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Abstract: Medial unloader braces represent a primary noninvasive approach for alleviating knee pain.
However, conventional valgus unloader braces, while reducing load on the medial compartment,
inadvertently increase load on the lateral compartment through rotation from adduction to abduction.
This phenomenon significantly elevates the risk of damage to the lateral compartment. To address
this issue, we introduce a novel embedded actuation mechanism that unloads the knee using a
pioneering computational procedure. By considering the knee osteoarthritis condition, we propose
the calculation of the adduction knee angle and cartilage penetration depth as surrogate parameters
for assessing knee pain. Accordingly, the newly developed unloader brace redistributes the load by
precisely correcting the abduction angle. Additionally, we determine the maximum required torque
for effectively tracking the desired abduction angle. Then, the saturated torque through the robust
control method is applied in the presence of interaction force uncertainty between the orthosis and
the user. A very small femur rotation change (1.7°) from adduction to abduction in the frontal plane is
adequate to significantly reduce the medial contact force (around 886 N). The required robust external
abduction torque is determined to be 27.6 Nm. The result shows that the novel procedure and brace
prevent excessive overloading of the lateral compartment while it unloads the medial compartment
sufficiently. This innovative approach offers significant potential for optimizing unloader brace
design and enhancing the management of knee osteoarthritis.

Keywords: unloader mechanism; actuation; contact model; knee dynamics; robust control

1. Introduction

Osteoarthritis (OA) is the most prevalent disorder affecting the tibiofemoral joint,
leading to the narrowing of the joint space [1]. Medial compartment OA accounts for
the majority of OA cases [2]. It is essential to reduce knee load based on biomechanical
and clinical considerations [3]. Various noninvasive techniques, including valgus braces,
canes or shoe soles, and gait modifications, have been employed to mitigate medial contact
force (MCF) [4,5]. The role of the lower limb is crucial in delaying the progression of knee
osteoarthritis (KOA) [6,7]. Mechanical factors such as contact point, range of motion, and
contact force represent key parameters that require evaluation [8].

Knee bracing may reduce pain and disease progression, thereby postponing the need
for joint replacement [9] by unloading the internal knee contact forces (CF) in the affected
area via applying external loads and moments [10]. There are three primary mechanisms
through which a knee brace might unload the medial condyle: direct application of an
external brace abduction moment, altered gait dynamics, or modified muscle activation [11].
As a noninvasive treatment of KOA, the predominant focus is on the reduction of the
external knee adduction moment (KAM) [9-13]. KAM is often considered a surrogate
measure of the medial CF [14-16].
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Walter et al. observed that simply reducing knee adduction moment (KAM) in vivo
may not necessarily lead to a reduction in the internal loads on the medial compart-
ment [15]. Furthermore, the presence of medial thrust gait inhibits the increase of KAM by
elevating the knee flexion moment (KFM) [15], and KFM has a significant impact on the
initial peak of contact force (CF) [16]. Consequently, exoskeletons have been developed to
actively [17-19] or passively [20,21] provide knee flexion moment (KFM) to alleviate CF.
Therefore, simultaneous attention to KFM and KAM is essential in supporting
arthritic knees.

Offloader knee braces alter knee orientation in the frontal plane by exerting force
through adjustable straps [22]. However, active provision of KAM is lacking in such braces.
The Levitation brace (Springloaded Technology, Halifax, NS, Canada) additionally unloads
the medial compartment through a three-point offloader mechanism [23]. However, this
unloading can result in the overloading of the lateral compartment [24]. A subsequent
experimental study [25] concludes that a higher valgus alignment angle increases the risk
of damage to the lateral compartment. Interestingly, this phenomenon is disregarded in
another study [26]. Therefore, it is imperative to introduce an active unloader knee brace
integrated with a robotic control system to modulate the knee adduction angle (KAA).

To the best of our knowledge, the control of knee adduction angle and forward
dynamic simulation in the frontal plane were not attempted to distribute joint reaction
force between the medial and lateral condyle.

Specifically, no study has investigated the robust abduction torque required due to
the uncertainty of the interaction force between the orthosis and the user. Our proposed
innovative computational procedure calculates the desired adduction angle and streamlines
the protecting process of the KOA with the unloader brace. In summary, the contributions
of this paper can be outlined as follows, in a stepwise manner:

e  Step 1: We present an efficient unloading strategy based on penetration depth reduc-
tion to avoid lateral compartment overloading along with adequate medial compart-
ment unloading.

e Step 2: We calculate robust abduction torque to alter the adduction angle in the
presence of interaction force uncertainty between the orthosis and the user.

e  Step 3: We design the embedded actuator hinge for the knee brace to control the
adduction angle.

e  Step 4: The nonlinear position controller design according to a robust inverse dynamic
method adjusts the abduction torque to track the desired adduction angle.

The subsequent sections of the work are organized as follows: Section 2 covers the
related work, hypothesis, problem statement, knee joint model, and dynamic and control
modeling. Section 3 presents the results and simulation outcomes. Section 4 provides a
detailed discussion, and Section 5 concludes the paper.

2. Materials and Methods
2.1. Related Work

This section includes the most relevant studies and highlights their main findings and
contributions, as well as any gaps that the current study aims to fill. Therefore, paying
attention to the studies on (1) brace design and control and (2) knee modeling is critical.
One major gap in the existing literature lies in addressing the interconnection between
these objectives. The relationship between topics (1) and (2) will enhance the effectiveness
of braces in supporting arthritic knees.

