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ABSTRACT

Musculoskeletal injuries are occurring more and more frequently, with one of the main causes being the increasing
number of new patients who sustain knee structure injuries. Currently, exoskeletons that assist the knee joint are
either fully rigid or soft systems, which induce the risk of misalignments due to the complicated nature of the kin-
ematics of the knee joint or require additional anchors or mechanical parts that may cause discomfort or force un-
necessary weight upon the user. In this paper, a semi-rigid exoskeleton principle is introduced. This exoskeleton
addresses the concerns of both rigid and soft exoskeletons while performing the same benefits by establishing a
pre-determined route for the tendon. This exoskeleton can provide up to 37.26Nm assistive torque to the knee
joint. The system’s effectiveness was validated through a series of experiments which included testing its range of
motion, total tensile force, and accuracy and safety of the pose detection system. The prototype had successful
results, and the overall system is efficient, flexible, and easy to use. Future work will focus more on a customiza-
ble system in which the users can determine the amount of assistive torque force they need to be applied to their
knee joint depending on their current physical ability.

Introduction

Throughout the past few decades, human exoskeletons, first invented in the 1960s, are being used much more fre-
quently in medical, military, manufacturing, and industrial application fields. An exoskeleton is essentially an ex-
ternal frame that is worn on the body and can be used to help overcome injuries or enhance biological capacities.
They are often powered by electric motors and allow users to develop extra movement, strength, or endurance.

These exoskeletons help disabled or injured people perform day-to-day tasks more effectively and effi-
ciently or reduce the risk of injuries such as ones involving heavy loads by transferring the force onto the exo-
skeleton frame.

Kinematics of the Knee Joint

The human knee is actually one of the most complicated and intricate joints within our body as must be mobile
enough to allow a dynamic range of motion, yet also must maintain stability when it is fully stretched. The knee
joint is largely comprised of one principal Degree of Freedom, the flexion and extension one that can be modeled
by the Knee Flexion Angle (KFA). According to [2], the KFA can reach up to a maximum of 140 degrees when in
full voluntary motion, while roughly 160 degrees can be reached during passive motion.
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Figure 1: Tibia rotation [3]

In addition, as the articulating surface around the knee joint is relatively complex, human biological geometry
actually changes the center of rotation of our joints, namely internal and external tibia rotation when the knee joint
is flexed. This is the twisting of the shinbone (tibia), and can be defined as the rotation angle of the sagittal plane
through the rotation axis. For example, when the KFA is 90 degrees, the internal tibia rotation is 30 and 35 degrees
during voluntary and passive motion respectively. On the other hand, the external tibia rotation is 40 and 50 degrees
during voluntary and passive motion respectively. Furthermore, [2] denotes that when the knee is fully extended
during each gait cycle, a natural external shank rotation occurs to the knee joint, while an internal shank rotation
occurs when the knee joint is flexed. Lastly, as the KFA is changing/when the knee joint is being flexed or extend-
ed, the instantaneous center of rotation of the knee joint actually shifts roughly 2 centimeters along the sagittal or
longitudinal plane.

Related Literature

The benefits of exoskeletons upon so many facets of human health and development have interested many re-
searchers in the past, and many have designed their own exoskeletons in an effort to reap such benefits.

One such exoskeleton found in the International Journal of Humanoid Robotics designed by three research-
ers denotes a quasi-passive exoskeleton intended to alleviate stress from the lower body when carrying additional
weight while walking. Their exoskeleton (figure 2b) uses ankle and hip springs, a knee variable damper, and no
actuators in order to transfer the weight carried onto the ground, thereby reducing the force exerted upon the body.

However, the knee variable damper executed on this exoskeleton represents the knee joint as a single degree of
freedom, which is susceptible to many aforementioned problems regarding the misalignments between the flexion
and extension axis of rotation of the exoskeleton and of the knee joint. Therefore, the misalignment issues caused by
many such exoskeletons can cause discomfort to and potentially harm users in worst-case scenarios. To combat this
problem, new types of exoskeletons were introduced which can be classified as rigid and soft exoskeletons.

