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Abstract: Strolling is a complex activity that requires the
synchronization of the brain, anxiety, and muscles, as
well as rhythmic movement of the lower limbs. Gait
may be abnormal if coordination is disrupted. As a result,
exoskeletons should be used to treat it effectively. The
connection and other systems contained in the exoskele-
tons could be used to mimic the behavior of the human
lower leg. These mechanisms are created utilizing com-
plex traditional methods. This study proposes a new gait-
inspired method based on a genetic algorithm (GA) for
synthesizing a four-bar mechanism for exoskeletons. For
each phase of the gait, the trajectory is calculated and
merged using optimization algorithms. Each phase of
the trajectory passes through 10 precision points, for an
entirety of 20 precision points in 1 gait cycle. For the pro-
blem under consideration, it is discovered that the GA out-
performs other literature techniques. Finally, the proposed
design for a lower limb exoskeleton is depicted as a solid
model. Furthermore, the generated link-age accurately
tracks all the transition points, and the simulation of the

planned linkage for one gait cycle has been illustrated
using a stick diagram.

Keywords: exoskeleton, four-bar, optimization, GA, knee,
lower limb, gait-based synthesis

1 Introduction

The knee joint is an important anatomical component
of the human body since it carries the body’s weight
throughout most of the daily activities and is prone to
serious injuries and illnesses [1]. There are more and
more persons with lower limb disability as a result of
these illnesses and injuries (such as heart disease, stroke,
trauma, and inflammation). Patients who suffer from
these illnesses or traumas eventually have no or substan-
tially diminished muscle function, which makes life more
challenging for them. Some of the most prevalent issues
that persons with disabilities faced are: unable to sit,
stand, or move without support, depending on walkers,
crutches, or wheelchairs. Commercially available assis-
tive and rehabilitative devices exist; however, they are
ineffectual and expensive [2,3].

For many of these illnesses, the medical world has
yet to discover a therapy or cure. Assistive devices are one
possibility for relieving symptoms while medical re-search
continues. To this purpose, a lot of research has gone into
developing assistive devices that can help people regain their
lost range ofmobility or limb functioning. Exoskeletondevices,
for example, are now being employed, mostly in physical
therapy, to help patients retrain paralyzed or hindered human
body mobility [4].

The rehabilitation process and therapeutic proce-
dures have been proven in research studies to improve
the functionality of the rehabilitated part [4–9]. However,
there are differing viewpoints on the rehabilitation prin-
ciples and techniques. Early mobilization is advised by
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some physicists for greater recovery, whereas passive
movements are only recommended in the early stages
by others [10]. According to certain research, for a rapid
recovery, specific task-based exercises for injured mus-
cles and ligaments are preferred. The choice of rehabili-
tative methods is particularly important, since the wrong
type of rehabilitation might result in aberrant wear,
patellofemoral issues, and premature muscle relaxation
[11]. The researchers demonstrate that the way a person’s
knee joint moves are fundamentally multi-axial, based
on ergonomic principles and the human body’s biome-
chanical design.

The human knee joint is made up of the femur, tibia,
anterior cruciate ligament, posterior cruciate ligament,
and knee joint [13]. When bent, the femur has a tendency
to roll and slide on the tibia with a variable instantaneous
center of rotation (ICR). As a result, understanding and
quantifying the way the human knee joint moves is cri-
tical when constructing an exoskeleton knee joint struc-
ture. Because the knee joint in a person does not have a
single axis, it is necessary to quantify the human knee
joint’s instantaneous rotation center and transform it into
a mathematical model [12]. This mathematical model may
then be examined using artificial intelligence algorithms
written inMATLAB to align the locations of the exoskeleton
ICR and the human knee joint ICR as close as possible.

Material selection is one of the most important phases,
to ensure the capability of withstanding the impact of
human load through the walking phases. The frame of
the exoskeleton should be light and strong. Also, the sui-
table manufacturing process that can build a complicated
shape and orientation. In addition, the manufacturing
process should be affordable and easy to use. In this
manner, the additive manufacturing is capable of building
complex shapes and orientation [14]. Additive manufac-
turing includes 3D printing which is specified in layers
building [15].