In the context of brace design and control, previous studies focus on applying active
torque only during the stance phase in the frontal plane, aligning with the concept of active
unloading [27]. Additionally, in the area of knee modeling, the studies aim to quantitatively
assess the impact of the applied brace abduction moment, gait dynamics, and muscle
activation [25,28]. These endeavors contribute to filling the existing gaps and improving
the performance of knee braces in the management of arthritic knees.
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The studies [28,29] concluded that reducing medial knee loads is not simply achieved
by applying an external brace moment, but also by inducing changes in both gait dynamics
such as abduction angle [29] and neuromuscular control [28]. Regarding the influence of
braces, studies [25,28] present the reduction of medial loads during gait, using a detailed
musculoskeletal model with a knee multibody model [28], and experimentally measuring
forces and moments with a three-dimensional finite element model [25]. The limitations
identified in [28] include the lack of accuracy in knee modeling and the neglect of viscoelas-
tic behavior and cartilage penetration depth. In [25], although the model demonstrates high
accuracy, the computational time of finite element methods becomes a barrier to timely
performance and real-time knee behavior correction by the brace control processes. Figure 1
illustrates various types of exoskeletons and knee braces that were designed to control
the knee joint. The effectiveness of unloader knee braces is evident based on previous
research studies. However, the discussion on their limitations is still ongoing. Since it
is currently not easy to directly measure in vivo loads in a native knee, the relationship
between abduction torque, adduction angle, and contact loads is not well established.
Therefore, our research aims to focus on precisely understanding and quantifying this link
through a computational approach. In addition to the mentioned limitations, previous
studies such as [25,28] have focused on investigating the individual contributions of these
factors without specifically calculating the required torque to achieve the desired abduction
angle, which is crucial for effectively distributing the joint reaction force.

ADJUSTABLE
SPRING
ASSSISTANCE

EMBEDDED
SPRING
TECHNOLOGY

(b) (©) (d)

Figure 1. Unloader devices for knee CF reduction. (a) Loadbearing exoskeleton with muscle-bone
model of the lower limb for gaiting [6] https://www.mdpi.com/2076-0825/11/10/285. (b) The
Spring Loaded knee brace is an innovative type of offloading knee brace https://www.springloaded.
com/knee-braces/top-five-offloader-knee-braces/. (c) Adaptive synergetic motion control [18]
https:/ /www.mdpi.com/2076-0825/11/7/176. (d) Donjoy knee brace for people suffering from
anterior knee pain https://www.medicalexpo.com/prod/donjoy/product-96003-603081.html.

When a patient utilizes an orthosis, it is essential to employ an appropriate knee
model [30,31] to accurately control the mechanical parameters of the knee. While there
have been recent studies on the control and forward dynamic simulation of muscu-
loskeletal models in combination with exoskeletons [32-34], the focus on motion control
has been limited [32], and the consideration of the knee in the frontal plane has been
overlooked [33,34]. Furthermore, while studies [32-34] have considered the interaction
force between the orthosis and the user, they have not accounted for the uncertainty
associated with this force. This is a limitation in terms of the third objective of the
present study.

2.2. Hypothesis

The hypothesis is that the proposed embedded actuation mechanism and compu-
tational procedure in the design of the unloader brace can effectively address the issues
of medial compartment overload and lateral compartment damage in knee osteoarthritis
(KOA). The hypothesis is based on the following key points:
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e  Medial unloader braces, although commonly used for KOA, can lead to lateral over-
loading due to neglecting the phenomenon of unwarranted rotation from adduction
to abduction.

e  The new embedded actuation mechanism in the proposed unloader brace aims to
correct the knee adduction angle (KAA) actively, thereby addressing the issue of lateral
compartment overload.

e  The computational procedure used in the design of the brace takes into account
factors such as cartilage penetration depth, contact force, and contact point, which are
surrogate parameters for determining pain and damage in KOA.

e  Through simulation and analysis, it is hypothesized that by controlling the KAA
and applying external abduction torque, the proposed unloader brace can effectively
reduce medial compartment load and prevent excessive lateral compartment loading.

2.3. Problem Statement

The medial and lateral distribution of joint reaction force is calculated by applying force
and moment equilibrium in the frontal plane [35]. The contact point is crucial in assessing
the medial and lateral compartment moment arm [30] to distribute the joint reaction force.
The peak net knee adduction moment progressively decreased with increasing valgus
alignment of the knee brace [36]. In addition, we know that the partitioning of knee joint
internal forces in gait is dictated by the knee adduction angle and not by the knee adduction
moment [29].

This study revealed that controlling the designed actuation had a significant impact
on the knee joint, indicating the need for careful consideration of the brace’s design. Ana-
lyzing the biomechanics of gait [37], contact deformation is instrumental in understanding
joint degeneration and function in vivo cartilage studies [38] such as cartilage indentation
presented during the gait cycle [39]. Preventing bone-bone contact, the desired cartilage
penetration depth is determined in sagittal plane when a healthy subject (75.16 kg, 1.8 m
tall) walks at 1.0 m/s.

In this study, our proposed relation calculates the desired knee adduction angle. The
robust abduction torque assists the knee to track the desired abduction-adduction angle in
the presence of interaction force uncertainty for the first time. Moreover, to achieve the goal,
the double hinge is designed to create the degree of freedom (DOF) in the direction. The
following sections clarify how the novel knee brace design assists us with knee unloading.
Then the knee motion is controlled in frontal plane similar to our previous research [40]
(with a more detailed description and further design details).

