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Abstract

Anterior Cruciate Ligament (ACL) is one of the vital ligaments in the knee that stabilizes the
joint. It is also the most injured ligament besides the other 3 found in the knee. ACL is in-
jured when the ligament is stretched, partially torn or completely torn, the latter being the
commonly occurring ones. Athletes are usually prone to ACL injury risking them to undergo
surgical repair, often termed as ’reconstruction’, which replaces the ligament from another part
of the body. However, surgery becomes an option only in the extreme case. In an initial phase,
it is recommended to undergo rehabilitation. One of such techniques to stabilize the joint is by
using a knee brace.

Previous study was successful in achieving certain aspects of developing the knee brace. The
accomplishments were on studying the dynamics of joint and the role of ACL in controlling the
motion of it. It was also successful in making the brace MRI compatible which also enables to
study the effect of the brace in limiting the anterior translation of the tibia. The study, however,
has been partly successful in achieving the knee dynamics completely. It has only been shown
that the brace can achieve a limited range of knee flexion but not the complete achievable
range. Apart from linear motion, it lacks the detail on rotational dynamics of the joint in the
absence of ACL which is an important consideration.

The focus of this study is to overcome the limitations on the range of flexion by designing for
functional range between 0deg to 90deg flexion using soft robotic actuation techniques. It is
also aimed to study the rotational dynamics of the joint to know if there is a balanced loading of
the femur on the underlying cartilage. By designing this, it not only improves the joint stability
but also reduces the chances of developing osteoarthritis in a later stage which is very likely
to occur for an ACL injured patient. Finally, studying the role of various muscles groups that
guides these movements is also into consideration. It is therefore believed that these aspects
can enhance the stability of the ACL ruptured joint if implemented.
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1 Introduction

1.1 Human Knee

Most activities performed on daily basis depends on the motion of the knee. Being the largest
joint of human body, knee enables actions such as standing, walking, crouching, jumping and
turning. Knee joint comprises of four bones as in Figure 1.1: Femur, Tibia, Fibula and Patella.
Femur is round shaped and tibia is flat. Hence besides its functional significance, its structural
orientation makes it to be called as the most poorly constructed joint in the body. As a result,
a number of other structures also have to coordinate to form a stable knee joint. One of such
primary contributors are the ligaments.

Figure 1.1: Human Knee Anatomy representation from OrthoInfo [2014]

Primarily being connective tissues, ligaments bind between bones. Human knee has four major
ligaments namely: Medial and Lateral Collateral Ligaments (MCL and LCL) towards the sides,
Anterior and Posterior Cruciate Ligaments (ACL and PCL) crossing each other as X in the knee
joint.

1.2 Anterior Cruciate Ligament (ACL)

One of the key ligaments that stabilizes the knee joint is ACL. It is a bundle of collagen fibres
which are in parallel. The length of ACL ranges in between 25 to 35 mm in length, 10 mm in
breadth and about 4 to 10 mm in width (Marieswaran et al. [2018]). The role of ACL is to restrict
the motion of tibia against femur in anterior direction in turn preventing hyperflexion. About
85% of restraining force is provided by ACL to limit the Anterior Tibial Translation (ATT) - Butler
et al. [1980], Dargel et al. [2007]. Besides translation, it also helps in controlled tibial Internal
and External rotations (IE) around its longitudinal axis by coordinating with PCL.
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1.3 Deficiency of ACL

Among the four ligaments, ACL is the most commonly injured one. Injury to the ACL could
mean stretching, a partial tear of the fibres or a complete tear, the latter one being the most
commonly occurring. The impact of deficiency of ACL depends on the functionality and activ-
ities performed by an individual (NHS Foundation [2020]). People participating in sports activ-
ity require a lot of movements like changing direction, jumping and pivoting. Besides having
an ACL deficient knee, it is possible to cope and carry on with activities. However, this would
give rise to the chances of suffering a cartilage damage in a later period if not treated initially.

1.4 Overcoming the deficiency

Depending on the severity of the injury, the treatment would be advised to the patients - Raines
et al. [2017]. Athletes, who are most prone to ACL tear, usually choose to undergo surgical re-
construction. This involves replacing the injured ligament by a tendon from hamstring ten-
don, patellar tendon or quadriceps tendon. Reconstruction does not assure the return of knee
functionality back to normal as the neural connections and biomechanics would be lost once
the ligament is torn. However, surgery becomes an option only in an extreme case. Patients
with low level of activity are initially advised to undergo rehabilitation. Rehabilitation helps in
strengthening the knee and its surrounding muscle groups, regain flexibility of knee and also
enables normal range of motion. It aims to stabilize the joint once the ACL has been damaged.
Yet, opting for rehabilitation is appropriate if the recovery time is not a major constraint (Sports
Medicine Institute [2020]). Recovery time may range from a few weeks to months depending
on the activity that one might want to return to.

1.5 Problem Statement

With the verge of rehabilitation techniques, several approaches are used to treat Anterior Cruci-
ate Ligament Deficient (ACLD) patients. Use of knee braces to stabilize the joint has been pro-
posed in various biomechanical and clinical researches (Papadonikolakis et al. [2003], Beynnon
and Fleming [1998], Xergia et al. [2018] and Kousa et al. [2018]). Though not much is known
about the extent of success in overcoming the deficiency of ACL, knee braces are widely pre-
scribed for the avoidance of damage. In the previous study by Khambati [2019], a novel concept
of knee brace with pneumatic actuation was proposed which aims to assist recovering the knee
stability in ACL ruptured patients.

The research focused on studying the function of muscle groups. It was found that ham-
string muscle group increases its activation in order to cope for the deficiency of ACL. The
designed soft-robotic knee brace was able to take over the action of hamstrings to a certain
extent. Nonetheless, the brace was designed to perform in a fixed flexion angle of the knee only
and the impact of ACLD on IE of tibia was not considered. Day-to-day activities involves much
wider range of motion of knee. To facilitate the usage of knee brace in varying flexion angles,
previous design needs to be improved. More number of actuators are required to achieve a dy-
namic range of flexion. Hence, as a step forward for practical implementation and increasing
the range of knee joint functioning, the design must involve actuation at various flexion angles.

Manasa Ganesh University of Twente



CHAPTER 1. INTRODUCTION 3

1.6 Research Question

By investigating the below questions, it is intended to answer how to enable multi-directional
actuation using pneumatic soft-robotic actuators to maintain the stability of knee during
daily activities? This question is aimed to be answered in the following order:

• Study - What is the prominence of ACL in maintaining an optimal ATT and IE by consid-
ering the morphological and neurological factors in ACL deficient knee?

• Analyse - What are the implications of ACL loss on surrounding muscle groups?

• Evaluate - How external forces, internal stiffness and damping factors affect the ATT?

• Design - How to improve the knee brace actuation for a variety of flexion angles suiting
the implementation for daily activities?

1.7 Design Goals

The brace must be effective to reduce ATT and ATT combined with Internal-External rotation
in ACLD patients. From the previous model of knee brace, the factors which require areas of
improvement are considered. Goals derived from the design perspective are:

1. Components redesign - For dynamic functioning of the brace, multiple PAMs must be
accommodated. This is not possible in existing design as clamping attachments to the
PAM are bulky. Thus, the fixing structures need to be more compact.

2. PAM placement configurations - The orientation of multiple PAMs must be made appro-
priately to limit at particular flexion angles. A placement layout needs to be proposed to
evaluate how different layouts/configurations impact the functioning of the soft robotic
knee brace.

3. PAM force contribution - Under different angles of flexion, the range of forces that could
be contributed by these PAMs to reduce ATT needs to be quantified.

Robotics and Mechatronics Manasa Ganesh
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2 Background and Literature review

2.1 The Knee: Range of motion and associated activities

The two functionalities of knee are extension and flexion. During gait cycle, the angle varies
from full extension to a maximum flexion angle depending on the activity. Full extension cor-
responds to the position when the knee is stretched with the angle between femur and tibia in
0°. Beyond 0°, called as hyper-extension, the knee could extend up to a few more degrees only
due to the structure of the knee bones. Similarly, flexion corresponds to the angle after 0° and
ranging up to 155°. Figure 2.1 from x10therapy [2020] shows an illustration on different activi-
ties and the corresponding angles of knee involved. A person must be able to comfortably vary
the knee along these angles. However, for regular daily activities such as walking, ascending or
descending stairs, chair rising etc, a more limited range up to 90°is required.

Figure 2.1: Range of motion of the knee and its associated activities

2.2 ACL rupture: Joint Laxity

The tibial and femoral surfaces are not in perfect congruence. Connecting two of the longest
bones in human body, the knee joint can move in sic degrees of freedom. There are three each
translational and rotational movements that can occur as in Figure 2.2. Noyes and Barber-
Westin [2017] state that the joint stability is due to the combined effect of active stability from
the muscles and passive stability from the ligaments. The hamstrings, quadriceps and gastroc-
nemious play a dominant role in control of flexion-extension and internal-external rotation of
the knee. Besides, this action also gives rise to anterior-posterior shear forces which are con-
trolled by the cruciate ligaments. It is therefore crucial to understand that the term instability
could be understood as giving way by knee joint due to one of the above factors and hence
cannot be generalized.

The scope of this research is to focus on the instability occurring due to inappropriate ATT
and IE condition since the increased laxities are observed more to be in ATT and IE after ACL
rupture.

2.2.1 Anterior Translation of Tibia

As referred from papers Dargel et al. [2007] & Rachmat et al. [2016], ACL produces maximum
restraint of more than 80% against anterior translation of tibia. The magnitude of translation
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 5

Figure 2.2: Rotations & Translations of knee joint as illustrated by Noyes and Barber-Westin
[2017]

increases proportional with applied loading forces. With the simulation of the femur-joint it is
possible to assess the translation under different loading conditions. Same has been proposed
in Papadonikolakis et al. [2003]. From Butler et al. [1980], it was shown that for 90 degrees of
flexion, ACL provided an average of 85.1±1.9% of the total restraining force as in Figure 2.3. A

Figure 2.3: Anterior drawer results without rotation obtained by Butler et al. [1980]

similar average 87.2±1.6% was found at 30 degrees. The average restraining force in the intact
knee was about 440N at 90°and approximately 333N at 30°.

In case of ruptured ACL, hamstrings play a major role in restoring the tibial displacement. The
results from Papadonikolakis et al. [2003] showed that by simulated hamstring force at 56% of
its maximal isometric strength, near normal anterior-posterior translation in the ACLD knee
was restored. Shelburne et al. [2005] proved that it was possible to reduce ATT in the ACLD
knee to the level calculated to the level of intact knee with increased magnitude of hamstrings
force. Besides, the research by Beynnon and Fleming [1998] found that that under unloaded
conditions, bracing not only reduced ACL strain values for anterior directed loads applied to
the tibia but also reduced strain values in response to internal-external torque applied about
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6 Thesis Report

the long axis of the tibia. These results provide a strong evidence that with externally providing
these restoring forces by supporting hamstring activation via the proposed model of brace, it
might be possible to restore the anterior tibial translation as to the extent of intact knee.