The historical exoskeletons’ research and develop-
ment revealed various limits in the fields of robotic con-
trol, stability, actuation, and energy supply [16]. Over
the last few decades, research in these areas have been
stimulated by the application to exoskeleton and other
sectors [17]. Recent breakthroughs in these fields have
resulted in the creation of active exoskeletons that are
more capable and autonomous. Kim et al. [18] designed
a powered exoskeleton based on four-bar linkage. The
exoskeleton can be considered as a system that contains
resistors, sensors, and encoder in the motor and this
system is developed to support the knee joint of people with
hemiplegia. The advantages of this powered exoskeleton are
that it is used for hemiplegic patients and it weighs only 3.5 kg

[19]. The disadvantage of this powered exoskeleton is that it
cannot be used for climbing up and down. Lu et al. [20]
designed an exoskeleton powered by hydraulic drive for the
hemiplegic patients. With the aid of Simulink, the knee joint’s
design was based on a four-bar link. The data used to design
the four-bar are collected by experiments. Niu et al. [21]
develop a powered exoskeleton design based on five-bar
linkage. By adopting a five-bar connection rather than a
four-bar linkage, themisalignment between the instantaneous
centers of rotation of human joints and the exoskeleton is
reduced. Kittisares et al. [22] proposed a four-bar linkage-
based powered exoskeleton with hydraulic artificial muscle
assistance to support the users who have a problem in their
muscles. The verification of this study is done based experi-
ment. The ad-vantage of this exoskeleton is the output pres-
sure is adjustable depending on the situation of the patients.
The disadvantage of this exoskeleton is designed without the
power supply. A bionic knee exoskeleton based on a cross
four-bar connection system is suggested by Gao et al. [23].
To achieve the instantaneous rotation center movement of
the knee joint, the cross four-bar linkage mechanism is used
to replicate the internal cruciate ligament of the human knee
joint. A tie rod and the patella, an auxiliary limit locking com-
ponent of the knee joint, are used to represent the lower
limb thigh muscle. A motor drive creates the ICR motion of
the knee joint. Putranto et al. [24]developed a crossed four-bar
powered exoskeleton by linear actuator. The main focus is to
use an actuator with a conversion from rotary to linear output
with the help of leadscrew. Dollar and Hugh [1] created a
lower-limb exoskeleton to make running easier. A motorized
mechanism in the device’s knee brace actively inserts and
removes a spring that runs parallel to the knee joint. This
exoskeleton has the benefit of requiring less energy from the
quadriceps to perform this function but has the disadvantage
of depending on an external power source. A tethered knee
exoskeleton with a light-weight frame and four points of con-
tact with the leg was created by Ann et al. [25]. The exoskele-
tons were designed based on cable tension and Pulley. They
wanted to research robotic support techniques to improve gait
rehabilitation and improve human athletic ability using this
knee exoskeleton, although it has drawbacks due to its big size
and design. In order to operate as a rehabilitation tool or a
single joint add-on exoskeleton device for power augmenta-
tion, Saccares et al. [26]developed an iT-Knee, amodular knee
exoskeleton that will use a torque transmission interface to
transmit pure assistive torque to the knee articulation. Zhao
and Song [27] designed an exoskeleton with the help of pneu-
matic muscle actuators (PMAs). To provide accurate trajectory
tracking, a proxy-based sliding mode control is used in order
to achieve greater performance for the proposed PMA-based
exoskeleton when compared to traditional control techniques.
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Ramanpreet et al. [28] developed a four-bar exoskeleton
design for lower limb exoskeleton (LLE) to support in walking,
A mechanism is developed that can be used in the rehabilita-
tion of knee. Singh et al. [29] developed a novel approach for
the synthesis of four-bar linkage by using a realistic gait tra-
jectory. Using a two-stage optimization process, the error
between the generated and desired hip trajectories is reduced.
The hybrid teaching-learning-particle-swarm-optimization is
used to address the optimization challenge.