Figure 2 presents our brace featuring a double hinge design aimed at correcting the
knee adduction angle (KAA). To facilitate KAA control, we incorporated an actuation
mechanism into the brace, allowing for the application of dynamic abduction torque. In
contrast, the levitation brace [23] utilizes a three-point mechanism offloader. Traditional
braces as shown in Figure 1, do not offer adjustable abduction torque. However, our novel
brace actively controls KAA by providing variable abduction torque, thereby enhancing
the reliability of the medial compartment unloading system and mitigating the risk of
lateral overloading.

The proposed design not only incorporates features found in the levitation brace,
such as support for the center of rotation (COR), knee flexion moment (KFM) via the
levitation flexion hinge, and joint reaction force through a liquid compression spring but
also introduces a dynamic abduction torque component. This dynamic torque is specifically
applied to correct the knee adduction angle (KAA). Unlike previous studies [23,41] that
resulted in undesired overloading of the lateral compartment, our novel computational
procedure takes into account the KAA, medial contact force (MCF), and lateral compartment
overloading to determine the desired KAA and the necessary external robust abduction
torque. As a result, this approach enhances the safety of the interaction.
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Figure 2. Schematic of designed brace with embedded KAA control mechanism hinge compared
with traditional braces.

In this proof-of-concept study, knee geometry is defined using MR images from
MIMICS software (Materialise Group, Leuven, Belgium). The knee geometry and the
designed brace are integrated using SolidWorks 2016 software (Dassault Systemes, Vélizy-
Villacoublay, France). The motion study feature is employed to verify the dimensions
and functionality of the brace. Inspired by a previous study [42] that introduced a double
hinge mechanism to correct valgus alignment angles, our present study incorporates an
embedded actuation double hinge between the lower and upper cuff to actively mod-
ify the KAA. This actuation control allows for logical load distribution and prevents
lateral overload.

The primary design concept revolves around the implementation of the double-hinge
actuation mechanism for correcting the KAA [42]. During walking, the knee typically
exhibits up to 4 degrees of adduction and 4 degrees of abduction [43]. By incorporating
the double-hinge mechanism, our design can effectively address this degree of freedom in
the frontal plane of the knee, while previous braces [23] typically lack this capability. The
double-hinge mechanism and a driven rotary motor are integrated into the brace to control
the KAA effectively. One of the most requisite processes in KOA bracing is the relation
between mechanical parameters, particularly KAA and CF. Noticeably, it is very crucial that
the unloading of the medial compartment is correlated with lateral overload. Therefore,
characterizing the parameters contributing to the medial contact force can potentially help
find more effective therapeutic interventions to slow down progression.

2.4. Knee Joint Model

We incorporate the measurement of cartilage penetration depth, denoted as 6 = n’d, as
a means to establish a relationship between the unloading of the medial compartment and
the potential overloading of the lateral compartment. This correlation allows us to assess
the impact of medial compartment unloading on the loading conditions experienced by the
lateral compartment. As shown in Figures 3 and 4, it is necessary to make a relation between
lateral 5, medial 6, and KAA. Therefore, the equation of motion according to the Multibody
system dynamic attitude is used to achieve the knee mechanical parameters. This is the
first study that presents the equation which states the correlation of KAA, MCF, and LCF
with & shown in Figure 4 to calculate MCF and LCF, according to our previous research [39].



Actuators 2023, 12, 256 6 of 22

Due to calculating optimal KAA, parameters § and MCF are required. Therefore, MCF
calculation is performed through modeling in the sagittal plane, as shown in Figure 3. The
distance vector d connects two points of potential contact p’, p as d = r,y — 1. In the global
coordinate system, considering the inertial reference frame, we have

Tpr =Ty + Akr;,, (1)

where Ay is the rotation matrix and the r;, is a vector in the local coordinate system. Further-
more, p is the point of maximum penetration depth in collision geometrical conditions [39].

X
(a) (b)

Figure 3. Knee model in sagittal plane with a schematic of two bodies in different states: (a) contact

state; (b) separation state.

Medial separation
distance (8¢y)

Lateral Contact

FE force

Separation angle (63)

Figure 4. Separation angle (6:7) relation with medial separation distance.

Then, 6 on p, is used in our proposed model based on the concept of viscoelastic
two-layer collision modeling, which can be recast as follows [39]:

K1" + Be(5)5 if 6 <hg

Fry = . 2
™ {th';l +Ko(6 — hs,)" +Be(6)8  if 6> hg, @
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where K is the general stiffnesses and B.(J), K, and K, are the general stiffnesses of
the first (cartilage) and second layers (bone). The cartilage thickness in KOA, ks, , is the
critical penetration depth. Moreover, Equation (2) can be used in both medial and lateral
tibiofemoral joints.

Our objective is to decrease the depth of medial penetration by adjusting the knee ad-
duction angle. However, it is important to note that reducing the medial penetration depth
can lead to an increase in lateral penetration depth. Therefore, it becomes crucial to accu-
rately calculate the required magnitude of change in the knee adduction angle. To establish
this relationship between medial penetration depth, lateral penetration depth, and the knee
adduction angle (KAA), we present Figure 4, which provides a visual representation of
these connections.

In this context, the medial separation distance is defined as the variance between the
normal penetration depth and the desired penetration depth. This separation distance is
closely linked to the separation angle determined by the medial contact force arm, which is
calculated based on the medial contact point and the reference point of the knee. Similarly,
the lateral separation distance is dependent on the medial separation distance. The lateral
contact force arm is determined by the lateral contact point and the reference point of
the knee.

dcm

The separation angle 85 = —= and separation distance dcprpa = dcrtra are in-
MA

troduced in Figure 4, where 63 is the separation angle, 714, 714 represent the magnitude

of medial and lateral arm (MA and LA) of CF, and écp, dcr. are the magnitude of the
separation distance. They can be advised by orthotists but are reported computationally
by our method [39]. These variables could be determined according to cartilage thickness
and applied as inputs to calculate the separation angle in the present study. Additionally,
Figure 4 shows the medial and lateral arm. It should be noted that rp14, 71 4 are related to a
subject from the contact point trajectory models over the tibial plateau [30].