[1] proposed a solution to this problem that requires at least 5 more degrees of freedom, which would all work
to accommodate the one main active degree of freedom. Many rigid devices, such as the iT-Knee, adopted this
solution and incorporated additional degrees of freedom in order to compensate for the slight rotations and chang-
es along the sagittal plane.
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Figure 2: Prototype of quasi-passive leg exoskeleton: (a) annotated graphic design, (b) prototype tested on human

(2]

The iT-Knee [3], developed by three researchers in 2016, makes use of six degrees of freedom in order to de-
liver pure torque assistance to the knee joint, with one active degree of freedom and five passive ones for self-
aligning purposes. Although the iT-Knee and similar rigid exoskeletons are able to compensate for the knee joint’s
unique movement and perform more accurately, many of these additional degrees of freedom are quite redundant
and force the system to become heavier and less convenient.

On the other hand, soft exoskeletons such as one designed by Wehner et al. [4] are much lighter in weight
compared to the aforementioned rigid exoskeletons and are primarily designed for gait assistance. Such exoskele-
tons are able to negate misalignment issues due to their inherent elasticity. However, this usually also requires an
anchor on the human body or clothes, thereby possibly producing extra weight upon certain affected human joints
and inducing discomfort or pain upon those joints.

As both rigid and soft exoskeleton systems have their own respective advantages and disadvantages, this pro-
ject proposes a novel approach for an exoskeleton targeted toward the knee joint which addresses the concerns
listed above in relation to the rigid and soft exoskeleton structures while delivering all the same benefits to a simi-
lar extent. The proposed system seeks to enhance overall performance and strength for users suffering from knee
injuries or pains by lessening the force exerted upon the knee joint when performing physiotherapeutic or general
exercises and procedures.

The report is organized as follows: Section II describes the theoretical design of the proposed exoskeleton,
and denotes the initial formulas and structure. Section III presents the actuation and final design of each part pre-
sented in section II as well as any changes proposed. Section IV presents the electronics and code used to allow the
exoskeleton to properly perform upon a human. Section V introduces the experiments performed and the results
collected. Lastly, section VI presents my future expectations for the exoskeleton and concludes the paper.

Theoretical design

Routing System:

The guiding route is one of the main features of the exoskeleton design which starts from the thigh and is extended
down towards the calf. A semi-rigid chain will follow along this route to ensure the transmission tendon of the
system is able to pass the knee joint without any aforementioned concerns about misalignment or interference is-
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sues. The parameters of the guiding route are incorporated so that the chain won’t interfere with the range of the
knee’s movement, and is also compatible with different body sizes. Therefore, the guiding route of the chain

mechanism is comprised of a circle and an ellipse with the parameters indicated below,
where x. and y. represent the starting cartesian coordinates of the circle while x. and y.

represent the starting cartesian coordinates of the ellipse. r represents the radius of the circle and a and b rep-

resent the ellipse’s two axes.

Circle Ellipse
X y r X y a b
c c e e
0.110 -0.080 0.090 0.125 -0.015 0.125 0.165

As a whole, the merging point between the circle and ellipse is at (-0.033, 0.127), so the entire function of the

guiding route can be expressed as f(x) below.

(z+0.125)2
_ {0.165\/1— T )

/0.092 — (z +0.11)2 +0.08

f(z)

Figure 3: The routing system structure concept at 100° KFA

—0.033 <z <0

B (-0.033, 0.127)

A(0,0.01)

—0.071 <z < —-0.033

As shown in figure 3, there are three important points, A, B, and C, respectively colored yellow, red, and blue
on the guiding route. The coordinates of these points are A(0, 0.01), B(=0.033, 0.127) and C(-0.17, 0.147). Point
A represents the start of the chain mechanism, point B represents the aforementioned intersection and transition

point between the circle and ellipse, and point C represents the end of the chain mechanism. As demonstrated by

the figure, even during extremely acute knee flexion angles, the semi-rigid design of the mechanism is able to

ensure that no external force is applied to the tissue around the knee joint. Furthermore, it creates a predeter-

mined route for the chaining such that the values determined by the system software design/algorithm can accu-

rately determine the angle of tilt without any misalignments.
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Structural Design

Outer Shell System:

In the design of the routing system, the overall design follows the constraints denoted above regarding the combina-
tion of a circle and ellipse to imitate a real person’s leg. Building on this foundation, it can be seen from Figure 4 that
the routing system is split into 5 separate components.