Studies in the literature indicate that the stainless-
steel pipes will be the main component of the frame and
polyethylene terephthalate glycol, commonly known as
PETG, for the motor mountings. They settled with stain-
less steel 304. Ranaweera et al. [30] used acrylic glass for
passively powered knee exoskeleton. Najam et al. [31]
reported that the aluminum alloy AA7068 is an appro-
priate material to manufacture the exoskeleton knee.
However, the stated that Al7068 it is not available. The
titanium alloys were the second choice but they were too
expensive. Then they suggested Mg alloys. The advan-
tage of Mg alloy compared to metal alloy is that it is
lightest of all metal alloys and has density and Young’s
modulus nearly same as that of bone. After that they tried
to test a different composite that can be used for the
exoskeleton frame. The carbon fiber is the most appro-
priate composite. Finally, they settled with Al7075 as the
appropriate option. The most suitable material according
to their results is Al7075 and carbon fiber depending on
the model they have achieved of the mechanical proper-
ties. The results were computed for a person weighing
91 kg. Bjoner and Hole [32] compared Al6061-T6 and
Al7075-T6. They stated that Al6061-T6 is more ductile
but has less strength than Al7075-T6. de las Heras [33]
had used an alloy that can recover to its original shape
after it was exposed to a heat element, the alloy is called
shape memory alloy (SMA). Most common SMA is nitinol,
a combination of nickel and titanium. The material is
austenite at high temperature, and martensite at lower
temperatures. They have used very small SMA wires and
passing DC electric current through them which will
increase the wire temperature applying the Joule Effect.
Bair [34] suggested four materials for the knee exoske-
leton: aluminum 6061-T6, steel low carbon, steel 4140,
and titanium grade 5. They chose aluminum 6061-T6
because of its strength, lightweight, and affordable price
to manage the mechanical demands. Chen et al. [35] have
adjusted the height of the exoskeleton in a range between
1.55 and 1.85 m. They made it from aluminum alloy (7075-
T651) in order to achieve lightweight and high stiffness.
To develop a LLE, Nimavat et al. [36] selected aluminum
alloy 356 and standard carbon fiber. They found that

aluminum can carry an yield Strength of about 166 MPa
with Young’s Modulus of 72 GPa and the standard carbon
fiber can carry and yield strength of 1,080MPa and
Young’s modulus of 70 GPa.

The main goal of this study is to propose a new gait-
inspired method based on a genetic algorithm (GA) for
synthesizing a four-bar mechanism for exoskeletons. The
optimal design for a LLE will be depicted as a solid model
and simulated for a realistic gait cycle.

2 Modeling of an exoskeleton with
four bars and natural trajectory

A healthy lower limb must ensure the swing and stance
phases of the gait cycle during human leg motion. During
the swing phase, one limb begins the motion in the for-
ward direction while another limb designates the stance
phase by pivoting to the ground. A complete gait cycle is
achieved when each limb passes through swing and
stance phases as presented in Figure 1.

The LLE is represented in Figure 1. The foot is the
target of one connection, while the hip is the target of
the other. The links are extended in length to capture the
foot and hip joint trajectories whenwalking. The expanded
connections’ lengths are constrained so that the center of
the four-bar linkage maintains alignment with the position
of a normal human knee joint. For a healthy person, the
boundary limitations for the extended links, which are
employed for the thigh and shank, can be evaluated.

The synthesis procedure of LLE is typically a call for a
reference frame, XOY, on the LLE that is anchored to
the walking surface, as shown in Figure 1. For the whole
gait cycle, the height of the hip from the flat surface, h,
is assumed to be a constant number, and the foot is
assumed to be a point. Point B represents the hip. The
exoskeleton is characterized by the links FE, ED, FH, and
DH, with CB and GP being extensions of the FE, ED, FH,
and DH. ED and FH are linked together. FH, FE, ED, and
DH have different link lengths r1; r2; r3, and r4, respec-
tively. θ1sw; θ2sw; θ3sw, and θ4sw are the orientations of the
r1; r2; r3, and r4 in swing phase, respectively. The lengths
of the extended linkages are as follows: GP and CB are
categorized as l3 and l4, respectively, and are 90° to r1 and
r3 at the midpoint of their linkages. As illustrated in
Figure 1, the lengths l1 and l2 specified by OA and AB
are articulated at point A through the revolute joint.
The HLL linkages OA and AB are orientated at first and
second angles with regard to the axis-X, respectively.
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The limb in stance phase is denoted by the subscript
st. The other parameters needed for joint profile construc-
tion are: Lst, the distance between origin O and point B;
γst, the angle between the Y-axis traveling through B and
virtual link OB; βst, the angle between links AB and OB;
and θ2sty, the angle between the Y-axis passing through B
and link AB.