Dynamic loading within human musculoskeletal forces in the gait cycle can benefit the
joint unloading treatment process. The inverse dynamic model implemented in OpenSim
software was utilized to analyze the joint forces and moments during various movements.
This model allowed for a detailed assessment of the biomechanical parameters and pro-
vided valuable insights into the load distribution and muscle activations within the knee
joint. Additionally, inverse dynamics simulation in OpenSim (V.3.3, SimTK) could provide
a comprehensive dynamic model as depicted in Figure 5. The Newton—Euler equations of
motion for an unconstrained spatial rigid body are written as [44], subjected to the sum of
all the externally applied forces and moments, }_ f and ), respectively.

OPENSIM - Model
Joint Reaction
Force and Moment
Segment Orientations
and Positions

Orthosis Control
Uncertainty F1& Fs
Robust control of KAA

Required Torque

Figure 5. Workflow of the computational procedure including principle elements. The blue femur

Anterior — Posterior
Translation

Schematic of knee brace application and Control

d(t) =F, X1 +F; X3

Medial — Lateral 1
TI‘HIIS[HI’(DH/‘ Driving Section
v

Motor and Encoder
Xeu | =~z - 7
-
o™ '

Apdu©

paduet™ B

rotates in knee flexion—extension direction and the red one rotates in KAA direction.
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We sought to determine the unloading force extracted from a control method to control
the reference point motion in # direction (axial direction shown in Figure 5). It avoids the
knee from the critical threshold of tibia—femur cartilage penetration depth. The authors
prove that by controlling the proposed knee model in the sagittal plane [39], a force could be
applied at the reference point of the femur. The results of controlling cartilage penetration
depth in the sagittal plane are the input data to calculate the optimal KAA. Therefore, we
do not explain the control of cartilage penetration with a more detailed description in the
present study and it can be studied in [39].

In the knee sagittal plane model, a forward dynamics modeling was presented for
the femur to freely translate and rotate with three DOFs, resulting in a dynamics system.
However, two degrees of freedom of the system were constrained as the flexion-extension
angle and anterior—posterior translation shown in Figure 5. The inputs of the knee model
in [39] were anterior—posterior translation, flexion—extension angle 6, net joint reaction
force fruee, and the moment ny,,... All externally applied moments of force on the knee
were derived by OpenSim analysis. Moreover, the essential output was 9, assisting us in
controlling the adduction angle (6;).

Figure 5 also shows the driving section including the rotary actuator in the workflow
of the study. The angle is controlled to avoid the critical threshold of 5 and ks, as the
cartilage thickness in KOA [39]. The joint reaction force (f;;,) and hip moment (1;,) were
derived by OpenSim analysis to construct the knee model in the frontal plane. The desired
penetration depth and KAA are extracted from the novel knee contact model to derive the
inputs of the novel knee contact model. Then, the robust control method is designed to
track the desired KAA in the presence of interaction force uncertainty between the orthosis
and the user.

2.5. Dynamic and Control Modeling

The amount of knee brace adduction torque applied to the knee is variable because of
interaction force changes. Hence, position control is designed to control the relationship
between the desired and actual KAA shown in Figure 5. We believe that KAA control is
required for KOA unloading. Therefore, the brace applies external torque (Tpy,c.) by interac-
tion force to distribute the joint reaction force between the medial and lateral compartments.
The equation of motion of knee adduction angle can be written as [33,44,45]:

lewg + (Iy — I)wywg
=F xr1+F X3+ Epeg X 1314 + Fige X 114 + Minusc (©)]
+ fhip X Thip + Mhip = Nkpee + F1 X 11+ F3 X 13

where Iz, I, and I; are the principal moments of inertia, and wg, wy, and w; and c'ué,
wy, and wy are the angular velocity and acceleration of the center of mass, respectively.
Furthermore, M,;;;5c is the moment of muscles, 1y,,.. is the knee moment in KAA direction,
and rp14, rp 4 represent the magnitude of medial and lateral arm contact force (Feq, Fiat)-
The dynamic model variables are estimated and calculated by OpenSim inverse dynamic
analysis. The novel brace applies torque Ty, which can be used to control the angular
displacement in the frontal plane. The interaction force moment (F; x r1 4+ F3 X r3) applied
on the knee by the brace can be corrected to control the desired angle of adduction angle
tracking. As the brace’s upper cuff is linked to the femur, the upper cuff angle in the
adduction direction can distribute the knee loading. The equation of motion of the upper
cuff of the brace according to the adduction angle can be written as follows:

Ih,:wé + (Ib,] - Ibg)wﬂwg =F Xr+FXxr; 4)
where Ibg/ Ihﬂ, and Ibg are the principal moments of inertia and wg, wy, and w; and wg, d),7,

and wy are the angular velocity and acceleration of the center of mass of the upper cuff,
respectively. They are calculated by OpenSim inverse kinematic analysis.
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The uncertainty of interaction force is unavoidable; however, we assume that the
interaction force is controllable in this section. To demonstrate the effectiveness of the
proposed control design strategy, it would indeed be beneficial to expand the simulation by
considering different scenarios that encompass a diverse range of users, including males
and females, as well as different age groups. While using customized data for each case
would be ideal, in this study, we used general data reported in certain studies to establish
bounded uncertainties for all relevant parameters.

