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ARTICLE INFO ABSTRACT

The knee joint, being the largest and most complex synovial joint in the body, plays
a crucial role in weight-bearing and bodily movements. Due to its wide range of
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Received 26 December 2024 movement limitations, significant disability, and a reduction in the quality of life.
Received in revised form 15 The use of robotics in rehabilitation has attracted significant attention in knee
January 2025 rehabilitation exercises, offering extensive capabilities for functional adaptation of
Accepted 9 February 2025 knee movements in injured athletes. This study focuses on the knee joint's
Available online 14 March 2025 musculoskeletal structure and dynamics, using mathematical modeling and

simulation to analyze its behavior. The goal of this research is to identify the forces,
torques, and reaction forces in the tibiofemoral joint (the connection between the

Keywords: shinbone and femur) to design and develop a rehabilitation device that reduces knee
Genetic Algorithm, Rehabilitation, injuries and is suitable for athletes of different weights and heights. In designing
Kinematics, Robot, Knee Joint. this sports device, emphasis is placed on reducing the negative effects of variable

forces on the knee muscles, particularly at angles where the forces reach their
maximum. The ultimate goal is to reduce the risk of injury in this area. Furthermore,
the device should be designed to be adjustable for athletes of different body sizes,
which can be achieved by applying standard settings based on the actual forces
exerted on the knee. Lastly, a genetic algorithm is used to optimize the lengths of
the links and their placement in the mechanism.

1. INTRODUCTION

The knee joint is one of the most essential and complex joints in the human body. Due to its wide range of motion,
it is particularly vulnerable to injury. Knee injuries are especially common among athletes because of the demanding
and complex movements they perform. These injuries may include tears of the anterior cruciate ligament (ACL),
posterior cruciate ligament (PCL), meniscus, and articular cartilage. Rehabilitation following knee injury is critical
for returning to normal daily activities and athletic performance. Traditional rehabilitation methods—such as
physiotherapy, strength training, and hydrotherapy—play a significant role in improving range of motion, muscle
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strength, and joint stability. However, these methods can be time-consuming, physically demanding, and often
require constant supervision by specialists.

In recent years, the integration of robotics into knee rehabilitation has emerged as a promising and effective
approach. Robotic knee rehabilitation systems can apply precise, controlled movements to the joint while
continuously monitoring the patient’s progress through real-time feedback. These systems can deliver highly
personalized rehabilitation programs tailored to each patient's condition, thus accelerating recovery and improving
outcomes. One of the key advantages of robotic rehabilitation is the ability to simulate natural knee movements.
These robots can accurately replicate complex motions such as flexion, extension, internal rotation, and external
rotation. This allows patients to regain their natural range of motion and relearn proper movement patterns.

Furthermore, robotic systems can apply targeted, controlled resistance to the muscles surrounding the knee, aiding
in the strengthening of weakened muscle groups. Muscle strength around the knee is essential for joint stability and
injury prevention. In addition, robotic rehabilitation systems provide real-time feedback to patients regarding their
motor performance, enabling them to correct improper movement patterns and enhance functional outcomes.

Several studies have explored the biomechanics of knee motion and its implications for rehabilitation. For
instance, Sawhney et al. investigated the effect of isometric quadriceps contraction on femoral displacement in
individuals with healthy knees. Their findings indicated that during open kinetic chain (OKC) exercises with 10
pounds of distal resistance, significant anterior displacement of the femur occurred at knee flexion angles of 30° and
45°, whereas femoral movement was significantly reduced at 60° and 75° of flexion. They also observed that the
quadriceps neutral angle ranged between 60° and 75° of flexion. At flexion angles less than the neutral position,
OKC stretching increased quadriceps activation, resulting in greater anterior femoral displacement. In contrast, at
angles beyond the neutral position, OKC movements triggered higher hamstring activation, leading to posterior
femoral displacement [1].

Beynnon et al. used a Hall-effect transducer to measure forces applied to the ACL during common knee
rehabilitation exercises. Their results showed that OKC knee extension exercises generate strain on the ACL,
depending on the knee flexion angle and the level of quadriceps activity [2]. Researchers have identified several
conditions and activities that produce tensile stress on the healthy ACL. Studies suggest that active quadriceps
contraction without external loading can create undesirable anterior shear forces on the tibia, particularly at flexion
angles between 30° and full extension. These shear forces progressively increase with knee extension and may
endanger the healing ACL graft. Consequently, some specialists recommend limiting quadriceps strengthening
exercises to knee flexion angles between 30° and 90° to minimize shear stress on the ACL and reduce the risk of
reinjury [3-4].

