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ABSTRACT 

The knee is the most injured joint in the body with injuries often caused by a tear in the 

anterior cruciate ligament (ACL).  Over 70% of ACL injuries are non-contact, meaning that an 

excessive amount of force or moment is generated by the individuals themselves, which 

induces the tear. Non-contact ACL injuries most commonly occur following a perturbation.  

Perturbations make the athlete unbalanced or at loss of control, which ultimately alters their 

normal neuromuscular control and can lead to injury. 

In order to understand the effect of this unconscious neuromuscular response, this study aimed 

to induce unanticipated perturbations during walking in 10 male and 10 female athletes. 

Moreover, the effect of prophylactic knee braces was examined during these perturbations. 

Musculoskeletal modelling in OpenSim was used to calculate kinematics, kinetics, and muscle 

forces during these perturbations. 

Females portrayed muscle force patterns during perturbations, that are likely to increase the 

risk of ACL injury. Furthermore, females exhibited a larger difference in muscle forces between 

their dominant and non-dominant limbs. Finally, prophylactic knee braces significantly 

reduced peak quadriceps and soleus muscle forces during perturbations. 

Unlike planned movements in laboratory studies, unexpected perturbations provide with 

deeper insight in the mechanism of ACL injuries. Although ACL injuries do not typically occur 

during walking, potentially injurious movement patterns during a disturbance to natural 

balance while walking, could provide insight on what may be reproduced, on a higher scale, 

during high impact and high-speed athletic tasks that can effectively tear the ACL. 
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not exceeded at any instance. ........................................................................................................................ 154 
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1. INTRODUCTION 
Musculoskeletal conditions are one of the leading causes of pain and disability in the world 

(Woolf and Pfleger, 2003). Knee injuries account for 60% of all sporting injuries and are 

often caused by a tear in the anterior cruciate ligament (ACL) (Bodendorfer et al., 2013). 

Over 70% of ACL injuries are non-contact, meaning that an excessive amount of force or 

moment is generated by the individuals themselves which induces the tear (Boden et al., 

2000; Wetters et al., 2016; Yu and Garrett, 2007). More than 100,000 ACL injuries happen 

yearly in the US and about 10,000 in Australia (Janssen et al., 2012). This injury has mean 

life-time cost ranging between $38,121 USD and $88,538 USD per patient (Mather et al., 

2013). This has been estimated to reach up to $17.7 billion US per year in the US alone 

(Mather et al., 2013). 
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ACL injuries are commonly associated with landing, awkward dynamic body movements, 

and perturbations (Griffin, 2006). Perturbation situations include being physically pushed 

or shoved in the torso or upper extremity just before the injury, avoiding a player in 

proximity, or avoiding a collision with a player (Noyes and Barber-Westin, 2018). In 

several studies, the majority of subjects that tore their ACL were perturbed one way or 

another (Boden et al., 2009; Brophy et al., 2015; Koga et al., 2010; Krosshaug et al., 2007a; 

Noyes and Barber-Westin, 2018; Olsen et al., 2004). These situations make the athlete 

unbalanced or at loss of control which ultimately alters their normal neuromuscular 

control. Poor neuromuscular control may not allow for the knee’s passive (ligaments, joint 

capsule, cartilage, friction, and bony geometry) and active (muscles) elements to share the 

load adequately and counteract the external forces, which ultimately results in injury 

(Hewett et al., 2005; Riemann and Lephart, 2002). The unplanned and non-anticipatory 

nature of sports means that that our bodies heavily rely on unconscious muscle activations 

to perform movements.  Evidence in the literature suggests that males and females exhibit 

different neuromuscular control of their lower limb biomechanics during risky sporting 

maneuvers (Lloyd, 2013; Mclean et al., 2004). Female athletes are 2-9 times more prone to 

anterior cruciate ligament (ACL) injury (Hurd et al., 2004). In addition to athletes, soldiers 

are also at a high risk of injury. Obstacle courses and parachute landings place high loads 

on the knee and may cause the soldier to perform the high risk maneuvers mentioned 

earlier (Barraza et al., 2013). 

Consequently, ACL injuries negatively affect the employment resources as it results in both 

direct and indirect costs. Direct being medical care and indirect being lost workdays. These 
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injuries may lead to moderate to severe disabilities in 31% during walking activities, 44% 

during activities of daily living, and 77% in sports that require plant-and-cut and pivoting 

motions (Noyes et al., 1989). 

1.1. MOTIVATION 

One out of every 29 female athletes and one out of every 50 athletes sustain an ACL injury 

(Montalvo et al., 2019). Moreover, ACL injuries have increased by almost 50% in the last 10 

years (Donnelly et al., 2012). It is therefore evident that ACL injury prevention research is 

not being properly translated into real-life situations of injury prevention, such as sports. 

Additionally, current treatment options: surgical and physical therapy, cannot guarantee 

full recovery. In fact, patients continue to experience knee instability, altered lower limb 

biomechanics, and impaired neuromuscular coordination (Smith et al., 2014).This 

predisposes the injured individual to re-injury of the same limb, secondary injury of the 

contralateral limb, or untreatable diseases such as osteoarthritis in the knee (Bodendorfer 

et al., 2013; Yu, 2004). Moreover, about 50% of patients who undergo reconstructive 

surgery return to the same pre-injury level of sport (Grassi et al., 2015).  This can lead to 

negative emotional and psychological effects such as low-self-esteem, anger, and 

depression (Freedman et al., 1998). The plethora of negative consequences associated with 

the injury often results in immense direct (medical care) and indirect costs (lost days at 

work, sports, or army duty). Therefore, preventing these injuries is the optimal course of 

action for this condition. 
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In order to prevent these injuries, we must have a better understanding of the mechanism 

of injury. Since most ACL injuries happen when the athlete is perturbed, examining the 

biomechanics during unexpected perturbations may provide us with better insight on the 

mechanism of injury. Ultimately, this will help in future development of targeted and 

precise injury prevention interventions (Hewett et al., 2005). 

Bracing emerged as a method to prevent and rehabilitate these kinds of injuries. Despite 

the popularity and widespread use of these braces, research in this area has shown 

conflicting results (Bodendorfer et al., 2013). Most motion analyses performed in the 

literature are drop-landing studies. Although, this motion places high stresses on the lower 

limb, it is difficult to draw definite conclusions on the efficacy of a brace solely based on 

one type of motion. One study showed that at time of injury, 35% of patients were 

decelerating, 31% were landing, 13% were accelerating, and 4% were falling backward. 

Given this information, drop-landing studies addressed only a third of the ways of possible 

ACL injuries, it is therefore imperative to test the braces beyond just drop-landing. 

1.2. GENERAL PROBLEM STATEMENT 

In spite of the plethora of research conducted on ACL injuries, the mechanism of injury and 

its contributing factors are still under debate. This is because of the multifactorial nature of 

the injury, combined with our inability to directly measure ACL strain in vivo on the field 

(Bakker et al., 2016). As a result, we are unable to relate ACL strain to clear defining factors. 

If the relationship between joint angles, muscle forces, neuromuscular control, and ACL 
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strain is not completely understood, the exact mechanism of ACL injury will remain an 

enigma. 

In the past, researchers have resorted to cadaver studies capable of inducing ACL tear. 

However, such studies are limited due to the absence of full range of dynamic muscle 

forces, soft tissue properties of a live subject, and neuromuscular coordination. The other 

common type of analysis is motion analysis performed on live subjects and computer 

modelling. Nevertheless, the vast majority of human studies involve planned movements 

where their surroundings remain unchanged during the movement task. In contrast, the 

majority of ACL injuries happen during unexpected movements with the surroundings 

changing, just like in a sports game. These unanticipated tasks lead to higher amounts of 

joint loading and they affect the neuromuscular control of the knee joint. As a result, it is 

crucial to provoke the neuromuscular system in a way akin to a real-life unplanned 

scenario, but in a safe manner to study the risk of ACL injury. This can be done through 

implementing a series of unexpected physical perturbations, which alter the dynamic 

neuromuscular homeostasis in a similar way an athlete’s neuromuscular control is 

challenged during sports in a safe and controllable environment. 

1.3. RATIONALE FOR USING COMPUTATIONAL MODELS 

The ACL injury is somewhat of an enigma. Despite the plethora of research, the mechanism 

of injury and its contributing factors are still under debate. This is primarily due to the 

multifactorial nature of the injury as well as our inability to directly measure ACL strain in 
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vivo on the field (Bakker et al., 2016). Directly measuring in vivo ACL strains requires 

invasive procedures for the participants in the laboratory.  For example, Cerulli and 

colleagues inserted strain-gauge transducers onto the knee ligaments of a 25 year old 

healthy male subject and collected data from rapid deceleration movements (Cerulli et al., 

2003).  Nevertheless, there were limitations associated with the study such as the low 

sample number of one, the unnatural movements (always maintaining partial knee flexion) 

required by the subject to avoid impingement of the strain gauge transducers, and the 

planned laboratory movement, which does not represent what happens on a real sporting 

field. In addition to the previous limitation, the invasiveness and impracticality of in vivo 

technique make it a less than favourable method in studying ACL injuries. A recent, non-

invasive method of measuring ACL strain was performed through magnetic resonance 

imaging (MRI) and high-speed biplanar radiography (Englander et al., 2019a). Nonetheless, 

there are limitations using this technique such as the requirement of the entire motion to 

be contained within the field of view of the biplanar radiography system and the 

uncertainty of the unloaded ACL measurement from which strain is based on.  Another 

method capable of measuring ACL strain is to use human cadaver knees (Bakker et al., 

2016; Draganich and Vahey, 1990; Sherbondy et al., 2003; Weinhandl et al., 2016; Wu et al., 

2010). However, they lack the active musculature that is critical especially when studying 

unanticipated movements. This is due to the absence of full range of dynamic muscle 

forces, soft tissue properties of a live subject, and neuromuscular coordination. As a result, 

research has shifted to using in-silico computational models to quantify the forces 

produced in the body during dynamic activities. Computational models can non-invasively 

calculate joint angles, moments, and muscle forces during a wide variety of movements. In 
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addition to performing inverse kinematics and dynamics to calculate kinematics and 

moments of a real movement, forward dynamics has been employed to generate ACL injury 

prone situations (Eberle et al., 2019; Weinhandl and O’Connor, 2017). Although 

computational models have their own limitations, it is an invaluable tool in understanding 

human movement.  In this dissertation, an open access computational tool developed by 

Stanford University, OpenSim, was used (Delp et al., 2007). This software is available freely 

at (https://simtk.org). The OpenSim platform includes multiple functions such as 

simulating, visualizing, and analyzing movements.   

1.4. RESEARCH OBJECTIVES AND SCOPE 

The main aim of this study was to investigate lower limb biomechanics during unexpected 

perturbations implemented while walking. Although ACL tears do not occur while walking, 

potentially injurious movement patterns during a disturbance to natural balance, during 

walking, may provide insight on what could be reproduced, on a larger scale, during high-

impact and high-speed athletic tasks that can actually tear the ACL (Hurd et al., 2004). 

Perturbed walking has been demonstrated as an effective way to evaluate dynamic 

stabilization strategies. Perturbations have been used as models of injury mechanism to 

understand the neuromuscular and biomechanical responses to potentially injurious 

actions (Da Fonseca et al., 2004; Ferber et al., 2003, 2002; Myers et al., 2003; Noonan and 

Wojtys, 2003; Shultz et al., 2006, 2000). The goal of this study design is to investigate lower 

limb biomechanical factors that can increase the risk of ACL injury. during  unanticipated 

tasks that evoke an unconscious neuromuscular response (Riemann and Lephart, 2002). 

https://simtk.org/
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During these perturbations, comparisons were made between males and females, 

dominant and non-dominant limbs, and prophylactic braced knees and non-braced knees. 

Finally, a preliminary study using spring loaded knee braces that are meant to assist the 

wearer and reduce the muscle forces around the knee joint was conducted on soldiers 

during load-carriage walking. The hypotheses are as follows: 

1- Females will exhibit higher ACL antagonist muscle forces than males during perturbed

walking.

Rationale: Females are more likely to injure their ACL by exhibiting more 

injurious neuromuscular patterns compared to males. Since almost all ACL 

injures occur when the athlete is perturbed, understanding the sex 

differences in muscle forces in relation to ACL injury during unplanned 

perturbation may provide us with a better understanding of the mechanism 

of injury in females compared to males. This was tested by looking at the 

quadriceps, hamstrings, soleus, and gastrocnemius muscle forces in Chapter 

5. 

2- Females will show significant differences between their dominant and non-dominant

limbs, whereas males will not.

Rationale: Differences between dominant and non-dominant limb 

biomechanics has been previously reported as a reason behind the sex 

disparity in ACL injuries. Since almost all ACL injures occur when the athlete 

is perturbed, examining the differences between both limbs in males and 
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females during unplanned perturbation may provide us with a better 

understanding of the mechanism of injury in females compared to males.  

This was tested by looking at the quadriceps, hamstrings, gastrocnemius, and 

soleus muscle forces in Chapter 6. 

3- Prophylactic knee bracing will reduce antagonist muscle forces and increase agonist

muscle forces

Rationale: Researchers found differences in kinematics, kinetics, and muscle 

forces whilst wearing prophylactic braces compared to not wearing braces. 

However, previous studies have examined the effect of bracing during 

planned laboratory movements, which may not provide us with the full 

understanding of how the braces function. Therefore, in Chapter 7, the effect 

of bracing was examined during unexpected perturbations. This was tested 

by observing the quadriceps, hamstrings, soleus, and gastrocnemius muscle 

forces. 

4- Spring-loaded bracing will reduce lower-limb muscle forces during load carriage

Rationale: Prophylactic braces with return energy storage springs have been 

thought to reduce muscle forces. In the context of load carriage in army 

personnel, this would be very beneficial due to the large amounts of loads 

carried. In Chapter 8, knee braces with springs in the hinges were tested on 

soldiers during a 23-kg load carriage. Lower-limb muscle forces were 

compared in the braced and non-braced conditions. 
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1.5. OVERVIEW OF THE THESIS 

Chapter 2 

Background: Provides a brief background on anatomy, human movement, and 

terminology as a basis for the remainder of the thesis. 

Chapter 3 

Literature Review:  Summarizes key findings about ACL injury mechanism and current 

preventative strategies based on methodological advancements using 

motion analysis, computational models, and in vivo experimental 

models. These studies explored the multifactorial nature of ACL 

injuries. The following factors that contribute to ACL injuries are 

addressed: anatomy, neuromuscular coordination, sex, motions, 

activity level, and biomechanics. Given the poor outcomes of this type 

of injury, a review on the current preventative or prophylactic 

measures is also conducted. 

Chapter 4 

Methods: Outlines the methods for human motion analysis trials and the 

biomechanical computational models.  

Chapter 5 Compares male and female’s ACL agonist and antagonist muscle 

forces during unexpected perturbations. [Published in Journal of 

Biomechanics] 
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Chapter 6 Compares male and female’s dominant and non-dominant limbs 

during unexpected perturbations. [Under review] 

Chapter 7 Investigates the effect of prophylactic knee bracing during unexpected 

perturbations. [Published in Orthopaedic Journal of Sports Medicine] 

Chapter 8 Investigates the effect of return energy storage prophylactic knee 

bracing during load carriage walking: A preliminary study. 

Chapter 9 Conclusions & Future Work 

Appendix 1 Experimental Protocol  

Appendix 2  Ethics approval documentation 

Appendix 3 Data of individual subjects from Chapter 6 
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FIGURE 1.1: VISUAL OVERVIEW OF THE THESIS  
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2 

2. BACKGROUND: ANATOMY AND 
BIOMECHANICS OF THE LOWER 
LIMBS 

This thesis focused on the biomechanics of the lower limbs, with an emphasis on the knee 

joints. As a result, this chapter gives a brief overview on the basics required to fully 

understand the terminology used to define human movement and anatomy in this thesis. 

Unless specified, all the information in this chapter was from Tortora (Tortora et al., 2017) 

and Prentice (Prentice and Arnheim, 2017). 
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2.1.  ANATOMICAL TERMS OF MOVEMENT 

Body movements are described using specific anatomical terms. The terminology is based 

on the direction of movement relative to the anatomical positions of the joint. The 

movements related to the lower limb are described in this section. Flexion and extension 

are bending movements between two joints (Figure 2.1 A). Flexion refers to the movement 

that decreases the angle between two segments or bones, whereas extension is the 

opposite. In the case of the ankle, these movements are termed dorsiflexion, where the toes 

are moved towards the shin (or tibia) and plantar flexion, where the toes are pointed away 

from the shin (or tibia) (Figure 2.1 B). Next, there are the adduction and abduction 

movements (Figure 2.1 C). Adduction or varus is the movement that pulls the structure 

towards the midline of the body, while abduction or valgus, moves it away from the body. 

The final movement is rotation (Figure 2.1 D). Rotations can be internal or external and 

they refer to rotations towards or away from the center of the body. 
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FIGURE 2.1 ANATOMICAL TERMINOLOGY OF MOVEMENT. A: FLEXION AND EXTENSION MOTIONS, B: 

DORSIFLEXION AND PLANTAR FLEXION MOTIONS, C: ABDUCTION OR VALGUS (AWAY FROM THE MIDLINE). AND 

ADDUCTION OR VARUS MOTIONS (TOWARDS THE MIDLINE), D: MEDIAL OR INTERNAL ROTATION (TOWARDS 

THE MIDLINE) AND LATERAL OR EXTERNAL ROTATION (AWAY FROM THE MIDLINE) (LICENSED UNDER PUBLIC 

DOMAIN VIA WIKIMEDIA COMMONS (2013)) 
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2.2.  PLANES OF MOVEMENT 

The majority of joint movements occur in three planes: sagittal, frontal or coronal, and 

transverse; these three planes intersect at the joint center(Figure 2.2). The sagittal plane is 

a vertical line that divides the body into left and right halves by passing through from the 

front to the back. The frontal plane divides the body into front (anterior) and back 

(posterior) halves by passing through the body from the left to the right side (laterally). 

Lastly, the transverse plane is a horizontal plane parallel to the ground; it divides the body 

into top (superior) and bottom (inferior) halves. Movement of the joint (axis of rotation) 

occurs in the line perpendicular to the plane. Using the knee as an example, flexion 

extension occurs about the frontal axis in the sagittal plane, adduction abduction happens 

about the sagittal axis in the frontal plane, and internal and external rotations occur about 

the sagittal plane in the transverse plane. 



17 

FIGURE 2.2 PLANES OF HUMAN MOVEMENT: SAGITTAL, FRONTAL, AND TRANSVERSE (REUSED WITH 

PERMISSION FROM EWING (2015) THESIS) 

2.3.  KNEE ANATOMY 

The knee is the largest and one of the most complex joints in the body; it is a mingled 

arrangement of bones, menisci, cartilage, tendons, and ligaments (Figure 2.3)(Lephart et 

al., 2002a). For simplicity, it can be considered a hinge joint, however in reality, it is a 

multiaxial synovial joint. The knee’s main role is to aid in motion. In order to do so, it has a 

wide range of roles to achieve movement during gait. This includes supporting the body 

weight and deceleration during the stance phase through the application of a large moment 

(Shamaei and Dollar, 2011). Since the knee joint supports the majority of the weight and is 

located between the two longest bones (or lever arms) of the body, it is very prone to 

injury. 
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2.3.1. KNEE JOINT ARTICULATIONS 

The knee joint consists of two main articulations: the tibiofemoral joint and the 

patellofemoral joint. The tibiofemoral joint is the articulation between the distal femur and 

proximal tibia. The patellofemoral joint is the articulation between the patella and the 

femur.  

2.3.1.1. TIBIOFEMORAL JOINT 

The tibiofemoral joint consists of the distal femur and the proximal tibia. The main function 

of this joint is to carry axial loads. The shapes of the distal femur and the proximal tibia are 

complimentary to each other, such that the distal femur condyles perfectly glide and roll on 

the tibial plateau. Moreover, as the knee moves into flexion, the tibiofemoral contact point 

moves posteriorly. 

2.3.1.2. PATELLOFEMORAL JOINT 

The patellofemoral joint consists of the patella and the femur (Figure 2.3). The main 

function of this joint is to increase the moment arm of the quadriceps, which are the 

muscles responsible for extending the knee. The patella is embedded within the quadriceps 

tendon (which inserts on the tibia). As the knee flexes, the contact area between the patella 

and the femur moves superiorly. 
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2.3.2. KNEE LIGAMENTS 

The tibia and femur are connected by four major ligaments: anterior cruciate ligament, 

posterior cruciate ligament, medial collateral, and lateral collateral  (Figure 2.3). Ligaments 

are passive elastic structures consisting of dense connective tissues. The cruciate ligaments 

are crossed ligaments inside the knee, whereas the collateral ligaments are on the sides of 

the joint. 

FIGURE 2.3 ANATOMY OF THE TIBIOFEMORAL JOINT, INCLUDING THE BONES, CARTILAGE, MENISCI, TENDONS, 

AND LIGAMENTS. (FIGURE LICENSED UNDER PUBLIC DOMAIN VIA WIKIMEDIA COMMONS (2015)). 
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2.3.2.1. ANTERIOR AND POSTERIOR CRUCIATE LIGAMENTS 

The anterior cruciate ligament (ACL) is the primary restraint to anterior tibial translation 

(ATT)(Komdeur et al., 2002)(Figure 2.3, Figure 2.4). Its secondary function is internal 

rotation restraint, particularly near full extension of the knee. Moreover, the ACL has a few 

minor functions, which include restraint to external rotation and adduction/adduction 

movements. The ACL originates from deep within the notch of the distal femur (posterior 

part of the inner surface of the lateral femoral condyle) and it attaches in the front of the 

intercondyloid eminence of the tibia (anterior area between tibial condyles). The ACL is 

made up of two major fiber bundles: anteromedial and posterolateral. The anteromedial 

bundle fibers originate anteriorly on the femur and insert medially on the tibia and the 

posterolateral bundle fibers originate posteriorly on the femur and insert laterally on the 

tibia. The posterior cruciate ligament (PCL) is the primary restraint to posterior tibial 

translation (Figure 2.3). It originates from the internal (lateral) surface of the medial 

femoral condyle and inserts on the center of the posterior aspect of the tibial plateau. Like 

the ACL, the PCL is also comprised of two bundles: anterolateral and posteromedial. In 

knee flexion, the anterolateral bundle of the PCL extends. Conversely, during extension, the 

posteromedial bundle elongates. 
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FIGURE 2.4: THE DIRECTION THE TIBIA TRAVELS DURING ANTERIOR TIBIAL TRANSLATION (ATT) 

2.3.2.2. MEDIAL AND LATERAL COLLATERAL LIGAMENTS 

The medial collateral ligament (MCL) connects the medial epicondyle of the femur to the 

medial surface of the proximal end of the tibia (Figure 2.3). The MCL is the main medial 

stabilizer that resists valgus (abduction) loading (Indelicato, 1995). Whereas the lateral 

collateral ligament (LCL) connects the lateral epicondyle of the femur to the head of the 

fibula (Figure 2.3) and resists varus (adduction) loading. 
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2.3.3. MUSCLES 

The lower limb muscles’ main functions are providing stability and generating movement 

for locomotion. Many of the leg muscles are biarticular, meaning they cross the knee and 

hip or the knee and ankle, and thus act on both joints. In this section, the muscles are 

explained according to their primary function at the knee and/or its relation to ACL injury. 