Figure 4: 2D model of routing system

One main benefit of changing this routing system into 5 different segments is the additional flexibility that is
allowed. As a human’s leg and knee flexion angle will frequently change when in motion, this design allows the
exoskeleton to become more flexible and adaptable to the person’s movement, as well as being more comfortable
and natural to the user. For a more ergonomic design, all the corners and straight edges have also been curved in
order to minimize any physical harm upon physical contact.

Figure 5: 3D model of a segment of the routing system

Figure 5 is an example of one of the five segments. I cut out the top half’s middle part so that the adjacent
segments would be able to fit into the gap and be connected using the holes on either side. Therefore, an alternat-
ing pattern was designed in which they would be able to smoothly connect to each other while maintaining the
routing system shape. The bottom half (uncut side) of each segment mimics the routing route pattern and is uncut
so that the exoskeleton has a basic foundational shape. The holes used to connect the adjacent segments together
are placed on the edges of the segment as this ensures maximum flexibility and rotational ability. The exoskeleton
will also be able to adjust according to people with different heights and sizes, as the semi-rigid structure allows
for compatibility for different users.
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Figure 6: Semi-rigid chain diagram

As seen from figure 6, these 5 segments can be defined as modular-designed semi-rigid chains which consist
of chain elements, pins, routing grooves, and contact surfaces. The routing groove from each semi-rigid chain
shown above is what will be used to implement the aforementioned routing system suited to the human anatomy,
and it will be the base of each chain. To ensure that the metallic string is able to follow the routing system, a hole is
placed along the routing groove so that the string is able to not only follow the predetermined guiding route but
will also be secure throughout the entire exoskeleton. As seen in figure 6, the pin is designed optimally for flexi-
bility and allows for each semi-rigid chain to rotate individually modularly as a human’s leg’s motion is not com-
pletely uniform until it is along the routing groove. The design of the pin and chains also allows for secure stabil-
ity, as the dimensions of each chain are adjusted such that they just perfectly can fit into each other, and can be
easily secured by the pin. As aforementioned, the contact surface of each chain is also smoothened out so that there
aren’t any sharp corners or anything that could cause potential harm.

First Design:

ﬂ'!:-

Figure 7: 3D printed model of outer shell system
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The outer shell was first created using 3D printed plastic, as a 3D printer allows the product to be made faster,
thus making the overall planning and materializing process much faster. However, the 3D printed plastic is also
extremely weak in comparison to sturdier materials such as metals. Thus, the system can easily break under high
amounts of pressure or force, meaning it will not be able to provide the necessary levels of assistive torque to the
knee joint.

Final Design:

To counteract the weakness of the 3D-printed plastic, the material of the outer shell was replaced with steel,
which can withstand significantly higher levels of force. However, as steel products are much harder to manufac-
ture in comparison to 3D-printed products, the exact structure of the outer shell was modified into a simpler one
while still maintaining the routing system and the flexibility of the 5 segments.

Routing system

(@) (b)
Figure 8: 2D model of new outer shell structure (a) inside, (b) outside

As seen from figure 8, the new structure is much simpler overall while maintaining the correct routing system. This
improvement means that it can be made in adequate time while also improving the overall solidity of the structure.

Rotating points

(@) (b)

Figure 9: Physical model of new outer shell structure
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From figure 9, it can be seen that the 5 segments are connected together with the use of stop bolts and locknuts
in order to secure them tightly together. The stop bolts and locknuts work together to reduce the force of friction
acting on the system, while also ensuring stability throughout, meaning the segments are able to flex smoothly
according to the user’s movements. In figure 9b, the rotating points between each of the 5 segments are pointed
out, and this is achieved using joints that can be rotated.

Shin Pad:

As the routing system must be connected to the shin pad that helps support the entire exoskeleton, I specially mod-
ified the last segment of the routing system’s outer shell (the bottom one) so that it would be easily attachable to
the shin pad.

Figure 10: Attachment to shin pad
As the shin pad is slightly curved to suit the shape of a leg, I added a flap to both sides of this segment as seen

in the image above with three holes in the middle so that they would be able to connect with the holes on the shin
pad. The three holes allow the user to adjust the exoskeleton based on their height/body size.

Waist Harness Attachment:

First Design:

The routing system must also be connected to a harness attached to the user’s waist in order to hold the system
up, and this is where the servo used to provide strength will be located.

2

Figure 11: Top-down view of the servo attached to the waist harness
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As seen from figure 11, the initial design of the attachment connects the harness together with the servo
through the use of a basic 3D printed attachment that fastens the two together with a screw.

