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Abstract 

Medial unloader braces are often developed to achieve pain elimination of the knee medial 

compartment. In order to prevent bone-bone contact in the knee joint, a new mechanism 

is designed to unload the knee based on a novel computational procedure for the first time. 

As the knee flexion-extension moment has a high impact on tibiofemoral contact force, we 

use the procedure that calculates the cartilage penetration depth and the force in the 

patellar tendon simultaneously which are the main parameter for applying computational 

knee flexion-extension torque. Therefore, the new unloader brace applies computational 

knee flexion-extension torque, then it decreases the penetration depth by the novel brace 

to eliminate pain in knee osteoarthritis. We calculate the instantaneous center of rotation 

of the knee and design a new flexion hinge for tracking the desired instantaneous center 

of rotation reducing unwanted forces. The novel brace flexion hinge tracks the 

instantaneous center of rotation accurately. Moreover, the flexible cord is designed to 

apply extension torque. It concluded that the 36.25 Nm of the extension moment leads to 

0.3 mm cartilage penetration depth reduction. The embedded mechanism applies knee 

extension moment by the flexible cord to support assistive extension moment with the 

maximum amount of 1375 N. Finally, by computing the magnitude of knee flexion-

extension torque, we know the relation between compensated moment applied by the 

brace and tibiofemoral contact force reduction for the first time. 

Keywords: Knee dynamics; Musculoskeletal modeling; Contact model; Cartilage 

penetration depth; unloader brace; Flexion extension moment. 

1. Introduction 

Knee bracing may reduce pain and disease progression, thereby postponing the need for joint replacement [1] by 

unloading the internal knee contact forces (CF) in the affected area via applying external loads and moments [2]. 

As a non-invasive treatment of KOA, the literature contains diverse conclusions [3], which may be due to the 

predominant focus on reducing the external knee adduction moment (KAM) [1-2, 4-5]. KAM is often considered 

a surrogate measure of the medial CF [6–8]. Walter et al. noted that KAM lessening in vivo might not guarantee 

a reduction of the internal loads on the medial compartment [7]. Noticeably, medial thrust gait is prone to increase 

the knee flexion-extension moment (KFM), which may debilitate the assistance of reducing the KAM [15]. The 

same trend is observed, where knee flexion-extension moment (KFEM) had a high impact on the first peak of CF 

[8]. To assist and empower muscles, providing a KFEM, moment actively [9–12] or quasi-passively [13–14] 

might be considered within exoskeleton technology.  

Rarely have we seen that the brace exerts both KAM and KFEM simultaneously. The inspiring evolved brace, 

Levitation (Springloaded Technology, Helifax, Canada), is not only assigned to support the quadriceps role but 

also equipped to provide the tricompartment unloading effect [15]. However, at the peak flexion angle, the 

Levitation brace applies approximately 11 Nm KAM [15]. It could have a negative effect on toe clearance and 
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muscle co-contractions. Therefore, the design process in [8] is developed through a quasi-passive prototype. It 

targets the first CF peak during gait without interference during the swing phase. Recent studies [8, 15-16] 

concentrate on applying torque respecting knee behaviour in the gait cycle computationally to unload the knee 

adaptively. 

Moreover, the human knee joint is assumed as one degree of freedom revolute joint, but the knee instantaneous 

center of rotation (ICR) moves like a polycentric joint. A relative sliding motion is generated (pistoning) between 

the device and the leg by bracing a single-axis device joint on the multi-axial human knee joint [17]. Pistoning 

leads to sliding motions and creates residual forces on the leg. Due to the sliding motion, patients confront the 

inconvenience. Hence the binding forces applied by straps that oppose the sliding motion cause pain. The 

phenomenon can be eliminated by an adaptive joint which mimics the motion of the knee center [18]. Commonly, 

polycentric knee joints with gears or cam-follower type mechanisms are applied to mimic the ICR [18-19].  

If the patient uses the orthosis, the proper knee model [20-22] for cartilage contact description [23-24]; location 

of the contact points, and ligament and tendon force [25] will be preferred to calculate the mechanical parameters 

of knee [26]. Therefore, the model in [24] assists us to present the relation between compensated moment applying 

by brace and tibiofemoral contact force reduction for first time. Then, brace flexion-extension torque is calculated 

to reduce the tibiofemoral contact force. Based on the new relation in this study, it is clear that what the magnitude 

of contact force is reduced by applying brace flexion-extension torque. Moreover, our designed brace with the 

double hinge assists us to prevent unwarranted rotation from adduction to abduction which it oblige the knee to 

confront the overloading of the lateral compartment [27]. 