2.3.3.1. KNEE EXTENSORS 

The main knee extensors are the quadriceps femoris (QUADs) muscle group (Figure 2.5). 

The QUADs consist of four muscles: rectus femoris (RF), vastus lateralis (VL), vastus 

medialis (VM), and vastus intermedius (VI). All the QUADs muscles insert on the patella 

and through the patellar tendon, onto the tibial tuberosity on the tibia. The RF is a 

biarticular muscle originating from the anterior inferior iliac spine of the pelvis, which 

means it can extend the knee as well as flex the hip. The VL, VM, and VI all originate from 

the proximal femur and insert on the tibia, making them only capable of being knee 

extensors. 
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 FIGURE 

2.5 THIGH MUSCLES SURROUNDING THE KNEE JOINT, INCLUDING THE QUADRICEPS AND HAMSTRINGS. NOT 

PICTURED: VASTUS INTERMEDIUS, WHICH SITS UNDERNEATH THE RECTUS FEMORIS. ILLUSTRATIONS ADAPTED 

FROM GRAY'S ANATOMY (LICENSED UNDER PUBLIC DOMAIN VIA WIKIMEDIA COMMONS (2015)). 

2.3.3.2. KNEE FLEXORS 

The main knee flexors are the hamstrings (HAMS) muscle group (Figure 2.5). The HAMS 

consist of the biceps femoris (BF), semitendinosus (ST), and semimembranosus (SM). The 

BF is the most lateral of the HAMS and consists of two heads: the long head and short head. 

The long head (LH) originates from the ischial tuberosity on the pelvis and joins with the 
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short head (SH), which originates from the linea aspera of the femur. Both heads then 

insert on the head of the fibula. The BF is responsible for knee flexion, external tibial 

external rotation when the knee is in flexion, and hip extension.  The ST and SM are on the 

medial side of the posterior upper leg; they also originate from the ischial tuberosity of the 

pelvis and insert on the tibia. They are responsible for knee flexion, hip extension, and 

internal rotation of the flexed knee. 

2.3.3.3. GASTROCNEMIUS AND SOLEUS 

The gastrocnemius (GAS) and soleus (SOL) are posterior calf muscles and are known 

together as the triceps surae (Figure 2.6). The GAS is the most superficial of the calf 

muscles and has two heads: medial and lateral. Both heads originate from posterior surface 

of the femur (medial and lateral condyles) and insert into the Achilles tendon into the mid-

posterior calcaneus. Its main action is plantar flexion of the foot; however, since the GAS 

crosses the knee joint, it can also flex the knee joint. On the other hand, the SOL originates 

from the fibula and inserts into the Achilles tendon into the calcaneus. Since it does not 

cross the knee joint, its sole action is plantarflexion. 
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 FIGURE 2.6: GASTROCNEMIUS AND SOLEUS MUSCLES IN THE POSTERIOR SHANK. NOTE THE MEDIAL AND 

LATERAL GASTROCNEMII LAY OVER THE SOLEUS MUSCLE. ILLUSTRATIONS ADAPTED FROM GRAY'S ANATOMY 

(LICENSED UNDER PUBLIC DOMAIN VIA WIKIMEDIA COMMONS (2015)). 

2.4. KNEE JOINT AXES 

The knee joint not a true hinge joint, unlike the elbow. In fact, the knee is a bicondylar, 

modified hinge joint with a complex set of translations and rotations (Komdeur et al., 

2002). It has six degrees of freedom: three rotations (flexion and extension, external and 

internal rotation, varus and valgus angulation) (Figure 2.1) and three translations (anterior 

and posterior glide, medial and lateral shift, compression and distraction)(Figure 2.7). 

During knee flexion, the tibiofemoral motion is a mixture of sliding and rolling between the 

contacting tibia and femoral condyle surfaces. 
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FIGURE 2.7: THREE TRANSLATIONS AT THE KNEE: SUPERIOR/INFERIOR, ANTERIOR/POSTERIOR, AND 

MEDIAL/LATERAL. 
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3 

3. LITERATURE REVIEW 
This chapter presents key findings about the ACL injury mechanism and current 

preventative strategies based on methodological advancements using motion analysis, 

computational models, and in vivo experimental models. These studies explored the 

multifactorial nature of ACL injuries. The following factors that contribute to ACL injuries 

are addressed: sex, anatomy, hormones, and neuromuscular coordination. Finally, given the 

poor outcomes of this type of injury, a review on the current preventative or prophylactic 

measures was also conducted. 
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3.1. ANTERIOR CRUCIATE LIGAMENT INJURY 

Knee injuries account for 60% of all sporting injuries and are often caused by a tear in the 

anterior cruciate ligament (ACL) (Bodendorfer et al., 2013). The majority of these injuries 

are non-contact, meaning that an excessive amount of force or moment is generated within 

the body, without external forces acting, that induce the tear (Wetters et al., 2016).    This 

tear causes a change in the leg biomechanics and can lead to further injuries such as 

osteoarthritis and damages to the menisci of the knee (Bodendorfer et al., 2013; Yu, 2004).  

Ninety percent of these injuries are surgically treated (Bodendorfer et al., 2013; Smith et 

al., 2014). Nevertheless, current treatment options: surgical and physical therapy, cannot 

guarantee full recovery. In fact, patients continue to experience knee instability, altered 

lower limb biomechanics, and impaired neuromuscular coordination (Smith et al., 2014). 

Consequently, the contralateral limb compensates for the changes that occurred in the 

injured limb, which increases the risk for a secondary injury in the healthy limb. Moreover, 

about 50% of patients who undergo reconstructive surgery return to the same pre-injury 

level of sport (Grassi et al., 2015).  This can lead to negative emotional and psychological 

effects such as low-self-esteem, anger, and depression (Freedman et al., 1998) . In addition 

to athletes, military personnel are also at risk of ACL injuries too; obstacle courses and 

parachute landings place high loads on the knee (Barraza et al., 2013). The plethora of 

negative consequences associated with the injury often results in immense direct (medical 

care) and indirect costs (lost days at work, sports, or army duty). Therefore, understanding 

and preventing these injuries is the optimal course of action for this injury. 
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Knee bracing emerged as a method to prevent and rehabilitate ACL injury. Despite the 

popularity and widespread use of knee braces, research in this area has shown conflicting 

results (Bodendorfer et al., 2013). Many motion analyses performed in the literature are 

drop-landing studies (Aizawa et al., 2018; Brown et al., 2016, 2016; Collings et al., 2019; 

Ewing et al., 2016a; Herrington and Munro, 2018; Kiapour et al., 2016, 2014; Laughlin et al., 

2011; Leppänen et al., 2017; Mokhtarzadeh et al., 2017; Navacchia et al., 2019; Sell et al., 

2006; Whyte et al., 2018). Although, this motion places high stresses on the lower limb, it is 

difficult to draw definite conclusions on the efficacy of a brace solely based on one type of 

motion. One study showed that at time of injury, 35% of patients were decelerating, 31% 

were landing, 13% were accelerating, and 4% were falling backward (Boden et al., 2000). 

Given this information, drop-landing studies are possibly only addressing a third of the 

ways the knee could be injured. Therefore, it is imperative to test the braces beyond just 

drop-landing to attempt to encompass various ways the brace can have effects on the 

wearer, especially during unconscious neuromuscular control. 

3.2. NON-CONTACT ACL RISK FACTORS 

3.2.1. SEX 

Females are 3-10 times more likely to sustain an ACL injury (Bodendorfer et al., 2013; 

Moeller and Lamb, 1997; Yu, 2004; Yu and Garrett, 2007). Since females are more likely to 

sustain an ACL injury, researchers proposed that females sustain the injury through a 

different mechanism (valgus collapse) than males (Quatman and Hewett, 2009; Waldén et 
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al., 2015). However, imaging studies of bone contusions following ACL injuries have shown 

to be the same in males and females making the mechanism of injury likely identical (Choi 

et al., 2019; Owusu-Akyaw et al., 2018; Wittstein et al., 2014). These imaging studies 

examined bone bruises using MRI. These bone bruises occur when the trabecular bones are 

damaged due to impact. Therefore, these bone contusions can provide us with kinematic 

information at the time of ACL injury. Thus, the reason behind this disparity is that females 

are much more likely to have the following risk factors discussed in this section: anatomy, 

hormonal, and neuromuscular coordination. 

3.2.2. ANATOMY 

Anatomical differences have been reported by researchers to have an effect on the ACL 

loading mechanism. Several anatomical factors are proposed to contribute to injury. 

Females are more likely to have these anatomical factors. The first factor discussed is the 

impingement of the ACL in the intracondylar notch, which is the indentation where the ACL 

lies (Figure 3.1). The smaller the notch, the greater the risk of injury, due to the higher risk 

of ACL impingement (Griffin, 2006; Laprade and Burnett, 1994; Moeller and Lamb, 1997; 

Silvers and Mandelbaum, 2007; Tillman et al., 2002; Uhorchak et al., 2003). Another factor 

proposed by researchers  is the Q-angle (Figure 3.2) (Griffin, 2006). Studies have been 

consistent in depicting a larger Q-angle in females compared to males since females have 

wider pelvises. Moreover, Q-angles of athletes that were injured were shown to be larger 

than those who never were injured. The size of the ACL has also been identified as a risk 

factor (Silvers and Mandelbaum, 2007). The smaller the ACL, the lower mechanical 
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properties (strain, stress, strain energy density, modulus of elasticity) it has 

(Chandrashekar et al., 2006). Additionally, knee joint laxity has been identified as an ACL 

injury risk factor (Uhorchak et al., 2003). Moreover, the greater the tibial slope angle, the 

larger the likelihood of anterior tibial translation (ATT) with weight-bearing (Griffin, 

2006). Finally, the last ACL risk factor discussed is body mass index (BMI). This is a value 

calculated by an individual’s height and weight. The greater the BMI, the higher the risk of 

injury. These anatomical factors have shown inconsistent results, however knowledge of 

which anatomical features could affect ACL loading helps the research field understand the 

injury better (Moeller and Lamb, 1997). 

 FIGURE 3.1 ANATOMY OF THE KNEE SHOWING COMPONENTS THAT MAY BE INVOLVED IN KNEE INJURIES 

(LICENSED UNDER PUBLIC DOMAIN VIA WIKIMEDIA COMMONS (2012)) 
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FIGURE 3.2: Q-ANGLE CALCULATION USING BONY LANDMARKS. THE WIDER THE HIP, THE LARGER THE Q-

ANGLE, THE GREATER THE RISK OF INJURY. (Original Image). 

3.2.3. HORMONAL 

It is essential to note the effects of estrogen, a sex hormone, on the ACL injury risk in 

females. The menstrual cycle has been shown to place female athletes at a greater risk 

(Bodendorfer et al., 2013). Females during the pre-menstrual and pre-ovulatory phases 

have an increase in sex hormone levels which negatively affects the ACL (Griffin, 2006). 

This leads to a decreased intracondylar notch and increased knee abduction, which 

increases knee injury risk. Additionally, changes in the female hormone cycle have been 

shown to increase knee laxity, which in turn places the knee at injury risk. As the previous 

factors mentioned, there are numerous unknowns in the area of sex hormones. 
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Researchers have yet to agree on the phase of the menstrual cycle that poses the highest 

risk (Griffin, 2006). 

3.2.4. NEUROMUSCULAR CONTROL 

Neuromuscular control is a term used to describe a complex process. Briefly, it involves the 

process where sensory receptors (mechanoreceptors, visual, and vestibular) receive a 

stimulus which is then sent to the central nervous system (CNS) and processed at one of 

three levels: spinal, lower brain (basal ganglia, brain stem, or cerebellum), or cerebrum 

(Hewett et al., 2002). Reactions at the spinal level are reflex responses that are processed 

the fastest for protective reflexive joint stabilization. Motor control at the lower brain level 

is involved in timing of motor activities, learning of planned movement, and control of 

complex movement patterns of a sustained and repetitive nature (Hewett et al., 2002). 

Lastly, processing at the cerebral level involves voluntary movement where the neural 

response time is the slowest due to the presence of multiple synapses and increased 

distance of impulse propagation (Hewett et al., 2002).   

Females have been proposed to have poor neuromuscular control, where they do not allow 

for the knee’s passive (ligaments, joint capsule, cartilage, friction, and bony geometry) and 

active (muscles) elements to share the load adequately and counteract the external forces, 

which ultimately results in injury (Hewett et al., 2005; Riemann and Lephart, 2002). The 

unplanned and non-anticipatory nature of sports means that that our bodies heavily rely 

on unconscious muscle activations (i.e. spinal or lower brain level) to perform movements. 



34 

The coordination of quadriceps, hamstrings, gastrocnemius, and soleus muscle forces play 

an important role in ACL protection and injury.  

3.3.  MECHANISM OF INJURY 

The primary mechanism of injury is non-contact with no physical external force causing the 

injury (Yu, 2004). Instead, intrinsic forces within the body are responsible for most ACL 

injuries. Simply put, the ACL tears when the stress on the ACL is greater than its failure 

strength (Slauterbeck et al., 2006). The risk factors that can cause this excessive force on 

the ACL were discussed in the previous section (Section 3.2). Nonetheless, the exact 

mechanism of injury is not fully understood despite a plethora of research using cadaver 

studies, computational models, and motion analyses. This is because of the multifactorial 

nature of the injury, combined with our inability to directly measure ACL strain in vivo on 

the field (Bakker et al., 2016). As a result, we are unable to relate ACL strain to clear 

defining factors. Without the complete understanding of the relationship between 

kinematics, muscle forces, ACL strain, and neuromuscular control, the exact mechanism of 

ACL injury will continue to be ambiguous.  

Although the injury’s mechanism is not quite known, it is associated with anterior shear 

force, hyperextension, valgus collapse, internal rotation, axial torque, tibial torque, 

abnormal loading, or a combination of these (Barraza et al., 2013).  There are numerous 

combinations of sagittal and non-sagittal loading mechanisms during dynamic sports 

postures, which can place the ACL at maximal loading and a specific timing of ground 

reaction force, which causes the injury.  
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3.3.1. ANTERIOR TIBIAL TRANSLATION (ATT) 

One major sagittal plane mechanism of injury is ATT, as mentioned in Sections 2.3.2.1, it is 

a translational movement of the tibia in the forward direction, relative to the femur (Figure 

2.4). This is intensified by large QUADs forces and low knee flexion angles as discussed in 

more detail in Section 3.3.2. Cadaver studies such as the one by Berns et al., looked at the 

strain in anteromedial bundle of the ACL under combination loading in 13 cadaveric knee 

specimens (Berns et al., 1992). The results of this study suggest that anterior tibial force 

was the primary determinant of strain in the anteromedial bundle; knee internal-external 

rotation moments and knee valgus-varus moments had no significant effects on the strain 

of the anteriomedial bundle of the ACL. Similarly, Fleming et al. studied the in vivo effects of 

weight bearing and external loading  of the tibia on ACL strain (Fleming et al., 2001a). They 

implanted a differential variable reluctance transducer (DVRT) on the anterior medial 

bundle of the ACL of 11 subjects. The subjects’ legs were attached to a knee loading fixture 

at a 20° angle that allowed independent application of anterior-posterior shear force, 

valgus-varus moments, and internal-external rotation moments to the tibia. The results of 

this study showed that ACL strain significantly increased as the anterior shear force and 

the knee internal rotation moment increased, while knee valgus-varus and external 

rotation moments had little effect on ACL strain under the weight-bearing condition. 

Markolf et al. investigated the effects anterior shear force, valgus-varus, and rotation 

loading on cadaver knees (Markolf et al., 1995).  The results of this study show that ATT 

alone has significant effects on ACL. Moreover, they found that valgus-varus and rotation 

moments also produced significant ACL strain, but in combination with ATT. The 

combination of ATT with varus-valgus produced greater ACL loading than ATT alone, while 
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ATT with external rotation moment was lower than ATT alone. Finally, this study 

concluded that as knee flexion angle decreases, the ACL loading caused by anterior shear 

force, knee valgus moments, knee varus moments, and knee internal rotation moments 

increases. McLean et al. conducted a motion analysis study during sidestep cutting and 

argued that ATT alone cannot rupture the ACL (McLean et al., 2004). Instead, they 

contended that sagittal plane loading may contribute to injury risk via its ability to limit 

and/or control out of plane loads such as knee valgus. A magnetic resonance imaging (MRI) 

scan study looked at  bone bruises to determine the exact position of the bones at the point 

of injury (Owusu-Akyaw et al., 2018). They found that there was 24.6 mm and 26.9 mm 

ATT in females and males, respectively.  

3.3.2. QUADRICEPS FORCE 

The QUADs are the major contributor to ATT; they can significantly increase in vitro ACL 

strain from 0˚ to 45˚ of knee flexion (Arms et al., 1984; Beynnon et al., 1995; Boden et al., 

2000; Draganich and Vahey, 1990; Dürselen et al., 1995). Moreover, a study by DeMorat et 

al. showed that a 4500 N QUADs force could tear the ACL at 20˚ of knee flexion (DeMorat et 

al., 2004). It has been reported that forces in the patellar tendon can reach up to 2000N 

during a MVC of the quadriceps; this number is doubles in young healthy athletes (Huberti 

et al., 1983). Additionally, the lower the flexion angle during the QUADs contraction, the 

more likely it is to induce ATT. The greatest ATT is shown to be at 10-30 of knee flexion 

(Hirokawa et al., 1992; Renström et al., 1986; Shoemaker et al., 1993; Wilk et al., 1995). 
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3.3.3. VALGUS AND INTERNAL ROTATION 

Previously, research has revealed that valgus and internal rotation knee loads have a 

significant effect on ACL loading, whether the loads are applied in isolation or in 

combination, (Kanamori et al., 2000; Markolf et al., 1995). An in vitro study demonstrated 

the torques required (125-210 Nm of valgus torque or 35-80 Nm of internal rotation 

torque) to damage the ACL (Seering et al., 1980). Likewise, Hewett et al. portrayed ACL 

injury predictions made by double-leg landing  knee valgus moments in female athletes 

(Hewett et al., 2005). Several other studies have shown internal rotation and valgus knee 

moments can reach up to twice as much in sidestepping than straight-line running (Besier 

et al., 2001b, 2001a; Dempsey et al., 2007).  Observational studies have depicted a 

combination of valgus and rotational moments at the knee. These rotational/transverse 

forces in the coronal plane in an extended knee can multiply the tension in the ACL 

(Wetters et al., 2016). Nonetheless, several studies exhibited that ACL loading is not 

significantly affected by knee valgus alone; it has to be in conjunction with ATT to provide 

significant ACL loading (Berns et al., 1992; Fleming et al., 2001a; Markolf et al., 1995).  

Furthermore, several other studies showed that valgus moment alone is not capable of 

tearing the ACL when the MCL (Figure 3.1)  is intact (Bendjaballah et al., 1997; Fayad et al., 

2003; Matsumoto et al., 2001; Mazzocca et al., 2003). Bendjaballah et al. examined the 

effects of knee valgus-varus moments on ACL and MCL, and LCL loadings using finite 

element model analysis (Bendjaballah et al., 1997). These results propose that the cruciate 

ligaments do not withstand the majority of valgus-varus moments when the collateral 

ligaments are intact. Further, Matsumoto et al. examined the roles of the ACL and MCL in 

relation to knee valgus instability in cadaveric specimens (Matsumoto et al., 2001). They 
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found that the MCL is the primary structure in preventing knee valgus from happening. 

Similarly, Mazzocca et al. investigated the effects of knee valgus loading on MCL and ACL 

injuries (Mazzocca et al., 2003). Their results indicated that the ACL strain was minimum 

when knee valgus moment was applied with an intact MCL, however the ACL strain 

significantly increased after MCL tear. Finally, a study by Fayad et al. showed only five out 

of 62 individuals with ACL tears also had MCL tears (Fayad et al., 2003).   

3.3.4.  HIP, KNEE, AND ANKLE FLEXION ANGLES 

Earlier studies have shown that landing with more hip and knee extension is associated 

with increased ACL injury risk (Chappell et al., 2002; Griffin et al., 2008). This is because of 

the high forces produced by the quadriceps within the knee at flexion angle 10°-30°, which 

results in highest amount of ATT (Hirokawa et al., 1992; Renström et al., 1986; Shoemaker 

et al., 1993; Wilk et al., 1995). At low flexion angles, the patellar tendon is at a mechanical 

advantage to pull on the tibia and create ATT. Hence, at low flexion knee angles, the ACL is 

at a high risk of injury (Englander et al., 2019b; Yu and Garrett, 2007). Therefore, many 

researchers have advocate for increased hip and knee flexion angles. Conversely, more 

recent studies have shown that individuals who tore their ACL landed with significantly 

flexed hips at initial ground contact. This places the torso posterior to the knee, requiring 

hip flexion and knee extension torques to stabilize the torso during landing. The muscle 

that would achieve these torques is the RF.  However, this will increase ACL strain through 

adding a compressive and anterior force on the tibia (Boden et al., 2010). The larger the hip 

flexion angles, the less the hip muscles are able to absorb upper body weight, Also, the 



39 

larger the flexion angles, the less the dynamic hip stabilizers are able to effectively stabilize 

the femur (Boden et al., 2009). Conversely, Hashemi et al. has argued the opposite of this 

and proposed the “hip extension, knee flexion paradox”. This mismatch in flexion is the 

cause of ACL as the knee flexes and the hip extends, ATT occurs which increases injury risk. 

Moreover, kinematics of the ankle plays a role in ACL injury too. Studies have shown that 

plantar flexed ankles are best during landing. An increase in plantar flexion means that 

they reach flat foot later which allows the calf muscles to contract and absorb forces and 

decreases in bouts of impulsive force production (Boden et al., 2010; Boden et al., 2009) 

3.3.5. PERTURBATIONS AND UNCONSCIOUS NEUROMUSCULAR CONTROL 

Perturbations have been very highly linked to ACL injury. In numerous studies, over 96% 

of the subjects that tore their ACL were perturbed one way or another (Boden et al., 2009; 

Koga et al., 2010; Krosshaug et al., 2007a, 2007b; Noyes and Barber-Westin, 2018; Olsen et 

al., 2004). Perturbation circumstances  comprise of being physically pushed or shoved just 

before the injury, avoiding a player in proximity, or avoiding a collision with a player 

(Noyes and Barber-Westin, 2018). These instances cause an imbalance in the athletes or 

causes them to lose control, which results in the athlete heavily relying on unconscious 

neuromuscular control to regain balance. However, if an individual has poor 

neuromuscular control, it may not allow for the knee’s passive (ligaments, joint capsule, 

cartilage, friction, and bony geometry) and active (muscles) elements to share the load 

adequately and counteract the external forces, which ultimately results in injury (Hewett et 
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al., 2005; Riemann and Lephart, 2002). The unplanned and non-anticipatory nature of 

sports means that that our bodies heavily rely on unconscious muscle activations to 

perform movements. 