It is also important to note that patellofemoral pain syndrome is one of the most common complications following
ACL reconstruction [3-6]. Some researchers argue that the recommended exercise angles may trigger or exacerbate
patellofemoral symptoms [7]. Specifically, quadriceps exercises during the final 30° of extension are contraindicated
in the early stages of ACL rehabilitation but are necessary for managing patellofemoral syndrome [3]. This creates
a so-called “rehabilitation paradox”: while movements beyond 30° of flexion help protect the patella, they
simultaneously generate high forces that may compromise the healing ACL graft [3-5].

In this study, we aim to design and develop a knee rehabilitation robot to improve range of motion and muscular
strength in injured athletes. The robot is engineered using a dynamic model of the knee joint and optimized control
algorithms. It is capable of accurately simulating complex knee movements and applying precisely controlled
resistance to the surrounding musculature. Additionally, the robot provides real-time feedback on the patient’s motor
performance.

To support the design process, we first conduct a biomechanical analysis of the knee joint’s musculoskeletal
structure through mathematical modeling to estimate forces, torques, moments, and reaction forces at the
tibiofemoral joint. Necessary simulations are then performed to understand the joint’s dynamic behavior. Finally, a
genetic algorithm is employed to optimize the link lengths and positions in the robot’s mechanism. These simulations
are carried out using SolidWorks software.
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2. MUSCULOSKELETAL STRUCTURE OF THE KNEE JOINT

The knee joint, as the largest and most complex synovial joint in the body, plays a vital role in various human
movements. This joint is a combination of three distinct joints, including the joint between the femur and patella, as
well as two joints between the femoral condyles and the tibia. The wide range of motion of the knee allows humans
to perform a variety of activities, ranging from walking and running to bending and jumping. However, the
distribution of weight across this joint in various positions makes the precise evaluation of weight distribution and
force vectors a complex task. Since the knee joint bears most of the body’s weight, it is highly vulnerable to impact
and excessive forces. Knee injuries can lead to functional limitations and significant disability. Therefore,
understanding the anatomy and biomechanics of this joint is crucial.

The lower part of the femur and the upper part of the tibia (shin bone) are connected through multiple ligaments
within the knee joint. The patella is a small bone at the front of the knee joint. These three bones form the synovial
(diarthrodial) knee joint, which is an example of a hinge joint with an elliptical shape that allows both rolling and
sliding motions [8]. Figure 1 illustrates the movements of the knee joint and shows an example of a hinge joint
similar to the tibiofemoral joint. The patella can slide along the groove of the femur because it is connected to the
tibia at the bottom via the patellar tendon and to the quadriceps muscles at the top via the quadriceps tendon. The
articular cartilage on the surfaces of the bones in the joint forms the primary interface. The ligaments stabilizing the
tibiofemoral joint are shown in Figure 2.

(a) (b)
Femur
- - Convex surface
‘ Concave surface
Tibia
Fibula
Knee flexion Knee extension Example of a hinge joint

Fig. 1. (a) Lateral view of the tibiofemoral joint showing rolling and sliding during flexion and extension, and (b) the
convex-concave surfaces of the hinge joint.
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Fig. 2. Ligaments of the tibiofemoral joint: anterior view and posterior view of the right knee joint.
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Ligaments are strong bands of connective tissue responsible for connecting bones to each other and maintaining
joint stability. The knee joint, as the most complex joint in the human body, relies on four primary ligaments for its
stability and proper function: the anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), medial
collateral ligament (MCL), and lateral collateral ligament (LCL). Along with muscles and tendons, these ligaments
maintain knee joint stability during various movements such as bending, straightening, and rotation. By exerting
tension and pressure against excessive joint movements, they prevent damage to cartilage and bones.