The coordinates of the hip, Bx, and By are given as
input. Thus, coordinates of C, E, F, and G are given as
follows:

⎛
⎝

⎞
⎠

= + +C B l θcos 3π
2

,x x 3 3sw (1)

⎛
⎝

⎞
⎠

= + +C B l θsin 3π
2

,y y 3 3sw (2)

( )= + +E C r θ
2

cos π ,x x
3

3sw (3)

( )= + +E C r θ
2

sin π ,y y
3

3sw (4)

( )= + +F E r θcos π ,x x 2 2sw (5)

( )= + +F E r θsin π ,y y 2 2sw (6)

( )= +G F r θ
2

cos ,x x
1

1sw (7)

( )= +G F r θ
2

sin .y y
1

1sw (8)

Figure 1: LLE during a gait cycle; (a) swing phase and (b) stance.
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• Foot point P of the LLE’s swing phase trajectories are as
follows:

⎛
⎝

⎞
⎠

= + +P G l θcos 3π
2

,x x 4 1sw (9)

⎛
⎝

⎞
⎠

= + +P G l θsin 3π
2

.y y 4 1sw (10)

• The LLE’s stance phase trajectories are calculated as
follows:

⎛
⎝

⎞
⎠

= + +G P l θcos π
2

,ex x 4 1ste (11)

⎛
⎝

⎞
⎠

= + +G P l θsin π
2

,ey y 4 1ste (12)

( )= + +F G r θ
2

cos π ,ex ex
1

1ste (13)

( )= + +F G r θ
2

sin π ,ey ey
1

1ste (14)

( )= + +E F r θcos π ,ex ex 2 2ste (15)

Table 1: Design variables at swing and stance phase

Design
variables

Swing
phase

Design
variables

Stance phase

r1 82.53 θ 1
1ste

2.606

r2 46.18 θ 2
1ste

2.822

r3 72.97 θ 3
1ste

2.756

r4 80.22 θ 4
1ste

2.986

l ′3 285.16 θ 5
1ste

2.944

l ′4 265.36 θ 6
1ste

2.855

θ 1
1sw

1.12 θ 7
1ste

2.616

θ 2
1sw

1.81 θ 8
1ste

2.508

θ 3
1sw

0.35 θ 9
1ste

2.344

θ 4
1sw

2.78 θ 10
1ste

2.033

θ 5
1sw

0.06 θ 1
2ste

6.288

θ 6
1sw

3.18 θ 2
2ste

6.198

θ 7
1sw

0.538 θ 3
2ste

6.055

θ 8
1sw

2.867 θ 4
2ste

5.908

θ 9
1sw

1.505 θ 5
2ste

5.892

θ 10
1sw

1.922 θ 6
2ste

5.811

θ 1
2sw

5.699 θ 7
2ste

5.765

θ 2
2sw

6.024 θ 8
2ste

5.722

θ 3
2sw

5.812 θ 9
2ste

5.701

θ 4
2sw

5.503 θ 10
2ste

5.678

θ 5
2sw

5.887 TE = 0.0236mm

θ 6
2sw

5.814

θ 7
2sw

6.111

θ 8
2sw

6.098

θ 9
2sw

3.277

θ 10
2sw

0.056

Figure 3: Sketch of links (a) r2 and (b) r4.
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( )= + +E F r θsin π ,ey ey 2 2ste (16)

( )= +C E r θ
2

cos ,ex ex
3

3ste (17)

( )= +C E r θ
2

sin .ey ey
3

3ste (18)

• Trajectories of the hip point B of LLE in stance phase
are as follows:

⎛
⎝

⎞
⎠

= + +B C l π θcos
2

,ex ex 3 3ste (19)

⎛
⎝

⎞
⎠

= + +B C l π θsin
2

,ey ey 3 3ste (20)

• Objective function of the optimization problem

( ) ( )

( ) ( )