The active control torque Ty, applied to the femur is set by the interaction force
of the pneumatic mechanism. It means that interaction forces are defined by the control
method, and it can be recast as follows:

Toracee =F1 X111+ EBxr3=T,;+ Ty (5)

where T, is the term for canceling the nonlinearities, and T, is the term for imposing
desired linear dynamics, and it can be written as follows:

T = (I — I ) wyeog, ©)

Ty = —kaoé — kpoe + Ly, @)
where e = 6 — 6, is the error vector and e and e are the error of position and velocity of
adduction angle. To make the & control system stable, the gains kg9 and k¢ need to be

chosen to satisfy the desired tracking problem properly. The desired KAA (9?65), velocity

. - des . .
w4, and acceleration we ~ are determined to preserve the motion curves to generate

healthy knee motion. We assume the Gg"’s as follows:

Poad
d OAYH
05 = 6 — i ®)

where Pp 4 is the coefficient that reflects the damage percentage and 0y penetration depth
of cartilage in healthy cases. Therefore, the linearized and decoupled error equation is
as follows:

Ie + kgpe + kpge = 0 )

Three-point pressure braces change the external adduction moment to reduce the
pressure of the medial compartment. Inspired by the design with variable torque as a
function of the walking process in [27], Figure 6 presents this amount of torque based on
the measurements. It is a sample demonstration of a changeable orthosis moment over
the gait cycle. The gray space in Figure 6 represents the overestimation of the orthosis
moment when the tightening force is not deducted. Pollo et al. [26] reported a range of
5.9-11 (Nm) for the orthosis torque in the adduction direction, depending on the orthosis
setting. According to the proposed actuator control method, the amount of torque is
variable. Even with an accurate measurement, a range must be considered for this torque
during the gait.

Robust nonlinear control techniques have demonstrated their effectiveness in solv-
ing various practical control problems. To increase the realism, we consider a bounded
uncertainty and aim to accurately track the optimal adduction angle. The actuator control
procedure involves applying external abduction torque to achieve the desired adduction
angle. Therefore, considering system uncertainty d(t) as the interactive force between the
user and device [46,47] (as shown in Figure 6), the d(t) is used to recast Equation (4):

Ibffw@’ + (11“7 - Ib@) Wywg = d(t) + Thrace (10)
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Figure 6. Variable orthosis moment over the gait cycle. Red line is orthosis moment without
subtracting the tightening force measured during orthosis inactivation (static knee flexion). Black line
indicates the deducted tightening force.

In the present problem, the d(t) is defined as follows:
A(t) =F xr+F xr3 (11)

It might be hard to express the exact torque value of the interaction force, but its range
is available. Therefore, we write the nominal model of the system as follows:

Ibéw‘: + (Ibrl - Ibé)wi’lw(, = Tprace (12)

To define the controller:

. --des
Typrace = —kaoe — kpoe + 10,44 g4q + (Ibq - Ibg)wnwg (13)

Now we recast the proposed control law using the robust control method:

. ..des
Torace = —kaoe — kpge + 10,p4_gaq + (Iby — Ibg)wywy — v (14)

According to Equation (14), the Ty, includes T,;; which is the term for canceling the
nonlinearities via compensating ucertanities, and T is the term for imposing desired linear
dynamics. T,; and T, can be written as follows:

Tnl = (Ibv - Ibg)wﬂwg -V (15)

. ..des
Ty = —kage — kpge + 10,p4_aqa (16)

The compensation torque v is designed to eliminate the influence of system uncertainty

d(t) as the interactive force between the user and the device. Therefore, the error could be
formulated as follows:

Ié-f—krdgé-f—krpge =d(t)—v (17)

From Equations (14) and (15), we know that if d(t) —v — 0 and kg9, k9 are ap-
propriately selected, then e — 0 (in the ideal state). In order to eliminate the influence
of system uncertainty and disturbance, compensation torques v€R should be designed
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to ensure d(t) —v — 0 as the time goes to infinity. In the state space form, these linear
dynamics can be represented as

-1, LB e

X = AX + bw
w=d(t)—v

(18)

According to Lyapunov’s theory for robust control (Appendix A), we have [47]

] [HT’”M]T ) )

i

where p is the scalar bound on the uncertainty d(t), we choose Q > 0, and let P > 0 be the
unique symmetric positive definite matrix satisfying the Lyapunov equation. Figure 7
shows the block diagram of the actuator control. Accordingly, Equation (18) describes
a robust inverse dynamic method that adjusts the abduction torque to track the desired
adduction angle. The Lyapunov stability of nonlinear control systems is explained in
Appendix A. Robust nonlinear control techniques are demonstrated generally in a block
diagram, and we consider a bounded uncertainty named d(¢) in Equation (17). T;;; and T,
are depicted by Equations (15) and (16), whereas the motion equation in the frontal plane is
shown by Equation (10).

Contact point

|

des
Habd—add

(6i= ‘YC_M) | | Frontal knee e(t)| Linear controller |T, + —~ U Frontal knee Baba-aaa
§ TMa equation (Eq. 8) + (Eqg. 16) model (Eq. 10)
Feedback Linearization
T (Eq. 15)
Frontal plnae

Figure 7. The block diagram of the actuator control.