2.2.2 Internal-External Rotation

The surfaces of femoral medial and lateral condyles are distinct as mentioned in Section 2.2.
The lateral surface has a higher variation than medial as in Figure 2.4. The medial meniscus
has a deeper femoral surface and is more firmly anchored than the lateral meniscus. The lat-
eral meniscus has more mobility from its restraining ligaments. The displacement of lateral
meniscus is as much as two times further posteriorly than the medial meniscus during knee
flexion. This suggests that the longitudinal axis of rotation is medially located - Smith et al.
[2003].

Figure 2.4: Medial and lateral femoral condyles

Several approaches are discussed in Jones and Grimshaw [2011] to analyse the axis of tibial ro-
tation during flexion and extension. In one of the approaches by Brantigan and Voshell [1941],
the axis is closest to the joint surface during flexion, allowing ACL and other ligaments of the
joint to slacken. In extension, the axis is further away from the joint line and the same liga-
ments become tense. This axis is referred as instantaneous axis. However, the drawback with
this approach was that the condyles of femur are varied in three dimensions rather than two
dimensions while the axis of rotation can only be in two dimensions.

To study the effect of ACL loss on internal and external rotation, it is important to first analyse
the rotation in the presence and absence of ACL. By bisecting the ACL and finding the difference
in rotation range before and after dissection, Lipke et al. [1981] concluded that ACL indeed
caused significant changes in the range of rotation. With this, it was also concluded that with
the loss of ACL, the rotation axis shifted towards medial side. Noyes and Barber-Westin [2017]
points that if the motion is limited to translation, the point does not depend on whether the
axis is towards medial or lateral side as the path is parallel. But when combined with rotation,
translation no longer depends on the same point - Figure 2.5.
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Figure 2.5: Left - Translation with higher IE rotation with greater unequal displacement, Right
- Translation with less IE rotation and lesser unequal displacement (Noyes and Barber-Westin
[2017])

Hence, it becomes important to decide the axis of rotation as each of the above mentioned
approaches lead to different results varying between center of tibial longitudinal axis towards
the medial side with the increasing flexion angle - Feng et al. [2015]. Because the condition
varies from every patient, the center of rotation is assumed based on closest axis to the center
of tibial longitudinal axis as an initial approach in this research. Therefore, the point lies in the
center of tibia based on which medial and lateral translations are calculated.

2.3 ACL Rupture: Muscular Contribution

Hamstring and Quadriceps are the two major muscle groups involved in achieving the flex-
ion and extension angles. By forming agonist-antagonist pair, the two co-ordinate to vary the
angles of knee - Figure 2.6 (Wilson [2019]). During extension, quadriceps act as agonist mus-

Figure 2.6: Association of hamstrings and quadriceps with knee joint.

cle generating high forces to contract. While hamstrings being antagonist, provide low level of
muscle activation termed as co-contraction - Hirokawa et al. [1991]. Similarly, the function is
reversed during flexion. The balanced coordination between the two muscle groups is one of
the main reasons behind controlled knee movements.

A number of factors contribute in maintaining the stability of the knee joint. As per Lam
et al. [2002], the functional instability is caused by anterior translation of tibia as well as im-
pacted co-ordination of the muscles. ACL, primarily being a bundle of collagen fibres, con-
tains mechanoreceptors. These receptors in coordination with the other ligaments of the knee,
transmit the sensation relating to joint movement and joint position to the brain by propri-
oreception as stated in Johansson et al. [1991], Dhillon et al. [2011]. When ACL is ruptured,
sensory feedback by these receptors is also diminished causing affected muscle coordination.
It was also observed that with remnant ACL fibres, the functional recovery is still a possibil-
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8 Thesis Report

ity if these receptive fibres again grow into the reconstructed ligament (Dhillon et al. [2011]).
However, in the method of grafting, the injured ligament is often removed totally to insert the
new graft. This also suggests that retaining of these receptors in this case is not possible. From
the above explanation, one could infer that reconstruction in many instances may not be the
choice to go for.

Rehabilitation, on the other hand, follows the approach of balancing muscle activation levels.
With the loss of ACL, the adaptation of muscle groups to perform various daily activities be-
come altered to overcome the deficiency. As stated in Paterno [2017], by assisting the muscles
activation levels, it is possible to gradually regain the functional stability of the joint. To analyse
the activation of these muscles in ACLD, it important to first understand the individual changes
in behavioural pattern that Quadriceps and Hamstrings undergo when ACL is ruptured.

2.3.1 Hamstring Activity

Several studies suggest that hamstring activation level differs in ACL deficient knee when com-
pared to a normal knee and also with the level of activation of quadriceps - Aalbersberg et al.
[2009], Liu and Maitland [2000]. Knowing that loss of ACL leads to increased anterior transla-
tion of tibia, with increased hamstring muscle activation levels upto 56% of its maximum, the
tibial translation could be returned to its normal level. This was found possible in combination
with joint contact and quadriceps forces as mentioned in Shelburne et al. [2005]. Activation
of hamstrings during loaded flexion reversed the posterior force acting on tibia as discussed
in MacWilliams et al. [1999]. The results also suggested that besides reducing loads at ACL,
hamstrings required more energy to maintain flexion and increased loads at patellofemoral
and tibiofemoral joints. This increased activation could be considered as a protective mecha-
nism as described by Begalle et al. [2012] and Bryant et al. [2008]. Proper training of hamstring
muscles by rehabilitation enhances the possibility of returning to sport activities.

In the research by Khambati [2019] performed in the department of Robotics and Mechatron-
ics at University of Twente, externally activated PAM muscles in the knee brace coordinated
with the hamstring activation. By externally supporting the activation of hamstring muscles, it
shared a part of the overall load acting on hamstring muscles.

2.3.2 Quadriceps Activity

Quadriceps is known to be weakened after the loss of ACL (Lynch et al. [2012]). Weakening here
refers to its inability to activate fully due to the structural changes in the joint. As mentioned in
Section 2.1, the loss of mechano-receptors leaves the condition irreversible. Quadriceps acti-
vation failure can thereby lead to quadriceps strength deficits and may also act as a constraint
for rehabilitation. Analysing the reasons for quadriceps weakness becomes an important as-
pect to further decide the treatment of ACLR patient. According to Buckthorpe et al. [2019], the
strength of the muscle not only depends on neurological factor but also on morphology there-
fore making them interdependent. Williams et al. [2005] reported that quadriceps weakness is
a combined result of quadriceps activation failure and quadriceps atrophy.

The way of measurement of quadriceps weakness is another key aspect in determining the ex-
tent of strength that needs to be restored in the muscle. As per Petterson et al. [2008], the extent
of weakness in ACLR knee is often compared against the contralateral limb. The research also
points that though ACL injury is unilateral, the occurring weakness post injury is bilateral last-
ing upto two years post reconstruction of ACL. Therefore, using the contralateral limb’s strength
as a mark of measure is suggested to be far from ideal condition. It is also noteworthy that the
suggested stable reference to measure could rather be non-reconstructed legs as its strength
was found to be in between that of reconstructed and control legs. This could also act as an ad-
vantage in our study to indicate the performance of rehabilitated legs over reconstructed ones
given that factors considered in both cases are similar with not much of dissimilarities.
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2.4 Pneumatic Artificial Muscle (PAM)

PAMs are contractile or extensional devices operated by pressurized air filling a pneumatic
bladder. Early PAMs were made use as artificial limbs named as McKibben muscles. The pur-
pose of using these muscles is that they are lightweight, easy to fabricate, have a maximum
contraction and have load-length curves similar to human muscle - Roche [2020]. At maxi-
mum activation, they contract ranging from 25% to 40% of their original length depending on
the material involved. This ability to contract makes PAMs to be used as artificial muscles. In
the research by Khambati [2019], the hamstring muscle activation was supported by means of
externally actuated pneumatic artificial muscles. Contraction ratio (ε) of PAM can be calcu-
lated based on Equation 2.1, where l0 and l are the initial and shortened length of the PAM
respectively.

Figure 2.7: McKibben muscle from Daerden and Lefeber [2002]

The force produced by PAM depends on its design with the deciding factors being length (l ),
diameter (D) and braid angle (θ). The overall length of the muscle does not contribute to the
force, but only as supporting structure. The active length is the length of the bladder within the
muscle which expands in volume when pressurized. The diameter of the bladder determines
the force that it can produce. Higher the air pressure, higher the force that can be produced.
However, the thickness of the bladder should also be chosen wisely to obtain the appropriate
force. If the bladder thickness is slim, it cannot withstand high pressure and expands out of
the braid. If too thick, the contraction force of the muscle reduces as its ability to hold larger
pressure reduces. The braid sleeve around the PAM limits the maximum contraction length
depending on the braid angle.

The relation between ideal force exerted, length and diameter of PAM is represented in Daerden
and Lefeber [2002] by the equations below:

ε= l0 − l

l0
(2.1)

Fi deal =
πD2

0

4
P [a(1−ε2)−b] (2.2)

where Fi deal is the ideal force exerted by the PAM, D0 is the initial diameter of PAM when in
rest state and P is the supplied pressure. Considering α0 and α as initial and contracted length
braid angles respectively, a and b can be estimated as:

a = 3

t an2α0

b = 1

si n2α0
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2.5 Knee Brace

Knee braces are designed with the goal to stabilize the underlying conditions of the knee il-
lustrated as in Figure 2.8. As discussed in Section 1.4, the treatment of knee injury is wholly
dependent on the severity of injury. Referring to Miller [2020], based on the functional require-
ments, knee braces are categorized to several types.

1. Prophylactic braces protect the knees from injuries during contact sports

2. Functional braces support already injured knees

3. Rehabilitative braces limit harmful knee movement after an injury

4. Unloader/off-loader braces provide relief to arthritis patients with knee pain

Figure 2.8: A commercially available rehabilitative knee brace from Doc Ortho [2020]

In the studies by Beynnon and Fleming [1998], Xergia et al. [2018] and Kousa et al. [2018],
the effectiveness of using functional knee braces to stabilize the ACL deficient knees have
been investigated. Beynnon et al. [1992] studies the performance of off-the-shelf and custom-
made braces available to examine the stability deciding factors such as Anterior-Posterior Shear
Loading, Internal and External Torques of the Tibia and Active Range of Flexion-Extension of
the Knee. The results determined that these braces could help stabilizing the joint in a rela-
tively lower anterior loads (less than 100 N). However, in daily activities, the loads are perhaps
of higher magnitude. As per Noyes and Barber-Westin [2017], it was reported that the loads in
daily activities ranges between 0 N to 454 N.