∑

∑

= − + −

+ − + −

=

=

P P P P

B B B B

minimize TE

.

k

n

x
k

xd
k

y
k

yd
k

k

N

ex
k

exd
k

ey
k

eyd
k

1

2 2

1

2 2

(21)

(i) Grashof constraint

( ) ( ) ( )= + − − < < < <g X r r r r r r r r0 if . 221 1 2 3 4 2 3 4 1

(ii) Constant height for gait cycle

( ) ( )= + − <g X l l h 0. 232 3 4

(iii) Range of variables

≤ ≤L x U ,i i i

[ ] [ ] [ ]
[ ] [ ]

[ ] [ ] [ ]

∈ ∈ ∈

∈ ∈

∈ ∈ ∈

θ π θ π r
r r

r l l

0. 2 , 0. 2 , 20. 90 ,
40. 170 , 20. 90 ,

40. 170 , 180. 320 , 180. 320 .

m
k

m
k

1 2 1

2 3

4 3 4

3 Procedure of optimization

With the introduction of the digital computer and artifi-
cial intelligence method in the early 50s, interest in the
optimization process has taken a giant leap. Optimization
methods have progressed steadily in recent years and
significant progress has been made. Digital computers
have become quicker, more flexible, and more powerful
at the same time. As a result, complex optimization pro-
blems that just a few years ago were considered to be
intractable can now be solved [37]. The choice of the
optimization method depends essentially on the nature,
number of the design parameters and performance to be
optimized. Thus, there are two families of optimization
methods. Deterministic methods are those that are

Table 2: Comparison between PSO, HTLPSO, and GA

Optimization method Minimum TE (mm) Number of iterations

Ramanpreet et al., 2017 [28] Particle-swarm-optimization 0.052 5,600
Singh et al., 2019 [29] Hybrid teaching-learning-particle-swarm-optimization 0.486 3,700
This study GA 0.0236 2,000

Figure 4: Comparison of swing phase foot trajectory.
Figure 5: Hip trajectory comparisons during the stance phase.
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characterized by a methodical and systematic choice of
design parameters and their research fields [38]. Stochastic
methods are characterized by a random choice of design
parameters in their fields of research [39]. There are several
stochastic optimization methods. The most famous is the
GA. The evolutionary algorithm, which includes the GA, is
founded on the principle of natural selection. Johen Hol-
land implemented the fundamental concepts of GA at the
University of Michigan in 1970 [40]. GA is a stochastic
method that does not require mathematical formulation.
According to conventional programming techniques, it
has emerged as important in solving large complex pro-
blems that require a long time, where the solution is either
optimal or close to optimal, over a suitable time [41].

The proposed design method is applied to synthesize
a four-bar linkage exoskeleton. The healthy participant’s

preferred foot and hip trajectories are derived from a gait
database [30]. Material selection is a very important stage
to avoid failures and surface roughness and achieve
stability, which leads to better life period and good user
experience. The material should be light to reduce burden
on the body. The cost limitation forces to select a material
that is affordable to the patient, which will limit the usage
of the material proposed in the previous studies. The pro-
totype material is polylactic acid (PLA) which was chosen
for manufacturing the prototype for testing purposes, to
prevent any undesired final output. This polymer can be
worn to show the mechanism behavior while walking.

Fused filament fabrication (FFF) is one of the recent
ways to shape polymer specially PEEK in FFF 3D printer.

Figure 6: Evolution of error as function of desired points.

Figure 7: Model and simulation of the proposed LLE design in SolidWorks.

Figure 8: Prototype mechanism assembled.
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FFF uses a continuous filament of polymer material fed
from a large coil into heat printer extruder and then
molten material is forced out of the nozzle and deposited
on a growing work piece. FFF is dependent on material
heat transfer properties and rheology. FFF has many
advantages such as low start-up time, low maintenance,
quick to repair, and easy to clean [20].

4 Results

Thefirst of three parts in this sectionpresents thenumerical
outcomes of our approach. The second section contrasts

ourfindingswith those of other studies. Themanufacturing
results are discussed in the final section. Figure 2 presents
how many times the GA is to be run to find the optimum
solution, which was found just after 2,000 iterations when
the tracking error was at minimum. In addition, Table 1
shows the optimal design variables for both swing and
stance phases coupled with the minimum tracking error.