To study these unconscious, reactive neuromuscular pattern, many studies removed the 

anticipatory effects from the movements by prompting the subjects to start a motion 

through visual or auditory cues. They showed greater joint and ACL loadings, in both males 

and females, when compared to planned laboratory movements (Besier et al., 2001a; 

Brown et al., 2009; Landry et al., 2007; Sell et al., 2006; Weinhandl et al., 2013). Besier et al. 

conducted a study where the subjects were prompted to perform cutting maneuver 

through a light stimulus on a target board (unanticipated) and compared that to the same 

movement that was performed when the subject was ready (anticipated) (Besier et al., 

2001a). They found no differences between planned and unplanned knee flexion/extension 

moments; however, the varus/valgus and internal/external rotation moments during the 

unplanned cutting tasks were up to twice the magnitude of the moments measured during 

the anticipated condition. Similarly, Brown et al. examined the biomechanical changes in 

unanticipated (UN) single-leg landings compared to anticipated (AN) single-leg landings 

(Brown et al., 2009). They found that UN induced modifications in the landing 

biomechanics that may increase the risk of ACL injury; they observed differences in hip 

angles and hip and knee internal rotation moments. Sell et al. conducted AN vs. UN stop-

jump tasks in different directions (Sell et al., 2006). Results indicated that reactive jumps to 

UN tasks showed significantly different biomechanics than the AN tasks. The athletes used 

less knee flexion at peak posterior ground reaction forces and greater maximum knee 
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flexion angle, deceleration forces, knee flexion moments, and knee valgus moments during 

the UN tasks. Finally, Weinhandl studied the anticipatory effects of sidestep cutting on ACL 

loading (Weinhandl et al., 2013).  ACL loading was significantly higher during UN cutting 

vs. AN cutting. This change in loading was primarily due to the multifaceted interaction of 

the sagittal plane shear forces such as the quadriceps and hamstrings, as well as the frontal 

and transverse plane knee moments. 

Moreover, other researchers turned to a different way of perturbing their subjects to evoke 

a reactive, unplanned neuromuscular response (Da Fonseca et al., 2004; Ferber et al., 2003, 

2002; Myers et al., 2003; Noonan and Wojtys, 2003; Shultz et al., 2006, 2000). Hurd and 

colleagues studied the kinematic differences in normal and perturbed walking between 

male and female athletes (Hurd et al., 2004). The perturbations consisted of lateral or 

anterior translation of the platform at heel strike. They concluded that females exhibited 

characteristics during normal and perturbed walking that may increase the risk of an ACL 

injury and the repetition of these harmful patterns during provocative athletic movements 

may lead to injury.  Results of these studies confirm the hypothesis in the current literature 

that unanticipated movements increase anterior cruciate ligament loading.  
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3.4. PREVENTION AND PROPHYLACTIC STRATEGIES 

The burden of this injury on individuals, health systems, and social care systems compelled 

researchers to explore ways to avoid the injury. Given the current knowledge of factors 

that compromise the biomechanics of the knee, preventative measures lie in changing the 

knee biomechanics towards avoiding dangerous positions (Griffin, 2006). Neuromuscular 

training and prophylactic knee braces are the current two main methods of injury 

prevention. Neuromuscular training programs are exercise programs that include 

stretching, strengthening, aerobics, plyometrics, and risk awareness (Griffin, 2006). 

Mandelbaum et al. conducted a seminal two-year follow-up study investigating the 

effectiveness of neuromuscular training programs and has shown a decrease in injuries 

(Mandelbaum et al., 2005). This training is assumed to enhance joint stability, decrease 

forces on knee during landing, and stimulate proper activation patterns of muscles (Caraffa 

et al., 1996; Mandelbaum et al., 2005). However, some researchers disagree and presented 

no significant differences between trained and untrained (Bahr and Krosshaug, 2005; Heidt 

et al., 2000; Pfeiffer et al., 2006). The other form of preventative measures are prophylactic; 

braces designed to reduce the severity of injuries through protecting the anterior cruciate 

ligament (Giotis et al., 2011).  

Prophylactic knee braces (PKBs) are ‘off-the-shelf’ knee braces designed to prevent and 

reduce the severity of knee injuries, such as ACL tears, during sports (Giotis et al., 2011). 

PKBs are meant to combat the factors that contribute to the failure of training programs as 

well as targeting less modifiable risk factors such as the person’s anatomy. The concept 

behind the first PKB was to redirect lateral impact forces to the knee away from the joint 
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itself, to locations more distal on the tibia and femur (Erickson et al., 1993). As a result, 

strain on the knee ligaments is reduced due to less force acting directly on the joint. 

However, more than 70% of ACL injuries are non-contact in nature (Wetters et al., 2016), 

where over 96% of the subjects that tore their ACL were perturbed one way or another 

(Boden et al., 2009; Koga et al., 2010; Krosshaug et al., 2007a; Olsen et al., 2004). Although, 

PKBs were initially designed to protect the knee from contact injuries such as a lateral 

impact to the knee joint, without compromising normal function, researchers have also 

sought to study how an externally applied device can affect and alter muscle function and 

knee mechanics; they found differences in kinematics (Branch et al., 1989; Yu, 2004), 

kinetics (Branch et al., 1989; Yu, 2004), and even muscle forces (Ewing et al., 2016b; 

Hangalur et al., 2015) during various movements.  

Different braces are designed to limit ACL injuries loading mechanisms such as valgus 

stress, ATT, and knee hyperextension (Bodendorfer et al., 2013; Giotis et al., 2011; Yu, 

2004).  An example of these braces is what was used in this thesis, the POD K8 2.0 (Figure 

3.3.) This brace has an upper and lower thigh segment made of glass-reinforced nylon 

polymer. These segments joint together parallel to the knee joint centre with medial and 

lateral hinges that contain Synthetic LigamentsTM (as part of POD's Human MotionTM hinge 

technology). These “synthetic ligaments" are meant to mimic the motion of the human knee 

joint. The extra “ligaments” mean extra support, and thus, POD knee braces claim to 

support the knee joint by providing increased stability to the ACL, MCL, and LCL. Another 

brace of interest is the Spring Loaded Technology Upshot BraceTM (Figure 3.3). Like the 

exterior physical design of the POD brace, the Upshot has an upper and a lower thigh 
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segment made of reinforced carbon shell. The segments joint together with medial and 

lateral knee hinges that contain a Spring LoadedTM hinge. This hinge stores energy when the 

knee is flexed and releases it in the extension direction; augmenting the strength and 

endurance of the knee joint and leg muscles. As a result, the Upshot brace is marketed as 

the “world’s first compact and powerful military grade bionic knee brace”. 

Despite the popularity and widespread use of these braces, research in this area has shown 

conflicting results (Erickson et al., 1993; Ewing et al., 2016a; Hangalur et al., 2015; Lin et al., 

2008; Osternig and Robertson, 1993; Rishiraj et al., 2012; Sitler et al., 1989; Yeow et al., 

2010). Several studies showed the positive effectiveness of prophylactic braces through 

decreasing the ACL load by altering the knee biomechanics (Cheong et al., 2010; DeVita et 

al., 1996; Ewing et al., 2014; Rishiraj et al., 2009).  Hangalur et al., Yeow et al., Ewing et al., 

and Rishiraj et al. all performed drop landing studies with and without a knee brace in 

healthy individuals and showed promise in reducing injury risk, but through different 

means. Hangalur et al. and Rishiraj et al. found differences in firing patterns of muscles and 

a reduction in peak GRF, which resulted in a decrease in strain on the ACL.  The majority of 

the motion studies have examined changes in kinematics and kinetics with prophylactic 

knee braces(Branch et al., 1989; Yu, 2004). Two studies have examined effect of bracing on 

muscle forces using in vivo motion analysis (Ewing et al., 2016b) and using a combined in 

vivo/in vitro method (Hangalur et al., 2015). Other studies have focused on using EMG to 

find differences in muscle activity due to bracing during a variety of dynamic activities 

(Branch et al., 1989; Osternig and Robertson, 1993). Ewing et al. found that the HAMS, VL, 

VM, and VI muscles produced significantly greater flexion and extension torques, 
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respectively, and greater peak muscle forces with bracing during an anticipated double-leg 

drop landing (Ewing et al., 2016b). Similarly, Yeow et al. did not find differences in peak 

GRF, but found significant reductions in ATT during braced conditions. Giotos et al. 

performed a high demanding task which included landing from a descending stair case 

followed by an immediate external tibial rotation (Giotis et al., 2011). Results showed a 

decrease in degree of tibial rotation in braced condition.  Moreover, Hangalur et al. also 

examined the effects of a PKB during drop landing and found a reduction in the muscle 

forces and the ACL strain (Hangalur et al., 2015). During running, Osternig and Robertson 

reported significant reductions in EMG activity of six lower limb muscles crossing the knee 

and ankle, during prophylactic bracing compared to control condition (Osternig and 

Robertson, 1993). Likewise, Branch et al. evaluated two types of custom-fitted braces on 

ACL-deficient and healthy subjects and reported a decrease in QUADs and HAMS activity 

during the stance phase of side-step cutting (Branch et al., 1988). Moreover, other 

movement studies have been conducted on ACL deficient or ACL reconstructed patients 

and have shown significant differences in providing knee stability using a brace (Beynnon 

et al., 2003, 2002; Fleming et al., 1999; Wojtys et al., 1994). Nonetheless, there are some 

studies that depict no significant differences between braced and un-braced conditions 

(Kocher et al., 2003; Ramsey et al., 2001). Much is left unknown about the effect of PKB on 

muscle forces during other movements, specifically during unplanned, unanticipated 

movements.    
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FIGURE 3.3: POD K8 2.0 KNEE BRACE (LEFT) AND SPRING LOADED TECHNOLOGY UPSHOT BRACE (RIGHT) 

(ORIGINAL PHOTOS). 

3.5. CONCLUSION 

ACL injuries occur when the ligament is overloaded with forces it cannot withstand; this is 

primarily influenced by the anatomical structures of the joint, muscle activation patterns, 

and orientation of the knee joint when the loads are applied. The ACL injury and its 

prevention remains an enigma in the scientific field due to controversial findings. 

Researchers have tested different brands of braces using different techniques. It is difficult 

to decide about the effectiveness of all braces based on a handful of brands, while testing 

very few motions. Consequently, it is important to perform a series of tests that encompass 

as many motions as possible that can cause instability to the knee in order to determine the 

efficacy of a specific type/brand of brace. Future work should include creating a testing 

protocol that can be used by other researchers to evaluate braces during a wider array of 

motions to get a better understanding of the effects of bracing while being able to compare 

the different brands of braces to each other. 
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4 

4. METHODS 

Musculoskeletal (in silico) modelling requires experimental motion data as an input. This 

chapter discusses how the motion data were collected using the Computer Assisted 

Rehabilitation Environment (CAREN) system (Motek Medical, Netherlands) following the 

extraction of data from Nexus 2 (Vicon Inc; Oxford, United Kingdom) and offline analysis 

using OpenSim (simtk.org, Stanford, CA, USA).  Static Optimization in OpenSim was used to 

obtain muscle forces. Electromyography data were collected to validate the results of static 

optimization. Statistical Parametric Mapping was used to compare the entire force profiles 

during the stance phase of the perturbation. In-depth details of the methods used are 

included in each chapter that follows.  
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4.1. MATERIALS AND SPECIFICATIONS OF INSTRUMENTS 

4.1.1. MOTION CAPTURE SYSTEM – CAREN 

This motion capture system includes 10-camera (MX T20S) motion capture system (Vicon 

Inc; Oxford, United Kingdom), a 3 m diameter Sarnicola hydraulic motion platform capable 

of six DOFs (Sarnicola Simulation Systems Inc; Conklin, New York), a 1 × 2 m dual-belt 

treadmill instrumented with two force plates, sampled at 2000 Hz (Motekforce Link; 

Culemborg, The Netherlands), a 180° curved projection screen, and two F10 AS3D 

projectors (projectiondesign; Fredrikstad, Norway). Six hydraulic actuators were 

connected in a Stewart configuration and controlled independently to enable motion in six 

DOFs: sway or medial-lateral translation, surge or anterior-posterior translation, heave or 

vertical translation, pitch, yaw, and roll (Figure 4.1). 

FIGURE 4.1 CAREN LAB SETUP WHERE THE SUBJECTS PERFORMED THE MOTIONS. THE SCREEN IN FRONT OF 

THEM PROJECTS A SCENE THAT AIDS IN VISUAL FLOW. (ORIGINAL PHOTO)  
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4.1.2. NEXUS 2.6.1 – VICON SOFTWARE 

This software is where the motion capture data is collected. The markers placed on the 

subject are captured by the cameras and form a connected body-like figure as shown in 

Figure 4.2 below. 

FIGURE 4.2 SCREENSHOT OF NEXUS 2 VICON SOFTWARE WORKSPACE SHOWING A RECONSTRUCTED MODEL OF 

AN INDIVIDUAL’S MARKERS.  

4.1.3. OPENSIM 3.3 

OpenSim is an open source software system for biomechanical modeling, simulation and 

analysis (Figure 4.3) .Version 3.3 was used for analysis in this thesis. Outputs from Vicon 

were prepared and imported into OpenSim to perform biomechanical analyses. 
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 FIGURE 

4.3 SCREENSHOT OF OPENSIM 3.3 WITH THE GAIT 2393 MODEL. 

4.1.4. ELECTROMYOGRAPHY 

EMG signals were collected using Delsys wireless EMG system (Avanti Trigno, Delsys; USA). 

Data were sampled at 2400 Hz.  

FIGURE 4.4: PHOTO OF THE DELSYS AVANTI TRIGNO SYSTEM USED TO COLLECT EMG DATA. (ORIGINAL 

PHOTO) 



51 

4.1.5. FOOTWEAR 

In order to remove the effects of different footwear between subjects, Vibram FiveFingers 

shoes were worn by all the subjects (Vibram Corporation, MA, USA).  These shoes are 

meant to mimic the natural foot, without causing drastic changes to the biomechanics of 

the person.  

FIGURE 4.5: PHOTO OF VIBRAM FIVEFINGERS SHOES WORN BY THE PARTICIPANTS (ORIGINAL PHOTO) 

4.1.6. POD BRACE K8 2.0 

As mentioned in Section 3.4, this brace has an upper and lower thigh segment made of 

glass-reinforced nylon polymer (Figure 3.3). These segments joint together parallel to the 

knee joint centre with medial and lateral hinges that contain Synthetic LigamentsTM (as part 
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of POD's Human MotionTM hinge technology). These “synthetic ligaments" are meant to 

mimic the motion of the human knee joint. The extra “ligaments” mean extra support, and 

thus, POD knee braces claim to support the knee joint by providing increased stability to 

the ACL, MCL, and LCL. The knee braces were placed bilaterally and came in four sizes 

ranging from small to extra-large. To select the proper size, a measuring calliper was 

provided with the braces to measure the user's knee width. Pads of varying thicknesses 

could also be placed on the inner side of the hinges to achieve 

a proper fit. 

4.1.7. SPRING LOADED TECHNOLOGY UPSHOT BRACE 

As mentioned in Section 3.4, the Upshot (Figure 3.3) has an upper and a lower thigh 

segment made of reinforced carbon shell. The segments joint together with medial and 

lateral knee hinges that contain a Spring LoadedTM hinge. This hinge stores energy when the 

knee is flexed and releases it in the extension direction. This brace was evaluated during 

load carriage trials in Chapter 8. 
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4.2. DATA COLLECTION 

4.2.1. POPULATION 

Participants were recruited by “word of mouth" and student notice board postings. 

Participants had to be: 

• aged between 18 and 30.

• regularly active (defined as participating in a sport that involved jumping cutting, and/or

pivoting > 50h/year). 

• free from injury that necessitated physician attention in the last six months.

Exclusion criteria: 

• history of vestibular dysfunction.

• history of lower limb surgery, disease, or current injury.

Data were collected from 20 healthy individuals (10 males and 10 females) who 

participated in regular physical activity (ages 18-30). Eligible participants were invited to 

be tested and were presented with a Participant Information Sheet detailing the objectives 

and procedures of the study. After reading the sheet, they were invited to ask any questions 

and then sign a consent form. 

Ethics has been approved by the relevant Human Research Ethics Committees of 

Melbourne University Ethics ID: 1034932 (Appendix A.2). Individual participant 

characteristics are shown in Table 4.1. 
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Participant Sex Age (Years) Height (m) Weight (kg) Dominant limb 

1 F 18 1.47 47 Right 

2 F 28 1.69 62 Right 

3 F 19 1.66 52 Right 

4 F 23 1.75 66 Right 

5 F 19 1.65 67 Left 

6 F 21 1.73 57 Right 

7 F 24 1.64 50 Right 

8 F 23 1.58 56 Right 

9 F 26 1.62 52 Right 

10 F 24 1.63 63 Right 

11 M 19 1.86 78 Right 

12 M 28 1.77 75 Right 

13 M 19 1.68 53 Right 

14 M 21 1.83 74 Right 

15 M 24 1.69 65 Right 

16 M 19 1.80 65 Right 

17 M 21 1.75 70 Right 

18 M 28 1.75 93 Right 

19 M 23 1.84 79 Right 

20 M 25 1.86 80 Right 

       TABLE 4.1: PARTICIPANT CHARACTERISTICS 
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FIGURE 4.6: EXPERIMENTAL MARKER SET USED FOR SUBJECT PREPARATION. ONLY THE RIGHT LEG, RIGHT 

SIDE OF THE PELVIS, AND TRUNK ARE LABELLED FOR CLARITY. * DENOTES MARKERS THAT WERE USED FOR 

THE STATIC TRIAL AND REMOVED DUE TO THE KNEE BRACE. 
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Marker Position 

Trunk 

C7 14mm marker over spinous process of 7th cervical vertebra 

T7 14mm marker over spinous process of 7th thoracic vertebra 

T10 14mm marker over spinous process of 10th thoracic vertebra 

JN 14mm marker over the jugular notch on superior aspect of the sternum 

XIPH 14mm marker over the xiphoid process on the inferior aspect of the sternum 

Pelvis 

RASIS 14mm marker placed over right anterior superior iliac spine (ASIS) 

LASIS 14mm marker placed over left anterior superior iliac spine (ASIS) 

RPSIS 14mm marker placed over right posterior superior iliac spine (PSIS) 

LPSIS 14mm marker placed over left posterior superior iliac spine (PSIS) 

Right Thigh 

RTHAP 14mm marker located at the proximal anterior aspect of the right thigh 

RTHLP 14mm marker located at the proximal lateral aspect of the right thigh 

RLTHI 14mm marker located at the distal lateral aspect of the right thigh 

RTHAD 14mm marker located at the distal anterior aspect of the right thigh 

RMEK* 14mm marker over medial epicondyle of right femur 

RLEK* 14mm marker over lateral epicondyle of right femur 

Right Shank 
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RLSHA 14mm marker located on the proximal 1/3 of the lateral side of the right tibia 

RTILP 14mm marker located on the distal 1/3 of the lateral side of the right tibia 

RTIAP 14mm marker located on the mid aspect of the anterior shaft of the right tibia 

RMM 14mm marker located over the right lateral malleolus 

RLM 14mm marker located over the right medial malleolus 

Right Foot 

RLATMID 14mm marker on lateral right midfoot 

RMID 14mm marker on medial right midfoot 

RMT5 14mm marker on lateral aspect of right 5th MTP joint 

RMT2 14mm marker on lateral aspect of right 2nd MTP joint 

RMT1 14mm marker on lateral aspect of right 1st MTP joint 

RTOE 14mm marker on nail of 1st toe of right foot 

RHEE 14mm marker on distal aspect of bisection of right posterior calcaneus 

TABLE 4.2: EXPERIMENTAL MARKER SET DESCRIPTION. ONLY THE TRUNK, PELVIS, AND RIGHT LEG ARE 

DESCRIBED TO AVOID REDUNDANCY. *  DENOTES MARKERS THAT WERE USED FOR THE STATIC TRIAL AND 

REMOVED DUE TO THE KNEE BRACE. 
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4.2.2. SUBJECT PREPARATION 

Subjects were asked to read a Participant Information Sheet  (Appendix A.2) detailing the 

objectives and procedures of the study and sign a consent form. After that, their age, mass, 

height, and leg dominance data were collected and recorded on the trial form. Leg 

dominance was determined by asking which leg they would use to kick a ball (van Melick et 

al., 2017). The braces were fit according to the instructions provided by the company. The 

brace was fit tightly around the femoral condyles but was not too tight as to cause pain or 

discomfort. Pads of varying thicknesses were used to further adjust the fit of the brace. 

After the fit was determined, the retro-reflective markers were placed on the lower limbs 

to ensure that the braces and markers do not overlap.  The markers were placed according 

to their anatomical landmarks as mentioned in Table 4.2. 

Following the marker placement, the participants’ skins were prepared for the EMG 

electrodes. Each participant was shaved with a disposable razor, then abraded, and cleaned 

with rubbing alcohol prior to electrode placement.   The muscle bellies were identified 

according to SENIAM (surface electromyography for a non-invasive assessment of muscles) 

guidelines and confirmed by palpating the muscles while the participant produced an 

isometric contraction(Surface EMG for Non-invasive Assessment of Muscles Project, n.d.). 

The electrodes used were dry electrodes using the Delsys wireless EMG system (Avanti 

Trigno, Delsys; USA). EMG was collected from both dominant and non-dominant limbs from 

the bellies of the rectus femoris (RF), vastus medialis (VM), vastus, lateralis (VL), biceps 

femoris (BF), semitendinosus (ST), medial gastrocnemius (MG), soleus (SOL), and tibialis 

anterior (TA). 
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A total of 45 retro-reflective markers (0.014 m diameter) were attached with double-sided 

tape on specific anatomical locations on the participants’ trunks, hips, thighs, shanks, and 

feet using a custom marker set based on Dorn et al., but with a minor variations (Dorn et 

al., 2012), instead of a sacral cluster, two posterior superior iliac spine markers were 

placed. This modification was necessary to accommodate for the market set the CAREN 

system can read in order to trigger perturbations based on the gait-cycle in real-time. To 

accommodate the brace, thigh markers were attached above the upper frame of the brace 

and shank markers were attached below the lower frame of the brace (Figure 4.7). 