(@) (b)

Figure 12: Separation distance between the servo and harness

However, as seen from figure 12, the distance between the servo and harness is quite significant in this design
and had to be accounted for using small plastic placeholders as seen in figure 11. This is due to the size of the reel,
as the reel is significantly larger than the servo, meaning extra space had to be added so that the reel wouldn’t col-
lide with the harness or user. Therefore, the overall structure of the system is much looser and weaker and is much
more susceptible to being damaged or changing form while in use, leading to a much shorter overall life span.

Second Design:

During initial experimental testing of the system from the first design, it was found that the size of the reel doesn’t
have too significant of an impact on the overall performance of the system. Therefore, to make up for the down-
sides deduced from the first design, the overall size of the reel was significantly reduced so that it is roughly pro-
portional to the size of the servo.

Figure 13: Top-down view of the second waist harness attachment design
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As seen from figure 13, the reduced size of the reel allows for a much shorter distance between the harness
and the servo, as the size of the reel does not have to be accounted for anymore. This creates a much more compact
design overall that is tighter and more secure, accounting for the problems of changing shape or being easily dam-
aged from the first design.

Figure 14: Annotated image of second design

However, one major problem outlined in figure 14 is the pathing of the metallic cord, as the cord must be turned
upside down at a high angle in order to enter the reel. Not only is this severely inconvenient and awkward for the
user and system, but through experimental testing, it was also found that when there’s a relatively high torque force
generated at the knee joint, the friction force exerted upon the wooden board is also at a high volume. This friction
makes it difficult for the reel to be able to pull on the metallic cord, and if the system is used at a high volume, the
friction will also damage the wooden board, potentially causing a shorter life span and a weaker overall system.

Final Design:

The final design of the waist harness attachment ensures a system that resolves the problems found in the first and
second designs and also creates a much more secure, concise, and user-friendly system.

Aluminum plate
Control board

Profile bar

Attachment
to harness

Figure 15: Annotated image of final design

Firstly, as seen in figure 15, the overall structure and materials used in the system have been modified to en-
hance the overall solidity of the design. An aluminum plate together with a profile bar is used to connect the reel
with the servo, which will then be connected to the harness. As seen in figure 13, the previous installment con-
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nected the servo and reel to a wooden board, which was then connected to another board a small distance away,
and finally connected to the harness using 3D-printed attachments. This design of the structure removes the unnec-
essary parts used to connect the harness with the servo and reel by directly attaching them together with four
wooden boards, in which two wooden boards stand on either side of the harness strap, and are tightly secured to-
gether with screws. This simplified structure not only minimizes the space required for the system but the new
materials and attachments ensure a significantly sturdier overall structure. Furthermore, the control board used for
the electronics part of the system is attached on top of the servo without taking much extra space, thereby further
reducing the space required to maximize the efficiency and ergonomics of the design.

The use of the four wooden boards to connect the harness strap with the servo also allows changes to the posi-
tions of any part easier to make. In the previous two iterations, the entire system must be taken apart in order to
make any changes or adjustments necessary. However, in this design, once the screws connecting the four wooden
boards together are loosened, the structure can immediately be adjusted.

(a) (b)

Figure 16: Final design (a) side view, (b) top-down view

To address the problem of the metallic cord’s pathing from the second design, a 3D-printed attachment was
added as seen in figure 16. This attachment secures an opening and routing path for the metallic cord so that it can
connect with the reel in a direct line without awkward turns, thus minimizing the space required for the routing
path of the metallic cord and making the overall design more concise and convenient for the user.

Another problem found with the design is the effect of gravity upon the system, as the weight of the servo of-
ten causes the parts to lean and fall downwards. Therefore, as seen in figure 16, a velcro was installed that can be
directly connected to the upper body, which will negate the downward motion from the effect of gravity upon the
system.

Elastic Element

In the drivetrain, an elastic element is used that enables impact absorption and also can reduce the influence of
weight, or passive load compensation. This elastic element is attached around the calf area and is connected to
the routing system around the knee.

For this system, as the tension force required to support the generated torque force from the knee is relatively
high, an elastic element that can support a high tension force is required. Therefore, a bungee cord was chosen, as
they are extremely efficient at lifting, moving, or lowering heavy items.
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Material Attachments
3D Printed Plastic

The majority of shapes and designs assembled are 3D printed using plastic, as this is an abundant material that is
both cheap and convenient to create. The designs on some parts are also quite intricate, meaning it would be much
easier first to assemble using a 3D printer with plastic.

