optimal control policies through trial and error and
interaction with the environment. It can handle complex and
dynamic systems, allowing devices to adapt to changing con-
ditions and providing adaptive and personalized assistance
based on user preferences and feedback [100]. However, Q-
learning typically requires a large number of iterations to

converge and may suffer from the curse of dimensionality
in high-dimensional state-action spaces. Hybrid fuzzy-PID
control integrates the flexibility and adaptability of fuzzy
logic with the precise control and stability of PID control.
It allows for intelligent decision-making based on fuzzy rules
while incorporating PID control for fine-tuning and stabil-
ity. However, designing and tuning the hybrid fuzzy-PID
control system may require expertise and careful parameter
adjustment. In summary, FSM has limited adaptability and
predefined states may not cover all user scenarios. Whereas
ML based control has high adaptability and learns from data
and can handle a wide range of scenarios. Hybrid control has
balanced adaptability, leverages ML for user-specific adapta-
tions while maintaining structured control. FSM requires no
learning by relying on predefined rules while ML requires
training with relevant data to adapt over time. Hybrid control
combines predefined rules with adaptive learning. FSM has
clear control logic and safety features can be integrated.
In ML based control safety may be a concern due to potential
unpredictable behavior. Hybrid control combines structured
safety mechanisms with adaptive learning. FSM has a rel-
atively simple design and implementation but ML based
control can be complex due to data collection, model training,
and validation. In Hybrid control, complexity lies in integrat-
ing different control components effectively. FSM has fast
real-time response by transitioning between predefined states
quickly, meanwhile ML based control response time may be
affected by computation and training requirements. In Hybrid
control, response time depends on the combination of control
modes.

V. CONCLUSION
This paper provides an overview of the importance of reha-
bilitative devices, the evolution of orthoses with regard to
sensors used in prosthetic and orthotic devices, the modelling
of knee joints and MR dampers, and the control algorithms
used in rehabilitative devices. Orthoses are essential when
patients have limb-related muscular disorders, neural disor-
ders, minor injuries, and ankle movement assistance, and
prostheses are required in cases of amputation of the knee
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or ankle. The rehabilitative devices have evolved over the
years starting with the basic fabric type or fixed damping
type and moved on to variable damping with hydraulic, pneu-
matic actuators initially, tethered and bulky, later switching
on to portable. Modelling is pivotal when efficient control is
necessary, and in the case of orthosis/prosthesis control, the
human limb requires quicker control to achieve the required
damping within a few milliseconds. The modelling tech-
niques of MR dampers and lower limbs have evolved from
mathematical equations of motion such as Bingham, Bouc
Wen, Lagrangian, and Newtonian to intelligent modelling
techniques such as logic decision trees and neural networks
that incorporate nonlinearities. A variety of sensors have
been utilized to capture accurate data to achieve better con-
trol of smart rehabilitative devices. Sensors such as EMG,
strain gauge sensors, piezoelectric sensors, IMU, mechanical
goniometers, flexible goniometers, and acoustic sensors have
been used widely over the years, and the placement area of
these sensors plays a vital role in recording data. Overall,
the choice of sensor depends on the specific application
requirements, desired measurements, and device’s intended
use. Each sensor has advantages and limitations in terms
of accuracy, reliability, sensitivity, ease of use, and cost.
Integrating multiple sensors and employing sensor fusion
techniques can often enhance the overall performance and
robustness of orthotic and prosthetic devices. The sampling
rate of the data collection also plays an important role in
the response time of the overall control system and data
preservation. The control algorithms discussed in this paper
range from basic PID control, which has difficulty handling
nonlinearities, to advanced control algorithms such as neural
networks, fuzzy control, Q-learning, and hybrid fuzzy-PID
control to compensate for the effects of inherent or external
nonlinearities. The choice between neural networks, fuzzy
control, Q-learning, and hybrid fuzzy-PID control depends
on the specific requirements of the orthotic and prosthetic
device, the complexity of the control problem, the avail-
ability of training data, and the desired trade-off between
interpretability, adaptability, and control performance. It is
important to evaluate the strengths of each method and limi-
tations in the context of the specific application to determine
the most suitable approach.

VI. FUTURE SCOPE
The field of active and semiactive orthotic and prosthetic
devices holds significant potential for future advancements.

The development of more sophisticated control systems
is a key area of future research. This includes the inte-
gration of machine learning and artificial intelligence tech-
niques to enhance device performance and adaptability. These
advanced control systems can learn from user interactions,
optimize device behavior, and provide personalized assis-
tance based on individual needs and preferences. The future
of active and semiactive devices involves miniaturizing com-
ponents such as motors, sensors, and power sources to
reduce the overall size and weight of the devices. This will

enhance user comfort and acceptance, allowing for more
seamless integration into everyday life. The incorporation
of wireless communication technologies can enable seam-
less connectivity between the device, sensors, and control
systems. This facilitates real-time data transmission, remote
monitoring, and updates, enhancing the device’s functionality
and enabling healthcare professionals to remotely assess and
adjust device parameters. Future developments may focus on
harnessing and storing energy from the user’s movements
to power the devices. Energy harvesting technologies, such
as kinetic energy or heat harvesting, can reduce the reliance
on external power sources and increase the device’s auton-
omy. Providing users with sensory feedback, such as pressure
or vibration, can enhance their proprioception and improve
the naturalness of device usage. Future devices may incor-
porate haptic interfaces or feedback systems that simulate
the sensation of touch and enhance the user’s awareness of
their environment and device interaction. Advancements in
biomechanical modelling and simulation can enable the opti-
mization of device parameters based on individual user char-
acteristics. Virtual modelling and analysis can help tailor the
devices to specific biomechanical needs, improving overall
device performance and user satisfaction. Future devices will
likely prioritize user-centric design, considering individual
preferences, body morphology, and functional requirements.
Customization through 3D printing and rapid prototyping
techniques will become more accessible, allowing for per-
sonalized device fitting and improved user comfort. The
development of more advanced and accurate sensors will
provide improved feedback and enable a deeper understand-
ing of user movements and intent. This can lead to more
precise control algorithms and assistive strategies, resulting
in devices that seamlessly integrate with the user’s biome-
chanics and providemore natural and intuitive assistance. The
future of active and semiactive orthotic and prosthetic devices
holds great promise for improving the quality of life for indi-
viduals with physical disabilities. These advancements aim
to provide greater functionality, comfort, and adaptability,
allowing users to regain mobility and independence. Ongoing
research and technological innovations will continue to shape
the future of these devices, paving the way for more advanced
and personalized assistive technologies.
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