Moreover, after static calibration, the medial and lateral epicondyle markers were removed 

to accommodate for the braced trials, where their placement was not possible.  

FIGURE 4.7: MARKER PLACEMENT EXAMPLE ON A SUBJECT SHOWING WHERE THE MARKERS WERE PLACED 

AROUND THE KNEE BRACES. 
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Muscle Electrode Location Test 

Rectus Femoris 50% on the line from the ASIS to the 

superior part of the patella 

Extend the knee without 

rotating the thigh while applying 

manual resistance. 

Vastus Lateralis 2/3 on the line from the ASIS to the lateral 

boarder of the patella. 

Extend the knee without 

rotating the thigh while applying 

manual resistance. 

Vastus Medialis 80% on the line between the ASIS and the 

joint space in front of the anterior border 

of the medial ligament. 

Extend the knee without 

rotating the thigh while applying 

manual resistance. 

Biceps Femoris 50% on the line between the ischial 

tuberosity and the lateral epicondyle of 

the tibia. 

Flex the knee while applying 

manual resistance. 

Medial 

Gastrocnemius 

The most prominent bulge of the muscle. Plantar flexion of the foot in a 

standing position with emphasis 

on pulling the heel upward. 

Soleus 2/3 of the line between the medial 

condyle of the femur to the medial 

malleolus. 

In a seated position put a hand 

on the knee and push the knee 

downward while asking the 

participant to lift the heel from 

the floor. 

Tibialis 

Anterior 

1/3 on the line between the head of the 

fibula and the tip of the medial malleolus. 

Support the leg just above the 

ankle joint with the ankle joint 

in dorsiflexion and the foot in 
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inversion without extension of 

the great toe. Apply pressure 

against the medial side, dorsal 

surface of the foot in the 

direction of plantar flexion of 

the ankle joint and eversion of 

the foot. 

TABLE 4.3: EMG ELECTRODE LOCATION BASED ON SENIAM AND TESTS CONDUCTED TO ENSURE THE 

CORRECT PLACEMENT OF ELECTRODES 

4.2.3. CALIBRATION 

Scaling uses a static trial where the volunteer stands still with legs at hip width apart and 

arms abducted in a “t-pose” position along with dynamic trials that help obtain joint 

centres of the hip and knees. Using the maker positions from the trial (experimental) and 

the markers on the model, model segments are scaled to correspond to the dimensions of 

the subject. According to each segment, it can be scaled uniformly in x, y, and z directions or 

non-uniformly by applying different scale factors in each direction. OpenSim’s 

recommendations for segment scaling were followed (OpenSim, n.d.). 
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4.2.4. PERTURBATION 

The subjects walked at a speed of 1.1 m/s for 5 minutes before the perturbations were 

administered. The perturbation administered was a deceleration perturbation, where the 

belt under the dominant leg suddenly decelerated to a speed of 0 m/s with a maximum 

acceleration of 2.9 m/s2, about 85 ms following toe off. This ultimately applied the 

perturbation at heel strike, causing the subject to experience sudden deceleration and 

temporarily lose balance. We chose this deceleration perturbation for our studies as they 

provided us with the largest gait disruption amongst the other types of perturbations that 

were tested.  Since the speed was consistent between subjects, the perturbation was 

applied at around the same time in all subjects. Three successful perturbations, where the 

feet do not land on both force plates at the same time, were recorded with a minimum of a 

15 s wash-out period between them. In attempt to keep the anticipatory and learning 

effects at a minimum, we administered sixteen different perturbations, eight at each limb, 

in a random order. These perturbations included treadmill belt accelerations and 

decelerations at different instances of the gait cycle and at different magnitudes, as well as 

medial and lateral translations of the entire treadmill platform. One of the main reasons we 

chose to do this is for us to perform muscle force calculations, each foot must be on a 

separate force plate at the time of the calculation. Due to the nature of the perturbation, 

some crossover may occur, where one foot is on two force plates at the same time. In some 

cases, this may have occurred during the first perturbation, which would have rendered it 

unusable. To avoid comparing data from the first perturbation for some subjects with the 

second perturbation with others, we chose to average out three proper perturbations 

where each foot was on a separate force plate. Although we attempted to simulate a 
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realistic and random movement environment within a controlled laboratory setting, it is 

still quite difficult to do so, especially with three repetitions (Brown et al., 2009). We 

performed many different types of perturbations applied to both limbs at a random order 

to combat this, however it is likely not an accurate representation of a real-life scenario and 

remains a limitation in our study. 

FIGURE 4.8: EXAMPLE OF A LEFT LEG PERTURBATION. THE PERTURBATION IS APPLIED AT HEEL STRIKE AND 

THE ANALYSIS WAS DONE FROM HEEL STRIKE, THROUGH THE STANCE PHASE, UP UNTIL TOE OFF.  

4.3. DATA PROCESSING AND ANALYSIS 

Data analysis was performed using Vicon Nexus and OpenSim. 

4.3.1. PRE-PROCESSING 

The raw (labelled) kinematic marker, ground reaction forces (GRF), and muscle EMG data 

from each trial were directly exported from VICON Nexus in the form of trc and mot files 

(Version 2.8.2, VICON, Oxford Metrics LTF, Oxford, UK). Marker trajectories and GRF data 

were smoothed with 10 Hz fourth-order low-pass Butterworth filters (Kristianslund et al., 

2012). Raw EMG data were high-pass filtered using a fourth order, zero-lag recursive 

Butterworth filter with a cut-off frequency of 20 Hz, full-wave rectified, and then low-pass 
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filtered with a cut-off frequency of 15 Hz (Ewing et al., 2016b). The resulting linear 

envelopes were normalized to each muscle's maximum EMG amplitude reached during 

stance phase. 

4.3.2. RIGID-BODY MODELLING 

FIGURE 4.9: FLOW CHART OF OPENSIM PIPELINES 

Rigid-body modelling was performed using OpenSim, an open-source musculoskeletal 

modelling software, by following a standard pipeline (Delp et al., 2007). A ten-segment, 25 

degrees-of-freedom (DOF) generic model (Gait 2392), was scaled to each subject's mass 

and anthropometry using the static trial data. This model represents an average-sized adult 

male and consists of ten segments (pelvis, torso, femur (x2), tibia (x2), hindfoot (x2), toes 

(x2)). Arms were not included in this model. The pelvis was modelled with six DOF,  the hip 
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as a ball-and-socket joint with three DOF, the knee was modelled as a translating hinge 

joint with three DOF (flexion-extension, rotations, and valgus-varus)(Xu et al., 2015), the 

ankle as two non-intersecting purse hinges at two DOF, toes also as pure hinge joints at one 

DOF, and lastly the back as a ball-and-socket joint with three DOF. 

After the model was loaded, its parameters were adjusted to mimic the subject in order to 

obtain accurate gait movements and muscle forces. This was through a process called 

“scaling”. Scaling uses a static trial where the volunteer stands still with legs at hip width 

apart and arms abducted in a “t-pose” position along with dynamic trials that help obtain 

joint centres of the hip and knees. Using the maker positions from the trial (experimental) 

and the markers on the model, model segments are scaled to correspond to the dimensions 

of the subject. According to each segment, it can be scaled uniformly in x, y, and z directions 

or non-uniformly by applying different scale factors in each direction. In addition to scaling 

the dimensions of each segment, the moment arms and musculotendon lengths of the 

muscles attached to that segment were scaled. Then, these same scale factors were used to 

scale the mass of the segments so that the total mass of the model equaled the specified 

mass of each participant. Each marker was given a weight that determines how strongly 

the algorithm should match the virtual and experimental markers. Bony landmarks (such 

as the C7, ASIS, and MLEK) were given higher weightings compared to markers placed over 

soft tissue (such as LTHAP, LTHAD, and RTILP). OpenSim’s recommendations for scaling 

were followed (Hicks et al., 2015; OpenSim, n.d.). This is an iterative process, where the 

scaling tool is re-run multiple times to achieve the best model possible. Finally, the mass of 
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the brace was assumed to be negligible, therefore, the same scaled model was used for both 

the braced and non-braced conditions.  

The second process performed was Inverse kinematics (IK). The inverse kinematics tool is 

used to find values for generalized coordinates in the model that best match the 

experimental data (maker positions and joint angles at each time step). This match is 

expressed as a weighted least squares optimization problem. This process aims to 

minimize the sum of squared differences between experimental and model markers. 

min (𝐽𝐽 = � 𝜔𝜔𝑖𝑖(𝑥𝑥𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −

𝑖𝑖=1

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑠𝑠
𝑥𝑥𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚)2) 

Where 𝑥𝑥𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝑥𝑥𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚 are position vectors of the ith marker

ωi is a weighting factor (high weighting to bony landmarks and low weighting for soft tissue) 

Following IK, it was important to reduce residuals by using the reduce residuals analysis 

(RRA) tool. Since using GRF data can create an over-determined system resulting in 

dynamic inconsistencies between the model and the GRF and kinematics. These 

inconsistencies manifest in residual forces and moments appearing between the most 

proximal segment and the ground that do not actually exist. Therefore, the RRA tool can be 

used to reduce these discrepancies. RRA does this minimizing in two phases; the first 

adjusts the segment mass centers and the second adjusts the computed kinematics, 

resulting in a refined model and kinematics. 
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Next, Inverse Dynamics (ID) was performed to obtain joint moments. The inverse dynamics 

tool computes generalized forces (the net linear forces and angular torques) at each joint of 

a multi-body linkage system. A bottom up approach was used through using experimentally 

collected GRF data and applying them to the most distal segment first (the heel of the foot) 

to solve for joints at the ankle. Then the ankle joint reactions were used to solve the 

reactions at the knee and so on.  

Finally, Static Optimization (SO) was performed. Static optimization resolves the net joint 

moments obtained from ID into individual muscle forces at each time instant. Since there 

are unlimited muscle force combination that could generate the same net joint moments, 

SO uses a performance objective to constrain the individual muscle forces. This practice 

solves an optimization problem that minimized the sum of squares of all muscle 

activations, which is analogous to minimizing total muscle stress. Static optimization 

solved for all actuator (e.g. muscles, residuals, and reserves) 

forces at each time instant, and therefore did not incorporate time-dependent 

activation or contraction dynamics in the problem formulation. Considering all actuators 

of the musculoskeletal system, the static optimization problem is formally 

stated as follows: 

Calculate: a =  �
𝑎𝑎𝑀𝑀
 𝑎𝑎𝑅𝑅
𝑎𝑎𝑚𝑚
� 

By minimising: J (a) = ∑ 𝑤𝑤𝑖𝑖𝑛𝑛𝑚𝑚
𝑖𝑖=1 (𝑎𝑎𝑖𝑖𝑀𝑀)2 + ∑ 𝑤𝑤𝑖𝑖6

𝑠𝑠=1 �𝑎𝑎𝑠𝑠𝑅𝑅�
2 + ∑ 𝑤𝑤𝑚𝑚

𝑛𝑛𝑛𝑛
𝑚𝑚=1 (𝑎𝑎𝑚𝑚𝑚𝑚)2 
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Subject to: ∑ [𝑛𝑛𝑚𝑚
𝑖𝑖=1 𝑎𝑎𝑖𝑖𝑀𝑀 .  𝑓𝑓𝑖𝑖(𝐹𝐹0𝑀𝑀, 𝑙𝑙𝑀𝑀, 𝑣𝑣𝑀𝑀)] .  𝑠𝑠𝑖𝑖,𝑛𝑛 +  ∑ [𝑎𝑎𝑠𝑠𝑅𝑅 .6

𝑠𝑠=1  𝐹𝐹𝑠𝑠𝑅𝑅] + ∑ [𝑎𝑎𝑚𝑚𝑚𝑚
𝑛𝑛𝑛𝑛
𝑚𝑚=1 .𝐹𝐹𝑚𝑚𝑚𝑚] =  𝜏𝜏𝑛𝑛 

where  aM ,  aR   and  ar   represent  the  muscle,  residual  and  reserve  actuator  activation  

values,  respectively;  nm is  the  number  of  muscle  actuators  in  the  model;  nq is  the  

number  of  kinematic  degrees  of  freedom  in  the  model;  wi,  wj   and  wk   are weightings  

to  penalize  the  force  generating  capacities  of  the  muscles,  residual  and reserve 

actuators, respectively; fi (𝐹𝐹0𝑀𝑀 , lM , vM ) represents the force-length-velocity surface of 

muscle i; 𝐹𝐹𝑠𝑠𝑅𝑅 is the peak strength of the residual actuator j, 𝐹𝐹𝑠𝑠𝑚𝑚 is the peak strength of the 

reserve actuator j (for both lower and upper limbs); si,n is the moment arm of muscle i 

about coordinate n; and τn is the net joint moment of generalized coordinate n, as derived 

from inverse dynamics. 

The model used in this study was GAIT 2392, developed in 1990 by Delp et al. and has since 

then been validated and used by countless researchers. One main limitation is that 

differences in anatomy and muscle parameters between the generic model and specific 

subjects can produce inaccurate models and thus inaccurate results. However, how much 

this can affect the data is based on how different each subject’s parameters are from the 

model. Nonetheless, this model is widely accepted and used by countless researchers. 
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4.3.3. ELECTROMYOGRAPHY (EMG) ANALYSIS TO EVALUATE MUSCLE 

ACTIVATIONS 

EMG is the measure of a few dozens to many hundreds motor units (MU) that are fired 

when muscles contract (Merletti et al., 2010). Therefore, it is commonly used to validate 

musculoskeletal model-predicted muscle forces due to the limitation of measuring in-vivo 

muscle forces (Adouni et al., 2016; Anderson and Pandy, 2001; Ewing et al., 2016b; Heintz 

and Gutierrez-Farewik, 2007; Mokhtarzadeh et al., 2017). Nonetheless, it is important to 

note that the relationship between EMG amplitude and muscle force is non-linear. When 

additional force is required, more MUs are activated (Kamen and Gabriel, 2010). The 

number of MUs recruited have an effect on the EMG signal; the larger the number of MUs 

are recruited, the larger the signal amplitude. Alternatively, increasing muscular force can 

be achieved through increasing the rate of firing — the frequency of the MUs. For example, 

a muscle can be fully activated and represent that in EMG, but if it is operating outside its 

force-length-velocity curve, it will generate little to no force. Moreover, surface EMG, which 

is used in this dissertation, measures the muscle activity over the local area under the 

electrodes; this makes it subjected to cross talk from nearby muscles. Consequently, EMG 

was used in this study to evaluate timing and general patterns of muscle activations rather 

than magnitudes. This was done by processing the raw EMG by running it through a high-

pass, fourth order, zero-lag recursive Butterworth filter with a cut-off frequency of 20 Hz, 

then full-wave rectified, and low pass filtered with a cut-off frequency of 15 (Ewing et al., 

2016b). The resulting linear envelopes were normalized to each muscle’s maximum EMG 
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amplitude reached during the movement analysed. These envelopes were then compared 

to the muscle force results of the model (Figure 4.10) 

FIGURE 4.10: COMPARISON BETWEEN FILTERED EXPERIMENTAL EMG AND SIMULATED MUSCLE ACTIVATIONS 

OF THE A) QUADRICEPS (RECTUS FEMORIS, VASTUS MEDIALIS, AND VASTUS LATERALIS), B) THE HAMSTRINGS 

(BICEPS FEMORIS AND SEMITENDINOSUS), C) MEDIAL GASTROCNEMIUS, AND D) SOLEUS FOR A 

REPRESENTATIVE SUBJECT. 

4.3.4. STATISTICAL PARAMETRIC MAPPING (SPM) 

Three successful trials per condition for each subject were averaged. Muscles were 

combined into functional groups by summing the contributions from each muscle within 

the group: QUADs (rectus femoris, vastus medialis, vastus intermedius, and vastus 

lateralis), HAMS (biceps femoris long head, biceps femoris short head, semimembranosus, 
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and semitendinosus), and GAS (medial and lateral compartments of gastrocnemius). 

Statistical parametric mapping (SPM) was used to statistically compare muscle forces 

between males and females (Friston, 2007). Specifically, a SPM t-test was used to compare 

males and females, while a SPM paired t-test was used to compare leg dominance and the 

braced and unbraced conditions.  (α=0.05). The entire stance phase was evaluated as this is 

the time where the foot is in contact with the ground, and thus places a risk on the ACL for 

injury. Although ACL injuries have been documented to occur in the first 70ms after contact 

with the ground, we examined the entire force profile for a few reasons (Ireland, 2007). 

Firstly, the speed at which our tests were conducted were very slow 1.1 m/s, whereas 

athletes can easily reach 4.9 m/s (Steudel-Numbers and Wall-Scheffler, 2009). Therefore, 

70 ms after heel strike during slow walking will not occur at the same part of the stance 

phase during running at high speeds. As a result, to examine what the force profiles look 

like during the entire stance phase provided us with information on what the activation 

patterns are in a perturbation situation like this, and that this will likely be replicated at 

higher magnitudes with faster speeds (Hurd et al., 2004).  Furthermore, the swing phase 

was not analysed as ACL injuries do not occur without large forces and this would not 

occur when the foot is not in contact with the ground. The SPM method was selected over 

the more popular scalar extraction, due to the biases found for “non directed” hypothesis 

testing by Pataky, Robinson, and Vanrenterghem (Pataky et al., 2013). SPM offers a 

generalized, statistically comprehensive solution to scalar extraction's over-simplification 

of vector trajectories by conducting hypothesis testing at the (massively multivariate) 

vector trajectory level, with random field corrections simultaneously accounting for 

temporal correlation and vector covariance. It is more effective at identifying differences in 
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patterns of movement, which is a key aspect of ACL injury mechanism (Shultz et al., 2015; 

Whyte et al., 2018). As a result, it is more useful in objectively guiding analyses of complex 

biomechanical systems. All SPM analyses were implemented using the open-source spm1d 

code (v.M0.1, www.spm1d.org) in MATLAB (R2019a, 9.6.0.3427, The MathWorks Inc, 

Natick, MA). 
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5 

5. ANTERIOR CRUCIATE LIGAMENT (ACL) 
AGONIST AND ANTAGONIST MUSCLE FORCE 
DIFFERENCES BETWEEN MALES AND FEMALES 
DURING PERTURBED WALKING

This chapter is based on the following published works: 

Haddara, R., Harandi, V.J., Lee, P.V.S. (2020). Anterior cruciate ligament (ACL) agonist 

and antagonist muscle force differences between males and females during perturbed 

walking, Journal of Biomechanics. 

Haddara, R., Harandi, V.J., Lee, P.V.S. (2019). Anterior cruciate ligament (ACL) agonist 

and antagonist muscle force differences between males and females during perturbed 

walking, 26th International Society of Biomechanics, July 31-August 4, 2019, Calgary, 

Alberta, Canada [Podium Presentation]. 
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5.1. INTRODUCTION 

The higher incidences of anterior cruciate ligament injuries in females have been well 

documented. Females are 2-9 times more likely to tear their ACL than their male 

counterparts. Moreover, over 70% of ACL injuries are non-contact, meaning that an 

excessive amount of force or moment is generated within the body, without external forces 

acting, that induce the tear (Wetters et al., 2016).  These injuries are most common during 

landing, awkward dynamic body movements, and perturbations (Griffin, 2006). 

Perturbation situations include being physically pushed or shoved just before the injury, 

avoiding a player in proximity, or avoiding a collision with a player (Noyes and Barber-

Westin, 2018). In several studies, over 96% of the subjects that tore their ACL were 

perturbed one way or another (Boden et al., 2009; Koga et al., 2010; Krosshaug et al., 

2007a; Noyes and Barber-Westin, 2018; Olsen et al., 2004). These situations make the 

athlete unbalanced or at loss of control which ultimately alters their normal neuromuscular 

control. Poor neuromuscular control may not allow for the knee’s passive (ligaments, joint 

capsule, cartilage, friction, and bony geometry) and active (muscles) elements to share the 

load adequately and counteract the external forces, which ultimately results in injury 

(Hewett et al., 2005; Riemann and Lephart, 2002). The unplanned and non-anticipatory 

nature of sports means that that our bodies heavily rely on unconscious muscle activations 

to perform movements.  Evidence in the literature suggests that males and females exhibit 

different neuromuscular control of their lower limb biomechanics during risky sporting 

maneuvers (Lloyd, 2013; Mclean et al., 2004).  
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The relationship between ACL agonist and antagonist muscles and ACL injuries have been 

extensively studied. The quadriceps (QUADs) (DeMorat et al., 2004; Elias et al., 2003; Li et 

al., 1999; Markolf et al., 1990; More et al., 1993) and gastrocnemius (GAS) (Adouni et al., 

2016; Elias et al., 2003; Fleming et al., 2001b) are ACL antagonists and an excessive 

production of force can strain the ACL through the induction of anterior tibial translation 

(ATT). On the other hand, the hamstrings (HAMs) and soleus (SOL) are ACL agonists and 

protect the knee from ATT and thus ACL tears (Elias et al., 2003; Fleming et al., 2001b; Li et 

al., 1999; More et al., 1993; Withrow et al., 2008). Evidence in the literature suggests that 

women exhibit more injurious neuromuscular control patterns of the lower limb, during 

the implementation of potentially risky sporting maneuvers (Lloyd, 2013; Mclean et al., 

2004). Females tend to have low muscle strength and/or an imbalance in muscle strength, 

activation levels, or timing that may not correctly oppose forces that lead to whole-body 

and joint imbalances during dynamic tasks  (Lephart et al., 2002b; Lloyd, 2013; Mclean et 

al., 2004; Myer et al., 2009). 