However, for the actuation of the final exoskeleton, parts of the 3D-printed plastic such as the outer shell of
the routing system will likely be changed into metal, a much sturdier material, as it is hard for plastic to be able to
support a human’s weight.

Metallic Stand

The stand used to upright the exoskeleton and help conduct the experiments is metallic since metal is stronger
and heavier, meaning the base can support more weight and the entire exoskeleton while performing experiments.
Furthermore, the stand is largely comprised of very basic shapes, meaning it isn’t necessary to 3D print the stand.

Electronics

Sensors

The exoskeleton uses two inertial measurement units (IMUs) in the form of mpu6050s, which is a Micro Electro-
mechanical system (MEMS) that consists of a three-axis accelerometer and three-axis gyroscope. It helps us to
measure velocity, orientation, acceleration, displacement, and other motion-like features. The accelerometer is
used in the mpu6050 to determine the acceleration due to movement and also acceleration due to gravity. Normal-
ly an accelerometer's x and y output voltages will be half the supply voltage when measuring zero g (i.e. the de-
vice is perpendicular to gravity - horizontal). Tilt it one way and the voltage will increase, tilt it the other way and
it will decrease. With a Triple axis accelerometer, the z-axis will be measuring 1g with the device horizontal. The
output of an accelerometer is a sinewave of the acceleration measured.

The inclination sensing used in this project uses the gravity vector and its projection upon the accelerometer’s
axes to find the angle of tilt. As the human leg will induce a centripetal acceleration upon the accelerometer and
rotate, the output will also change accordingly as gravity is a DC acceleration.

ty

+X

Figure 17: Diagram for tilt sensing using accelerometer

As seen from Figure 17, the angle of tilt can be determined through the accelerometer’s variable X as we are
only measuring a relatively limited angle that can be measured by a single axis. Using the diagram above, we can
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infer using basic trigonometry that the output acceleration produced by the projection of the gravity vector is
equal to sine theta, the angle between the accelerometer x-axis and the horizontal, which is perpendicular to the
gravity vector. Taking gravity to be equal to 1g, the output acceleration can be expressed as:

A = g x sin(®). (D

Rearranging (1) to find the inclination angle, 6, using the acceleration determined from the accelerometer, we get:

8 = sin™?! (9 °

where the inclination angle is in radians. To change the value of 0 back into degrees, we can multiply 0 by

180
= to find the inclination angle in degrees.

Servo

The servo chosen for this system is the DH-03X. Originally, the model chosen could provide a maximum torque of
180kgf cm. However, after experimenting with the estimated torque generated by the human knee joint, the torque
provided by this servo wouldn’t be able to satisfy that of the human knee. Therefore, the servo was upgraded to the

model that can provide a maximum torque of 380kgf cm. Therefore, after converting this value into Newton-meter
form, this system will be able to provide up to 37.26Nm assistive torque to the knee joint.

Circuit Board

The circuit board used in this design is the Arduino UNO.

Data Processing and Decision Making

The data received from the two IMUs are transmitted to the Arduino Uno board and then processed through the
implemented algorithm. The data processing is the aforementioned task of translating the accelerometer’s variable

X into a degree.

Servo Response

The servo is powered by a 24V battery that will initialize to 0 degrees with an on/off switch and will rotate to the
desired position determined by the algorithm at a speed of 2 degrees every 80 milliseconds.
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System Software Design
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Translate calf IMU's
accAngleX value into
a degree

v \ 4
Rotate servo by the
degrees determined End

above at a speed of 2

degrees every 80
miliseconds

Figure 18: Working process of the whole program

The algorithm and software design of the system is shown in figure 18. The variable accAngleX represents the accel-
erometer’s variable X, which will then be used to determine the angle of tilt using the formula listed above.