Commercial braces which are universal might cause general non-effective constrain to the knee
irrespective of the severity of ACL rupture. Moreover, their fully passive structure limits the
range of motion even when their constraint is not needed. Therefore, the study recommends
further investigation to categorize the design to individually assess different factors that define
the stability of knee. These aspects, if implemented, may possibly improve the effectiveness of
the brace.

2.6 Robotic Knee Brace Approach

The effectiveness of hamstrings and quadriceps muscle groups are adversely affected on ac-
count of an ACL tear. As discussed in Section 2.3.1, hamstrings play a significant role in re-
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stricting unwanted anterior translation of tibia in the presence and absence of ACL. However,
in the absence of ACL, the effectiveness of hamstrings is observed to be reduced. The research
by Xergia et al. [2018] emphasizes the need to develop pre-programmed compensatory muscle
activation strategies. By implementing feed-forward strategies, it is expected to initiate ham-
string co-contraction and improve chances towards a stable knee via hamstring conditioning.

2.7 Previous Work - Soft Robotic Knee Brace

In the previous research by Khambati [2019], a soft robotic knee brace was implemented. The
brace functioned with the help of a pair of PAMs on either side of the knee. By pressurizing
these, it was able to take-over the load of hamstrings up to an extent. The aspects of this design
and its limitations discussed below provide insight on areas of improvement which becomes
the focus of this research.

Figure 2.9: Soft robotic knee brace developed by Khambati [2019]

2.7.1 Key aspects

A short summary of the model of robotic knee brace developed by Khambati [2019] is listed
below. A few aspects have been retained from this model to maintain the working concept of
the previous brace while much have been improvised to facilitate the improved functioning.
The detailed update on design modifications are discussed under Chapter 3.

• The components were support plates for tibia and femur, Pneumatic Artificial Muscles
(PAMs) and planetary gear links integrated into a commercially available knee brace -
Figure 2.9.

• PAMs were clamped on to the support plates with custom designed clamps. Attached
along the sides such that when activated, PAM forces reduce the level of hamstring acti-
vation.

• The brace aimed at reducing the anterior translation of tibia by assisting hamstrings at a
certain angle of flexion.

• Summarizing, increased level of hamstring activation was partly taken over by the brace.

2.7.2 Limitations

The functioning of this brace had its constraints. Such as:
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1. Functioning range: The discussion in Chapter 2 points that the functioning range of
human knee ranges from 0° to 90° on the basis of daily activities. The existing prototype
is not designed to function beyond 30° flexion.

2. Number of PAMs: By activating a single set of PAMs, the range of flexion cannot go be-
yond 30° since the PAMs have a limited functional length. Therefore, during flexion, only
one actuated PAM can not cover the whole range of flexion i.e.0°, 30°, 60°and 90°. PAM
becomes out of use if shortened beyond a limit.

3. Space crunch: Accommodating more PAMs in the existing design cannot be made due
to limited space available. This creates a necessity to minimize/modify the design of
existing components.

4. IE Rotation: Even though the brace proved to support hamstring activation, the study
did not focus on analysis of Internal-External rotation which is simultaneous with ATT in
an ACLD knee.

2.7.3 Areas requiring improvement

Considering the above mentioned limitations, areas requiring improvement from the previous
design can be proposed. The areas of improvement focus on enhancing the functionality of the
brace by reviewing the following factors:

1. Implement brace design to prevent the anterior translation of tibia for flexion multiple
angles of knee. Namely, at 0°, 30°, 60°and 90 °of flexion.

2. This would need 4 sets of PAMs placed along either side of the knee. With changing angles
of flexion, activation of PAMs must be controlled.

3. With modified design of clamp, analyse the clamping forces to withstand the forces of
PAM.

4. Modify the existing support structures of femur and tibia in order to accommodate a total
of 8 PAMs - 4 on each side.

5. Design the layout for proper placement and fixing of these muscles in order to achieve
defined flexion ranges.
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3 Improved brace - Parts design

3.1 Design overview

This chapter focuses on the improvement or modification of soft-robotic knee brace parts de-
sign from Khambati [2019] to make them feasible in the improved soft-robotic knee brace de-
sign. The basic parts combined into the assembly are shown in Figure 3.1. The figure shows
an illustration of PAM in the clamping holes. Chapter 4 explains in detail the placement con-
figurations of PAM in these clamping holes. This section focuses on the design details of PAM,
femur and tibia support plates, connecting links and finally the clamps. With the proposed new
design, it is intended to overcome the limitations of design as mentioned under Section 2.7.2.

Figure 3.1: Proposed 3D model of the soft robotic knee brace

3.2 Modified PAM Design

Considering the fact that the PAMs produced satisfactory forces in fixed angle of flexion in the
research by Khambati [2019], it is convenient if the approach is adapted to be used for multiple
angles of flexion with multiple PAMs making the design dynamic. However, the total length of
the original PAM is increased to 200 mm to accommodate the support ends (Figure 3.2).

Table 3.1 shows the comparison between modified and original size of PAM. The slim ends
of the PAM are designed to act as supporting structures during clamping. The dimensions
of bladder are retained from the previous design to obtain same value of force v/s pressure
characterization curve. The overall length of PAM shown in Figure 3.2 is modified to meet the
hole distances between tibia and femur plates while the overall diameter of the PAM itself is
retained inclusive of the diameter and length of the bladder. The length of the bladder was
retained to be 90 mm from the previous research.

Figure 3.2: Cross section of PAM model

Choice of maximum contraction length: Section 2.4 mentions the length of PAM after activa-
tion is 12% of its original length (Khambati [2019]). This contracted length can only be used
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Dimensions
Total Length

mm
Length of Bladder

mm
Outer Diameter

mm
Original 120 90 14
Modified 200 90 14

Table 3.1: Comparison of PAM dimensions

when the design is fixed to a certain flexion angle. When subjected to flexion angles such as
30°, 60°and 90°, the distance between the clamping holes on femur and tibia plate for each
PAM reduces.

When the distance between the clamping holes is lesser than the PAM’s maximum contraction
length, then the PAM can no longer produce the required force of 50N. Considering the case of
modified PAM with added support ends, the modified length is higher than the original length.
This necessitates the need to increase the maximum contraction length threshold from 12%. As
an initial step, the threshold is increased to 25% providing additional room for added support
ends. Thus, the maximum contraction length is considered to be not more than 25% of its
original length.

In the context of multiple PAM based actuation, it becomes a subject of research if the length
of PAM has to remain constant in all the actuators in the design or if it has to be varied. This
will be further discussed under the Section 4.1

3.3 Femur & Tibia support plates and Connecting link

The femur and tibia plates act as supporting structures to femur and tibia respectively. The
positioning of these support plates has to be made such that required force from the PAMs is
transferred at every angle of flexion. Figure 3.3 and Figure 3.5 shows the 3D models of tibia and
femur plates. Both these structures have a common point to connect the connecting link. Each
of these plates have sets of four holes on each side to fix the clamps that hold the PAMs. Tibia
support plate has a slider hole that allows for the translation of connecting link - Figure 3.4 (a).
The stages of translation occurring in the prismatic slider is illustrated in Figure 3.4 (b) & (c).

Figure 3.3: 3D design of Femur support plate

The support structure of tibia has a curved inner surface while the outer surface is near flat to
accommodate the slider as well as PAM clamping holes. The choice of position of these holes
is based on the required PAM forces in every angle of flexion. With the vertical positioning
of holes, it is expected to achieve higher magnitude of PAM force in the direction opposite to
ATT than horizontally positioned holes. The detailed analysis of placement layout of PAMs is
discussed under Section 4.1.
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(a) Link with prismatic
slider highlighted

(b) Slider at no translation (c) Slider at mid- translation

Figure 3.4: Link with concentric hole connecting to femur plate and prismatic slider connecting
tibia plate

Figure 3.5: 3D design of Tibia support plate with holes for slider and PAM clamps

(a) 0°flexion (b) 30°flexion (c) 60°flexion (d) 90°flexion

Figure 3.6: Flexion angles illustrated in improved design of brace

The assembled model of brace with femur and tibia plates at flexion angles 0°, 30°, 60°and 90°is
shown in Figure 3.6.
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3.4 Design of Clamps - Previous work

Clamps are support structures that connect PAMs to tibia and femur support plates. The
clamps must be able to withstand the axially directed force that is exerted by the PAM. As ob-
served under the research by Khambati [2019], the force of friction between the braid and the
clamp is much lower than axial force of the muscle causing the clamp to slip away from the
braid. To overcome this, another supporting ring structure to the clamps were designed that
helped the clamps withstand the axial force. Figure 3.7 shows the clamp design with support
rings in previous research inspired from the concept by Mori et al. [2010].

Figure 3.7: Design of clamping structures by Khambati [2019]

As illustrated in the Figure 3.7 (left), the braid enclosing PAM is wrapped around the base ring
and cased using end caps. The cap is then connected to the femoral and tibial support plates.
The figure to the right shows the clamps assembled to the PAM under relaxed and pressurized
conditions. From a functional perspective, the design can withstand the PAM forces. Mean-
while, from the design perspective, the inclusion of such wide base rings makes it a bulky fix-
ture. As the purpose of the design was intended to function in a single angle of flexion, the
bulky clamps did not pose a limitation.

3.5 Downsizing the clamping structures

The improved model of brace requires downsizing of these clamps with a modified design. The
dimensions of each of the caps are 40mm2. Considering the placement layout of the PAMs
mentioned under Section 4.1, the dimension of femur support plate is 120 mm x 110 mm. With
this data, it is evident that the support plates can only accommodate a maximum of two such
clamps which is not feasible in the improved design.

Clamping requirements in the improved design:

• Since the number of PAMs on either side of the support plates is 4, the size clamps should
be compact enough to attach 4 of these in every side of the support plates.

• The placement of these clamps should not be fixed in a single point but allow rotation
along the point of fixation. Since PAMs are flexible structures, at every changing angles
of flexion, the slackness in the middle of PAMs causes rotation along its fixing points.
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3.5.1 Improving the base ring approach

The base ring concept indeed supports the overall load bearing capacity. Nonetheless, as seen
in Figure 3.7, the base ring encircles around the PAM adding more to the existing diameter of
the PAM. Therefore, the idea was to reduce the diameter of the non-inflating diameter of PAMs.
The term non-inflating refers to the support ends of the PAM which are designed to only act
as supporting structures. By covering this area with support rings reduces the extent of radial
increase of the PAM volume. Figure 3.8 below demonstrates the modified PAM diameter for
base ring attachment around the end support structures.