Most of the mechanical impact forces in the knee joint are generated and absorbed by the menisci. The total mass
of the menisci is much greater than the articular cartilage, which bears the load across the entire knee joint. The
deformability of the menisci, with their low compressive, shear, and permeability stiffness, ensures proper load
distribution within the knee joint. The knee joint primarily allows one degree of freedom (DoF) for motion, which
is described as flexion and extension, while also permitting slight internal and external rotation, classifying it as two
degrees of freedom (2 DoF) joint. The muscle groups corresponding to the movements of the knee joint are shown
in Table 1.

Table 1. Knee joint movements and muscle groups [8]

Knee Movements Muscle Groups

Extensor Flexor

1. Rectus femoris Sartorius

Vastus lateralis Gracilis

Vastus intermedius Biceps femoris
Vastus medialis Semimembranosus
Semitendinosus
Plantaris

Popliteus
Gastrocnemius

L

Flexion g 4,
w3 \_, &

Extension
(0°-15°)

PN >PNE

f\A Lateral Rotator Medial Rotator
cdt { 1. Biceps femoris Gracilis
! Knee Medial Sartorius
{5, Rotation (10°) Semimembranosus
Semitendinosus
Popliteus

i whe

Knee Lateral
Rotation (10°)

3. KINEMATICS OF THE KNEE JOINT

To understand the mechanics of the knee joint, the sitting posture is considered, as shown in Figure 3, where the
torso and thigh are in a resting position, while the distal part of the lower limb (the shin and foot) moves freely along
the rotational axis of the knee joint. The parameters presented in equation (1) are used to calculate the quadriceps
force (hip joint) (For) [9-14]. Equation (2) represents the force required in the quadriceps muscles to maintain the
knee at an angle 0, [15].
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Mass of Shank (=~ X% = 4.7% of BW) = Mgy 1
Mass of foot (z Y% = 1.5%of BW) = Mpor
Length of Shank (~ B% = 24.7% of BH) = Ly
Length of CoM of Shank (z A, % = 43.3%of lsnk) = l.om

Height of Foot or Ankle (~ B;% = 4.2% of BH) = g, " M
Height of Foot CoM (= A% = 50% of foot) = lmem
Moment arm of Quadriceps Femoris (0.04m) = lyp
Angle of Patelar Tendon (PT)(15°) = Opr J
oy = (msnk.g. Leomgyy,- COS 91) + (m'foot.g. (lsnk + lCOMfoot) .COoS 91) 2
lor sin Opy

The calculation of the internal torque (Min)) of the shin section is shown in equation (3) [15], and Figure 4
illustrates the internal torque of the shin section.

Mintleg = (msnk. lCoMsnk) + (mfoot . (lsnk + lCOMfog[)) (3)

The components of the reaction force in the x and y directions (Jg), ( Jrx JFy) are shown in Figure 5. Equations
(4) and (5) represent the reaction force at the knee joint while the foot is held at an angle of 61 [15]. Using
trigonometric relationships, the direction of the reaction force (6,) can also be calculated, as shown in equation (6)
[15].

Jrx = (FQF .cos QPT) + (Mgpi. g.sin6;) + (Mgyor. g-sin 6;) 4

Jry = (FQF .sin GPT) + (msnk- g.Cos 91) + (mfoot-g- cos 91) )

8, = cos™* (]F—X> (6)
JF

The necessary parameters for calculating the torque generated at the knee joint for a given angle are shown in
Figure 6. Equations (7), (8), and (9) demonstrate how to calculate the mass and center of mass (COM) positions for
the shin, foot, and entire lower limb based on reference data [9-12]. Here, mgpy , Mgoot refer to the mass of the shin
and the entire foot, respectively. Additionally, the lengths of the shin, the center of mass of the shin, and the center
of mass of the foot are represented by «lsny Leomy,,;, and leom Foot? respectively.

X
Menie = X% of BW = (1050).BW 7
Y
Moot = Yf% Of BW = (E)BW
B;
louk = Bs% of BH = 100).31‘1
. . Aq. Bs (®)
lCOMsnk = A;% of B;% of BH = <1000>.BH
As. B
lCOMfuot = A% of Bs% of BH = <1000).BH
Mieg = (msnk + mfoot)
)

(msnk. lCUMsnk) + (mfoot : (lsnk + lCOMfoot))

mleg

lcoMleg =
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Fig. 3. Parameters required for calculating the quadriceps force (FQF)

J.[,',,, leg

Fig. S. Calculation of the reaction force (jr) in the knee joint.
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Fig. 6. Modeling of the knee joint for calculating the generated torque in the knee joint.