Pose Detection

Another method used to determine the KFA is through the use of a machine learning solution that can predict and
determine the locations of regions of interest, which are the key body parts in this case.
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Figure 19: 33 pose landmarks [5]

Mediapipe offers a solution in which it is able to determine 33 particular regions of interest, outlined in fig-

ure 19. An algorithm was designed to rotate the servo depending on the current KFA through the medium of me-
diapipe to help calculate the KFA. As mediapipe allows us to determine the exact coordinates of the joints in the
lower limb, the algorithm uses the positions of the right hip (24), right knee (26), and right ankle (28 )to determine
the KFA using the cosine formula. The chosen landmarks can be similarly replaced with the left hip, left knee, and
left ankle. Additionally, mediapipe also determines the visibility of each joint, which is a quantified value for how
clear it is able to see and determine each given landmark Therefore, the algorithm will also note when the visibility
of the three chosen landmarks is too low to safely change the torque force applied without potentially hurting the
user.

Although the pose detection requires slightly more setup as a camera is required, the overall benefits com-
pared to the IMU sensor far outweigh the extra amount of setup. Firstly, the accuracy of the machine learning al-
gorithm is more accurate than the IMU sensors, as the sensors could potentially be affected by various different
factors or unexpected movement, hence why two IMU sensors were required in the initial design to help cross-
validate.

More importantly, as the goal of the system is to assist users while performing physiotherapeutic or regular
exercises, the pose detection also allows users to better perform certain exercises. As seen from figure 20, the algo-
rithm can determine the KFA at various different angles, and will print the current KFA on the screen. Therefore,
as many rehabilitation processes such as [7] require the KFA to reach a certain degree, this system also allows the
user to accurately determine their current KFA so that they can follow medical or physiotherapeutic procedures to a
high degree.
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Figure 20: Knee flexion angle determined with algorithm

However, one downside to this method is the space required to setup the entire system. Firstly, for this algo-
rithm to work, the camera must be placed pointing towards the right side of the user, so that it can accurately de-
termine the positions of the right hip, right knee, and right ankle. If the camera is placed facing other directions, the
visibility determined by the system won’t be high enough to safely rotate the servo and provide assistive torque.
Additionally, the camera must also be placed far away enough such that the entire lower body can be seen on cam-
era, or the system won’t be able to accurately calculate the KFA. Therefore, if users are operating in an extremely
tight area, it is recommended to use the IMU sensors instead as they don’t require any additional space. However,
for the majority of users, the machine learning technique as aforementioned is significantly more efficient and ac-
curate, and if they are able to fit the right hip, knee, and ankle within frame, then this procedure is recommended.

Circuit Board

To process the data using the pose detection method, two ESP32 boards are used instead of the Arduino board.
One ESP32 board will be connected to the computer that has the pose detection and camera running, while the
other board will be attached to the exoskeleton and connected to the servo. The board connected to the computer
will first read the knee flexion angle calculated by the algorithm and will send the data to the other board through
the wifi, as these boards are installed with a micro wifi chip. The board connected to the exoskeleton will then
process the data and rotate the servo accordingly. The use of these ESP32 boards is much more effective as the
two boards aren’t directly connected to one another, meaning the user doesn’t have to stand right next to the com-
puter in order for the system to work, they just need to be close enough to be visible to the pose detection algo-
rithm.
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Experimental Validation

Experimental Setup

To ensure the safety of the user, while the exoskeleton is being used on the user’s body, the metallic string will
remain relaxed throughout, and there will be no force from the reel or the servo. Additionally, the movement of the

human joints will be simulated using a setup to determine the experimental results.

Initial Setup:

Metallic stand
Servo tester

Hinge

Metallic block

Figure 21: Initial experimental setup

As seen from figure 21, the initial experimental setup comprises the core elements of the system, which in-
clude the servo, reel, outer shell, metallic string, and an elastic element. As aforementioned, in consideration of the
experimenting user, a metallic stand is used in place of the human lower body, where a hinge that can turn verti-
cally is used to mimic the human knee joint. As the lower extremities are no longer required, the shin pad is also
disregarded in this setup as we don’t need to connect the elastic element with the lower body. Instead, a metallic
block that is fixed to the stand is used to replicate the connection to the shin, and the elastic element is looped
through the metallic block so that the system can function just as normal.

Lastly, a servo tester is used to control the motions of the servo and reel, so that during the experiments it can
be tested how much load the system is able to carry up and down independently.