3. Results

The simulation is based on a previous study with 75% KOA [8]. The amount of
control torque on the knee changes when the brace is adjusted through our simulation.
The results of this study pertain to knee osteoarthritis, and our proposed unloader brace
effectively adjusts the abduction angle using an embedded mechanism. The brace ap-
plies an appropriate unloader force, taking into account the contact point and cartilage
penetration depth.

With regard to the simulation parameters, the femur mass is assumed to be 3 kg and
refers to a subject 1.8 m in height and 76 kg in weight [8]. Critical cartilage penetration
depth ks, for a knee engaged with 75% KOA is assumed to be 0.5 mm. Unwarranted
variations in adduction angle may lead to an overloading of the lateral compartment [24].
Therefore, we used the proposed computational method for three defined cases compatible
with Figure 8. Three simulations are presented with different parameters in order to provide
a more detailed and comprehensive analysis of the modeling and computational methods.
The main parameters for unloading procedure during gait cycle are reported for each cases.
For instance, peaks of separation angle are 0.4, 1.7, and 2.2 in the simulation.
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Figure 8. Variation for unloading procedure in three chosen cases. (a) Cartilage penetration depth &
versus time demonstrating the medial separation distance; (b) separation angle; (c) medial compart-
ment contact force; (d) overloading of lateral compartment.

For actuation control implementation, the scalar bound on the uncertainty 4(t),
p =12.68. Additionally, to track the desired KAA with acceptable error, we realize that
the saturation function should be used. Hence, if |Tj.4c| > MaxValue, the saturation
function is defined by Tp,4ce = sign(Tpyace) X MaxValue. The maximum value (MaxValue)
is determined to be 27.6 Nm.

In the simulation, we take into consideration the contact force, penetration depth, and
contact point. Specifically, we calculate the unloading force for a subject with 75% knee
osteoarthritis (KOA) based on relevant references [8,39]. The medial penetration depth
is calculated according to a certain percentage of KOA [39] as depicted in Figure 8a. In
addition, for medial separation distance, the amount of separation angle is demonstrated
in Figure 8b. The medial unloading and lateral overloading are shown in Figure 8c,d.

In our approach, altered knee adduction angle (AKAA) is defined according to the
changing of KAA. In the next step, Figure 9 demonstrates AKAA and normal KAA. In
addition, it illustrates the KAA tracking the fitted AKAA after applying the control torque
(Tyrace) mentioned in Equation (9). It is followed by Figure 10, which presents the required
torque for tracking desired KAA shown in Figure 9.

3
h — K AA

AKAA
2 == =Fitted AKAA

== =Controlled KAA

KAA with brace (degree)

-3

Figure 9. KAA before and after applying controlled torque. Before: knee adduction angle (KAA),
altered knee adduction angle (AKAA). After: controlled KAA (red), fitted AKAA (blue).
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Figure 10. Required brace moment for tracking KAA variation The actuator torque Ty, (blue curve)
is applied to the femur.

The proposed procedure offers significant benefits to patients using the new brace
by reducing medial compartment contact force (MCF) and altering knee adduction angle
(KAA). Figure 8a illustrates the cartilage’s medial penetration depth in three different cases.
In knee osteoarthritis (KOA), where the cartilage thickness is 0.5 mm, it is crucial to keep
the penetration depth below a critical threshold. The results of Case 2, which involves
intermediate correction of KAA, demonstrate a maximum KAA correction of approximately
1.7° at the first and second peaks of MCF. Notably, Figure 8 illustrates the correction of
KAA based on MCF and lateral compartment contact force (LCF) for the first time.

Three cases are simulated and presented in Figure 8, considering three different
levels of KAA correction (peaks at 0.4°, 1.7°, and 2.2°) to reduce MCEF. Furthermore, the
results of these three cases are compared with the unbraced normal mode (0°) case. While
Case 3 manages to decrease MCEF, it fails to prevent bone-to-bone contact in the medial
compartment. On the other hand, both Case 1 and Case 2 successfully prevent bone-to-bone
contact, with Case 2 providing intermediate medial penetration reduction and addressing
lateral overloading. The second peak of the KAA in this case is 1.7°.

Since KAA rotation is considered for the performance analysis, the desired trajectory
is extracted from the normal knee motion [39]. The controlled KAA is demonstrated
in Figure 11. Figure 12 shows the brace torque saturated to track the desired trajectory
calculated by the robust control method. When the input reaches a certain level, its further
increase produces little or no increase in the output. The brace torque displays saturation
characteristics while Ty, is applied to the femur. The output simply stays around its
maximum value and the device is said to be in saturation when this happens, as shown
in Figure 12.
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Figure 11. Control performance for tracking KAA.
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Figure 12. The required brace moment for tracking a fitted AKAA.

The KAA during three gait cycles is demonstrated in Figure 13 to check the perfor-
mance of the implemented robust control method. The controller is designed based on
considering both the nominal model and some characterization of the model uncertainties.
A control term v is an additional control input that must be defined to overcome the effect
of the uncertainty (Equations (A1)—(A4)). The controller uses a high feedback gain value to
achieve optimal tracking error. To show the robustness of the controller, uncertainty d(t) as
the interactive force between the user and device is considered in the control of the brace.
It is mainly introduced to mimic the femur motion [46].
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Figure 13. Robust control of KAA for three gait cycles. (a) KAA after applying control torque;
(b) position error of controlled KAA.

The results demonstrate that the controller applies an acceptable best to specific classes
of nonlinear systems and generally requires state measurements. The actuator controller
gives the desired tracking error performance when subjected to disturbances. According to
the variations in Figure 6, d(t) can be assumed. We investigate applied torque influence on
tracking desired angle and error of control. According to the saturated function, several
amounts of torques are used, as shown in Figure 14, and the minimal torque correlated to
acceptable error could be determined to be 27.6 Nm.
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Figure 14. Cont.