The mass of the leg and the length of the center of mass of the leg are denoted by m;,; and lCOMleg , respectively.

The final equation for calculating the torque in the knee joint is presented in equation (10). In this equation, Ty,ee
represents the required torque to hold the leg, and F,, Mieg is the force applied at the center of mass of the leg at angle

01.

Thnee = coMleg-lcoMleg-Cos 6, = mleg.g.lcoMleg.Cos 6, =9.8. (msnk.lcoMsnk) +

10y
(mfoot- (lsnk + lCOMfuot)) .Cos 6,

4. 3D CONCEPTUAL DESIGN OF THE KNEE REHABILITATION ROBOT SYSTEM

Figure 8 shows the 3D conceptual design of the knee rehabilitation robot system. The goal of this design is to
develop a robotic arm with one degree of freedom (1-DoF) for controlled, repetitive exercises aimed at improving
the range of motion of the knee joint. The prototype system consists of a seating platform where the human torso
rests, while the robotic arm moves the distal part of the lower limb to ensure the knee joint’s range of motion. Since
the design focuses solely on the movement of one leg (the right leg), the robotic arm and its associated mechanical
setup are fixed on the right side of the seating platform. For the design and testing of the system, knee flexion up to
90 degrees (the vertical position of the distal part of the leg in a seated state) is considered as the starting point (0
degrees) for range of motion exercises, extending up to 25 degrees of extension. The mechanical components of the
system include: a DC motor model SPG S8D40-24A S8KA10B1, a high-precision potentiometer (model M249),
pulleys, pulley belts, primary shaft, secondary shaft, a torque sensor (model KMS-40), a rotary encoder, a
mechanical arm, and a lower leg holder.
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Fig. 7. 3D conceptual design of the proposed prototype for rehabilitation.
5. DYNAMIC MODELING OF THE SYSTEM ACTUATOR

The dynamic model of the knee joint can be combined with a mass-spring-damper system, as shown in Figure
8. The impedance parameters of the human knee joint are considered as the inertia matrix (Ix), the Coriolis and
centrifugal force vector (C), the damping coefficient matrix (B), the knee stiffness matrix (K), and the gravitational
vector applied to the lower leg piece (G). The natural dynamics of the lower leg piece are presented in equation (11),
which can be simplified by considering (B + C) = Bk and (K + G) = Kk, as shown in equation (12).

=16+ (C+B)o+ (K+G6)o (11)

Bkg + KKQ = Tk — Ikg (12)

In this equation, 8 and Tk represent the knee joint angle and the torque vector, respectively, with Ix considered
as a constant. The matrix form of equation (12) for different states (si, s2, ..., Sn) can be modeled as shown in equation

(13), where 051, Os, ... , Osnand bsi, bsy, ... , bsn are the angular displacements and residual forms in different states.
951 951 bSl bSl = Tksl - Ik51951
952 052 B;é:l — bSl Here bSZ = Tksz - Iksz 952 (13)
i1 [LKg f :
Osn  Osn bsy bsp = Tk, — IRSnéSTl

Equation (13) can be generally expressed as AX* = b, where the angular state vector, impedance vector, and
residual vector are represented by A, X*, and b, respectively. Now, the Least Squares Estimation (LSE) method, as
shown in equation (14), can be used to estimate the impedance parameters. The necessary formulation for estimating
the impedance parameters for two states (state 1 and state 2) is provided in equation (15).

ATAX* = ATh d4)
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de (1)
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do (1)
d(

Fig. 8. Conceptual dynamic model of the torsional mass-spring-damper knee joint model
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Fig. 9. Electromechanical actuator system diagram

For modeling the dynamic behavior of the actuator system, the electromechanical actuator conceptual diagram
is shown in Figure 9. The applied voltage (v(t)) generates the current (i(t)) (denoted by y(t) in equation (16) due to
typographical issues) that passes through the motor coil and produces the rotor torque (7m), which is proportional to
its magnitude. I is the effective inertia of the armature. The back electromotive force (EMF) (Ex(t)) is produced
due to the angular deviation (6(t)) of the armature. EMF is proportional to the angular speed (& (t)) of the rotor. The
input-output ratio of the actuator gearbox is Nm : NL = 1 : 10, with frictional force neglected. Based on these
electromechanical model characteristics, two fundamental equations for the electrical circuit dynamics and
mechanical dynamics, as shown in equation (16), can be determined, where the frictional torque (7fm) is neglected.