However, as the servo and reel are set up directly on the metallic stand and are hanging off one edge, this dis-
rupts the system’s center of gravity, meaning it is slowly twisting and falling off one side of the stand. If the servo
falls too far off the stand, this could potentially damage the entire system, and will also significantly alter experi-
mental results.
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Second setup:

Figure 22: Second experimental setup

To fix the problem identified from the first experimental setup, the positioning of the servo and reel has been
fixed onto the center of the metallic stand so that the center of gravity maintains in the middle. However, just fixing
the servo and motor to the center alone creates an imbalance of force exerted on the metallic stand, so as seen from
figure 22, the routing of the metallic cord is slightly more fixed using additional tools so that the imbalance is rela-
tively marginal and negligible.

However, while the system is being used, the exact position of the servo is constantly changing, meaning this
setup isn’t an accurate representation of the real system. In the real system, the servo is directly connected and
fixed to the waist harness, meaning that it won’t be moving around. Therefore, any experimental results obtained
using this setup could be skewed and regarded as invalid, thus requiring further modifications to the overall ex-
perimental setup.

Final Setup:

Another problem identified from the first two setups is the exact positioning of the routing system in relation to
the knee joint (the hinge on the metallic stand). In the theoretical design of the routing system, the center of both
the circle and ellipse is the knee joint, as the system must wrap around the knee and leg area. However, from fig-
ures 19 and 20, it is evident that the routing system does not match the theoretical design and is situated much
higher than it should be. This problem was addressed in the final experimental setup.
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(b)

Figure 23: Final experimental setup

In figure 23, it can be seen that the routing system has been lowered using a metallic block which is fixed onto
the metallic stand using screws and two wooden boards, thereby adjusting the center of the routing system’s de-
sign to the knee joint. Furthermore, the issues of the placement of the servo and reel from both setups 1 and 2 have
also been addressed. As placing the servo on the metallic stand would cause various issues regarding instability or
unexpected change of positioning, the final experimental setup shown in figure 23 relocates the servo and reel to
the base of the stand. By relocating the control parts to the bottom of the stand, the overall experimenting process
was also able to be expedited and made more realistic through two methods.

(@ (b)
Figure 24: Base of the setup
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Firstly, as seen in figure 24, the pathing of the metallic cord is perfectly straight as it reaches the reel, mean-
ing the system is working with maximum effectiveness and is able to perform similarly to how it would on a hu-
man body. From figure 22, the pathing of the cord from the routing system all the way to the servo is also ex-
tremely simple, concise, and elegant, as it follows a circular path that doesn’t include any sharp turns.

Secondly, by relocating all the control objects and motors to the base of the system, more space can be used
here, and additions can be added to supplement the experimenting process. In figure 24, a tension sensor was added
next to the servo. This addition allows experiments involving the tension force of the rope much easier to conduct,
thereby expediting the overall experimental process, and enhancing the results obtained.

et
(b)

Figure 25: Addition of turnbuckle

Additionally, a turnbuckle was added to connect the bungee cord with the makeshift shinpad. Turnbuckles
are extremely useful at adjusting the tension and length of ropes, which further elevates the system’s ability to
conduct a range of different experiments effectively and allows the user to easily adjust the starting height, length,
or tension of the rope depending on the experiment.

Experiments
First experiment:

The first experiment investigates how much the knee flexion angle changes through a full rotation of the servo.
Though the servo is able to rotate from 0 degrees up to 300 degrees, the knee flexion angle does not change at the
same rate as the servo. Therefore, this experiment can help determine the range of motion in which the exoskeleton
is able to deliver assistive torque to the knee joint. Two variables will be recorded in this experiment, in which the
starting degree, also the largest degree, will be the independent variable, while the dependent variable is the small-
est degree that can be reached. The difference in degrees will be calculated as the difference between the two varia-
bles. To conduct this experiment, the system designed in the aforementioned final experimental setup was placed
on a flat table. No additional load was added to the system too, and the only weight that the exoskeleton would be
applying force to would be the weight of the metallic stand.
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Trial Smallest Largest Difference
Im; t smallest d Im: tl td
Number degree degree in degrees age atsmatlest cegree age at largest degree
1 36 118 82
2 43 128 85
3 55 144 89
Average 44.7 130.0 85.3
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According to the results of the experiment trials, the average difference between the largest degree and the
smallest degree is 85.3 degrees, meaning the system can support 85.3 degrees of rotation on average. In the regular
squatting motion in which strength from the thigh is required, the angle is roughly between 45 and 125 degrees,
which is a difference of 80 degrees, which fits well with the second trial from the experiment, and also fits within
the 85.3 degrees of rotation that was calculated from the experiment. Therefore, the system is able to provide as-
sistive torque throughout the user’s entire squatting motion.