2. Objectives 

As the lack of relation between the cartilage penetration depth and extension moment, there are not any studies to 

apply extension moment eliminating pain computationally. The innovative framework that can calculate the 

cartilage penetration depth assists the novel brace to be discriminated from current braces exclusively. The 

distinguishing attribute is applying computational knee flexion-extension torque to prevent the critical threshold 

of δ. The proposed dynamic unloader system can triumph over the challenges. The contributions of this paper are 

listed below: 

• Presenting a relation between the compensated extension moment applying by brace and reduced 

tibiofemoral cartilage penetration depth for first time 

• Designing and evaluating the novel hinge for the knee brace applying knee flexion-extension torque to 

avoid the critical threshold of δ respecting ICR. 

3. Methods 

Fig. 1 symbolizes the overall design of the knee brace. Here, the levitation brace, one of the best unloader ones, 

and our brace design with a dynamic continuous unloader is illustrated. We promote the potential of the brace in 

this field by adding flexible cord to apply flexion-extension torque. This proposal can significantly boost the 

reliability of the brace in the unloading role and eliminate pain in KOA. Therefore, the schematic of the system 

applicable to various braces is depicted in Fig. 1. Moreover, an embedded mechanism (designed double-hinge) is 

demonstrated in Fig. 1. The control mechanism is a key element of the brace to alter the knee abduction-adduction 

angle (KAAA) continuously explained by detail in [27]. 

In compared braces [15, 28] of Fig. 1, the amount of flexion-extension torque is not computational based on 

cartilage penetration depth and bone-bone contact. The following sections clarify that how the novel knee brace 

design assists us to knee unloading process. Then the motion of knee brace is evaluated to track the ICR. 

Moreover, the flexion-extension torque of the brace in sagittal plane is calculated based on the knee model [29]. 
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Fig.1. Schematic of designed brace with embedded KAAA control mechanism hinge (double-hinge) and flexible cord 

comparative with typical unicompartment tibiofemoral osteoarthritis (TFOA) offloader brace [28] and Tri-

Compartment Unloader [15] (yellow areas represent our proposed embedded mechanism in the present study) 

The proposed design not only supports joint reaction force (via liquid compression spring) like levitation brace 

but also tracks ICR by a new flexion hinge, and applies a dynamic extension torque. Moreover, the dynamic 

abduction torque is applied to correct the KAAA. Hence, it may boost the safety of interaction. In this proof-of-

concept study, the brace linked to the knee is simulated during the gait cycle. The brace components are designed 

accurately, and their function is checked in SolidWorks 2016 (Dassault Systèmes, Vélizy-Villacoublay, France( 

motion study. 

The double-hinge mechanism as the embedded hinge is designed to distribute the joint reaction force to the tibia 

surface in the frontal plane, as depicted in Fig. 2. During walking, the knee was expected to have up to 4 degrees 

of adduction and 4 degrees of abduction [30]. The designed hinge can correct this degree of freedom of the knee, 

while previous braces [15] typically have no DOF in the frontal plane. The double-hinge mechanism, including 

revolute dampers and mechanical hard stops, is added to the brace to control the KAAA. The mechanism was 

explained by detail in [27]. 

 
Fig.2. Schematic of attached brace to tibia-femur joint and double hinges by detail (red line shows alterating KAAA, 𝛼: 

double-hinge angle, 𝜃𝑎𝑏𝑑−𝑎𝑑𝑎
𝐶  is the separation angle) [27] 

The main rule of the brace flexion hinge design is that the hinge should follow the ICR during gait. If the brace's 

mechanism does not strictly follow the ICR of the knee, it will cause additional force in the assistive device. There 

are some mechanisms using the four-bar linkage mechanism [31-32], two 6-link one-degree-of-freedom 

mechanisms [33], and geared five-bar linkage mechanism [34] to track ICR which are not simple to manufacture. 

These mechanisms generate inertial forces and uncontrolled flexion moment. Hence, they are not reliable in 
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function. However, our mechanism provides the unloading force without any inertial forces and flexion moment, 

because the contact force of pin-slot transmit through the ICR. 