Figure 3.8: Outer diameter indicated by yellow arrow and reduced diameter by white to accom-
modate base ring

The modified design of base ring is proposed as a bi-layered cylinder (inner and outer layers).
By categorizing the layers, it is intended to take the best advantage of the friction force between
the materials. The inner layer, indicated (2) in Figure 3.9 (a), that is in contact with the braid is
3D printed in Agilus material which is a durable, rubber-like photopolymer simulating the look,
feel and function of rubber (Source: Stratasys [2018]). The outer layer, indicated (1) in Figure 3.9
(a), is a harder material made of VeroWhite that helps transfer of force to the clamps. The
outer surface of the outer layer is patterned with sharps teeth-like structures to create friction
between holes in expanded braid and the teeth patterns. When braid expands, the holes in the
braid are intended to house in between these patterns. The cylinder is designed with an open
edge such that when the ring is compressed, it wraps around the diameter of the PAM support
ends Figure 3.9 (a) & (b).

(a) (1) and (2)
indicating layers

(b) Cylinder covering the PAM support end

Figure 3.9: Bi-layered cylinder covering the PAM support ends.

The PAMs covered with the bi-layered cylinder has to be mounted to the support plates of tibia
and femur. Hence, a clamping structure that links between PAM-cylinder and support plates is
designed. As mentioned in Section 3.5, the clamps have to hold the PAM and rotate along its
point of fixation.

Figure 3.10 shows the design of clamp. The rear end is bolted with 8.5mm thread to the femur
and tibia support plates with enough force to allow the rotation of clamping structure. This
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Figure 3.10: Proposed design of clamp to house bi-layered cylinder and PAM

gives room to the PAMs to orient in different angles during changing angles of flexion. The
front-end is has wide opening that closes when threaded through the hole. This ensures hold-
ing the cylinder firm within the clamps. Besides compressing with bolt, the stopper designed in
the bottom of the clamp prevents the possibility of the bi-layered cylinder sliding downwards
when PAM undergoes compression and a pulling force exerts on it. Figure 3.11 illustrates the
PAMs clamped to the femur supporting plate.

Figure 3.11: PAMs assembled to the clamps in femur support plate
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4 Placement layout of PAMs

4.1 PAM placement configurations

The placement of PAMs on the brace must be made such that the PAMs are functional in all
flexion angles of the knee. This ensures the usability of PAM in different gait cycle activities.
Though various configurations are possible to place the PAM to the clamping hole, it is nec-
essary to determine the effectiveness of the PAM once the knee undergoes flexion. In this re-
search, two configurations for the placement of PAMs are proposed and its extent of usability
is analysed. Figure 4.2 illustrates the parallel and crossed PAM configurations of the brace.

(a) Parallel Configuration (b) Crossed Configuration

Figure 4.1: Proposed parallel and crossed PAM configurations of the brace.

Both these configurations are evaluated using two factors that further help quantifying the con-
tribution of individual PAMs. The factors considered are:

1. Preserved length of PAM at every flexion angle: The total length of PAM reduces as
the knee flexes to increasing angles. This reduced length of PAM is known as Preserved
Length. As mentioned in Section 3.2, if the length of PAM before actuation is less than its
maximum contraction length, then the contribution of the PAM is considered to be null.

2. PAM Angle: The angle made by the PAM along the x-axis is required at every angle of
flexion as the force of PAM is measured along the cosine component. Therefore, a lower
value of θ yields higher magnitude of force along the opposite direction of ATT as in Fig-
ure 4.2.

4.1.1 Parallel PAM Configuration

As shown in Figure 4.2, parallel configuration PAMs are placed in parallel to one another. In
every angle of flexion, the length of every PAM and its respective angle along the axis of tibia
plate is measured. Figure 4.2 illustrates the brace in 0°and 30°flexion angles.

At 0°flexion, the length of PAM 4 is at its original length. But at 30°, the clamping holes’ separa-
tion distance reduce and the slackness occurs in the overall length of the PAM. The end points
of the PAMs connected to the clamps are considered to be dead lengths and do not add to the
preserved length of the PAM. This can be written as:
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(a) 0°- Parallel Configuration (b) 30°- Parallel Configuration

Figure 4.2: Black arrow indicating change in PAM length from 0°to 30°flexion

PAM Preserved length (PL) = Total length (L) - Dead length (Ldead )

%PL = PL

L
∗100 (4.1)

Based on the distance between the clamping holes, the length of PAM in parallel configuration
is designed to be 200 mm. Only in 0°flexion, the PL is equal to the original or the total length of
the PAM. The dead lengths of PAMs 1-4 are 4mm, 4mm, 0mm and 5mm respectively. With this
the %preserved length values are calculated as in Table 4.1. The PAM angles, θPAM , in each of
the flexion angles measured are listed in Table 4.1.

Parallel
Total PAM length

mm
%Preserved Length

PAM Angle
degree

Flexion Angle
degree

0 30 60 90 0 30 60 90 0 30 60 90

PAM 1 204 175 134 68 100 85.5 65 32 58 41 23 16
PAM 2 204 184 155 119 100 90 75.5 57.5 58 37 14 -16
PAM 3 200 188 173 154 100 94 86.5 77 56 31 4 -24
PAM 4 205 200 190 177 100 97.5 92.5 86 57 31 4 -30

Table 4.1: PAM placement data in parallel configuration

4.1.2 Crossed PAM Configuration

As the name suggests, crossed configuration consists of PAMs placed in crossed pattern. Unlike
in parallel configuration, the body of PAMs traverse over one another when clamped at end
points - Figure 4.3. Besides, the length of all PAMs at initial stance is distinct. Therefore, it is
necessary to evaluate the factors preserved length and PAM angle for detailed analysis.

The preserved length can be calculated as in Equation 4.1. The lengths of PAMs and corre-
sponding dead lengths are listed in Table 4.2 below.
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(a) 0°- Crossed Configuration (b) 30°- Crossed Configuration

Figure 4.3: Black arrow indicating change in PAM length from 0°to 30°flexion

Crossed Configuration
PAM 1 PAM 2 PAM 3 PAM 4

Total Length (mm) 150 180 230 280
Dead Length (mm) 5 4 4 8

Table 4.2: The varying total length of PAMs in crossed configuration

Crossed
Total PAM length

mm
%Preserved Length

PAM Angle
degree

Flexion Angle
degree

0 30 60 90 0 30 60 90 0 30 60 90

PAM 1 145 137 125 111 100 88.0 80.0 70.7 47 17 9 39
PAM 2 176 166 150 131 100 90.0 81.1 70.6 28 27 1 28
PAM 3 226 208 179 143 100 88.7 76.1 60.4 28 39 15 11
PAM 4 272 248 209 160 100 85.7 71.8 54.3 23 46 24 0.2

Table 4.3: PAM placement data in crossed configuration

4.2 Evaluation of placement configurations

Choice of standard %Preserved length: The standard for preserved length is based on the cho-
sen maximum contraction length in Section 2.4. Since the standard contraction length is 25%,
the remaining 75% length is considered to be the standard preserved length. Only the PAMs
with percentage preserved length ≥ 75% can be used for actuation.

The data from Table 4.1 and Table 4.3 determines the %preserved lengths available for every
angle of flexion. Though PAM angle plays a role in determining the maximum effectiveness of
a PAM, a higher PAM angle would not categorize the PAM as non-utilizable. Therefore, as an
initial level of filtering, the %preserved lengths are evaluated.

Figure 4.4 represents the tabular data of parallel and crossed configurations in 3D bar graph
respectively. The vertical bars represent the percentage length of every PAM at a given flexion
angle. The percentage between 0-50% is filled in red, 51-74% in orange and from 75-100% in
green. From the color coding, it is convenient to identify the PAMs which can actually con-
tribute to produce force. All the PAMs with surface highlighted in green are categorized to
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be qualified and contributing at that flexion angle and the surface with other colors are non-
contributing.

Example: From Table 4.1 and Table 4.3, consider the case 60deg flexion.

Parallel configuration consists of 3 PAMs namely PAM2, PAM3 and PAM4 whose surface is rep-
resented in green meaning that these PAMs are qualified to be activated at 0°flexion. PAM 1’s
surface being orange means that it is non-contributing. Furthermore, in crossed configura-
tion, PAM1, PAM2 and PAM3 are surfaced in green at 60°flexion meaning that they are qualified
while PAM 4 is non-contributing.

Every PAM with %preserved length ≥ 75%, qualifies itself to be contributing to ATT recovery
force. However, the criteria can only serve as a qualifying factor. In certain flexion angles where
all or most of PAMs are > 75%, it is necessary to quantify the forces proportionately using a
criterion that is a combination of both %preserved length and the PAM angle. Being one of the
primary subjects of this research, the quantification of recovery forces has been discussed in
Section 5.6.

Figure 4.4: Preserved length determining PAM usability in parallel and crossed configuration
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5 Simulation

Introduction and Purpose

Concepts discussed in Chapter 3 proposes an overall design of the improved soft-robotic knee
brace. The positioning of PAMs on the brace as discussed in Chapter 4 is made such that when
activated, the forces exerted by these PAMs would coordinate with the hamstring muscle group
to overcome the ATT and ATT in combination with IE in an ACL ruptured knee. The prismatic
slider design in the tibial support plate is proposed to mimic the relative sliding motion of the
tibia when appropriate stiffness and force parameters are applied.

To verify the performance of the proposed concept of the knee brace, it becomes necessary
to model the knee behaviour and then implement the parameters modelled in the brace. To
accomplish this, the prismatic slider modelled in the knee brace design is simplified to a 2-
link based prismatic joint as in Figure 5.1. The anterior sliding motion of the tibia is simulated
through the two-link prismatic joint.

Figure 5.1: Model to estimate pure translation at 0°flexion

5.1 Two-link model of the knee brace

A simplified 3D model of the knee modelled in SolidWorks® was simulated using Simscape
Multibody™ - a product of Mathworks [2020]. The Simscape Multibody Link plug-in acts as an
interface for exporting the CAD assembly into Simscape Multibody software. The simulation
of the model is intended to validate the results obtained in experiments performed by Naghibi
et al. [2020]. The intact and ruptured pure ATT values from the experiments are listed in Ta-
ble 5.1.

Angles in deg
ATT - Intact

in mm
ATT - Ruptured

in mm
0 -3.57 -27.41

30 -5.19 -36.67
60 -11.55 -44.31
90 -17.97 -52.52

Table 5.1: Pure ATT in intact and ruptured knee values obtained from results
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The research focuses on verifying two factors affecting the stability of knee joint as mentioned
in Section 2.2. Firstly, the ATT and then the ATT combined with IE. For a thorough sequence of
verification, we propose simulation in two phases. Namely:

1. Pure translation discussed under Section 5.2.

2. ATT combined with IE discussed under Section 5.3.

5.2 Pure translation

The context of pure translation means that the ATT is tested in the absence of IE. The displace-
ment of tibia is along its central axis. To simulate this, a 2D model of the knee joint, Figure 5.2,
is designed. The model consists of three parts - Fixed femur link (P1), Rotating tibia link (P2),
Prismatic Slider (P3) and two joints - Revolute (J1), Prismatic (J2). Simscape equivalent of this
model is as shown in Figure 5.4. Individual blocks are explained in Section A.2.