In order to understand the effect of this unconscious neuromuscular response, researchers 

attempted to replicate real-life sports scenarios in motion analysis labs. To do so, some 

studies compared planned laboratory movements, between males and females during drop 

landing, running, side-cutting, and cross-cutting (Lephart et al., 2002b; Malinzak et al., 

2001; Mclean et al., 2004). In these studies, female athletes were more likely to replicate 

lower extremity movement pattern(s) that are known to increase ACL strain. Malinzak et 

al. compared males and females during running, side-cutting, and drop-landing and found 

females had greater quadriceps electromyography (EMG) activation and lower hamstring 
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EMG activation in comparison to males during the stance phase of each of the three athletic 

tasks (Malinzak et al., 2001). This QUADs-HAMS imbalance is known to increase ATT and 

thus increase ACL strain (Cram, 2003; DeMorat et al., 2004; Elias et al., 2003; Fleming et al., 

2001b; Markolf et al., 1990; More et al., 1993; Withrow et al., 2008). Nonetheless, these 

studies did not portray the true extent of the biomechanical differences, as they were 

anticipated movements and therefore did not evoke a true unconscious neuromuscular 

response (Riemann and Lephart, 2002). To combat this, other studies attempted to remove 

the anticipatory effects from the movements and showed greater joint and ACL loadings, in 

both males and females, when compared to planned laboratory movements (Besier et al., 

2001a; Brown et al., 2009; Landry et al., 2007; Sell et al., 2006; Weinhandl et al., 2013). For 

example, Besier et al. conducted a study where the subjects were prompted to perform 

cutting maneuver through a light stimulus on a target board (unanticipated) and compared 

that to the same movement that was performed when the subject was ready (anticipated) 

(Besier et al., 2001a). They found no differences between planned and unplanned knee 

flexion/extension moments; however, the varus/valgus and internal/external rotation 

moments during the unplanned cutting tasks were up to twice the magnitude of the 

moments measured during the anticipated condition.  Another way of obtaining unplanned, 

reactive movements is through perturbations. Since most ACL injuries happen after a 

perturbation where the person becomes unbalanced or loses control, researchers have 

turned to different ways of perturbing their subjects to evoke a reactive neuromuscular 

response. Hurd et al. studied the kinematic differences in normal and perturbed walking 

between male and female athletes (Hurd et al., 2004). The perturbations consisted of 

lateral or anterior translation of the platform at heel strike. They concluded that females 
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exhibited characteristics during normal and perturbed walking that may increase the risk 

of an ACL injury and the repetition of these harmful patterns during provocative athletic 

movements may lead to injury. These studies only examined the changes in kinematics and 

EMG activation patterns. However, much is left unknown about the kinetics and/or muscle 

forces during these unplanned perturbations.   

Since almost all the ACL injures occur when the athlete is perturbed, understanding the sex 

differences in muscle forces in relation to ACL injury during unplanned perturbation may 

provide us with a better understanding of the mechanism of injury in females compared to 

males. This in turn will help us with the development of targeted and precise injury 

prevention interventions (Hewett et al., 2005). The purpose of this study was to identify 

differences in muscle forces during walking with the application of unexpected 

perturbations. Although ACL injuries do not usually happen during walking, potentially 

injurious movement patterns during a disturbance to natural balance while walking could 

provide insight on what may be reproduced, on a higher scale, during high impact and high 

speed athletic tasks that can effectively tear the ACL (Hurd et al., 2004). Perturbed walking 

has been proven to reveal dynamic stabilization strategies; perturbations have commonly 

been used as models of injury mechanism to understand the neuromuscular and 

biomechanical responses to potentially injurious actions (Da Fonseca et al., 2004; Ferber et 

al., 2003, 2002; Myers et al., 2003; Noonan and Wojtys, 2003; Shultz et al., 2006, 2000). It 

was hypothesized that females would have higher ACL antagonist muscle forces 

(quadriceps and gastrocnemius) and lower ACL agonist muscle forces (hamstrings and 

soleus) during perturbed walking when compared to males. 
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5.2. METHODS 

5.2.1. PARTICIPANT RECRUITMENT AND PREPARATION 

Ten healthy males (age: 22.2 ± 3.50 y; height: 1.76 ± 0.07 m; mass: 71.3 ± 11.6 kg) and ten 

healthy females (age: 22.5 ± 3.24 y; height: 1.64 ± 0.08 m; mass: 57.1 ± 7.02 kg) were 

recruited for this study. Participation criteria included being regular participants in sports 

that include jumping, cutting, and/or pivoting >50 h/year. Exclusion criteria were a history 

of, or current injury to either lower extremity which necessitated physician attention and 

no history of vestibular dysfunction. All participants signed an informed consent form 

approved by the relevant Human Research Ethics Committees (Melbourne University 

Ethics ID: 1034932.9). A total of 45 retro-reflective markers (0.014 m diameter) were 

mounted on the participant's trunk, pelvis, thigh, shank, and feet using a custom marker set 

based on Dorn et al., but with a minor variations (Dorn et al., 2012), instead of a sacral 

cluster, two posterior superior iliac spine markers were placed. Calibration markers were 

affixed to the participant's medial and lateral femoral condyles and medial and lateral 

malleoli in order to define joint centres. Leg dominance was determined by asking which 

leg they prefer to use to kick a ball (van Melick et al., 2017). 

5.2.2. INSTRUMENTATION 

The trials were completed using a Computer Assisted Rehabilitation Environment (CAREN, 

Motekforce Link; Culemborg, The Netherlands). This system features a semi-immersive 

virtual reality screen, 10-camera (MX T20S) motion capture system (Vicon Inc; Oxford, 
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United Kingdom) sampled at 100 Hz, and 1m × 2m dual-belt treadmill instrumented with 

two force plates sampled at 2000 Hz (Motekforce Link; Culemborg, The Netherlands). EMG 

data (Appendix A) was sampled at 2400 Hz using a wireless EMG system (Avanti Trigno, 

Delsys; USA) 

5.2.3. PERTURBATION PROTOCOL 

The subjects walked at a speed of 1.1 m/s for 5 minutes before the perturbations were 

administered. The perturbation administered was a deceleration perturbation, where the 

belt under the dominant leg suddenly decelerated to a speed of 0 m/s with a maximum 

acceleration of 2.9 m/s2, about 85 ms following toe off. This ultimately applies the 

perturbation at heel strike, causing the subject to experience sudden deceleration and 

temporarily lose balance (Figure 5.1). Three successful perturbations, where the feet do 

not land on both force plates at the same time, were recorded with a minimum of a 15 s 

wash-out period between them. Three successful normal gait cycles were also recorded as 

the control. In attempt to keep the anticipatory and learning effects at a minimum, we 

administered 16 different perturbations in a random order. These perturbations were 

applied at different instances of the gait cycle and at different magnitudes.  
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FIGURE 5.1: DEPICTION OF A TYPICAL RESPONSE TO THE DECELERATION PERTURBATION OF THE LEFT

LEG, USED IN THIS STUDY, STARTING FROM HEEL STRIKE (LEFT) TO TOE OFF (RIGHT). 

5.2.4. DATA PRE-PROCESSING 

The raw (labelled) kinematic marker, GRF, and muscle EMG data from each trial were 

exported from VICON Nexus (Version 2.8.2, VICON, Oxford Metrics LTF, Oxford, UK). 

Marker trajectories and GRF data were smoothed with 10 Hz fourth-order low-pass 

Butterworth filters (Kristianslund et al., 2012). Raw EMG data were high-pass filtered using 

a fourth order, zero-lag recursive Butterworth filter with a cut-off frequency of 20 Hz, full-

wave rectified, and then low-pass filtered with a cut-off frequency of 15 Hz (Ewing et al., 

2016b). The resulting linear envelopes were normalized to each muscle's maximum EMG 

amplitude reached during stance phase. 

5.2.5. RIGID-BODY MODELLING 

Rigid-body modelling was performed using OpenSim, an open-source musculoskeletal 

modelling software, by following a standard pipeline (Delp et al., 2007). A ten-segment, 

twenty-five degrees-of-freedom (DOF) generic model (Gait 2392), was scaled to each 

subject's mass and anthropometry using the static trial data. The hip was modelled as a 
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ball-and-socket joint with three DOF, while the knee was modelled as a translating hinge 

joint with three DOF (flexion-extension, rotations, and valgus-varus)(Xu et al., 2015). The 

lower-limb joints were actuated by 92 musculotendon units, where each unit was 

represented by a Hill-type muscle in series with an elastic tendon (Thelen et al., 2003). 

Inverse kinematics computed the joint angles at each time instant by matching the model 

markers with the experimental marker trajectories such that the sum of the squared error 

distances between the two marker sets was minimized (Lu and Connor, 1999). Residual 

reduction analysis (RRA) was used to create simulations that were dynamically consistent 

with the experimentally recorded GRFs (Delp et al., 2007; Morgan et al., 2014). Next, static 

optimization solved for the individual musculotendon forces by decomposing the net joint 

moments in an optimization problem that minimized the sum of the squares of all muscle 

activations (Crowninshield and Brand, 1981). The muscle force results from static 

optimization were validated against EMG; data were qualitatively consistent with the 

computationally estimated muscle activations (Figure 5.2). Each walking cycle was 

normalized to 100% starting from heel strike (HS) to toe off (TO).  
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FIGURE 5.2 COMPARISON BETWEEN FILTERED EXPERIMENTAL EMG AND SIMULATED MUSCLE ACTIVATIONS 

OF THE FEMALES’ (A) QUADRICEPS (RECTUS FEMORIS, VASTUS MEDIALIS, AND VASTUS LATERALIS), THE (B) 

HAMSTRINGS (BICEPS FEMORIS AND SEMITENDINOSUS), (C) MEDIAL GASTROCNEMIUS, AND (D) SOLEUS. AS 

WELL AS THE MALES’ (E) QUADRICEPS (RECTUS FEMORIS, VASTUS MEDIALIS, AND VASTUS LATERALIS), THE 

(F) HAMSTRINGS (BICEPS FEMORIS AND SEMITENDINOSUS), (G) MEDIAL GASTROCNEMIUS, AND (H) SOLEUS.
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5.2.6. STATISTICAL ANALYSIS 

Three successful trials per condition for each subject were averaged, and the dominant leg 

was for used for analysis. Muscles were combined into functional groups by summing the 

contributions from each muscle within the group: QUADs (rectus femoris, vastus medialis, 

vastus intermedius, and vastus lateralis), HAMS (biceps femoris long head, biceps femoris 

short head, semimembranosus, and semitendinosus), and GAS (medial and lateral 

compartments of gastrocnemius). Statistical parametric mapping (SPM) was used to 

statistically compare muscle forces between males and females (Friston, 2007). 

Specifically, a SPM t-test was used to compare the QUADs, HAMs, SOL, and GAS muscle 

forces of males and females (α=0.05). The SPM method was selected over the more popular 

scalar extraction, due to the biases found for “non directed” hypothesis testing by Pataky, 

Robinson, and Vanrenterghem (Pataky et al., 2013). SPM offers a generalized, statistically 

comprehensive solution to scalar extraction's over-simplification of vector trajectories by 

conducting hypothesis testing at the (massively multivariate) vector trajectory level, with 

random field corrections simultaneously accounting for temporal correlation and vector 

covariance. As a result, it is more useful in objectively guiding analyses of complex 

biomechanical systems. All SPM analyses were implemented using the open-source spm1d 

code (v.M0.1, www.spm1d.org) in MATLAB (R2019a, 9.6.0.3427, The MathWorks Inc, 

Natick, MA). 
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5.3. RESULTS 

Males and females showed no differences in QUADs, HAMS, GAS, and SOL muscle forces in 

the control condition, i.e. walking with no perturbations. However, the perturbations 

revealed significant differences between both sexes. The QUADs muscle group peak was 

about 1.4 times higher in females (36.12 ± 9.93 N/kg) than males (25.18 ± 10.13 N/kg) 

within the supra-threshold cluster (57%-62%), where it exceeded the critical threshold of 

3.805 at p<0.021 (Figure 5.3). Shortly after the peak, females also displayed a larger force 

between 79%-83% of the stance phase than males at p<0.045. Similarly, females presented 

a larger peak of GAS at two instances: 12.42 ± 4.5 N/kg vs. 8.10 ± 2.83 N/kg between 70%-

75% of the stance phase at p<0.012 and 2.26 ± 0.55 N/kg vs. 0.52 ± 0.09 N/kg between 

95%-100% of the stance phase at p<0.032 (Figure 5.4). Looking at the ACL agonists, males 

showed a larger initial HAMS peak of 10.67 ± 4.15 N/kg vs. 5.38 ± 1.1 N/kg between 8% 

and 11% of the stance phase (Figure 5.5). Finally, the SOL also showed significant 

difference where males had almost double the peak at 30.27 ± 8.14 N/kg vs. 16.37 ± 4.83 

N/kg between 80%-95% of the stance phase at p<0.001 (Figure 5.6). 
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FIGURE 5.3 A) MEAN QUADRICEPS MUSCLE FORCES IN FEMALES (SOLID BLACK) ± 2 SD (GREY BAND) AND 

MALES (DASHED RED) ± 2 SD (RED BAND) DURING PERTURBED WALKING. B) THE TTEST STATISTIC SPM {T}. 

THE CRITICAL THRESHOLD OF 3.805 (RED DASHED LINE) WAS EXCEEDED AT TIME = 57%-62% AND 79%-

83% OF THE STANCE PHASE WITH A SUPRA-THRESHOLD CLUSTER PROBABILITY VALUE OF P=0.021 AND 

P=0.045, RESPECTIVELY INDICATING A SIGNIFICANTLY LOWER MUSCLE FORCE PEAK IN MALES COMPARED TO 

FEMALES. 
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 FIGURE 

5.4: A) MEAN GASTROCNEMIUS MUSCLE FORCES IN FEMALES (SOLID BLACK) ± 2 SD (GREY BAND) AND MALES 

(DASHED RED) ± 2 SD (RED BAND) DURING PERTURBED WALKING. B) THE TTEST STATISTIC SPM {T}. THE 

CRITICAL THRESHOLD OF 3.927 (RED DASHED LINE) WAS EXCEEDED AT TIME = 68%-73% AND 95%-100 

OF THE STANCE PHASE WITH A SUPRA-THRESHOLD CLUSTER PROBABILITY VALUE OF P=0.012 AND P=0.032, 

RESPECTIVELY, INDICATING A SIGNIFICANTLY LOWER MUSCLE FORCE PEAK IN MALES COMPARED TO FEMALES 

WITHIN THESE TIME RANGES. 
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FIGURE 5.5: A) MEAN HAMSTRINGS MUSCLE FORCES IN FEMALES (SOLID BLACK) ± 2 SD (GREY BAND) AND 

MALES (DASHED RED) ± 2 SD (RED BAND) DURING PERTURBED WALKING. B) THE TTEST STATISTIC SPM {T}. 

THE CRITICAL THRESHOLD OF 3.577 (RED DASHED LINE) WAS EXCEEDED AT TIME = 8%-11% OF THE 

STANCE PHASE WITH A SUPRA-THRESHOLD CLUSTER PROBABILITY VALUE OF P=0.047 INDICATING A 

SIGNIFICANTLY LOWER MUSCLE FORCE PEAK IN FEMALES COMPARED TO MALES WITHIN THIS TIME RANGE. 
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 FIGURE 5.6: 

A) MEAN SOLEUS MUSCLE FORCES IN FEMALES (SOLID BLACK) ± 2 SD (GREY BAND) AND MALES (DASHED 

RED) ± 2 SD (RED BAND) DURING PERTURBED WALKING. B) THE TTEST STATISTIC SPM {T}. THE CRITICAL 

THRESHOLD OF 3.906 (RED DASHED LINE) WAS EXCEEDED AT TIME =80%-95% OF THE STANCE PHASE 

WITH A SUPRA-THRESHOLD CLUSTER PROBABILITY VALUE OF P<0.001 INDICATING A SIGNIFICANTLY LOWER 

MUSCLE FORCE PEAK IN FEMALES COMPARED TO MALES. 
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FIGURE 5.7:   MEAN KNEE EXTENSION ANGLE (POSITIVE) AND FLEXION (NEGATIVE) IN FEMALES (SOLID 

BLACK) ± 2 SD (GREY BAND) AND MALES (DASHED RED) ± 2 SD (RED BAND) DURING PERTURBED WALKING. 

5.4. DISCUSSION 

This study showed differences between males and females primarily in the QUADS and SOL 

and the HAMS and GAS. Females depicted a higher peak QUADs force at 36.12 N/kg, 

compared to males, at 25.18 N/kg. The QUADs can heavily contribute to ATT; they strain 

the ACL when they contract at low flexion angles and have been shown to induce ACL tears 

in cadavers (DeMorat et al., 2004; Elias et al., 2003; Li et al., 1999; Markolf et al., 1990; 

More et al., 1993). In addition to QUADs force causing ATT, the knee flexion-extension 

angle at which the force is applied can affect the extent of ATT. Cadaver and in-vivo studies 
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have shown that QUADs contraction have an effect on ACL strain during low flexion angles, 

between 0° to 45° of flexion (DeMorat et al., 2004; Elias et al., 2003; Kain et al., 1988; Li et 

al., 1999; Markolf et al., 1990). The smaller the knee flexion, the greater the ACL strain with 

the same quadriceps force. In this study, the QUADs peak force occurred at 37.54° ± 3.85° 

in females and at 35.73° ± 7.59° in males (Figure 5.7), which falls within the range of 0° to 

45°. An in vivo study using MRI and high-speed biplanar radiography also concluded that 

QUADs contraction can result in ATT during low flexion angles, thus increasing ACL strain 

and propensity for injury, particularly in the presence of a movement perturbation or 

change in landing strategy with unanticipated timing (Englander et al., 2019a).  This is in 

line with our hypothesis as females illustrated a higher QUADs muscle force with low 

flexion angles, during an unexpected perturbation. Nonetheless, it is also important to note 

the QUADs trend around 20% of the stance phase in males and females. Males show a peak 

of around 15 N/kg which is about double the magnitude of the females. Although it is not 

statistically significant, more research needs to be conducted to ascertain the clinical 

relevance of this early stance QUADs peak.  

Interestingly, females generated half the force produced by males in the SOL muscle, the 

other ACL agonist. Although the SOL muscle does not cross the knee joint, cadaver studies 

have shown that the SOL induces posterior tibial translation at all flexion angles (Elias et 

al., 2003). Furthermore, a motion analysis study during a single-leg drop landing also 

concluded that the SOL muscle force reduces the forces on the ACL (Mokhtarzadeh et al., 

2013). Therefore, a large force from the SOL may counteract the ATT induced by the 

QUADs and GAS. This agrees with our hypothesis that females would demonstrate lower 
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SOL muscle force, which places them at a higher risk of injury. Another instance that 

showed significant differences in the SOL was at 43% of the stance phase; where females 

showed a second larger peak in the SOL that was absent in the males. Nonetheless, this 

small statistical significance needs further evaluation to infer clinical significance. 

Females also demonstrated about 2.6 times higher GAS muscle forces during late stance 

phase. Like the QUADS, GAS is an ACL antagonist; it increases ACL strain by inducing ATT 

(Adouni et al., 2016; Elias et al., 2003; Fleming et al., 2001b). Elias et al. tested the influence 

of the GAS on ACL strain and found that the GAS induced ATT at all flexion angles (Elias et 

al., 2003). Similarly, Adouni et al. found that at 75% period of stance during gait, with the 

knee near full extension,  larger activations in GAS muscles produced greater ATT due to 

the pull of the muscle and indirectly, via the added joint compression acting on a 

posteriorly sloped tibial plateau (Adouni et al., 2016). Similarly, in our study, females 

exhibited a significantly higher peak GAS force between 70%-75% of the stance phase. The 

higher GAS muscle force in females agrees with our hypothesis that females produce a high 

amount of ACL antagonist muscle forces, at low flexion angles, that induces ATT and puts 

their ACL at a higher risk of injury. 

On the other hand, males had a higher peak in the HAMS, which is an ACL agonist. ACL 

agonists decrease ACL strain by reducing ATT (Elias et al., 2003; Fleming et al., 2001b; Li et 

al., 1999; More et al., 1993; Withrow et al., 2008). In the HAMS, males displayed a larger 

first peak, shortly after heel strike. This larger co-contraction can decrease ATT and thus 

reduce ACL strain. This was evident in a study by Withrow et al., they used cadaver knees 
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to simulate jump landings; using pretensioned springs for the QUADs, HAMS, and GAS. The 

tension in HAMS was changed between trials and the relative strain of the ACL was 

measured. Increasing hamstring force during the knee flexion landing phase decreased the 

peak relative strain in the anterior cruciate ligament by more than 70% compared with the 

baseline condition (p = 0.005). HAMS decreased ATT and ACL forces between 20° and 90° 

(Kain et al., 1988; Li et al., 1999; MacWilliams et al., 1999; More et al., 1993; Pandy and 

Shelburne, 1997). The peak HAMs force in the males from our study lie past 20° of flexion, 

this surpasses the 0°-20° range where studies showed that the co-contraction of HAMs is 

inadequate (O´Connor, 1993; Pandy and Shelburne, 1997). Although we hypothesized that 

females would show significantly less HAMS peak forces during the perturbation, there 

were no significant differences in the large HAMS peak. Nevertheless, males still depicted a 

significant difference in the early stance peak, which coincides with our hypothesis; 

however, the clinical significance of this difference is unknown and needs to be further 

investigated.   

The higher peak ACL antagonist and lower peak ACL agonist muscle force production in 

females has important implications in understanding the sex disparity in ACL injury and 

how to reduce it. In vivo studies have clearly illustrated the effect of the QUADs, HAMS, 

GAS, and SOL on ATT and ACL strain. Moreover, the difference in HAMS and QUADs 

recruitment using EMG has been well-documented as an ACL injury risk (Hewett et al., 

2008). Athletes with a lower HAMS to QUADs peak torque ratio had a higher incidence of 

ACL injury (Knapik et al., 1991). The observed sex differences in the EMG HAMS to QUADs 

ratio has been related to the females’ decreased ability to dynamically control the knee 
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joint during sports activities (Hewett et al., 2005, 2004). This was proven in our study by 

examining the muscle forces during an unexpected perturbation which evoked an 

unconscious neuromuscular response in dynamically stabilizing the knee. However, the 

results of these muscle forces need to be further studied and validated in order to identify 

their clinical relevance and how they may affect the injury mechanics 

Although musculoskeletal modelling allows for the prediction of in-vivo muscle forces 

without invasive methods, it is not without limitations. The musculoskeletal models were 

scaled based on a generic model. A more accurate model would include real imaging data 

from the subjects, such as MRI. Moreover, static optimization methods do not include 

activation dynamics and have been critiqued for their failure to predict co-contraction. 

Despite these limitations, static optimization in musculoskeletal modelling is a powerful 

technique to quantify how muscles function and has been used and validated by many 

researchers (Adouni et al., 2016; Anderson and Pandy, 2001; Ewing et al., 2016b; Heintz 

and Gutierrez-Farewik, 2007; Mokhtarzadeh et al., 2017). Moreover, the perturbations 

were administered during walking, which is not likely to cause injury. Nonetheless, 

perturbed walking at similar speeds have been proven to reveal dynamic stabilization 

strategies; perturbations have commonly been used as models of injury mechanism to 

understand the neuromuscular and biomechanical responses to potentially injurious 

actions (Da Fonseca et al., 2004; Ferber et al., 2003, 2002; Myers et al., 2003; Noonan and 

Wojtys, 2003; Shultz et al., 2006, 2000). Moreover, the walking speed in this study was 1.1 

m/s and is not likely representative of self-selected speed. Nonetheless, this speed is 

similar to other studies that conducted perturbations on healthy individuals (Gholizadeh et 
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al., 2020; Madehkhaksar et al., 2018; Mueller et al., 2017). Furthermore, although we 

attempted to simulate a realistic and random movement environment within a controlled 

laboratory setting, it is still quite difficult, especially with 3 repetitions (Brown et al., 2009). 