The optimized linkage dimensions are r1 = 82.53, r2 =
46.18, r3 = 72.97, r4 = 80.22, ′l3 = 285.16, and ′l4 = 265.36. The
minimum tracking error = 0.0236. Figure 3 shows the
design sketch of both r2 and r4, respectively, with their
dimensions, both of them have a thickness = 4mm.

To evaluate the GA efficacy, the same optimization pro-
blem is solved in literature by the particle-swarm-optimization

Figure 9: Swing phase and the stance phase.

Figure 10: Testing knee exoskeleton prototype.
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algorithm and the hybrid teaching-learning-particle-
swarm-optimization method developed by Ramanpreet
et al. [28] and Singh et al. [29], respectively. The evolu-
tion of TE as function of the number of iterations, for the
best four-bar exoskeleton design, is presented in Table 2.
One can note that the lower value of TE is given by GA,
compared with GA and MOPSO and with fewer iteration
value. In fact, GA reached an optimum value of 0.0236mm
in 2,000 iterations, PSO offered 0.052mm in 5,600 itera-
tions and HTLPSO provided 0.486mm in 3,700 iterations.
Thus, GA is capable to improve the TE results of PSO and
HTLPSO by about 54 and 96%, respectively.

Figures 4 and 5 display the plots of the required and
generated foot- and hip-trajectories achieved using GA,
HTLPSO, and PSO. From Figures 4 and 5, it is clear that,
in swing phase, the GA is the closest to the desired tra-
jectory rather than HTLPSO and PSO. Moreover, the GA
gives better results, and also, in the stance phase, the
GA passes accurately through all desired points, while
HTLPSO and PSO do not accurately pass through the
desired points, which gives a confirmation that the GA
results are better than the HTLPSO and PSO in tracking
the desired points.

Figure 6 displays the sum of error in swing and
stance phases and compares between GA, PSO, and
HTLPSO. As shown in Figure 6, the GA is the closest to
the desired output rather than HTLPSO and PSO, which
means the GA had the smallest error value in both the
swing and stance phases.

The designed four-bar linkage has been modeled and
simulated by using SolidWorks Software. Figure 7 shows
five postures of designed linkages. After designing, the
prototype was manufactured using a 3D-printer All parts
were printed with good accuracy that can confidently
be tested as worn mechanism. Figure 8 represents the
assembly of the mechanism. Figure 9 illustrates the swing
and stance phases from the right to the left.

Figure 10 depicts how the prototype was worn on the
leg. In the swing and stance phases, it is flexible. If this
linkage is fixed to a user, their lower limb can deliver the
necessary trajectories for one gait cycle. Therefore, any
application that requires walking can use the specified
linkage.

5 Conclusion

The four-bar linkage synthesis for the LLE during walking
was suggested in this research work. In an absolute frame
that is fixed to the ground, the foot and hip trajectories

are determined. In the form of a multistage optimization
algorithm, the synthesis problem is presented. The goal
is to minimize, simultaneously, the Euclidean distance
between the desired and generated limb trajectories in
swing and stance phases. The GA is employed to find a
workable solution, and the outcomes are compared to
those of the well-known literature methods. It is discov-
ered that GA converges to an optimal value of TE less
than PSO results and HTLPSO results by 54% and 96%,
respectively. As a result, for this problem, GA is a com-
putationally more effective method than PSO and HTLPSO.
Simulating the synthesized linkage in SolidWorks is also
done in order to test the lower limb’s gait for an entire gait
cycle, and a stick diagram of the lower limb while walking
is also shown. The poses of linkage during flexion are also
shown using a realistic prototype. Thus, the portable leg
exoskeleton or any other rehabilitation device can be uti-
lized with the designed four-bar linkage, which can track
the desired trajectory. This approach is workable to create
the four-bar connection essential for walking, for example,
in humanoid robots, robotic arms, orthoses, etc. A minor
adjustment to the suggested methodology can be used to
create flexible and unique mechanisms. Moreover, by
using controller equipment on the passive mechanism cre-
ated to support the damaged knee joint, the work can be
extended.
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