(a) Prismatic slider joint with
no ATT

(b) Prismatic slider joint with ATT

Figure 5.2: Model to estimate pure translation at 0°flexion

Figure 5.3: Flexion angles 30°, 60°& 90°illustrated in 2-link model

Manasa Ganesh University of Twente



CHAPTER 5. SIMULATION 25

Figure 5.4: Simscape equivalent of Figure 5.2

5.2.1 Model outputs - Pure Translation

The anterior tibial translation can be simulated via the prismatic joint when the appropriate
value of stiffness and force acting on the knee during flexion angles is fed to the model. To
validate this, the reference values from the experiment were used. The reference experiment
provided the ATT at flexion angles 0°, 30°, 60°& 90°as in Table 5.1 when an anterior force of -
100N was acting on the tibio-femoral joint. Having known x & Fant , calculated values of K in
intact and ruptured knee is calculated in Table 5.2. To load spring stiffness value to the model,
it was estimated using Hooke’s law:

Fant =−K x (5.1)

where x, in this case, is the anterior translation of tibia.

Angles in deg
ATT - Intact

in mm
K_intact
in N/mm

ATT - Ruptured
in mm

K_ruptured
in N/mm

0 -3.57 -28.01 -27.41 -3.65
30 -5.19 -19.27 -36.67 -2.73
60 -11.55 -8.66 -44.31 -2.26
90 -17.97 -5.56 -52.52 -1.90

Table 5.2: Stiffness in intact and ruptured conditions - Pure ATT
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5.2.2 Choice of damping factor in pure translation

The input values of K and F to the model as in Table 5.2 did not result in the ATT as expected.
Figure 5.5 shows the example at 0°flexion where the output translation was observed to be un-
stable around -3.57 mm indicated by orange line and varying between 0 to -7 mm.

Figure 5.5: Unstable ATT fluctuating around -3.57 mm (orange line) at 0°flexion with damping
factor = 0 Ns/mm from Table 5.2

With detailed inspection, it was found that the ATT was dependent on the damping factor of
the joint. To stabilize the translation, the damping factor had to be decided for all the trials
including intact and ruptured conditions. The damping factor was gradually increased in steps
of 0.01 and the difference was observed as in Figure 5.6

The overshoot of the curve was observed until damping ratio of 0.04 Ns/mm. Beyond this value,
the response was settled. The simulations in Figure 5.6 is illustrated for the case of 0°flexion
where the calculated ATT was -3.57 mm. For the rest of the trials involving flexion angles 30, 60
& 90 °flexion the damping factor of 0.05 Ns/mm was retained. Beyond the value of 0.05 Ns/mm,
the response was observed to be overdamped.

5.3 ATT combined with IE

Pure translation, as mentioned in Section 5.2, refers to the translation of tibial bone along the
central axis. In presence of internal-external rotation of tibia, the translation is no longer the
centre line but along either sides of the central axis. In order to study this effect, two parallel
links as in Figure 5.7 was used instead of one. With the addition of second link, it was intended
to study the ATT along medial and lateral sides of the joint simultaneously defined as Represen-
tative translations in medial and lateral sides.

Firstly, to obtain the medial and lateral representative translations, an internal rotation was ap-
plied to the pure translation values listed under Section 5.2. The values of IE rotation was from
the reference experimental results listed in Table 5.3 with its pure translation and translation
combined with rotation in ruptured ACL condition.

Since pure translation occurs along the central axis and medial and lateral representative trans-
lations along the either ends of the tibia (Figure 5.8), it becomes necessary to assume the overall
width of tibia to calculate these translations. However, in this research, the width of the tibial
plate of the knee brace (Figure 5.7) has been used instead of the width of tibia itself considering
the fact that the forces are applied along either sides of tibia support plate. By combining the
data of pure translation, IE rotation and the width of tibia plate, medial and lateral representa-
tive translation (Tmed & Tl at ) can be calculated as explained below.
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Figure 5.6: ATT observed at 0 °flexion for damping factors from 0.01 Ns/mm to 0.05 Ns/mm
(left to right) respectively

Angles
degrees

ATT - Intact
mm

IE Rotation - intact
degrees

ATT - Ruptured
mm

IE Rotation - ruptured
degrees

0 -3.57 2.7 -27.41 13.8
30 -5.19 -0.4 -36.67 8.6
60 -11.55 -5.1 -44.31 2.7
90 -17.97 -6.5 -52.52 0.4

Table 5.3: IE Rotation observed in intact and ruptured ACL knees from previous experimental
results

1. From the 3D model of the tibia plate, distance between plates, W = 83 mm

2. Pure translation of intact knee at 0°flexion, Ti nt0 = −3.57 mm
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Figure 5.7: 3D model to study medial and lateral representative translation

Figure 5.8: Tibial plates with medial and lateral representative translation

3. IE rotation of intact knee at 0°flexion, Ri nt0 = 2.7 °

Difference from centre axis,

Tdifference = (W/2)∗ tan(Rint0)
Tdifference =−1.957mm

Medial and lateral representative translations,

Tmed = Tint0 −Tdifference =−1.63mm
Tlat = Tint0 +Tdifference =−5.50mm

To estimate the medial and lateral representative translation for the rest of the trials in intact
and ruptured conditions, the behaviour was estimated using AppDesigner. The corresponding
medial and lateral representative translations are shown in Table 5.4 and Table 5.5.

5.3.1 Model Outputs - ATT combined with IE

The parameters to be fed into the model to simulate medial and lateral representative trans-
lation differs than in pure translation. The anterior force acting on the knee being -100 N gets
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Figure 5.9: Medial and Lateral representative translations plotted by providing input to GUI in
AppDesigner

Translation - Intact knee
mm

Flexion Angle
degree

Pure
Medial

representative
Lateral

representative
0 -3.57 -5.50 -1.64

30 -5.19 -4.90 -5.48
60 -11.55 -7.89 -15.21
90 -17.97 -13.30 -22.64

Table 5.4: Medial and lateral representative translations in the intact knee

Translation - Ruptured knee
mm

Flexion Angle
degree

Pure
Medial

representative
Lateral

representative
0 -27.41 -37.48 -17.34

30 -36.67 -42.87 -30.47
60 -44.31 -46.24 -42.38
90 -52.52 -52.81 -52.23

Table 5.5: Medial and lateral translations in the ruptured knee

divided in the joint to cause medial and lateral representative translation. Equation 5.1 can
now be rewritten as

Fant = Fant_med +Fant_l at (5.2)

Fant =−(Kmed ∗xmed +Kl at ∗xl at )
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Deciding if the division of force would be proportional according to the ATT or if it would be
divided equally regardless is perhaps an interesting subject of research. The joint laxity dis-
cussed under Section 2.2.2 mentions that the lateral surface has a higher variation than medial
as the medial is more firmly anchored than the lateral meniscus providing mobility against its
restraining ligaments. Thus, when force is applied on the joint, the difference in stiffness due
to morphological variations and also due to the stiffness of cruciate ligaments causes different
translations. The difference in translation gives rise to an internal or external rotation of tibia.

Considering that the total ATT depends on the stiffness in the joint, the force was chosen to
be acting equally on either side. If a proportional distribution of force was chosen, the corre-
sponding proportional increase or decrease in translation would lead to extremely high or low
values of stiffness. Therefore, the values of medial and lateral anterior force Fant_med & Fant_l at

are considered -50 N each in further context. Table 5.6 contains calculated medial and lateral
stiffness Kmed & Kl at in intact and ruptured conditions.

Stiffness
Intact
N/mm

Ruptured
N/mm

Flexion Angle
degree

Medial Lateral Medial Lateral

0 -9.09 -10.2 -6.34 -3.76
30 -30.55 -9.13 -3.29 -2.21
60 -1.33 -1.17 -1.08 -0.95
90 -2.88 -1.64 -1.18 -0.96

Table 5.6: Medial and lateral stiffness calculated at medial and lateral anterior force equal to
-50 N each

5.3.2 Choice of damping factor in ATT combined with IE

The experiment under Section 5.2.2 tested for damping factors ranging between 0 to 0.05 and a
final damping value of 0.05 was chosen to be optimal. A similar approach was followed in this
section. By observing Table 5.6, the value of K ranges between -0.957 (min) to -30.555 (max).
Following were the inferences when selecting the damping factor as in Figure 5.10:

• For lower values of stiffness, less than 25 N/mm, the damping factor of 0.05 yielded re-
quired ATT.

• For stiffness beyond 25 N/mm, overshoot in the ATT was observed. Therefore, the damp-
ing factor was further increased from 0.05 N/mm.

• Though the curve settled at 0.07, smoother transition was observed at damping factor
0.08.

However, damping factor of the model cannot vary in every trial since the damping of knee re-
mains a single value for every individual. The variation of damping value is dependent on the
activity being carried out. For different loading forces acting on the knee, the damping factor
changes as discussed in Dutto and Smith [2002] and Schneider et al. [2017]. This necessitated to
use a single damping factor for all trials: Pure translation, Medial-Lateral representative trans-
lation of intact and ruptured knee.