One of the main goal of the present study is to simulate 3D knee movement with respect to use the data in [30] to 

extract ICR of knee and design the hinge. First, the knee geometry are extracted. Second, the normal knee 

movement is simulated respecting the defined axes. Third, a computer graphics program is written to optimize 

hinge motion. In the new design, the motion was defined by a pin-in-slot.  

The optimum slot shape function is extracted. The body consisted slot that is attached to the lower cuff by the 

double hinge. Fig. 3 shows the difference between the knee and brace upper cuff ICR. Computer graphics program 

assist us to extract determined point to construct the slot curve tracking knee ICR proportionally. Moreover, the 

brace apply knee extension moment by using springs to tension the flexible cord that passes over the pin-slot to 

rotate the upper cuff of the brace relative to the lower cuff. The Table. 1 explains the advantages of our design in 

comparison of study [15]. 

 
Fig.3. Schematic of knee ICR and brace lower cuff ICR during gait cycle and the slot shape definition with determined 

point by computer graphics program 
 

Table.1. Comparison between our brace design and developed levitation brace by Budarick [15] 
Study Exoskeleton Knee model Apply 

flexion 

moment 

Contact 

consideration in 

design 

DOF in 

KAAA 

Gliding motion 

consideration in 

design 

ICR Gait 

analysis 

Budarick 

(2020) [15]  

Knee Brace Rigid Hinge       

Present 

study 

Knee Brace Compliant 

knee model 

      

 

 

One of the most requisite processes in KOA bracing is the relation between mechanical parameters, particularly 

KFEM and CF. Therefore, characterizing the parameters contributing to the medial contact force can potentially 

find more effective therapeutic interventions to slow down progression [34].  

We consider δ for the relation that can correlate the medial compartment's unloading to KFEM. It is necessary to 

make a relation between medial δ, and KFEM. 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 KFEM, MCF (medial contact force), with δ. 

Contact models are essential in the dynamic behavior analysis of mechanisms and practical case studies [25-30]. 

To calculation of MCF according to the study [41], the δ is the point of maximum penetration depth in collision 

geometrical conditions can be obtained as [41] 

{
𝑓𝑜𝑟 𝑝𝑐 → 𝑛 ‖ 𝑛′ ‖ 𝑦  ,     𝑡 ‖ 𝑡′ ‖ 𝑥 

𝑓𝑜𝑟 𝑝𝑐 → 𝑛 ‖ 𝑛′ ‖ 𝑑
 (1) 
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Then 𝛿 on contact point (𝑝𝑐) is used in proposed model based on the concept of viscoelastic two-layer collision 

modeling, can be recast as follows [41]:   

𝐹𝑇𝑁 = {
𝐾1𝛿𝑛 + 𝐵𝑐(𝛿)𝛿̇                               𝑖𝑓 𝛿 ≤ ℎ𝑠1

 

𝐾1ℎ𝑠1
𝑛 + 𝐾2(𝛿 − ℎ𝑠1

)
𝑛

+ 𝐵𝑐(𝛿)𝛿̇                    𝑖𝑓 𝛿 > ℎ𝑠1
 
                (2) 

where 𝐾1 and 𝐾2 are the general stiffnesses of the first (cartilage) and second layers (bone). 𝐵𝑐(𝛿) is the parameter 

used to define the viscosity of the contact between the tibiofemoral articulating cartilage. The cartilage thickness 

in KOA, ℎ𝑠1
, is the critical penetration depth.  

Dynamic loading within human musculoskeletal forces in the gait cycle can benefit the joint unloading treatment 

process. In this case, inverse dynamics simulation in OpenSim (V.3.3, SimTK) is used to combine with a suitable 

dynamics contact model (section 3.1) as depicted in Fig. 4.  

The authors prove that by controlling the proposed knee model in the sagittal plane [41], a force could be applied 

at the reference point of the femur. A forward dynamics modeling was presented for the femur to freely translate 

and rotate with 3 DOF, 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 Fig. 4. The inputs of the 

knee contact model in [41] were anterior-posterior translation, flexion-extension angle (𝜃𝜁), net joint reaction 

force (𝑓𝑘𝑛𝑒𝑒) and the moment (𝑛𝑘𝑛𝑒𝑒). All externally applied moments-of-force on the knee are derived by 

OpenSim analysis. Moreover, the essential output was δ assisting us in calculating the assistive extension moment 

investigated in the following section (section 3.3).  