Second experiment:

The second experiment investigates the relationship between the analog value and the tensile force. My hypothesis
is that the analog value and the tensile force are directly proportional and that the analog value of 1023 should cor-
respond to the tensile force value of 100kg.

In the setup of the experiment, a load cell with a capacity of up to 100kg is installed onto one end of the metallic
cord, and the output of the load cell is connected to the control board which can then output an analog value between
0 and 1023 on the computer.

Figure 26: Experiment setup

As seen in figure 26, to conduct the experiment, a force gauge was attached to one end of the load cell. Dur-
ing the experiment, the force gauge would be pulled backward until its value reached 2kg, 4kg, 6kg, 8kg, and
10kg, and between each pull, it would be returned to equilibrium. This process was repeated six times, and the
results were displayed in a graph format in figure 27.
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Figure 27: Line graphs determined from results (a) time vs analog quantity, (b) tensile force vs analog quantity

As seen from figure 27b, the graph is roughly linear meaning the analog quantity and tensile force are
directly proportional, and the ratio is is roughly 1.033. This is slightly off the actual value of 1023/1000 = 1.
023, with only an absolute difference of around 0.98%. Therefore, the hypothesis has been proven correct,
and the tensile force x can be calculated as x=y/1.023 in which y is equal to the analog input.

Third experiment:
The third experiment investigates the relationship between the weight of the user while squatting and the analog

value. As the second experiment determined a direct correlation between the analog value and tensile force, the
analog value can be measured in this experiment to accurately obtain relevant data.

(a)

Figure 28: Experimental setup with weights attached to the system (a) 1.25kg, (b) 4kg, (c) 6kg
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To set up the experiment, the system is placed on a flat table surface and the angle of the system is set at 109
degrees as shown in figure 28. 6 weights of 1.25kg, 1.5kg, 2kg, 2.5kg, 4kg, and 6kg are also placed on the edge of
the metallic stand 24cm away from the center of motion, which is the knee joint (hinge).

During the experiment process, the changes in the analog quantity should be observed and recorded through
the serial port monitor. As the value of the analog quantity is constantly fluctuating, data is collected every 0.1
seconds over a period of 100 seconds, resulting in a total of 1000 data points, thereby allowing for a more accurate
model. After recording the data, the anomalies stemming from the irregular fluctuations are removed from the da-
taset and organized to determine an average analog quantity value.

Average analog quantity Average analog quantity
Mass/KG . .
before removed anomalies after removed anomalies
1.25 39.385 38.27607
1.5 58.853 57.20571
2 80.878 78.71056
2.5 114.226 112.3192
4 219.213 218.8242
6 439.222 436.901
530 T T T T T T
400 F |
z
§ x| -
=
o
o
0
0 :
o
wl ././ |
A
0 | 1 1 | 1 1
1 2 3 4 5 &
Weight/KG

Figure 29: Line graph of weight vs analog quantity determined from results.
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As seen from the line graph, there’s also a direct correlation between the weight of the squatting user and the
analog quantity, and the overall force required by the system can be predicted by the weight of the squatting user.

Fourth experiment:

The fourth experiment investigates the stableness of the Al pose recognition system and if it is accurately able to
assist the user during squatting motions. To set up this experiment, the computer will be placed on a flat surface 2
meters away from the user in which the user’s right hip, knee, and ankle should all be in the frame. During the ex-
periment, the user should gradually squat down and stand back up while observing and recording the analog quantity
through the serial port monitor. From the experiments, it was observed that there weren’t many irregular fluctuations
in the analog quantity, meaning the overall tensile force is relatively stable and accurate. Therefore, it can be con-
cluded that the pose recognition system is able to assist the user accurately and safely throughout their squatting mo-
tion.

Conclusion

This paper presents a semi-rigid exoskeleton that assists the user’s overall knee joint performance and strength for
those suffering from knee injuries or pains. The exoskeleton uses a routing structure and system to integrate the
advantages of both rigid and soft exoskeleton systems, while directly addressing and negating most major con-
cerns or downsides to the two systems such as misalignment and discomfort issues. In the future, a customizable
system will be developed so that the users can determine the amount of assistive torque force they need to be ap-
plied to their knee joint depending on their current physical ability. This will allow for a more efficient recovery
process for the user and maximize the potential for this exoskeleton.
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