Choice made: Besides yielding satisfying results for higher values of stiffness (beyond 25
N/mm), the damping factor of 0.08 also produced satisfactory ATT also for lower values of
stiffness (less than 25 N/mm). Hence, final value of damping was chosen 0.08 Ns/mm. Table
provides a comparison of ATT in experimental and simulation cases.
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Figure 5.10: Lateral representative ATT (-1.64 mm) observed when (high) stiffness, K = 30.55 for
damping factors from 0.05 Ns/mm to 0.08 Ns/mm at 30°flexion

Intact
D = 0.08 Ns/mm

Stiffness
N/mm

ATT - Medial
Representative (mm)

ATT - Lateral
Representative (mm)

Flexion Angle
degree

Medial Lateral Experimental Simulation Experimental Simulation

0 -9.09 -30.55 -5.50 -5.50 -1.64 -1.64
30 -10.20 -9.13 -4.90 -4.90 -5.48 -5.48
60 -6.34 -3.29 -7.89 -7.89 -15.21 -15.21
90 -3.76 -2.21 -13.30 -13.30 -22.64 -22.64

Table 5.7: Measured values of intact knee ATT with damping factor = 0.08 Ns/mm

Ruptured
D = 0.08 Ns/mm

Stiffness
N/mm

ATT - Medial
Representative (mm)

ATT - Lateral
Representative (mm)

Flexion Angle
degree

Medial Lateral Experimental Simulation Experimental Simulation

0 -1.33 -2.88 -37.48 -37.47 -17.34 -17.34
30 -1.17 -1.64 -42.87 -42.84 -30.47 -30.47
60 -1.08 -1.18 -46.24 -46.19 -42.38 -42.35
90 -0.95 -0.96 -52.81 -52.67 -52.23 -52.10

Table 5.8: Measured values of ruptured knee ATT with damping factor = 0.08 Ns/mm
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Pure ATT - Ruptured(mm)
Flexion Angle

degree
Stiffness

N/mm
Experimental Simulation

0 -28.01 -3.57 -3.57
30 -19.27 -5.19 -5.11
60 -8.66 -11.55 -11.55
90 -5.56 -17.97 -17.97

Table 5.9: Measured values of intact knee’s pure ATT with damping factor = 0.08 Ns/mm

Pure ATT - Ruptured (mm)
Flexion Angle

degree
Stiffness

N/mm
Experimental Simulation

0 -3.65 -27.41 -27.41
30 -2.73 -36.67 -36.63
60 -2.26 -44.31 -44.17
90 -1.90 -52.52 -52.08

Table 5.10: Measured values of ruptured knee’s pure ATT with damping factor = 0.08 Ns/mm

Since a constant damping factor has to be maintained and the results with pure translation at
100 N had a damping factor of 0.05 Ns/mm, the model had to be re-tested with the new damp-
ing factor 0.08 Ns/mm. Table 5.9 and Table 5.10 shows pure translation of intact and ruptured
knee with anterior force = -100 N and damping factor = 0.08 Ns/mm. The experimental and
simulated ATT values suggests that the new damping factor does not cause much of difference
when compared.

5.4 ATT Recovery Force - Fr ec

The simulation of models in Section 5.2 and Section 5.3 results in intact and ruptured knee
ATT values with pure translation and ATT combined with IE. By the fixation of multiple PAMs
along medial and lateral sides of the robotic knee brace, the ATT of ruptured knee is intended
to be recovered back to the ATT as in an ACL intact knee. To implement this, a force opposite
in the direction of ATT must act upon the knee. The force in this case is regarded as the force
of PAMs that act according to the alignment criteria namely the preserved length and fixation
angle as discussed in Section 4.1. Every PAM is designed to produce a maximum force of 50 N
at a pressure of 2 bars. By using all the PAMs that are available to be used in a given angle of
flexion, a total force, FPAM , must be produced that corrects the ATT from ruptured state to the
ATT in intact state.

From the Simscape model in Figure 5.4, the F_ant block produces force acting in the ante-
rior direction (Fant ) thus causing ATT. To recover this, another force block F_rec acting in the
direction opposite to ATT is added. F_rec is the summation of forces of available PAMs in ev-
ery flexion angle. F_ant and F_rec are constants loaded from MATLAB’s workspace. Figure A.3
shows the equivalent model in Simscape with medial and lateral representative translation with
corresponding F_ant and F_rec.

From Figure 5.11, force acting on knee, F_ant is -100 N. By providing the ruptured knee stiffness
values to the model, ATT is simulated. Consider the case at 0 °flexion from Table 5.2 where the
ruptured knee ATT is -27.41 mm with a stiffness of -3.6 N/mm. However, ideally the ATT is
supposed to be -3.57 mm by retaining the ruptured knee stiffness. Through F_rec block, force
is varied from 0 N to a value where the ATT was no longer -27.41 mm but -3.57 mm. Hence the

Manasa Ganesh University of Twente



CHAPTER 5. SIMULATION 33

Figure 5.11: Simscape model for pure translation with anterior force - F_ant and recovery force
F_rec

opposite force in this case is found to be 87 N. Table 5.11 contains the values of recovery force
for ruptured knee with pure translation between 0 °and 90 °flexion.

Pure - ATT (mm)
Flexion Angle

degree
Stiffness

N/mm
Intact Ruptured

Recovery Force
N

0 -3.65 -3.57 -27.41 87
30 -2.73 -5.19 -36.67 85.85
60 -2.26 -11.55 -44.31 74
90 -1.90 -17.97 -52.52 65.78

Table 5.11: Recovery force measured for ruptured knee with pure translation between 0°and
90°flexion

Similarly, Table 5.12 and Table 5.13 contains the values of Fr ec for ruptured knee with medial
and lateral representative translation between 0 °and 90 °flexion.
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ATT - Medial Repr. (mm)
Flexion Angle

degree
Stiffness

N/mm
Intact Ruptured

Recovery Force
N

0 -1.33 -5.50 -37.48 42.66
30 -1.17 -4.90 -42.87 44.28
60 -1.08 -7.89 -46.24 41.5
90 -0.95 -13.30 -52.81 37.38

Table 5.12: Recovery force measured for ruptured knee with medial representative translation
between 0°and 90°flexion

ATT - Lateral Repr.(mm)
Flexion Angle

degree
Stiffness

N/mm
Intact Ruptured

Recovery Force
N

0 -2.88 -1.64 -17.34 45.3
30 -1.64 -5.48 -30.47 41.02
60 -1.18 -15.21 -42.38 32.06
90 -0.96 -22.64 -52.23 28.28

Table 5.13: Recovery force measured for ruptured knee with lateral representative translation
between 0°and 90°flexion

5.5 Division of PAM forces

The total forces from the PAM results in FPAM as discussed under Section 5.4. However, the
division of force between the PAMs 1 to 4 is purely dependent on the placement layout of these
PAMs. Section 4.1 discusses two configurations to decide which one of the two qualifies to
perform in all the 4 angles of flexion. Based on the two selection criteria, angle of placement
and preserved length, each PAM characterizes itself to its unique maximum level of actuation
in every flexion angle. This individual value of PAM characterization is the Weighting Factor.
Depending on the weighting factors of every PAM in each flexion angle, the controller decides
a proportion to divide the forces.

Among the two configurations (parallel and crossed) in Section 4.1, the weighting factor has
been estimated for parallel and crossed configurations. From values in Table 4.1 and Table 4.3,
the weighting factor can be estimated as shown below:

W F = cos(θ)∗PL (5.3)

where θ is the angle of placement of PAMs, PL is the percentage of preserved length.

Table 5.14 represents the cos(θ) and Table 5.15 represents the preserved length (PL) respec-
tively. Table 5.16 is the weighting factor estimated from Equation 5.3.

5.5.1 Parallel Configuration

Referring to Table 5.16, the numbers indicated in brackets next to weighting factors indicate
the priority. The priority varying from scale 1 to 4 means that the PAM with priority 1 has the
highest weighting factor and ranges until 4, with 4 being the lowest priority.

Explaining Table 5.16:
Case 1: Pure translation with recovery force, Fr ec = 87 N at 0 °flexion (Table 5.11)

• PAM3 has the highest weighting factor of 0.559 with priority 1, PAM4 gets the second
priority while 3r d , 4th PAMs have the last priority.
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Criteria 1 - Cosine(PAM angle)
Flexion Angle

degree
0 30 60 90

PAM 1 0.530 0.755 0.921 0.961
PAM 2 0.530 0.799 0.970 0.961
PAM 3 0.559 0.857 0.998 0.914
PAM 4 0.545 0.857 0.998 0.866

Table 5.14: Criteria 1 showing cosine of PAM placement angles from Table 4.1

Criteria 2 - %Preserved Length
Flexion Angle

degree
0 30 60 90

PAM 1 100 85.5 65 32
PAM 2 100 90 75.5 57.5
PAM 3 100 94 86.5 77
PAM 4 100 97.5 92.5 86

Table 5.15: Criteria 2 showing %preserved lengths as in Table 4.1

Parallel
Configuration

Weighting Factor
Criteria 1 * Criteria 2

Priority

Flexion Angle 0 30 60 90 1 Highest
PAM 1 0.530 (3) 0.645 (4) 0.598 0.308 4 Lowest
PAM 2 0.530 (3) 0.719 (3) 0.733 (3) 0.553
PAM 3 0.559 (1) 0.806 (2) 0.863 (2) 0.703 (2)
PAM 4 0.545 (2) 0.836 (1) 0.923 (1) 0.745 (1)

Table 5.16: Weighting factor as a product of Table 5.14 and Table 5.15 values

• The highest proportion of force thus gets assigned to PAM1.

Case 2: Medial representative translation with medial recovery force, Fr ec = 41.5 N at 60 °flexion
(Table 5.12)

• PAM4 has the highest weighting factor of 0.923 with priority 1, PAM3 gets the second
priority and PAM2 the least.

• It has to be noted that due to the criteria - 1, %preserved length being < 75%, PAM1 is ex-
cluded from contributing to the medial recovery force of 41.5 N. Thus there is no priority
assigned to PAM1.

• Therefore, medial recovery force is constituted from PAMs 2,3 & 4

Case 3: Lateral representative translation with lateral recovery force, Fr ec = 28.2 N at 90 °flexion
(Table 5.13)

• PAM4 has the highest weighting factor of 0.745 with priority 1, PAM3 gets the second
priority.

• Again, as per criteria - 1, the %preserved length for PAMs 1&2 is < 75%. Thus, these PAMs
are represented in red and do not contribute to lateral recovery force.

• Therefore, lateral recovery force is constituted from PAMs 2,3 & 4
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5.5.2 Crossed Configuration

Similar to the criteria applied in Table 5.16 in parallel configuration. The weighting factor for
crossed configuration is shown in Table 5.17. The priority values in case of crossed configura-
tion are assigned upto 60°flexion. From Table 4.3, it is understood that at 90°flexion no PAMs
are available to contribute as their preserved lengths are lesser than the required 75% standard.
Therefore, assigning priorities to these PAMs are not considered.

Crossed
Configuration

Weighting Factor
Criteria 1 * Criteria 2

Priority

Flexion Angle 0 30 60 90 1 Highest
PAM 1 0.682 (3) 0.842 (1) 0.790 0.549 4 Lowest
PAM 2 0.883 (2) 0.802 (2) 0.811 (1) 0.623
PAM 3 0.883 (2) 0.689 (3) 0.735 (2) 0.593
PAM 4 0.921 (1) 0.595 (4) 0.656 0.543

Table 5.17: Weighting factor in the crossed configuration

5.6 Quantification of recovery forces

Above section explains how weighting factor plays the role in dividing the forces to be assigned
to PAMs. However, with the weighting factor, it is only possible to know the proportion in which
the force can be divided. It is necessary to implement a logic with which the controller quan-
tifies the precise amount of force that should be assigned to each PAM. At every flexion angle,
the total recovery forces, medial recovery force and lateral recovery force are listed in Table 5.11,
Table 5.12 and Table 5.13 respectively. Note that the recovery force in the equations is a generic
representation irrespective of pure, medial or lateral force. Recovery force (Frec) represented in
Equation 5.5 corresponds to the F_rec block in the Simscape model in Figure 5.11.