Actuators 2023, 12, 256

16 of 22

40

T 0 — w—1 ——
30l ——27.4N.M M[
M 1 wﬁ\ = j M 5L |T—27.5NM |
I
20} e
= | T
1 = —10F i
g 104 0, >
< I T
1 —
g ! I ‘6 -5 \o/— /-
i~~~ 1 ‘
S I i g X 0.6061
§ 0 : | // E ~15F  _1g Y -3.608 J
[] I
g 10 Ik \“"/ £ —15 /
—10 =
@ {, 2 ~20
1 o —20 X 0.6125 4
| 1 —25 Y -27.73
—a0l K :
J | J 06 062 064
] L |
—30} = Helthy KAM p —25+ 1
——27.4NM
0 - — 275NM ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
time (s) time (s)
(0) (d)
40 , ‘ . 03l ‘ ' i
30 /\ - 0.25 1
L - - Y r r -
20l 4 | 0.2F ]
_ T 015t |
£ 10} o
Z s ol |
Q -
S of B Vs 5
2 / £ 005
) \ ]
- \_/ c
g -10f ) 0 |
d 3
o <]
—20 | o —0.05 |
J —_— - bl ol —0.1 B
—30 1
= Helthy KAM .
——276NM —0.15 i
—40 ——28N.M 1
. ‘ . ‘ 0.2 s . ‘ ‘ ]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
time (s) time (s)

(e) (f)

Figure 14. Robust actuator control of KAA for a gait cycle with several saturated torques:
(a,b) applied torque (20, 25 Nm) and position error (c,d) applied torque (27.4, 27.5 Nm) and po-
sition error; (e,f) applied torque (27.6, 28 Nm) and position error.

4. Discussion

Our research emphasizes the applicability of the schematic of the embedded actuation
to various braces, as shown in Figure 2. The main objective of our study is to address the
separation of the medial tibiofemoral knee joint, specifically in relation to the parameter o.
We observe a reduction in medial penetration depth of approximately 0.3 mm (as depicted
in Figure 8a) through a separation angle of 1.7° (as shown in Figure 8b). The actuator
design focuses on the double-hinge actuation mechanism, which effectively corrects the
knee adduction angle (KAA). While the separation angle may vary, the maximum observed
separation angle of 2.2° results in a separation of 0.43 mm.

In a clinical study conducted by Roudsari et al. [48], female volunteers with medial
osteoarthritis were found to benefit from a decrease in the adduction angle of approxi-
mately 2° during the stance phase. Our study demonstrates a comparable reduction in
the adduction angle, specifically 1.7°. Furthermore, Roudsari et al. [48] confirmed that the
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distribution of internal forces within the knee joint during gait is primarily influenced by
the knee adduction angle, rather than the knee adduction moment. These findings are
consistent with previous studies [27,49] that have highlighted the effectiveness of hinge
adjustments in the frontal plane in reducing medial compartment forces, rather than relying
solely on strap tension increases [50].

It should be notated that using the valgus brace for three months leads to a shift in
load from the medial to the lateral compartment [24,51]. While the results depend on the
user, we reported the results according to dynamic adduction angle change. Although the
adduction angle is not reported in [26], our study showed the same reduction in contact
force by less change in KAA.

Another significant aspect to consider is the consistent findings with previous
studies [27,52]. It explains that increasing valgus alignment leads to a higher reduced
load of the medial compartment. The brace shifts the load from the medial to the lateral
compartment, which is thicker than the medial compartment [53]. However, it is important
to note that the lateral compartment is not accustomed to this altered loading pattern, which
can lead to cartilage degeneration in that region. This phenomenon has been reported
in the literature [24,25,53], and our study confirms these findings. Interestingly, apart
from studies by the authors of [25,28], no other researchers have quantified the impact of
unloader braces on the lateral contact force until now.

Characteristics of included studies are described in Table 1. A brief comparison is
demonstrated to clarify the efficiency of our study. Our study results in Case 1 show
0.8 BW medial unloading at the second peak. It is closed to 0.82 BW reported in [25]. Case
2 in our study, with 1.7° alteration of KAA, presents an intermediate , lateral overloading,
and 1.18 BW medial unloading with 0.36 Nm/kg abduction torque, comparable to the
0.3 BW reported in [28], while the 0.3 BW medial unloading needs 0.1 Nm/kg abduction
torque at the second peak. Even though the results are slightly different from the previous
studies [25,28], the pattern of all knee brace contributions is quite similar. The variations in
the outcomes may arise due to differences in factors such as step lengths, foot shapes, gait
patterns, knee condyle shapes, types of braces used, and so on [25]. Even the same person
can have different knee moment paths in each cycle, so it may be normal if different people
have different knee moments when they wear different types of OA braces.