We performed many different types of perturbations applied to both limbs at a random 

order to combat this, however it is likely not an accurate representation of a real-life 

scenario and remains a limitation. Furthermore, there was a large variability within both 

sexes during the perturbations. This is likely due to large variations in strength and 

neuromuscular control precipitating inconsistent reaction strategies to the perturbations. 

Future studies can look at similar individuals with similar strengths and training levels to 

examine their strategies in responding to these perturbations. Finally, the perturbations 

may have introduced an inertial artifact in the sagittal plane moment component of the 

GRF. Although the compensatory mechanism developed by Hnat and van den Bogert has 

shown great success in in high speeds (96.75%), the model was only able to accurately 

predict the pitch moment at the speed of 1.2 m/s by 72.06% (Hnat and Van den Bogert, 

2014). Given that our study was conducted at 1.1 m/s, which is a slower speed than the 

study by Hnat and Van den Bogert, we assumed the artifact would be smaller and even 

more inaccurately compensated for using an inertial compensation method. Therefore, we 

opted to not compensate for the error as the predicted output underestimates the pitch 

moment.  Despite these limitations of musculoskeletal modelling, it remains a powerful tool 

in understanding biomechanics without invasive procedures.  

In summary, our finding indicated that females produce higher ACL antagonist and lower 

ACL agonist muscle forces compare to males. As the modifiable factors in the ACL injury sex 
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disparity is better understood, more effective screening tools and injury prevention 

programs can be established.  Future work can build upon these findings, for example, 

validating how the differences in muscle forces in our study relate to ACL injury risk. This 

can be performed by measure ACL length using fluoroscopy, for example, during 

perturbations and relating it to ACL agonist and antagonist muscle forces. Moreover, future 

work may also include examining within-group variability during unexpected 

perturbations and implementing subject-specific computational models using imaging for 

greater accuracy. 
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6 

6. EFFECT OF LEG DOMINANCE ON ANTERIOR 
CRUCIATE LIGAMENT (ACL) AGONIST AND 
ANTAGONIST MUSCLE FORCE DIFFERENCES IN 
MALES AND FEMALES DURING PERTURBED 
WALKING 

This chapter is based on the following submitted works: 

Haddara, R., Harandi, V.J., Lee, P.V.S. (2021). Effect of Leg Dominance on Anterior cruciate 

ligament (ACL) agonist and antagonist muscle force differences in males and females during 

perturbed walking, Journal of Biomechanics. 
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6.1. INTRODUCTION 

Female athletes are 2-9 times more prone to anterior cruciate ligament (ACL) injury (Hurd 

et al., 2004). The reason behind this sex disparity in ACL injury is multi-factorial in nature 

and many researchers have examined mechanisms to explain this behaviour (Ford et al., 

2003; Hewett et al., 2010; Hurd et al., 2004; Lephart et al., 2002b; Malinzak et al., 2001; 

Mclean et al., 2004; Mokhtarzadeh et al., 2017; Moul et al., 1996). One of these reasons are 

that females exhibit a larger difference between both their limbs in kinematics, muscle 

recruitment patterns, flexibility, and strength than their male counterparts (Ford et al., 

2003; Hewett et al., 2006, 2005; Paterno et al., 2010; Schot et al., 1994). These differences 

between both limbs have been depicted in kinematics (Ford et al., 2003; Pappas and 

Carpes, 2012), kinetics (Hewett et al., 2005, 1996; Schot et al., 1994), and 

electromyography (EMG) (Bussey et al., 2018).  Ford and colleagues found that female 

athletes landed with significantly greater maximum knee valgus angle on the dominant 

side, compared to the non-dominant side (Ford et al., 2003). Whereas, males showed no 

significant differences between both limbs. Bussey et al. examined the biomechanics of 

anticipatory postural adjustments during a single leg lift task (Bussey et al., 2018). They 

found that women showed an increase in postural adjustment time and a larger medial-

lateral displacement of the center of pressure in their dominant limbs compared to the men 

in the study. They also found that females recruited proximal muscles later than males.  

Similarly, prospective studies have shown that individuals with large asymmetries between 

both limbs are at a higher risk of ACL injury or re-injury (Kyritsis et al., 2016; Paterno et al., 

2010). In contrast, a retrospective study examined 302 subjects and found no relationship 
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between limb dominance, side of injury, and sex (Negrete et al., 2007). Furthermore, some 

studies have shown very little to no differences between the dominant (DOM) and non-

dominant (NDOM) limbs in relation to ACL injury risk (Greska et al., 2017; Lobato, 2018; 

Matava et al., 2002; Mokhtarzadeh et al., 2017; Negrete et al., 2007; Pollard et al., 2018). 

Greska and colleagues examined the biomechanics of the lower limbs during unanticipated 

side-step cutting task in females and found no differences in kinematics, kinetics, or EMG 

between both limbs (Greska et al., 2017). Likewise, Pollard et al. conducted an anticipated 

side-step cutting task in males and females. They also found no differences except for 

internal knee rotation kinematics; the NDOM leg experienced higher internal knee rotation 

angles than the DOM leg (Pollard et al., 2018). Another study looked at kinematics, muscle 

forces, and ACL forces of females during anticipated drop landing tasks (Mokhtarzadeh et 

al., 2017). They found no differences except for ankle angle and the gluteus medius muscle 

force at peak ground reaction force (GRF). Females landed with plantar flexed to low 

dorsiflexed ankles in their NDOM leg compared to high dorsi flexion angles in their DOM 

leg at maximum GRF. The NDOM leg also produced higher gluteus medius muscle forces 

compared to the DOM leg.  

The conflicting results on differences between both limbs may be attributed to the different 

types of movement and/or the anticipatory or planned factor in performing the 

movements. Unplanned or unanticipated movements cause the athletes to heavily rely on 

unconscious neuromuscular control and muscle activations to maintain joint stability and 

adequately share the load (Hewett et al., 2005; Riemann and Lephart, 2002). Evidence in 

the literature suggests that males and females exhibit different neuromuscular control of 
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their lower limb biomechanics during risky sporting maneuvers (Besier et al., 2001a; 

Brown et al., 2009; Landry et al., 2007; Lephart et al., 2002b; Lloyd, 2013; Mclean et al., 

2004; Myer et al., 2009; Sell et al., 2006; Weinhandl et al., 2013). Out of all the previously 

mentioned literature that examined movement biomechanics, Greska et al. were the only 

group that examined limb dominance during unplanned side-step cutting maneuver 

(Greska et al., 2017). Although Greska and colleagues attempted to remove the anticipatory 

effects, the subjects were still aware of the motion they needed to do and were just waiting 

for the visual cue to begin the movement (Greska et al., 2017). Perturbations, on the other 

hand, are completely unanticipated and the athletes need to severely rely on their 

unconscious neuromuscular control to react to them.  

Since the majority of ACL injuries happen when the athlete is perturbed, looking at 

differences between limbs during unexpected perturbations may provide us with better 

insight on the mechanism of injury and its relation to the DOM or NDOM limbs.  The 

objective of this study was to compare side-side differences in the lower limbs through 

investigating ACL agonist and antagonist muscle forces.  The quadriceps (QUADs) (DeMorat 

et al., 2004; Elias et al., 2003; Li et al., 1999; Markolf et al., 1990; More et al., 1993) and 

gastrocnemius (GAS) (Adouni et al., 2016; Elias et al., 2003; Fleming et al., 2001b) are ACL 

antagonists and large forces produced by them can tear ACL through the induction of 

anterior tibial translation (ATT). On the other hand, the hamstrings (HAMs) and soleus 

(SOL) are ACL agonists and protect the knee from ATT and thus ACL tears (Elias et al., 

2003; Fleming et al., 2001b; Li et al., 1999; More et al., 1993; Withrow et al., 2008).  While 

ACL tears do not occur while walking, potentially injurious movement patterns during a 
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disturbance to natural balance, during walking, may provide insight on what could be 

reproduced, on a larger scale, during high-impact and high-speed athletic tasks that can 

actually tear the ACL (Hurd et al., 2004). Perturbed walking has been used as models of 

injury mechanism to understand the neuromuscular and biomechanical responses to 

potentially injurious actions (Da Fonseca et al., 2004; Ferber et al., 2003, 2002; Myers et al., 

2003; Noonan and Wojtys, 2003; Shultz et al., 2006, 2000). It was hypothesized that 

females would display significant differences in QUADs, HAMS, GAS, and SOL muscle forces 

between both limbs during the DOM and NDOM perturbations, whereas males would show 

no differences in muscle forces between both legs.  

6.2 METHODS 

6.2.1 PARTICIPANT RECRUITMENT AND PREPARATION 

Ten healthy males (age: 22.2 ± 3.50 y; height: 1.76 ± 0.07 m; mass: 71.3 ± 11.6 kg) and ten 

healthy females (age: 22.5 ± 3.24 y; height: 1.64 ± 0.08 m; mass: 57.1 ± 7.02 kg) were 

recruited for this study. Participation criteria included being consistent participants in 

sports that include jumping, cutting, and/or pivoting >50 h/year. Exclusion criteria were a 

history of, or current injury to either lower extremity which necessitated physician 

attention and no history of vestibular dysfunction. All participants signed an informed 

consent form approved by the relevant Human Research Ethics Committees (Melbourne 

University Ethics ID: 1034932.9). A total of 45 retro-reflective markers (0.014 m diameter) 

were mounted on the participant's trunk, pelvis, thigh, shank, and feet using a custom 

marker set based on Dorn et al., but with a minor variations (Dorn et al., 2012), instead of a 
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sacral cluster, two posterior superior iliac spine markers were placed. Calibration markers 

were affixed to the participant's medial and lateral femoral condyles and medial and lateral 

malleoli in order to define joint centres. Surface EMG was placed on the skin over muscle 

bellies of the rectus femoris, vastus medialis, vastus lateralis, biceps femoris, 

semitendinosus, medial gastrocnemius, soleus, and tibialis anterior. Leg dominance was 

determined through asking the subject which leg they would use to kick a ball (van Melick 

et al., 2017).  

6.2.1 INSTRUMENTATION 

The trials were completed using a Computer Assisted Rehabilitation Environment (CAREN, 

Motekforce Link; Culemborg, The Netherlands). This system features a semi-immersive 

virtual reality screen, 10-camera (MX T20S) motion capture system (Vicon Inc; Oxford, 

United Kingdom) sampled at 100 Hz, and 1m × 2m dual-belt treadmill instrumented with 

two force plates sampled at 2000 Hz (Motekforce Link; Culemborg, The Netherlands). EMG 

data were sampled at 2400 Hz using a wireless EMG system (Avanti Trigno, Delsys; USA). 

6.2.2 PERTURBATION PROTOCOL 

The subjects walked at a speed of 1.1 m/s for 5 minutes before the perturbations were 

administered (Haddara et al., 2020, 2021). The perturbation administered was a 

deceleration perturbation, where the belt under the leg suddenly decelerated to a speed of 

0 m/s with a maximum acceleration of 2.9 m/s2, about 85 ms following toe off. This applied 

the perturbation at heel strike, causing the subject to experience sudden deceleration and 
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temporarily lose balance. Three successful perturbations for both the DOM and NDOM legs, 

where the feet do not land on both force plates at the same time, were recorded with a 

minimum of a 15s wash-out period between them.  

6.2.3 DATA PRE-PROCESSING 

The raw (labelled) kinematic marker, GRF, and muscle EMG data from each trial were 

exported from VICON Nexus (Version 2.8.2, VICON, Oxford Metrics LTF, Oxford, UK). 

Marker trajectories and GRF data were smoothed with 10 Hz fourth-order low-pass 

Butterworth filters (Kristianslund et al., 2012). Raw EMG data were high-pass filtered using 

a fourth order, zero-lag recursive Butterworth filter with a cut-off frequency of 20 Hz, full-

wave rectified, and then low-pass filtered with a cut-off frequency of 15 Hz (Ewing et al., 

2016b). The resulting linear envelopes were normalized to each muscle's maximum EMG 

amplitude reached during stance phase. 

6.2.4 RIGID-BODY MODELLING 

Rigid-body modelling was performed using OpenSim, an open-source musculoskeletal 

modelling software, by following a standard pipeline (Delp et al., 2007). A ten-segment, 

twenty-five degrees-of-freedom (DOF) generic model (Gait 2392), was scaled to each 

subject's mass and anthropometry using the static trial data. The hip was modelled as a 

ball-and-socket joint with three DOF, while the knee was modelled as a translating hinge 

joint with three DOF (flexion-extension, rotations, and valgus-varus)(Xu et al., 2015). The 

lower-limb joints were actuated by 92 musculotendon units, where each unit was 
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represented by a Hill-type muscle in series with an elastic tendon (Thelen et al., 2003). 

Inverse kinematics computed the joint angles at each time instant by matching the model 

markers with the experimental marker trajectories such that the sum of the squared error 

distances between the two marker sets was minimized (Lu and Connor, 1999). Residual 

reduction analysis (RRA) was used to create simulations that were dynamically consistent 

with the experimentally recorded GRFs (Delp et al., 2007; Morgan et al., 2014). Next, static 

optimization solved for the individual musculotendon forces by decomposing the net joint 

moments in an optimization problem that minimized the sum of the squares of all muscle 

activations (Crowninshield and Brand, 1981). The muscle force results from static 

optimization were validated against EMG; data were qualitatively consistent with the 

computationally estimated muscle activations. Each walking cycle was normalized to 100% 

starting from heel strike (HS) to toe off (TO). 

6.2.5 STATISTICAL ANALYSIS 

Three successful trials per condition for each subject were averaged. Three successful trials 

for the DOM limb perturbation and three successful trials for the NDOM limb perturbation, 

for each subject were averaged. Muscles were combined into functional groups by 

summing the contributions from each muscle within the group: QUADs (rectus femoris, 

vastus medialis, vastus intermedius, and vastus lateralis), HAMS (biceps femoris long head, 

biceps femoris short head, semimembranosus, and semitendinosus), and GAS (medial and 

lateral compartments of gastrocnemius.. Statistical parametric mapping (SPM) was used to 

statistically compare muscle forces between males and females (Friston, 2007). 
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Specifically, a SPM paired t-test was used to compare the QUADs, HAMs, SOL, and GAS 

muscle forces of the DOM and NDOM limbs (α=0.05). The SPM method was selected over 

the more popular scalar extraction, due to the biases found for “non directed” hypothesis 

testing by Pataky, Robinson, and Vanrenterghem (Pataky et al., 2013). SPM offers a 

generalized, statistically comprehensive solution to scalar extraction's over-simplification 

of vector trajectories by conducting hypothesis testing at the (massively multivariate) 

vector trajectory level, with random field corrections simultaneously accounting for 

temporal correlation and vector covariance. It is more effective at identifying differences in 

patterns of movement, which is a key aspect of ACL injury mechanism (Shultz et al., 2015; 

Whyte et al., 2018). As a result, it is more useful in objectively guiding analyses of complex 

biomechanical systems. All SPM analyses were implemented using the open-source spm1d 

code (v.M0.1, www.spm1d.org) in MATLAB (R2019a, 9.6.0.3427, The MathWorks Inc, 

Natick, MA). 
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6.3. RESULTS 

FIGURE 6.1: A) FEMALE QUADRICEPS MUSCLE FORCE IN DOM LIMB DURING DOM PERTURBATION

(DASHED BLACK) ± 2 SD (GREY BAND) AND IN THE NDOM LIMB DURING NDOM PERTURBATION

(SOLID RED) ± 2 SD (RED BAND). B) THE PAIRED TTEST STATISTIC SPM {T}. THE CRITICAL

THRESHOLD OF 4.893 (RED DASHED LINE) WAS EXCEEDED AT TWO INSTANCES: BETWEEN 51%-61%

AT P<0.001 AND BETWEEN 93-96% AT P=0.031. 
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FIGURE 6.2: A) MALE QUADRICEPS MUSCLE FORCE IN DOM LIMB DURING DOM PERTURBATION

(DASHED BLACK) ± 2 SD (GREY BAND) AND IN THE NDOM LIMB DURING NDOM PERTURBATION

(SOLID RED) ± 2 SD (RED BAND). B) THE PAIRED TTEST STATISTIC SPM {T}. THE CRITICAL

THRESHOLD OF 4.671 (RED DASHED LINE) WAS NOT EXCEEDED AT ANY INSTANCES, INDICATING NO

SIGNIFICANT DIFFERENCES. 
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FIGURE 6.3: A) FEMALE GASTROCNEMIUS MUSCLE FORCE IN DOM LIMB DURING DOM PERTURBATION

(DASHED BLACK) ± 2 SD (GREY BAND) AND IN THE NDOM LIMB DURING NDOM PERTURBATION

(SOLID RED) ± 2 SD (RED BAND). B) THE PAIRED TTEST STATISTIC SPM {T}. THE CRITICAL

THRESHOLD OF 5.029 (RED DASHED LINE) WAS EXCEEDED AT TWO INSTANCES: BETWEEN 88%-91%

AT P=0.010 AND BETWEEN 98%-100% AT P=0.033. 
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FIGURE 6.4: A) MALE GASTROCNEMIUS MUSCLE FORCE IN DOM LIMB DURING DOM PERTURBATION

(DASHED BLACK) ± 2 SD (GREY BAND) AND IN THE NDOM LIMB DURING NDOM PERTURBATION

(SOLID RED) ± 2 SD (RED BAND). B) THE PAIRED TTEST STATISTIC SPM {T}. THE CRITICAL

THRESHOLD OF 5.610 (RED DASHED LINE) WAS EXCEEDED AT TWO INSTANCES: BETWEEN 0%-3% AT

P<0.001 AND BETWEEN 92%-95% AT P=0.007. 
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FIGURE 6.5: A) FEMALE HAMSTRINGS MUSCLE FORCE IN DOM LIMB DURING DOM PERTURBATION

(DASHED BLACK) ± 2 SD (GREY BAND) AND IN THE NDOM LIMB DURING NDOM PERTURBATION

(SOLID RED) ± 2 SD (RED BAND). B) THE PAIRED TTEST STATISTIC SPM {T}. THE CRITICAL 

THRESHOLD OF 4.533 (RED DASHED LINE) WAS EXCEEDED AT 7% OF THE STANCE PHASE AT P=0.042. 
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FIGURE 6.6: A) MALE HAMSTRINGS MUSCLE FORCE IN DOM LIMB DURING DOM PERTURBATION

(DASHED BLACK) ± 2 SD (GREY BAND) AND IN THE NDOM LIMB DURING NDOM PERTURBATION

(SOLID RED) ± 2 SD (RED BAND). B) THE PAIRED TTEST STATISTIC SPM {T}. THE CRITICAL

THRESHOLD OF 4.756 (RED DASHED LINE) WAS NOT EXCEEDED AT ANY INSTANCES, INDICATING NO

SIGNIFICANT DIFFERENCES. 
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FIGURE 6.7: A) FEMALE SOLEUS MUSCLE FORCE IN DOM LIMB DURING DOM PERTURBATION (DASHED

BLACK) ± 2 SD (GREY BAND) AND IN THE NDOM LIMB DURING NDOM PERTURBATION (SOLID RED) ±

2 SD (RED BAND). B) THE PAIRED TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 5.298

(RED DASHED LINE) WAS EXCEEDED AT TWO INSTANCES: AT 78% AT P=0.002 AND BETWEEN 88%-

97% AT P<0.001 



112 

FIGURE 6.8: A) MALE SOLEUS MUSCLE FORCE IN DOM LIMB DURING DOM PERTURBATION (DASHED

BLACK) ± 2 SD (GREY BAND) AND IN THE NDOM LIMB DURING NDOM PERTURBATION (SOLID RED) ±

2 SD (RED BAND). B) THE PAIRED TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 5.224

(RED DASHED LINE) WAS NOT EXCEEDED AT ANY INSTANCES, INDICATING NO SIGNIFICANT DIFFERENCES. 
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Females depicted differences in all muscle forces (QUADs, HAMS, GAS, and SOL) between 

the DOM and NDOM limbs, whereas males only showed differences in the GAS muscle. In 

the females, the QUADS muscle force showed significant differences at two instances within 

the supra-threshold cluster of 51%-61% and 93%-96%, of the stance phase, where the 

critical threshold of 4.893 was surpassed at p<0.001 and p=0.031, respectively (Figure 8). 

The DOM limb produced a peak QUADs force of 36.63 ± 9.93 N/kg compared to 17.36 ± 

4.34 N/kg in the NDOM limb. The GAS in females showed differences between the DOM and 

NDOM limbs within the supra-threshold clusters of 88%-91% and 98%-100% of the stance 

phase, where the critical threshold of 5.029 was surpassed at p=0.010 and p=0.033, 

respectively. In the first cluster, the peak GAS muscle force in the DOM limb was 2.68 ± 0.59 

N/kg compared to 0.94 ± 0.082 N/kg in the NDOM limb. In the second cluster, the DOM 

limb had a GAS force of 1.85 ± 0.6 N/kg compared to 0.311 ± 0.29 N/kg. The males also  

depicted differences at two cases: between 0-3% at p<0.001 and between 92%-95% at 

p=0.007. In the first case, the DOM limb displayed a larger GAS muscle force at 0.73 ± 0.01 

N/kg compared to 0.15 ± 0.15 N/kg in the DOM limb at p<0.001. The second case also 

showed the DOM limb to have a larger GAS force at 0.88 ± 0.4 N/kg compared to 0.19 ± 0.2 

N/kg in the NDOM limb ay p=0.007. Looking at the ACL agonists in the females. The HAMS 

showed a significant difference at 7% of the stance phase, where the DOM limb had a force 

of 5.29 ± 2.67 N/kg compared to 3.32 ± 1.97 N/kg in the NDOM limb at p=0.042. Finally, the 

SOL muscle in females also showed significant differences at two instances. The first 

instance was at 78% of the stance phase where the DOM limb portrayed a SOL force of 

15.89 ± 3.61 N/kg versus 11.44 ± 4.81 N/kg in the NDOM limb at p=0.002. The last instance 

of significant difference was between 88% and 97% of the stance phase in the SOL muscle 
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of the females. The NDOM limb showed a larger muscle force with a peak of 17.0 ± 8.56 

N/kg compared to 10.02 ± 0.57 N/kg at p <0.001. 

Individual graphs of all the muscle forces can be found in A.3. 