The equations below calculate the PAM forces in a given flexion angle based on the weighting
factors in Table 5.16. The force factor to calculate recovery force is based on the normalization
of weighting factors. i refers to the PAM number ranging up to j. With Wnorm as the normalized
value of weighting factors,

Wnor m(i ) = W (i )
j∑

i=1

√
W (i )2

(5.4)

f f actor =
Fr ec

j∑
i=1

Wnor m(i )

(5.5)

ffactor refers to the force factor that determines the quantity of force that is contributed by each
PAM, fr ec(i ), in the direction of ATT.

fr ec (i ) =Wnor m(i )∗ f f actor (5.6)

To calculate the force produced by the individual PAM, the angle values can be estimated from
Table 5.14.

fpam(i ) = fr ec (i )

cos(θi )
(5.7)

The summation of individual recovery forces, frec(i), accounts to the total recovery force, Fr ec ,
acting in opposite direction of ATT in a given flexion angle as in Figure 5.12. Similarly, indi-
vidual PAM forces, fpam(i), in a given flexion angle sums to the total PAM force, FPAM. The
summation is constituted by the forces contributed by the qualified PAMs.
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Figure 5.12: Illustration of recovery and PAM forces based on the representation in Xergia et al.
[2018]
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6 Results and Discussion

This chapter presents the results of experiments conducted. The data from recovery force mod-
els simulated under Chapter 5 is presented. The results comprise of Recovery, PAM forces and
force distribution. Finally, the calculated recovery force is verified using finite element model
and compared with the intact knee conditions.

The Simscape model was tested to reproduce experimental ATT values in pure translation and
translation combined with rotation for intact and ruptured ACL knee. To tune for a consis-
tent output, the model was tested under different damping factors. As discussed under Sec-
tion 5.3.2, a common damping factor 0.08 was set throughout the simulations.

6.1 Recovery Forces - Fr ec

1. Pure Translation - ACL ruptured knee with anterior force, Fant = -100 N
Recovery force is exerted to correct the undesired anterior translation of tibia. Observing
pure translation data, the ATT increases as the angle of flexion increases. Thus, at lower
angles of flexion, say at 0°& 30°, the recovery force is of higher magnitude (see Figure 6.1).
The anterior and recovery force acting opposite to one another results in a sum lesser
than the sum of these forces at 60°& 90°flexion angles. In case of pure translation, the
force acts along the central axis of tibia which in this research is considered as the axis of
rotation.

Figure 6.1: Bar graph illustrating the magnitude of recovery force required in pure translation

2. ATT combined with IE - ACL ruptured knee with medial and lateral representative
translation
In case of translation that occurs with rotation, though the anterior force gets divided
equally towards medial and lateral ends of the tibia. However due to unequal stiffness
occurring at the joint because of the loss of ACL and its corresponding effect on the joint
laxity, the translation along medial and lateral sides differ. This requires unequal distri-
bution of recovery force to correct the effect. From Figure 6.2, the recovery force at every
flexion angle is represented in two blocks namely medial and lateral force. Unlike the
anterior medial and lateral forces, corresponding recovery forces vary. However, the sum
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of the two forces is observed to be the same as the total recovery force in pure ATT of ACL
ruptured knee. This is also evident from the bars in Figure 6.1 and Figure 6.2.

Summation of medial and lateral recovery forces yielded the theoretical sum of recovery
force which when compared with the recovery force under pure translation resulted in a
similar force. The values have been compared in Table 6.1.

Recovery Force (N)
Flexion Angle

degree
Pure Translation Medial + Lateral

0 87 87.96
30 85.85 85.3
60 74 73.56
90 65.78 65.66

Table 6.1: Comparison of total recovery forces

Figure 6.2: Bar graph illustrating the magnitude of recovery force required in medial & lateral
representative translation

6.2 Quantification of PAM and Recovery forces

Choice of number of PAMs:
The research focuses on division of forces between four PAMs. The design is made in such a
way to have atleast one contributing PAM in every angle of flexion. To avoid the overloading
on a single PAM, it is further improvised to multiple PAMs at every flexion angle - although at
lower loads, a single PAM can still suffice. Reducing the number of PAMs lesser than four not
only constrains the load sharing ability but also causes limitations based on the PAM placement
angle and preserved length.

The method to estimate the PAM forces and corresponding recovery force was mentioned un-
der Section 5.6. Table 6.2 shows results from the code calculating the distribution of medial
recovery forces and Table 6.3 calculating the distribution of medial PAM forces.

The distribution of total PAM force into individual forces of PAM is illustrated in Figure 6.3. The
color coding of PAMs shows the contributing PAMs. Maximum number of PAMs, PAM 1-4, are
able to contribute at 0°flexion while at 90°flexion, PAM 3,4 are contributing.
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Medial Recovery Force (N)
Flexion Angle

degree
PAM 1 PAM 2 PAM 3 PAM 4 Sum

0 10.29 10.29 10.85 10.57 42.00
30 9.27 11.04 11.85 11.85 44.00
60 0.00 11.82 14.59 14.59 41.00
90 0.00 0.00 18.88 18.12 37.00

Table 6.2: Calculated values of medial recovery force distribution

Medial PAM Force (N)
Flexion Angle

degree
PAM 1 PAM 2 PAM 3 PAM 4 Sum

0 19.41 19.41 19.41 19.41 77.65
30 12.28 13.82 13.82 13.82 53.74
60 0.00 12.19 14.62 14.62 41.43
90 0.00 0.00 20.66 20.93 41.59

Table 6.3: Calculated values of medial PAM force distribution

Figure 6.3: Distribution of total PAM forces in medial side

Similarly, the recovery force and PAM force are calculated in Table 6.4, Table 6.5 and its graphi-
cal representation of lateral PAM force distribution is illustrated in Figure 6.4. Since the layout
of placement of PAMs along the medial and lateral sides is the same, the number of PAMs that
are contributing in every flexion angle remains the same but the distribution of forces differ
along the either sides.

Discussion in Section 4.2 provides information about availability of PAMs under a given flexion
angle based on the criteria of preserved length. If a PAM fails to meet the minimum preserved
length of 75% at any angle of flexion, then the PAM is non-contributing. Though the preserved
length itself is not the only criteria that evaluates the performance of PAM, it can be a qualifying
factor to decide if at all the PAM is eligible to contribute. Based on this factor, it was evident
from Figure 4.4 that the parallel configuration has contributing PAMs in all flexion angles while
crossed configuration has PAMs that can contribute in flexion angles 0°, 30°and 60°.
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Lateral Recovery Force (N)
Flexion Angle

degree
PAM 1 PAM 2 PAM 3 PAM 4 Sum

0 11.02 11.02 11.63 11.33 45.00
30 8.64 10.29 11.04 11.04 41.02
60 0.00 9.25 11.41 11.41 32.06
90 0.00 0.00 14.43 13.85 28.28

Table 6.4: Calculated values of lateral recovery force distribution

Lateral PAM Force (N)
Flexion Angle

degree
PAM 1 PAM 2 PAM 3 PAM 4 Sum

0 20.80 20.80 20.80 20.80 83.19
30 11.45 12.88 12.88 12.88 50.10
60 0.00 9.53 11.43 11.43 32.40
90 0.00 0.00 15.79 15.99 31.79

Table 6.5: Calculated values of lateral PAM force distribution

Considering the scope of this research, the ATT is intended to be corrected in flexion angles 0°,
30°, 60°and 90°. This limits the consideration of crossed configuration to provide the quantified
PAM forces at 90°flexion. Besides, the crossing of PAMs adds to its limitations from the perspec-
tive of wearability. However, crossed configuration can only be a subject of comparison if the
activity of knee limits to operate ≤ 60°flexion and the summation of quantified forces results in
the required ATT recovery force.

Figure 6.4: Distribution of total PAM forces in lateral side

6.3 Finite Element Simulation - Recovery Force

The recovery forces obtained by simulations from the Simscape model is expected to recover
the ATT of an ACL ruptured knee to that of an intact knee. However, the model does not con-
sider the complete model of the knee joint that involves several other structures such as soft
tissues and ligaments into account. Thus, the effectiveness of these estimated forces needs to
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be verified in a more realistic model as to compare with the analytical model presented in this
study.

To verify this, finite element simulations are considered. Finite element model enables the sim-
ulation of patient-specific geometries involving hard and soft tissues thereby leading to a more
realistic biomechanical behavior. In this research, the ACLD knee is subjected to the anterior
loading force as well as the recovery force using the finite element model as in Figure 6.5 based
on Naghibi et al. [2020].

Figure 6.5: Finite element model of knee from Naghibi et al. [2020] to simulate anterior and
recovery forces.

6.3.1 Recovered ATT

The recovery forces estimated in Section 6.1 are applied to the finite element model. The ATT
and IE rotation observed before the application of recovery force corresponds to the ruptured
knee. The results observed after application of recovery forces must ideally result in the ATT
and IE of an ACL intact knee. Figure 6.6 presents the comparison of ATT in intact knee and the
ATT observed in ruptured knee after the application of recovery force.

Figure 6.6: Evaluation of the effectiveness of the recovery forces calculated in this study in re-
covering ATT
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Referring to Figure 6.6, the first bar from the left in every angle of flexion indicates the ATT in the
ACL intact knee. The intact knee values act as reference values to compare the ATT values after
the application of recovery force. The second and third bars represent the pure and combined
ATT values respectively. The last bar shows the ATT in ruptured knee. From the obtained plot,
it is evident that the ATT due to the laxity in an ACLD knee is considerably reduced after the
application of recovery force.

The percentage recovery is compared by considering the ACL intact knee as the ideal case. The
recovered ATT values from Figure 6.6 lie more towards the intact knee values indicating that
the estimated recovery forces have significantly reduced the undesired ATT. The percentage of
ATT that has been recovered from the ruptured knee condition is shown in Table 6.6. Highest
recovery up to 91% is observed in flexion angles 0°and 30°, while the recovery has gradually
reduced up to 68% in the flexion angles 60°and 90°.

Percentage recovery - ATT
Flexion

angle (degrees)
Pure translation Combined with IE

0 90 91
30 90 90
60 74 75
90 70 68

Table 6.6: Comparison of percentage recovery values

6.3.2 Recovered IE

ACL plays a crucial role in controlling the knee rotation (internal or external) at various flexion
angles as mentioned in Section 2.2.2. To understand the direction of rotation, the values are
represented by means of positive and negative axis. In this research, the values in positive axis
represents the external rotation while the negative axis represents internal rotation. In the ACL
intact condition, the rotations are mostly internal. With the loss of ACL, the internal rotations
reduce and thereby more external rotations occur.