 
Fig. 4. Workflow of the model developed 

 

The tibio-femoral contact point (C) was chosen as the origin for the calculation of moments. For the tibia in a free 

body diagram and in a static situation (Fig. 5), the moment (M) about C can be determined as [29]: 

𝑀 = 𝑑𝑒 × 𝑓𝑒𝑡 + 𝑑𝑓 × 𝑓𝑒𝑓 + 𝑑𝑚 × 𝑚𝑔 (3) 
where 𝑓𝑒𝑡, 𝑓𝑒𝑓  and mg are the external forces acting on the tibia and 𝑑𝑒, 𝑑𝑓, and 𝑑𝑚 are their moment arms. The 

force in the patellar tendon (𝐹𝑝) is given by: 

𝐹𝑝 =
𝑀

𝑑𝑝
 (4) 

where 𝑑𝑝 is the moment arm of 𝐹𝑝. As depicted in Fig. 5, the vector equation can be written as: 
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𝐹𝑝 + 𝐹𝑐𝑡 + 𝐹𝑠 + 𝐹𝑒𝑡 + 𝐹𝑒𝑓 + 𝑚𝑔 = 0 (5) 
Projecting Eq. 5 in the normal (or 𝐹𝑐𝑡) direction of the tibial plateau, the 𝐹𝑐𝑡 is: 

𝐹𝑐𝑡 = 𝐹𝑝 × 𝑐𝑜𝑠𝛽 + 𝐹𝑒𝑡 × 𝑠𝑖𝑛𝛿1

+ 𝐹𝑒𝑓 × 𝑠𝑖𝑛𝛿2 − 𝑚𝑔 × 𝑠𝑖𝑛𝛿3

= 0 

(6) 

In tangential (or 𝐹𝑠) direction, the 𝐹𝑠 is: 

𝐹𝑠 = 𝐹𝑝 × 𝑠𝑖𝑛𝛽 − 𝐹𝑒𝑡 × 𝑐𝑜𝑠𝛿1 − 𝐹𝑒𝑓 × 𝑠𝑐𝑜𝑠𝛿2 − 𝑚𝑔 × 𝑐𝑜𝑠𝑛𝛿3 = 0 (7) 
where 𝛿1, 𝛿1 and 𝛿3 are angles in relation to tibial plateau. To unloading tibiofemoral joint, the new brace applying 

KFEM, reduce 𝐹𝑝 according Eq. 4. Therefore, Eq. 6 can be recast as follows: 

𝐹𝑐𝑡 = (
𝑀 − 𝑇𝑏𝑟𝑎𝑐𝑒

𝑑𝑝
) × 𝑐𝑜𝑠𝛽 + 𝐹𝑒𝑡 × 𝑠𝑖𝑛𝛿1 + 𝐹𝑒𝑓 × 𝑠𝑖𝑛𝛿2 − 𝑚𝑔 × 𝑠𝑖𝑛𝛿3 = 0 (8) 

According to Eq. 8, and the unloading force (𝐹𝑢𝑛𝑙𝑜𝑎𝑑) calculated from KOA analysis during gait cycle [41], the 

extension moment (𝑇𝑏𝑟𝑎𝑐𝑒) should be applied by the new brace is: 

𝑇𝑏𝑟𝑎𝑐𝑒 =
𝐹𝑢𝑛𝑙𝑜𝑎𝑑 × 𝑑𝑝

𝑐𝑜𝑠𝛽
 (9) 

where 𝑇𝑏𝑟𝑎𝑐𝑒 is the assistive external torque to the ICR of knee provided by embedded flexible cord implemented 

in the novel brace to reduce the assisted patellar tendon force, and can be recast as follows: 

𝑇𝑏𝑟𝑎𝑐𝑒 =
𝐹𝑢𝑛𝑙𝑜𝑎𝑑 × 𝑑𝑝

𝑐𝑜𝑠𝛽
 (10) 

where 𝐹𝑓𝑐 is the flexible cord tension force and 𝑅𝐼𝐶𝑅 is moment arm of the tension force. 