Table 1. Change in knee contact loads (medial and lateral) and abduction moment peak for

different bracing.
OA Brace Type/ Medial Unloading Lateral Abduction Torque  Separation Angle
Research (BW) Overloading (BW) (Nm/kg) (Degree)
Valgus Brace 0.82 0.55 ) 1
Alignment 8° in [25] (600 N/74 Kg) (400 N/74 Kg)
Three-Point Bending
Double Upright in [28] 03 02 01 )
Unloader Brace Case 0.8 0.76 0.25 0.43
Present study Case I 1.18 1.14 0.36 1.7

It is important to note that studies [25,28] focused on evaluating the contribution of
specific factors, whereas the present study moves beyond that by calculating the robust
abduction torque necessary to effectively distribute the joint reaction force. Our findings
demonstrate that a mere 0.43° change in knee adduction angle (KAA) results in a substantial
reduction of 600 N at the second peak during the gait cycle, specifically at heel-off. This
reduction can be compared to the clinical study conducted by Shriram et al. [25], where
they observed an approximate 1° reduction in adduction angle, resulting in a decrease
in medial contact force. By highlighting the significance of even small changes in KAA,
our study emphasizes the potential impact of precise control over abduction torque for
optimizing knee joint mechanics.
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Our computational method via the brace design concept can support the knee to
achieve these phenomena, such as lateral compartment overloading, bone-bone contact,
and unfavorable alteration of KAA. Respecting the logical amount of alteration, the continu-
ous changing of KAA in motion phases is suggested to observe continuous motion without
shock and sudden unloading. Subsequently, the brace can be equipped based on the
adaptive attitude to triumph over all the noticeable shortages that disturb the critical roles
of other knee components, such as fluid synovial, ligament, and meniscus. Furthermore,
integration of experimental data will provide further insights and support the practical
application of the proposed method.

5. Conclusions

The hypothesis suggests that the combination of the embedded actuation mechanism,
computational procedure, and active control in the unloader brace can provide a viable
solution for mitigating the challenges associated with KOA and improving the safety
and functionality of the knee joint. To effectively correct the adduction knee angle, an
embedded actuator was designed based on a realistic model. The addition of a double-hinge
mechanism with revolute dampers and mechanical hard stops allows for precise control of
the knee adduction angle (KAA) in the brace. In this context, we propose a computational
method to reduce the load on the medial compartment in cases of osteoarthritis. Figure 4
provides a visual representation of the relationships between medial and lateral penetration
depths, as well as their correlation with the knee adduction angle. By controlling this
angle, our proposed method establishes a connection between the adduction angle, contact
point, and cartilage penetration depth. A knee forward dynamic model in the frontal plane
was discussed in this study. Accordingly, this innovative computational procedure was
introduced to extract the biomechanical parameters of the knee and control the actuator.

We realize that there are some obstacles in order to clarify the relation between adduc-
tion knee angle and medial and lateral contact force. Then, the most convenient means
of overcoming this issue was discovering the correlation between penetration depth and
medial and lateral contact force. Unlike typical valgus brace designers, our computational
strategy takes into account the influence of lateral overloading induced by medial unload-
ing. We found that a maximum correction of 1.7 degrees effectively unloads the knee and
prevents excessive lateral compartment contact force (LCF). Neglecting this phenomenon
leads to undesired rotation from adduction to abduction, which places the overloaded
lateral compartment at risk.

The outcomes measured from two experimental studies [25,28] were examined. Table 1
demonstrates the efficiency of our study with existing studies to verify the whole procedure.
Additionally, to assess the effectiveness of the robust control, an analysis was conducted in
the presence of uncertainty in interaction torque. As a result, we were able to quantify the
computational changes in KAA and the associated peak lateral compartment overloading
852 N for the specific case study. The required torque in the presence of interaction force
is calculated. To determine which torque within the design range exhibited acceptable
tracking, several torques were tested. The optimal torque for position control tracking was
determined to be 27.6 Nm. As per the differences in case studies and their characteristics,
the amount of valgus moment cannot be compared with the literature accurately. However,
the main factor of comparison is the pattern and range of alteration, and the results of our
study are in good agreement with prior clinical studies [25,28,53].

Our computational method via the brace design concept can support the knee to
achieve lateral compartment overloading, bone-bone contact, and adaptive alteration of
KAA in motion phases to observe continuous motion without shock and sudden unloading.
This brace can help to overcome the shortcomings of other knee components, such as
fluid synovial, ligament, and meniscus. Apparently, there are some limitations in our
simulation. Although the embedded actuation design might apply to different braces,
the influence of muscle activations on knee moments is a crucial parameter that changes
when it is adjusted to the knee. It affects the external abduction torque calculation. In
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future, conducting a preliminary test with healthy individuals is a valuable step in the
development and validation process, helping ensure the safety, efficacy, and usability of
the proposed method before moving forward with further studies or clinical trials. This
may include appropriate justifications and references to benchmarking studies to enhance
the credibility and robustness of our proposed experimental design findings.
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Abbreviations

MCF Medial contact force
KOA Knee osteoarthritis

CF Contact forces

KAM Knee adduction moment
KFM Knee flexion moment

KAA Knee adduction angle

LCF Lateral contact force

MCF Medial contact force

5 Cartilage penetration depth

AKAA  Altered adduction knee angle

Appendix A

The theory introduced by Lyapunov is the most general approach for studying the
stability of nonlinear control systems. As the proof of stability and obtaining v:

V= %XTpX >0 (A1)

The derivative of the Lyapunov function is

. 1.T

1

EXTPX (A2)

According to Equations (16) and (A2), it can be recast as follows:

V= %XT(ATp +pA)X + X pbw (A3)

Defining Q as the positive matrix:

1
V==z
2

XTQX + XTpbw (A4)
The condition to become negative is

V <0« XTpbw < 0 (A5)
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and then, we have
XTpb(d(t) —v) <0 (A6)

XTpbd(t) < XT pbv (A7)

Considering d(t) has a defined range, the basic assumption is that the uncertainty
range is known:

[d(t)] <p (A8)

XTpbld(t)] < ‘Xpr‘.\d(tﬂ < ’Xpr‘.p (A9)
XTpby = ‘Xpr‘ 0 (A10)

X ") N
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