Figure 6.7 shows IE values in ruptured knee condition after the application of recovery force
and compared with intact knee. The order of representation of the bars are similar to those
represented in Figure 6.6. From the figure, the rotations are mostly internal for an intact knee
but the ruptured knee is totally external. After the application of recovery force in pure and
combined cases, the recovery is more towards the intact side meaning a higher recovery per-
centage.

Unlike the pure ATT, in ATT combined with IE, there is equal focus on both anterior translation
and internal-external rotation. Thus, the recovery force in this case was focused to also recover
the IE which is visible in Figure 6.7. The recovery force is directed to act on both medial and
lateral sides of tibia to effectively recover the IE by reducing the undesired external rotation.
The percentage recovery of the rotations is listed in Table 6.7.

From Table 6.7, the recovery in combined case is higher than pure translation case. This agrees
with the previous statement that in combined translation, the recovery force is directed to also
correct the undesired rotations in an ACLD knee. The recovery observed at 60°flexion in com-
bined case shows that the applied recovery force has caused over-rotation leading to 110% re-
covery. This may be due to the presence of other structural constraints causing unsymmetrical
rotation.
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Figure 6.7: Evaluation of the effectiveness of the recovery forces calculated in this study in re-
covering IE

Percentage recovery - IE
Flexion

angle (degrees)
Pure translation Combined with IE

0 68 76
30 65 77
60 52 110∗

90 55 65

Table 6.7: Comparison of percentage recovery values in IE

∗ Value above 100% indicates over-constrained condition.
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7 Conclusions

This chapter provides the conclusion derived from the evaluations made in previous chapters.
Next, the areas that could be improved with further study is discussed.

7.1 Conclusion

7.1.1 Research perspective

ACL plays a key role in maintaining the stability of the knee joint. With the loss of ACL, the
impact on the stability of knee joint can be in one or more ways. Though ACL functions in
the coordination with various other ligaments in the knee, the impact that follows the loss of
ACL is significantly observed. This study focuses on evaluating the impact of ACL loss on ante-
rior translation of tibia and internal-external rotation of tibia using an improved model of the
soft robotic knee brace. To evaluate to performance of the design of the improved knee brace,
the research questions are evaluated with the corresponding design goals to determine if the
suggested improvement of design attempts to solve the underlying condition.

The first research question mentions the study of role of ACL in maintaining an optimal ATT
by considering the morphological and neurological factors in ACL deficient knee. It is evident
from the experiments that the position of ACL is such that it not only prevents the anterior
motion of tibia but also in maintaining the undesired internal-external rotations in the joint
that occurs as a result of different stiffness along the medial and lateral sides. Despite the fact
that there are structural differences in medial and lateral condyles of the knee joint, the loss of
ACL did add to the increased abnormalities in ATT and IE rotation.

Secondly, the contribution of muscle groups that act along with ACL in maintaining the sta-
bility of the knee joint is studied. It is implied through various previously conducted research
that the hamstring muscle group plays a pivotal role by coordinating with ACL to maintain the
stability of the joint. With the loss of ACL, the mechanism of hamstring muscles changes to
produce forces more than the ones produced in intact ACL condition. The PAM forces esti-
mated in the experiments are intended to share the additional load of the hamstring muscles
thus contributing to cope for the loss of ACL.

The stiffness and damping factors of the knee joint affected by the loss of ACL are mentioned
thirdly. The mathematical model helps to determine the stiffness of the joint using the applied
force and ATT. However, the 2-link model also involves the damping factor. It is understood
from the experiments that the stiffness and the damping factor are dependent on one another.
The ATT is observed to be different for changed values in damping factor and stiffness. Through
tests, it is revealed that the ATT values in intact knee are from higher values of damping while
with ruptured ACL, the damping factor had to be reduced. Since the damping factor cannot
be controlled in the joint, the stiffness parameter had to be varied to achieve normal ATT in
this research. The divided anterior force on medial and lateral sides was chosen observing
that division of forces equally and proportionately caused a significant difference in ATT in the
simulated model.

Lastly, the effectiveness of the estimated forces is studied. The developed 2-link model recov-
ered the ATT from ruptured to intact condition. This was however performed in the absence
of more physiologically realistic conditions. To validate the correctness of the model, the fi-
nite element simulations are performed. The results from these simulations concluded that
the recovery force was successful in overcoming the undesired ATT and IE up to an extent.

In the scope of this research, the recovery forces in the Simscape model and the finite ele-
ment simulation are assumed to be transferred directly to the joint. However, the uncertainties
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caused due to skin and soft-tissue deformation needs to be studied. This helps to expand the
outcomes of this study to real-life applications.

7.1.2 Design perspective

From the design perspective, the knee brace prototype was improved in terms of redesign and
modification of existing components. By retaining the concept design, the PAMs are modified
to fit in the proposed new design layout. As the number of PAMs increases to act along all the
discrete angles of flexion, the gaps between every PAM reduced. This posed a constraint on the
design of clamps. The clamps are designed to hold the PAMs by not being bulky as in the pre-
vious design. The clamps can hold all the PAMs and withstand the axial forces exerted during
its contraction. The screws in the front ensures proper gripping of the bi-layered cylinder while
the shaft in the rear end ensures fixing the clamp to the support plates allowing rotation along
its fixed axis. The stopper in the bottom of the clamps are designed to provide additional grip
preventing the sliding of PAM downwards. Overall, the improved design is able to function in
flexion angles 0°, 30°, 60°and 90°which is the design goal of this research.

7.2 Further improvements

The improved model of knee brace aimed at functioning in multiple angles of flexion to prevent
ATT and IE rotation. However, the research could further be improved in the following aspects:

1. The functioning of the PAMs in multiple angles of flexion was achieved in a discrete fash-
ion. To facilitate better analysis and convenience during gait cycle, it is recommended to
improve the model to function

2. The application of anterior force is equally divided in ATT combined with IE. The ap-
proach could further be analysed by proportional division of forces.

3. Automating the calculation of recovery force reduces the time required to quantify the
PAM forces.

4. The testing of the obtained results on an actual knee of healthy subjects is recommended.
This helps to determine the effectiveness of the improved prototype.

5. Finally, the design could further be made compact with reduced number of PAMs but still
be able to act in all the angles of flexion. An innovative joint mechanism could be studied
and implemented to accompany this.
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A Model Import: SolidWorks to Simscape

A.1 Initialization

• Installations:

1. Install Simscape Toolbox in MATLAB. The version used is R2020a.

2. Install Simscape Multibody Link in MATLAB.

3. Enable Simscape Multibody Link Plug-In in SolidWorks.

• Model export from SolidWorks

1. In the SolidWorks assembly, Tools > Simscape Multibody Link > Export > Simscape
Multibody

2. Save as .xml file in the location where the assembly is saved. If the save is successful,
MATLAB’s command window appears.

• Model import to MATLAB

1. In MATLAB, open the directory where XML file is stored.

2. In command window, type smimport(‘filename.xml′). A Simulink window opens
with the equivalent to the model imported from SolidWorks.

3. Save the .slx model before proceeding with further improvements.

A.2 Simscape model - Pure ATT (Figure 5.4)

This section explains the blocks in the SolidWorks equivalent model in Simscape in pure ATT
case. To understand the blocks, Figure 5.2 and Figure 5.4 are compared.

Figure A.1 is the equivalent model, however with a few additional blocks after importing the
model. The blocks within the blue dashed line are the Default blocks and within red dashed
line are Newly added blocks.

A.2.1 Default blocks

Deafult blocks are those which are available directly once the model has been imported from
Solidworks to Simscape. All the parts (P1, P2, P3) are recognized in the import task while one
joint (J1) is imported. Apart from the parts and joints, there are other blocks in the model that
are rather default and are used to define the relation between one-another blocks, denoted by
D(1−5) series. For the model in Figure 5.2, no parameters require changes in these blocks.
and are explained below:

1. D1 - World frame that acts as the ground of all frame networks in the mechanical model.

2. D2 - Mechanism configuration to specify uniform gravity - constant/time varying.

3. D3 - Defines solver settings to use for simulation.

4. D4 - 3-D rigid transformation between ground frame and fixed femur link.

5. D5 - 3-D rigid transformation between ground frame and rotating tibia link. Rotation
occurs between femur and tibia link if this block is removed.
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Figure A.1: Simscape model with categorized default (D) and newly added (N) blocks

A.2.2 Newly added blocks

Newly added blocks are those which are not available once the model has been imported from
SolidWorks to Simscape. These blocks are externally added from the Simulink library to com-
plete the mechanical model. All parts except prismatic joint (J2) are recognised from the Solid-
Works model. Thus, prismatic joint (J2) is added externally since the connection between ro-
tating tibia link (P2) and prismatic slider (P3) is initially rigid.

In Figure A.1, N(1−4) series are the newly added blocks. The input to these blocks and descrip-
tions are explained below:

1. N1 - Prismatic slider joint is not recognized during the import and should be added ex-
ternally. In properties, the internal mechanics contains the stiffness and damping coeffi-
cient of the model. The values are specified as discussed in Section 5.2. The units which
are predefined in metres (m) is changed to millimetres (mm). The properties also con-
tains limits through which the maximum and minimum extent of translation is specified.
The upper and lower bound is set as per the length of the prismatic slider. The sensing is
set to measure position (p)

2. N2 - The position (p) of prismatic slider is measured in scope. The signal from J2 is fed
to scope through PS-Simulink converter. The output signal unit in the converter block is
specified in millimetres.
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3. N3 - External force or torque block is added to apply the anterior force on the slider joint.
In properties, ’Force(Z)’ must be checked to apply the anterior force in z-direction in this
model.

4. N4 - Constant block specifies the quantity of force that is applied to the prismatic joint
through N3 block.

A.3 Simscape model - ATT combined with IE (Figure 5.7)

A.3.1 Medial-Lateral representative translations

Figure A.2 shows the Simscape equivalent model of Figure 5.7. Similar to the approach used
in Section A.2, the figure has been categorized into default and newly added blocks. The dif-
ference would be that the earlier approach is the pure translation model with a single 2-link
design while the latter has two 2-link designs placed parallel to one another to show medial
and lateral representative translations. There are no new constraints in the default (D) or the
newly added (N) blocks apart the ones defined in Section A.2.1 and Section A.2.2.

Figure A.2: Simscape model with categorized default (D) and newly added (N) blocks

A.3.2 Medial-Lateral representative translations with recovery force

In ATT combined with IE, there are two anterior and recovery forces. One each acting along
medial and lateral sides. The medial and lateral anterior force are chosen to be -50N each. The
values of medial and lateral recover forces can vary based on flexion angles from Sum values in
Table 6.2 and Table 6.4 respectively.
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Figure A.3: Simscape model with added medial and lateral recovery force blocks
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