 

Fig. 5. Free body diagram of lower leg and brace. The magnitudes of the patellar tendon force (𝐹𝑝), tibiofemoral shear (𝐹𝑠) and 

compressive force (𝐹𝑐𝑡) can be calculated (see equations above) if the external forces (𝐹𝑒𝑡, 𝐹𝑒𝑓 and mg), their angles in relation to the 

tibial plateau (𝛿1, 𝛿1 and 𝛿3) and their moment arms (de-and df) have been determined. 
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4. Results 

We used the proposed computational method, considering contact force and penetration depth. We calculate the 

unloading force for a subject with 75% KOA [35, 36]. As calculated in [36], the amount of medial penetration 

depth for 75% KOA is illustrated in Fig. 6. Table 2 shows the reduction of medial contact force according to the 

contact model [37-40] for several amount of 𝑇𝑏𝑟𝑎𝑐𝑒 (their peaks are 25.18, 36.25, and 57.54) compared with 

unbraced mode (normal mode). All three modes prevents the bone-bone contact and the second mode with 36.25 

Nm presents an intermediate𝑇𝑏𝑟𝑎𝑐𝑒. The unloader force is depicted in Fig. 7 for three cases. According to unloader 

force, the amount of assistive external torque is demonstrated in Fig. 8 for three cases. Fig. 9 illustrates the force 

of the tension member (𝐹𝑓𝑐) of the novel brace for three cases. The force in the patellar tendon (𝐹𝑝) is reduced 

after applying assistive external torque (𝑇𝑏𝑟𝑎𝑐𝑒) by the tension member.  

As an advantage of the procedure, The MCF is decreased through the amount of 𝑇𝑏𝑟𝑎𝑐𝑒, the medial penetration 

depth will not exceed the critical threshold of itself (0.5mm) which can be seen in Fig. 6 (the indentation for the 

case of OA knee with unloader). The maximum amount of the force of the tension member is about 1375N when 

the knee locates at the second peaks of CF.  

Table.2. Difference in peak of Design Specification parameters between the Different Brace Conditions 

Brace 

mode  

Medial 

Compartment 

Load (N) 

Second Peak 

Change 

(%) 

Penetration 

Depth 

Second 

Peak (mm) 

Change 

(%) 

Unloading of 

Medial 

Compartment 

(N) Second 

Peak 

Flexion 

Moment 

Second 

Peak 

(Nm) 

Flexible 

cord 

tension 

force 

Second 

Peak (N) 

Unbraced  941 - 0.52 - 0 - - 

Case 1 804 14.5 0.47 9.5 591 25.18 951.7 

Case 2 751 20 0.45 13.5 852 36.25 1375 

Case 3 663 29.5 0.4 23 1350 57.54 2175 

 

 

Fig.7. Medial unloading for three cases. 
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Fig.8. The required brace flexion moment (𝑇𝑏𝑟𝑎𝑐𝑒) applied to the femur for three cases 

 

Fig.9. The required flexible cord tension force (𝐹𝑓𝑐) for required brace flexion moment (𝑇𝑏𝑟𝑎𝑐𝑒) for 

three cases 

Our computational method via the brace design concept can support the knee to achieve these phenomena, such 

as unwarranted extension moment (by flexible cord), unfavorable alteration of KAAA (by double hinge [27]) and 

bone-bone contact (by computational procedure).The novel brace design can satisfy the goals with an important 

embedded flexible cord tension member to unload knee medial compartment. In comparison, the novel brace can 

generate continuous KFEM along with dynamic torque and supports cartilage-cartilage contact. 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. 

5. Conclusions 

This brace mechanism design is based on the proposed computational method for reducing medial compartment 

load in osteoarthritis correlated to contact point, and cartilage penetration depth. Accordingly, the innovative 

framework was introduced to extract the biomechanical parameters of the knee and control the cartilage 

penetration depth. We realized that there are some obstacles in order to clarify the relation between the cartilage 
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penetration depth and medial contact force and KFEM. Therefore, the proposed computational strategy 

streamlined the protecting process of the KOA with the unloader brace.  

The proposed flowchart based on the developed algorithm for contact dynamics of planar multibody systems was 

implemented in a nonlinear control code using the derived equations and control approach. This study suggests 

significant improvement in the design procedure needed to restore  normal knee function. The bone-on-bone 

contact could be successfully avoided by controlling the cartilage penetration depth through a control method. 

To evaluate the performance of the procedure, analysis is done. Finally, we can determine the computational 

amount of the flexible cord tension force (maximum amount 1385N) and correlated brace extension moment (peak 

of extension moment 36.32N) for 75% KOA. Apparently, there are some limitations in our proposed model in 

terms of considering the menisci, synovial fluid, and 3D modeling. Although the embedded mechanism 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.  
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