LY (@®) + Kp 00 () + Ry () = v (1)

(D) + B + 32 (1) = K,y (© 1o
l
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Here, Rm Lm Kbpm and Kwm represent the electrical components such as resistance, inductance, back

electromotive force (EMF), and the torque constant of the actuator. The mechanical constants of the equation include
the armature inertia (Im), viscous friction (Bm), and the external load (t1).

6. RESULTS

This section presents the results for athletes of different heights and weights. Based on the mathematical
modeling of the human foot and knee joint, simulations were performed using MatLab to observe the force and
torque behavior at various angles of knee joint extension. The seated position was considered for this study. The

results are shown in Table 2.

Table 2. Force and Torque values at 25 degrees knee joint angle for different weights and heights

Weight (kg)
Heights #e 70 v 7 A AD Q. a6 Yoo
R Ye.aY Ya.f fY.2A fo.4% fa.rf av.ay ao.A 8a.+A £Y.XP
g M ~YOVYY < AYeVO «~8-fY RAAZA] V.eB+AR 1AYFYY 1.04vE8 1.YVYY \.YFEFY
T v.2\Y AYYY q..YY AYYA V. FYY N.fo8 N.AFPY Y.ovY WY.YAY
R Ya..¥ YA f1.va ff.OV fV.vo 8eAY of.\ av.ya 4844
> M «YM ~AOFY +AYYY ARV 1.eAYA 1.004F AR AR AR REY \LYASY
T Y.AYa4 AOM .YN0 Voo FYF 1. YYYY N.4+F) IV.YYf4 IV.A20A \y.asges
R yy.as YV.ed fe Y fr.n fr.¥ fa.vYA oYYV 80.00 OAYF
g M s A OF «AAYF +4210 \.e¥a0 \BM\44 AR \YvYs AR A \.fYay
T A.-q0Y AATAA .7+Y0 V.Y OPY 11.)-44 N.APYS .2 VY Y.yvy. 1FAYFY
R Yy.af Ya.Aay YA.AY 1.4 ff.Aa fv.AQ 8. AN OY.AY N4
=z M CAYes “AN- +.4310 1oVY- 18Y0 LYY LPIYF IREUL) 1LEVEF
T AYTAY A.\Y0F q.4-Y# )+.£Y¥44 N.fovy IY.YYFF Aealld 1Y.YAA 44
R Yiaf YF.AY Yv.vf fe0v fY.0v fr.F¥ fa.ry oY.Yy [ARTN
g M ~Aosy «Ayay oYYV VN8 VIAAY 1.YVIA 1L.YOFA 1.FYVA 1.07-A
T A7) .58 1+.¥9 7Y Ny N.MOY \Balad IW.HIAY 1F.714A V8.7V
R Y.Aay YY.YA Ys. Ya.fy fY.YY fo.-¥ fV.AD be.20 av.fy
bt M «AAYD +474) ). OFY )Nf.Y 1.YY64 AR RLIA 1.¥avy \.FAYY 1.7 AY
T AAYAY .V-fY V. 0YYY Nn.yava WWAAFS 1Y) 1Y.AYY \\fid4al 10.F4+A

7. CONCLUSION

This paper presents the development of a robotic rehabilitation system for knee joint range of motion exercises.
The system is an experimental prototype with one degree of freedom (1-DoF), designed exclusively for right knee
range of motion exercises. In this study, a seated position was considered, where the torso and thigh are at rest. The
control mechanism was designed and simulated through state-space modeling, and the parallel control architecture
of three compensators reflects the impedance estimation of the knee joint and torque feedback. The proposed
mechanism considers human leg inertia as an independent input, determined based on the body's index parameters,
and is used in the knee joint impedance estimation. The system responses ensure that the prototype can be used for
practical experiments with human patients. Although the prototype has some limitations, such as restricting the
range of motion to 25 degrees and being designed only for right knee exercises, the system demonstrates its potential
for practical trials. Further modifications and improvements to the system could support its practical application and
allow it to be used as a portable therapeutic device for home use.
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