6.4. DISCUSSION 

The QUADs in females showed differences at two occasions. The first significant (p<0.001) 

difference, is between 51% and 61% of the stance phase. The quadriceps peak force in the 

DOM limb was about 4.4 times higher than the NDOM limb. This may place the DOM limb at 

a higher risk of ACL injury as the QUADs can strain the ACL through ATT (DeMorat et al., 

2004; Elias et al., 2003; Li et al., 1999; Markolf et al., 1990; More et al., 1993). Cadaver and 

in-vivo studies have examined the relationship between QUADs forces and ACL strain and 

have concluded that QUADs forces strain the ACL, especially at knee flexion angles between 

0° and 45° (DeMorat et al., 2004; Elias et al., 2003; Kain et al., 1988; Li et al., 1999; Markolf 

et al., 1990). Moreover, a recent in vivo study using MRI and high-speed biplanar 

radiography also concluded that QUADs contraction can result in ATT during low flexion 

angles, thus increasing ACL strain and tendency for injury, particularly in the presence of a 

movement perturbation or change in landing strategy with unanticipated timing 

(Englander et al., 2019a). This is in line with our hypothesis that females will depict 

differences between both limbs in QUADs force. In contrast, the males showed no 

differences between both limbs in the QUADs force, which also agrees with our hypothesis 

that males will depict no differences. 
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 The other ACL antagonist, the GAS, showed significant differences between both limbs in 

both males and females. In females, the GAS force in the DOM limb was 2.9 times and 5.9 

times larger than the NDOM limb in the late stance phase, between 88-91% and 98%-

100%, respectively. The GAS are ACL antagonists, like the QUADS, they can tear the ACL by 

causing ATT (Adouni et al., 2016; Elias et al., 2003; Fleming et al., 2001b). Although the GAS 

are primarily calf muscles, they cross the knee joint and have been shown to influence ACL 

strain. For example, Elias et al. examined the effects of GAS force on ATT at multiple knee 

flexion angles and fount that the GAS induced ATT in all the studied angles. In our study, 

females showed larger GAS forces in their DOM limb, which like the results from the QUADs 

and in agreement with our hypothesis, places them at a higher risk of ACL injury. On the 

other hand, males also showed significant differences in their GAS muscles, which is 

contrary to our hypothesis. Unlike the females, the males showed a difference shortly after 

heel strike (0-3%). The DOM limb in the early stance phase exhibited 4.6 times of a larger 

force than the NDOM limb; nevertheless, this difference is only 0.55 N/Kg. Towards the end 

of the stance phase (92%-95%), the males also showed larger DOM forces, but like the 

early stance phase significant difference, the difference here is very small – 0.06 N/Kg. The 

extent to which these small forces contribute to ACL strain is likely minute and not of 

clinical relevance; however more research needs to be conducted to evaluate the effects of 

these small forces during perturbations. 

In females, the ACL agonist muscles showed differences at a few occurrences. In the HAMS, 

there was a difference at one small instant – at 7% of the stance phase. At that point, the 

DOM limb exhibited a muscle force that was 1.6 times higher than the NDOM limb. This 
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instance was in the early stance phase and does not coincide with the peak HAMS force. 

Since HAMS are ACL agonists, large forces produced by them are generally desirable as 

they decrease ACL strain by reducing ATT (Elias et al., 2003; Fleming et al., 2001b; Li et al., 

1999; More et al., 1993; Withrow et al., 2008). In our study, females showed a larger HAMS 

force in the DOM limb during the weight acceptance phase, which may signify a level of ACL 

protection at that instance. Nonetheless, there were no significant differences in the HAMS 

peak muscle force between both limbs, in females. Similarly, males showed no differences 

in HAMS forces throughout the whole stance phase. Lastly, the SOL showed differences in 

females at two occurrences. Both occurrences happened due to a temporal shift in the 

muscle forces and not due to a difference in magnitude. Like the HAMS, the SOL is an ACL 

agonist (Elias et al., 2003). Although it does not cross the knee joint, previous cadaver 

studies have depicted the SOL causing posterior tibial translation (Elias et al., 2003). 

Likewise, a motion analysis study by Mokhtarzadeh et al. depicted that SOL forces reduce 

ACL forces (Mokhtarzadeh et al., 2013. As a result, a large force from the SOL is wanted to 

counteract the ATT caused by the QUADs and the GAS. Although there were statistical 

differences between both limbs due to timing, there were no peak muscle force differences 

between both limbs in females. 

 

Our results indicated that females exhibited larger ACL antagonist muscle forces (QUADs 

and GAS) in the DOM limb and little to no differences in the ACL agonist muscles, whereas 

males showed very small differences in the GAS at the beginning and end of the stance 

phase. These large differences between both limbs in females, with the DOM limb 

exhibiting larger ACL antagonist forces, may play a role in the high incidence rate of ACL 
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injuries. Retrospective studies have reported whether the DOM or NDOM limbs are at 

greater risk of injury, however, there is no common consensus. Many researchers reported 

that females are more likely to injure the ACL in their supporting or NDOM leg, whereas 

males tend to injure their kicking or DOM leg (Brophy et al., 2010; Faude et al., 2006; Ruedl 

et al., 2012; Svensson et al., 2018; Wang and Fu, 2019). On the other hand, some studies 

have stated the opposite, that females are more likely to tear the ACL in their DOM leg 

(Faude et al., 2006; Ford et al., 2003). The disagreement on which limb is more likely to be 

injured by which sex might be due to the vast variety in movements as well as the presence 

of the anticipation factor in the majority of current motion analysis studies in the literature. 

Further studies need to be done to examine a wide range of movements performed by both 

limbs and their link to ACL injury.   

Musculoskeletal modeling provides us with in-vivo measurements without invasive 

methods, nonetheless, it has its limitations. The model used did not take into account 

subject-specific knee geometries and musculotendon parameters, it was scaled based on 

generic model. A more accurate model would include real imaging data from the subjects, 

such as MRI, to incorporate precise anatomical features of the subjects. Furthermore, static 

optimization methods did not include activation dynamics and have been critiqued for 

their failure to predict co-contraction. Notwithstanding these limitations, static 

optimization remains a powerful technique to quantify muscle forces; it has been used and 

validated by many researchers (Adouni et al., 2016; Anderson and Pandy, 2001; Ewing et 

al., 2016b; Heintz and Gutierrez-Farewik, 2007; Mokhtarzadeh et al., 2017). Moreover, the 

perturbations were triggered during walking, which is not likely to cause injury. Even so, 
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perturbed walking has been verified as a method to examine dynamic stabilization 

strategies; perturbations have commonly been used as models of injury mechanism to 

understand the neuromuscular and biomechanical responses to potentially injurious 

actions (Da Fonseca et al., 2004; Ferber et al., 2003, 2002; Myers et al., 2003; Noonan and 

Wojtys, 2003; Shultz et al., 2006, 2000). Additionally, potentially injurious movement 

patterns during a disturbance to natural balance, while walking could provide insight on 

what may be reproduced, on a higher scale, during high impact and high speed athletic 

tasks that can effectively tear the ACL (Hurd et al., 2004). Lastly, the perturbations may 

have introduced an inertial artifact in the sagittal plane moment component of the ground 

reaction forces. Although the compensatory mechanism developed by Hnat and van den 

Bogert has shown great success in in high speeds (96.75%), the model was only able to 

accurately predict the pitch moment at the speed of 1.2 m/s by 72.06% (Hnat and Van den 

Bogert, 2014). Given that our study was conducted at 1.1 m/s, which is a slower speed than 

the study by Hnat and Van den Bogert, we assumed the artifact would be smaller and even 

more inaccurately compensated for using an inertial compensation method. Therefore, we 

chose to not compensate for the error as the predicted output would underestimate the 

pitch moment.  Even with these limitations of musculoskeletal modeling, it remains an 

influential tool in understanding biomechanics without invasive procedures.  

In summary, our findings indicated that females are more likely to have inequalities 

between both limbs and their DOM limb is at a higher risk of injury during unexpected 

perturbations, whereas males are less likely to have differences between both limbs. 

Future work can build on this work, for example, one can examine different forms of 
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perturbations, measure ACL strain through imaging techniques, and inspect more 

biomechanical factors in the lower limb such as trunk, knee, hip, and ankle kinematics. 
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7 

PROPHYLACTIC KNEE BRACES’ EFFECT ON ANTERIOR 
CRUCIATE LIGAMENT AGONIST AND ANTAGONIST 
MUSCLE FORCES DURING PERTURBED WALKING 

This chapter is based on the following published work: 

3. Haddara, R., Harandi, V.J., Lee, P.V.S. (2021). Effect of Prophylactic Knee Bracing on

Anterior Cruciate Ligament Agonist and Antagonist Muscle Forces During Perturbed

Walking. Orthopaedic Journal of Sports Medicine. February 2021.

doi:10.1177/2325967120981641

4. Haddara, R., Harandi, V.J., Lee, P.V.S. (2019). Anterior cruciate ligament (ACL) agonist

and antagonist muscle force differences between males and females during perturbed

walking, 17th International Society for Prosthetics and Orthotics, October 5-8, 2019, Kobe,

Hyogo, Japan [P].
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6.2. INTRODUCTION 

Prophylactic knee braces (PKBs) are ‘off-the-shelf’ knee braces designed to prevent and 

reduce the severity of knee injuries, such as anterior cruciate ligament (ACL) tears, during 

sports (Ewing et al., 2016a). ACL injuries are very expensive and often result in pain, 

predisposition to osteoarthritis and other morbidities, quadriceps (QUADS) weakness and 

other neuromuscular deficiencies, and other long-term effects that present as a major 

rehabilitation challenge (Moeller and Lamb, 1997). As a result, researchers have focused on 

injury prevention, such as neuromuscular training programs that aim to strengthen and 

alter dangerous neuromuscular coordination patterns to avoid injuries (Hewett et al., 

1999). The quadriceps (QUADs) (DeMorat et al., 2004; Elias et al., 2003; Li et al., 1999; 

Markolf et al., 1990; More et al., 1993) and  gastrocnemius (GAS) (Adouni et al., 2016; Elias 

et al., 2003; Fleming et al., 2001b; Mokhtarzadeh et al., 2013) are known as ACL antagonists 

and have been shown to contribute to ACL tears through anterior tibial translation (ATT) in 

cadavers, at low flexion angles. On the other hand, the hamstrings (HAMs) and soleus (SOL) 

are ACL agonists that provide counterbalancing force against ATT by the QUADs and GAS 

(Elias et al., 2003; Fleming et al., 2001b; Li et al., 1999; Mokhtarzadeh et al., 2013; More et 

al., 1993). Nonetheless, not all programs are effective in reducing ACL injury rates, (Noyes 

and Barber Westin, 2012) with reasons such as lack of compliance, (Myklebust et al., 2003) 

specificity toward a particular skill level, (Junge et al., 2002) and total exposure time 

(Umberger and Rubenson, 2011). 

PKBs are meant to combat the factors that contribute to the failure of training programs as 

well as targeting less modifiable risk factors such as the person’s anatomy. Although, PKBs 
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were initially designed to protect the knee from contact injuries such as a lateral impact to 

the knee joint, without compromising normal function, researchers have also sought to 

study and understand how an externally applied device, that does not restrict sagittal plane 

motion (beyond hyperextension) can affect and alter muscle function and knee mechanics; 

they found differences in kinematics, (Branch et al., 1989; Yu, 2004) kinetics, (Branch et al., 

1989; Yu, 2004) and even muscle forces (Ewing et al., 2016b; Hangalur et al., 2015) during 

various movements. Despite the popularity and widespread use of these braces, research in 

this area has shown conflicting results (Erickson et al., 1993; Hangalur et al., 2015; Lin et 

al., 2008; Osternig and Robertson, 1993; Sitler et al., 1989). The majority of the motion 

studies have examined changes in kinematics and kinetics with prophylactic knee braces 

(Branch et al., 1989; Yu, 2004). Two studies have examined effect of bracing on muscle 

forces using in vivo  motion analysis (Ewing et al., 2016b) and using a combined in vivo/in 

vitro method (Hangalur et al., 2015). Other studies have focused on using surface 

electromyography (EMG) to find differences in muscle activity due to bracing during a 

variety of dynamic activities (Branch et al., 1989; Osternig and Robertson, 1993). Ewing et 

al. found that the hamstrings and VASTI (Vastus lateralis, vastus medialis, vastus 

intermedius) muscles produced significantly greater flexion and extension torques, 

respectively, and greater peak muscle forces with bracing during an anticipated double-leg 

drop landing (Ewing et al., 2016b). Similarly, Hangalur et al. also examined the effects if a 

PKB during drop landing found a reduction in the muscle forces and the ACL strain 

(Hangalur et al., 2015). During running, Osternig and Robertson reported significant 

reductions in EMG activity of six lower limb muscles crossing the knee and ankle, during 

prophylactic bracing compared to control condition (Osternig and Robertson, 1993). 
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Likewise, Branch et al. evaluated two types of custom-fitted braces on ACL-deficient and 

healthy subjects and reported a decrease in quadriceps and hamstrings activity during the 

stance phase of side-step cutting (Branch et al., 1988). However, much is left unknown 

about the effect of PKB on muscle forces during other movements, specifically during 

unplanned, unanticipated movements.   

Current literature in motion analysis evaluates knee braces during anticipated and planned 

motions, which may not provide us with a full understanding of their effectiveness. Over 

96% of ACL injuries occur during sudden, unexpected, dynamic movements. These injuries 

most commonly occur during awkward dynamic body movements, landing, and 

perturbations  (Boden et al., 2009; Griffin, 2006; Koga et al., 2010; Krosshaug et al., 2007a; 

Olsen et al., 2004). Perturbations make the athlete unbalanced or at loss of control, which 

ultimately can lead to injury. As a result, examining the effect of a prophylactic brace on 

muscle forces in relation to ACL injury during unplanned perturbation may provide us with 

a better understanding of the effectiveness of the braces in a more realistic scenario. This in 

turn will provide further insight into the efficacy of knee bracing and potential brace 

designs that can prevent injury. Currently, PKBs are not widely used as preventive 

interventions due to an absence of direct evidence of their effectiveness. The dynamic 

evaluation of PKBs’ effectiveness is a complex problem that is influenced by many 

variables; the braces can mechanically alter and restrict joint kinematics, or they can 

modify the neuromuscular activity of the lower limb.  
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Since the effect of prophylactic bracing on neuromuscular coordination patterns is still not 

fully understood, we opted to examine how a PKB can perform during unanticipated 

movements. The purpose of this study was to examine the effect of prophylactic knee 

braces during an unanticipated perturbation, where the wearer cannot anticipate or plan 

for the specific movement. This will provide insight on how braces that restrict knee 

hyperextension and knee valgus/varus affect neuromuscular coordination and muscle 

forces during unanticipated perturbations. Although ACL injuries do not usually happen 

during walking, potentially injurious movement patterns during a disturbance to natural 

balance while walking could provide insight on what may be reproduced, on a higher scale, 

during high impact and high speed athletic tasks that can effectively tear the ACL (Hurd et 

al., 2004). Furthermore, perturbation training, at low speeds, is used for non-operative 

rehabilitation after ACL injury and postoperatively after reconstruction, on the assumption 

that control at low speeds will transfer to higher speed activities (Hartigan et al., 2009). 

Moreover, perturbed walking has been proven to reveal dynamic stabilization strategies; 

perturbations have commonly been used as models of injury mechanism to understand the 

neuromuscular and biomechanical responses to potentially injurious actions (Da Fonseca 

et al., 2004; Ferber et al., 2003, 2002; Malfait et al., 2015; Myers et al., 2003; Noonan and 

Wojtys, 2003; Shultz et al., 2006, 2000). It was hypothesized that the brace will decrease 

ACL antagonist muscle forces (quadriceps and gastrocnemius) and increase ACL agonist 

muscle forces (hamstrings and soleus). 
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6.3. METHODS 

6.3.1. PARTICIPANT RECRUITMENT AND PREPARATION 
 

Twenty healthy participants (10 male and 10 female) were recruited for this study 

between July 2018 and November 2019. Participation criteria included being between the 

ages of 18 and 30 and are regular participants in sports that include jumping, cutting, 

and/or pivoting >50 h/year. Exclusion criteria were a history of, or current chronic injury 

such as a fracture, tendon tear, or ligament tear, to either lower extremity; no history of 

vestibular dysfunction; and no recent history (last 6 months) of acute lower limb injury, 

which necessitated physician attention. All participants signed an informed consent form 

approved by the relevant Human Research Ethics Committees (Melbourne University 

Ethics ID: 1034932.9). Each participant was fitted with a commercial PKB (K8 2.0, POD 

Active Pty Ltd., Victoria, Australia) on both legs. This knee brace consists of upper and 

lower forged carbon composite frames connected by medial and lateral hinges that include 

“synthetic ligaments”. These ligaments are inspired by the properties of native knee 

ligaments, providing progressive and multidirectional motion control. Proper fit was 

determined by measuring the width of the participant's knees using the callipers and 

instructions provided from the manufacturer, for a comfortably tight fit. A total of 45 retro-

reflective markers (0.014 m diameter) were mounted on the participant's trunk, pelvis, 

thigh, shank, and feet using a custom marker set based on Dorn et al., but with minor 

variations (Dorn et al., 2012). Instead of a sacral cluster, two posterior superior iliac spine 

markers were placed.  Calibration markers were affixed to the participant's medial and 

lateral femoral condyles and medial and lateral malleoli in order to define joint centres. The 
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medial and lateral epicondyle markers were removed during the trials due to placement of 

the braces. Surface EMG was placed on the skin over muscle bellies of the rectus femoris, 

vastus medialis, vastus lateralis, biceps femoris, semitendinosus, medial gastrocnemius, 

soleus, and tibialis anterior.  

7. 

7.3.1. INSTRUMENTATION 

The trials were completed using a Computer Assisted Rehabilitation Environment (CAREN, 

Motekforce Link; Culemborg, The Netherlands). This system features a semi-immersive 

virtual reality screen, 10-camera (MX T20S) motion capture system (Vicon Inc; Oxford, 

United Kingdom), and 1 × 2 m dual-belt treadmill instrumented with two force plates 

(Motekforce Link; Culemborg, The Netherlands). EMG data were sampled at 2400 Hz using 

a wireless EMG system (Avanti Trigno, Delsys; USA) 

7.3.2. PERTURBATION PROTOCOL 

The subjects walked at a speed of 1.1 m/s for 5 minutes before the perturbations were 

administered. The perturbation administered was a deceleration perturbation, where the 

belt under the dominant leg suddenly decelerated to a speed of 0 m/s with a maximum 

acceleration of 2.9 m/s2 about 85 ms following toe off. This ultimately applies the 

perturbation at heel strike causing the subject to experience sudden deceleration and 

temporarily lose balance. Three successful perturbations were recorded with a minimum 

of a 15 s wash-out period between them without the PKB (control) and another three with 

the PKB. 
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7.3.3. DATA PRE-PROCESSING 

The raw (labelled) kinematic marker, GRF, and muscle EMG data from each trial were 

exported from VICON Nexus (Version 2.8.2, VICON, Oxford Metrics LTF, Oxford, UK. Marker 

trajectories and GRF data were smoothed with 10 Hz fourth-order Butterworth filters 

(Kristianslund et al., 2012). Raw EMG data were also high-pass filtered using a fourth 

order, zero-lag recursive Butterworth filter with a cut-off frequency of 20 Hz, full-wave 

rectified, and then low-pass filtered with a cut-off frequency of 15 Hz (Ewing et al., 2016b). 

The resulting linear envelopes were normalized to each muscle's maximum EMG amplitude 

reached during stance phase. 

7.3.4. RIGID-BODY MODELLING 

Rigid-body modelling was performed using OpenSim, an open-source musculoskeletal 

modelling software, by following a standard pipeline (Delp et al., 2007). A ten-segment, 

twenty-five degrees-of-freedom (DOF) generic model (Gait 2392) was scaled to each 

subject's mass and anthropometry using the static trial data. The hip was modelled as a 

ball-and-socket joint with three DOF, while the knee was modelled as a translating hinge 

joint with three DOF (flexion-extension, rotations, and valgus-varus). The lower-limb joints 

were actuated by 92 musculotendon units, where each unit was represented by a Hill-type 

muscle in series with an elastic tendon (Thelen et al., 2003). Inverse kinematics computed 

the joint angles at each time instant by matching the model markers with the experimental 

marker trajectories such that the sum of the squared error distances between the two 

marker sets was minimized (Lu and Connor, 1999). Residual reduction analysis (RRA) was 

used to create simulations that were dynamically consistent with the experimentally 
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recorded GRFs (Delp et al., 2007; Morgan et al., 2014). Next, static optimization solved for 

the individual musculotendon forces by decomposing the net joint moments in an 

optimization problem that minimized the sum of the squares of all muscle activations 

(Crowninshield and Brand, 1981). The muscle force results from static optimization were 

validated against EMG; data were qualitatively consistent with the computationally 

estimated muscle activations (Figure 1). Each walking cycle was normalized to 100% 

starting from heel strike (HS) to toe off (TO). 

FIGURE 7.1: FIGURE 1: COMPARISON BETWEEN FILTERED EXPERIMENTAL EMG (RED DASHED LINE) AND 

SIMULATED MUSCLE ACTIVATIONS (SOLID BLACK LINE) OF THE A) QUADRICEPS (RECTUS FEMORIS, VASTUS 

MEDIALIS, AND VASTUS LATERALIS), B) THE HAMSTRINGS (BICEPS FEMORIS AND SEMITENDINOSUS), C) 

MEDIAL GASTROCNEMIUS, AND D) SOLEUS FOR A REPRESENTATIVE SUBJECT. EMG AND MODEL MUSCLE 

ACTIVATIONS WERE NORMALIZED TO THEIR MAXIMUM VALUES DURING STANCE PHASE. 
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7.3.5. STATISTICAL ANALYSIS 

Three successful trials per condition for each subject were averaged, and the dominant leg 

was for used for analysis. Muscles were combined into functional groups by summing the 

contributions from each muscle within the group: QUADs (rectus femoris, vastus medialis, 

vastus intermedius, and vastus lateralis), HAMS (biceps femoris long head, biceps femoris 

short head, semimembranosus, and semitendinosus), and GAS (medial and lateral 

compartments of gastrocnemius). Statistical parametric mapping (SPM) was used to 

statistically compare muscle forces between males and females (Friston, 2007). 

Specifically, a SPM t-test was used to compare the QUADs, HAMs, GAS, and soleus (SOL) 

muscle forces during braced and unbraced conditions (α=0.05). The SPM method was 

selected over the more popular, scalar extraction, due to the biases found for  “non 

directed” hypothesis testing by Pataky, Robinson, and Vanrenterghem (Pataky et al., 2013). 

SPM offers a generalized, statistically comprehensive solution to scalar extraction's over-

simplification of vector trajectories b conducting hypothesis testing at the (massively 

multivariate) vector trajectory level, with random field corrections simultaneously 

accounting for temporal correlation and vector covariance. As a result, it is more useful in 

objectively guiding analyses of complex biomechanical systems. All SPM analyses were 

implemented using the open-source spm1d code (v.M0.1, www.spm1d.org) in Matlab 

(R2019a, 9.6.0.3427, The MathWorks Inc, Natick, MA). 
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7.4. RESULTS 

Ten healthy males (age: 22.2 ± 3.50 y; height: 1.76 ± 0.07 m; mass: 71.3 ± 11.6 kg) and ten 

healthy females (age: 22.5 ± 3.24 y; height: 1.64 ± 0.08 m; mass: 57.1 ± 7.02 kg). The brace 

reduced muscle forces in QUADS, GAS, and SOL. The largest QUADs muscle force peak was 

reduced between 49% and 60% of the stance phase from 28.9 ± 12.98 N/kg to 14.8 ± 5.06 

N/kg at p<0.001 while wearing the brace (Figure 7.2). Additionally, there was another 

instance at 99% of the stance phase where the QUADS depicted a lower force with the 

brace (1.7 ± 0.4 N/kg) compared to without (3.6 ± 0.13 N/kg) at p=0.049. The hamstrings 

(HAMs) showed no significant differences (Figure 7.3). Whereas, the SOL illustrated 

significant differences at two instances: 25% and 39% of the stance phase (Figure 7.4). At 

25%, the braced condition had a SOL force of 1.9 ± 1.7 N/kg compared to 4.6 ± 3.4 N/kg at 

the same instance with no brace with p=0.031. Likewise, at 39%, the braced condition also 

displays a lower SOL force of 1.9 N/kg vs. 5.3 ± 5.6 N/kg with no brace at p=0.007. Finally, 

the GAS displayed no significant differences throughout the whole stance phase, except 

between 97%-100%, p=0.024, where the braced condition portrayed a smaller GAS force 

with peak of 0.23 ± 0.13 N/kg vs. the unbraced condition at 1.4 ± 1.1 N/kg (Figure 7.5). 

Finally, there were no significant differences between knee joint angles, with and without 

bracing (Figure 7.6). 
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FIGURE 7.2: A) MEAN QUADRICEPS MUSCLE FORCES WITH NO BRACE (BLACK DASHED LINE) ± 2 SD (GRAY 

BAND) AND WITH A PROPHYLACTIC KNEE BRACE (SOLID RED) ± 2 SD (RED BAND) DURING PERTURBED 

WALKING. B) THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 3.331 (RED DASHED LINE) WAS 

EXCEEDED AT TIME = 49%-60% AND AT 99% OF THE STANCE PHASE WITH A SUPRA-THRESHOLD CLUSTER 

PROBABILITY VALUE OF P<0.001 AND P=0.049, RESPECTIVELY INDICATING A SIGNIFICANTLY LOWER 

MUSCLE FORCE PEAK WITH THE BRACE THAN WITHOUT. 
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FIGURE 7.3: FIGURE 3: A) MEAN HAMSTRINGS MUSCLE FORCES WITH NO BRACE (BLACK DASHED LINE) ± 2 

SD (GRAY BAND) AND WITH A PROPHYLACTIC KNEE BRACE (SOLID RED) ± 2 SD (RED BAND) DURING 

PERTURBED WALKING. B) THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 3.130 (RED 

DASHED LINE) WAS NOT EXCEEDED AT ANY INSTANCES, INDICATING THAT THERE ARE NO SIGNIFICANT 

DIFFERENCES BETWEEN BRACED AND UNBRACED CONDITIONS FOR HAMSTRINGS FORCE. 
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FIGURE 7.4: FIGURE 4: A) MEAN SOLEUS MUSCLE FORCES WITH NO BRACE (BLACK DASHED LINE) ± 2 SD 

(GRAY BAND) AND WITH A PROPHYLACTIC KNEE BRACE (SOLID RED) ± 2 SD (RED BAND) DURING PERTURBED 

WALKING. B) THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 3.299 (RED DASHED LINE) WAS 

EXCEEDED AT TIME = 20% AND AT 72% OF THE STANCE PHASE WITH A SUPRA-THRESHOLD CLUSTER 

PROBABILITY VALUE OF P=0.050 AND P=0.039, RESPECTIVELY INDICATING A SIGNIFICANTLY LOWER 

MUSCLE FORCE PEAK WITH THE BRACE THAN WITHOUT. 
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FIGURE 7.5 A) MEAN GASTROCNEMIUS MUSCLE FORCES WITH NO BRACE (BLACK DASHED LINE) ± 2 SD (GRAY 

BAND) AND WITH A PROPHYLACTIC KNEE BRACE (SOLID RED) ± 2 SD (RED BAND) DURING PERTURBED 

WALKING. B) THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 3.393 (RED DASHED LINE) WAS 

EXCEEDED AT TIME = 97%-100% OF THE STANCE PHASE WITH A SUPRA-THRESHOLD CLUSTER PROBABILITY 

VALUE OF P=0.024, INDICATING A SIGNIFICANTLY LOWER MUSCLE FORCE PEAK WITH THE BRACE THAN 

WITHOUT. 
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7.5. DISCUSSION 

The brace significantly reduced QUADs peak forces from 28.9 N/kg to 14.8 N/kg at 

p<0.001, which is in line with our hypothesis. Moreover, we hypothesized an increase in 

HAMs force with the PKB. However, our study showed no significant differences between 

braced and unbraced conditions during walking with perturbations. Looking at the lower 

leg muscles, the GAS’s force – which is an ACL agonist, was reduced in last 3% of the gait 

cycle from 1.4 N/kg to 0.23 N/kg with bracing. This does not fulfil our hypothesis, as a 

reduction occurred in the terminal stance phase whereas a reduction in the peak force was 

desired. Conversely, we hypothesized an increase in SOL, an ACL agonist, muscle force; 

however, the brace had no effect on the highest peak force. Instead, the brace slightly 

delayed the SOL force production causing lower SOL forces with the brace to be observed 

at 25% and 39% of the stance phase. 

The reduction in QUADs peak forces from 28.9 N/kg to 14.8 N/kg at p<0.001 agreed with 

our hypothesis. This is a beneficial change as the QUADs can strain the ACL when they 

contract at low flexion angles and have been shown to induce ACL tears in cadavers 

(DeMorat et al., 2004; Elias et al., 2003; Li et al., 1999; Markolf et al., 1990; More et al., 

1993). Cadaver and in-vivo studies have shown that quadriceps contraction have an effect 

on ACL strain between 0° to 45° of flexion (DeMorat et al., 2004; Elias et al., 2003; Kain et 

al., 1988; Li et al., 1999; Markolf et al., 1990). The smaller the knee flexion, the greater the 

ACL strain with the same quadriceps force.  This was evident in a study by Beynnon et al., 

in which they performed a static in vivo study where they applied 100 N of anterior shear 

load at 30° of knee flexion; (Beynnon et al., 1992) two out of seven braces provided strain-



136 

shielding effects. However, when this was compounded with isometric QUADs contraction, 

none of the braces were able to provide protection to the ACL.  Similarly, Branch et al. also 

conducted an in vivo study that applied anterior shear load with active quadriceps force 

and depicted similar results (Branch et al., 1988). These studies show that PKBs do not 

reduce ACL injury by solely providing mechanical stability; changes in neuromuscular 

coordination and native firing patters are also required to reduce ACL strain (Beynnon et 

al., 1992; Branch et al., 1988; Hangalur et al., 2015). 

Looking at the QUADs peak in our study, the peak occurred between 30°-40° of knee 

flexion angle (Figure 7.6) with the brace, which falls within the “low flexion” angle range of 

0° to 45°. This decrease in QUADs force from our results agrees with the study by Hangular 

et al., where the brace reduced peak QUADs for from 5653 N to 4666 N during a drop 

landing motion (Hangalur et al., 2015). Similarly, our findings also agree with Osternig and 

Robertson (Osternig and Robertson, 1993) and Branch et al.,(Branch et al., 1988) where 

they reported significant reductions in QUADs EMG while wearing a knee brace compared 

to an unbraced condition during running and side-step cutting, respectively. On the other 

hand, Ewing et al. illustrated the opposite findings during drop landing (Ewing et al., 

2016b). In their study, the QUADs showed an increase in force in the braced condition 

compared to the unbraced condition. Although Ewing and colleagues studied a similar 

brace, made by the same company, opposite results were observed in relation to QUADs 

forces. This is likely caused by the difference in movement or the absence of the 

anticipation factor in our study compared to their planned movement study.  
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The HAMs are ACL agonists that can decrease ACL strain (Elias et al., 2003; Fleming et al., 

2001b; Li et al., 1999; More et al., 1993). Therefore, we hypothesized an increase in HAMs 

force with the PKB. However, our study showed no significant differences between braced 

and unbraced conditions during walking with perturbations. On the other hand, a few 

studies examining muscle forces (Hangalur et al., 2015) and EMG (Branch et al., 1988; 

Osternig and Robertson, 1993) reported a reduction in HAMs muscle force and activity. 

Whereas, Ewing et al. illustrated an increase in HAMs forces during the braced condition in 

landing (Ewing et al., 2016b). This disparity in results could be attributed to the variations 

in movements (i.e. running (Osternig and Robertson, 1993), side-step cutting (Branch et al., 

1988), drop-landing (Ewing et al., 2016b; Hangalur et al., 2015) and walking with 

perturbation), which may evoke different responses. Nonetheless, Hangular et al. 

(Hangalur et al., 2015) and Ewing et al.’s studies (Ewing et al., 2016b) were both drop-

landing studies and showed opposite results. This suggests that all PKBs may not work 

equally and alter the muscle activations and forces in a similar pattern.   

The GAS force, which is an ACL agonist, was reduced in last 3% of the gait cycle from 1.4 

N/kg to 0.23 N/kg with bracing. Although a reduction in the GAS force is desired as it 

increase ACL strain by inducing ATT (Adouni et al., 2016; Elias et al., 2003; Fleming et al., 

2001b; Mokhtarzadeh et al., 2013), the reduction happened at the end of stance phase and 

not during the large peak GAS force between 60-80% of the stance phase. This does not 

fulfil our hypothesis, as a reduction in the peak force was desired. Correspondingly, Ewing 

et al.’s (Ewing et al., 2016b) study did not find any GAS force differences during the drop 

landings. Yet, Osternig and Robertson’s study (Osternig and Robertson, 1993) depicted a 
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significant reduction in GAS EMG activity during running.  Again, this might be credited to 

the differences in the PKB brace design.  

Conversely, the SOL is an ACL agonist; it induces posterior tibial translation at all flexion 

angles, with the greatest translations happening at 50° of flexion (Elias et al., 2003). 

However, the brace had no effect on the highest peak force. Instead, the brace slightly 

delayed the SOL force production causing lower SOL forces with the brace to be observed 

at 25% and 39% of the stance phase. Similarly, Ewing et al. (Ewing et al., 2016b) and 

Osternig and Robertson (Osternig and Robertson, 1993) did not find any differences in SOL 

muscle forces and EMG during landing and running, respectively.  

Our results do not fully align with the previously published papers that examined muscle 

forces during pre-planned landing (Ewing et al., 2016b; Hangalur et al., 2015). This is 

probably due to differences in movement, i.e. drop landing vs. perturbation or due to 

differences in the biomechanics between planned and unplanned movements, as shown by 

many studies (Besier et al., 2001a; Brown et al., 2009; Landry et al., 2007; Sell et al., 2006; 

Weinhandl et al., 2013). These differences suggest that bracing might not consistently 

provide favorable muscle force patterns during a wide range of movements. Currently, 

PKBs are not widely used as preventive interventions due to an absence of direct evidence 

of their effectiveness. The dynamic evaluation of PKBs’ effectiveness is a multifaceted 

challenge that is affected by many variables; the braces can mechanically change and 

restrict joint angles, or they can modify the neuromuscular activity of the lower limb 

(Erickson et al., 1993). The braces used in this study are meant to restrict hyperextension 
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of the knee using mechanical stoppers, reduce knee valgus/varus, and add overall joint 

stability using the synthetic ligaments. Nonetheless, Due to the complexity of the braces’ 

mechanisms of action, it is difficult to precisely compare our results with other 

prophylactic brace studies. Other studies have used different braces, conducted different 

motions, and the subjects performed pre-planned and anticipated movements.  

Since the effect of prophylactic bracing on neuromuscular coordination patterns is still not 

fully understood, we opted to examine how a PKB can perform during unanticipated 

movements. The purpose of this study was to examine the effect of a specific kind of 

prophylactic knee braces during an unanticipated perturbation, where the wearer cannot 

anticipate or plan for the specific movement. This provided us with insight on how braces 

that restrict knee hyperextension and knee valgus/varus affect neuromuscular 

coordination and muscle forces during unanticipated perturbations. Considering the 

disparity of epidemiologic research on prophylactic knee braces to date, determining the 

extent to which different kinds of PKBs alter lower limb function during a variety of 

movements will help us in understanding the efficacy of preventive bracing with similar 

properties.  
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FIGURE 7.6 MEAN KNEE EXTENSION ANGLE (POSITIVE) AND FLEXION (NEGATIVE) WITH NO BRACE (DASHED 

BLACK) ± 2 SD (GRAY BAND) AND WITH BRACE (SOLID RED) ± 2 SD (RED BAND) DURING PERTURBED 

WALKING. 

Musculoskeletal modelling is a great tool to predict in-vivo muscle forces without invasive 

methods, nonetheless, it has some limitations. Firstly, the musculoskeletal models were 

scaled based on a generic model. Using real imaging data from the subjects, such as MRI, 

would create a more accurate model. Furthermore, we assumed that the inverse dynamics 

joint moments were satisfied by muscle forces alone, and hence did not include the effect of 

the brace, which may also exert a moment about the knee joint, directly into the 

model.(Ewing et al., 2016b) Unlike functional knee braces, which are specifically designed 
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to off-load certain compartments of the tibiofemoral joint, the exact mechanism of 

prophylactic knee bracing is unknown. Therefore, non-muscular contributions were 

assumed to be negligible compared to the moments generated by the muscles. Thirdly, 

static optimization methods do not include activation dynamics and have been critiqued for 

their failure to predict co-contraction. Despite this, static optimization in musculoskeletal 

modelling is a powerful technique to quantify how muscles function and has been used and 

validated by many researchers (Adouni et al., 2016; Anderson and Pandy, 2001; Ewing et 

al., 2016b; Heintz and Gutierrez-Farewik, 2007; Mokhtarzadeh et al., 2017). Additionally, 

the perturbations were introduced during walking, which is unlikely to cause injury. 

Nevertheless, perturbed walking has been proven to reveal dynamic stabilization 

strategies; perturbations have commonly been used as models of injury mechanism to 

understand the neuromuscular and biomechanical responses to potentially injurious 

actions (Da Fonseca et al., 2004; Ferber et al., 2003, 2002; Myers et al., 2003; Noonan and 

Wojtys, 2003; Shultz et al., 2006, 2000). Many studies have performed perturbations 

during walking and were able to observe differences (Da Fonseca et al., 2004; Ferber et al., 

2003, 2002; Haddara et al., 2020; Myers et al., 2003; Noonan and Wojtys, 2003; Shultz et al., 

2006, 2000). For example, Hurd et al. studied the kinematic differences in normal and 

perturbed walking between male and female athletes (Hurd et al., 2004). They concluded 

that females exhibited characteristics during normal and perturbed walking that may 

increase the risk of an ACL injury and the repetition of these harmful patterns during 

provocative athletic movements may lead to injury. Furthermore, potentially injurious 

movement patterns during a disturbance to natural balance while walking, could provide 

insight on what may be reproduced, on a higher scale, during high impact and high speed 
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athletic tasks that can effectively tear the ACL (Hurd et al., 2004). Moreover, the ACL 

ligament strain was not directly measured; therefore, it is difficult to accurately discern the 

impact of bracing on the ACL. Instead, we can infer on what might happen to the ACL based 

on surrounding muscle forces. Finally, the perturbations may have introduced an inertial 

artefact in the sagittal plane moment component of the GRF. Although the compensatory 

mechanism developed by Hnat and van den Bogert has shown great success in in high 

speeds (96.75%), the model was only able to accurately predict the pitch moment at the 

speed of 1.2 m/s by 72.06% (Hnat and Van den Bogert, 2014). Given that our study was 

conducted at 1.1 m/s, which is a slower speed than the study by Hnat and Van den Bogert, 

we assumed the artefact would be smaller and even more inaccurately compensated for 

using an inertial compensation method. Therefore, we opted to not compensate for the 

error as the predicted output underestimates the pitch moment.  Despite these limitations 

of musculoskeletal modelling, it remains a powerful tool in understanding biomechanics 

without invasive procedures.  Future work can build upon these findings, for example, 

examining the effects of other forms of perturbations and unplanned movements using 

PKBs.  
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8 

8. EFFECT OF SPRING-LOADED KNEE BRACES ON 
LOWER-LIMB MUSCLE FORCES DURING 
LOADED CARRIAGE: A PRELIMINARY STUDY 

This chapter is a preliminary study on off-the-shelf ‘military grade’ return energy 

storage knee braces by Spring Loaded TechnologiesTM.  
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8.1. INTRODUCTION 

Load carriage is the transportation of a backpack during movement and occurs during 

occupational tasks and recreational pursuit (Blacker et al., 2010; Knapik et al., 2004). It is 

one of the major causes of injuries to industrial workers (Noro, 1967), recreational hikers, 

backpackers, and mountaineers (Simpson et al., 2011), and military personnel (Andersen 

et al., 2016). Load carriage and training are commonly cited as causative factors towards 

musculoskeletal injury within military forces, particularly army (Davidson et al., 2008; 

Dixon et al., 2003; Han et al., 1992; Jones et al., 2002, 1993; Kaufman et al., 2000; Knapik 

and Reynolds, 1997; Milgrom et al., 1985; Orr et al., 2014; Saunders et al., 2004; The 

Research and Technology Organisation (RTO) of NATO, 2009). Walking with heavy loads 

exposes the carriers to significant muscular fatigue and significant neuromuscular 

impairment. The large ground reaction forces (GRFs) associated with load carriage, muscle 

fatigue, and alterations in lower limb biomechanics  are linked to an increased risk for 

overuse injuries (Huang and Kuo, 2014; Seay, 2015; Wang et al., 2012). The most common 

types of injuries seen in military and athletic populations are musculoskeletal overuse 

injuries (Kaufman et al., 2000; Orr et al., 2014). The majority of the injuries associated with 

military training occur at or below the knee (Harman, 2004; Jones et al., 1993; Knapik et al., 

1993; Shaffer et al., 1999). One of the causes of overuse injuries is due to prolonged 

walking with load carriage, which leads to significant neuromuscular impairment (Blacker 

et al., 2010).  

Wearable devices can be designed to augment human performance, reduce injuries, reduce 

forces transferred to the musculoskeletal system, and improve efficiency (MacLean and 
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Ferris, 2019). If a wearable device can reduce metabolic cost during walking at constant 

speed, it can reduce physical exertion during various forms of load carriage. Unfortunately, 

to date, only a few exoskeletons have successfully reduced metabolic cost (Collins et al., 

2015; Mooney et al., 2014; Panizzolo et al., 2016). Exoskeletons that act in parallel with a 

human limb have been previously developed (Herr, 2009, 1995; Herr and Langman, 1997). 

For example, the Hybrid Assistive Leg (HAL-5) developed by a team in Japan, is an 

exoskeleton powered in the flexion-extension movement at the hip and knee via DC motors 

with a harmonic drive (Kawainot et al., 2003). These exoskeletons are aimed to do both, 

performance-augmenting enhancement and for rehabilitative purposes. In addition to fully 

powered exoskeletons, quasi-passive exoskeletons have also gained popularity due to their 

lighter and more efficient features (Dollar and Herr, 2008a).  Light-weight quasi-passive 

exoskeletons can be the simplest and most economical option to augment the human body 

as they do not require a power source or complex control hardware like their active 

counterparts. These exoskeletons are powered by springs that are in parallel with the 

biological joint (Cherry et al., 2006; Dollar and Herr, 2008a; Elliott et al., 2013; Shamaei et 

al., 2013a; Walck et al., 2019). These exoskeletons were either designed for or tested 

during walking (Shamaei et al., 2013a), running (Dollar and Herr, 2008a; Elliott et al., 

2013), hopping on one leg (Cherry et al., 2006), and squatting (Walck et al., 2019). Walck 

and colleagues found an increase in gluteus maximus muscle forces while the rectus 

femoris and soleus muscle forces showed a decrease (Walck et al., 2019). They concluded 

that a spring-loaded knee brace could be used as a performance tool to encourage the 

recruitment of the posterior chain musculature (i.e. muscles on the back of the leg for e.g. 

hamstrings) instead of  anterior chain (i.e. muscles on the front of the leg for e.g. 
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quadriceps) dominant strategy, which would prevent hyperextension tendencies and thus 

reduce the risk of injuries.  

Since spring loaded knee braces have been shown to reduce muscle forces and encourage 

safer muscular activations during squatting (Walck et al., 2019), examining the effects of 

these braces during load-carriage will provide us with insight on their versatility and their 

ability improve performance and reduce injury risk. The purpose of this study was to 

examine the muscle forces during walking with a load of 23 kg with and without an 

assistive knee brace. It was hypothesized that the braces will reduce the overall muscles in 

the anterior chain and increase the muscles in the posterior chain. Specifically, we 

hypothesized reduced forces in the hip flexors, quadriceps, dorsi flexors and increased 

forces in hip extensors, hamstrings, and plantar flexors.  

8.2. METHODS 

8.2.1. PARTICIPANT RECRUITMENT AND PREPARATION 

Ten healthy males (age: 22.2 ± 3.50 y; height: 1.76 ± 0.07 m; mass: 71.3 ± 11.6 kg) were 

recruited for this study. Participation criteria included being a soldier and having 

experience with load carriage to minimize any risks of injury. Exclusion criteria were a 

history of, or current injury to either lower extremity which necessitated physician 

attention and no history of vestibular dysfunction. Each participant was fitted with 

commercial spring-loaded knee braces (UpShot, Spring Loaded Technology, Halifax, NS)) 

on both legs. The braces contain a spring in the lateral hinge which produces a torque at 

different knee flexion angles (Figure 8.1).  All participants signed an informed consent form 
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approved by the relevant Human Research Ethics Committees (Melbourne University 

Ethics ID: 1034932.9). A total of 40 retro-reflective markers (0.014 m diameter) were 

mounted on the participant's pelvis, thighs, shanks, and feet using a custom marker set 

based on Dorn et al., but with a minor variations (Dorn et al., 2012), instead of a sacral 

cluster, two posterior superior iliac spine markers were placed. Calibration markers were 

affixed to the participant's medial and lateral femoral condyles and medial and lateral 

malleoli in order to define joint centres. Surface EMG was placed on the skin over muscle 

bellies of the rectus femoris, vastus medialis, vastus lateralis, biceps femoris, 

semitendinosus, medial gastrocnemius, soleus, and tibialis anterior.  

FIGURE 8.1: FORCE RESPONSE CURVE PROVIDED BY THE MANUFACTURER. 



148 

8.2.2. INSTRUMENTATION 

The trials were completed using a Computer Assisted Rehabilitation Environment (CAREN, 

Motekforce Link; Culemborg, The Netherlands). This system features a semi-immersive 

virtual reality (VR) screen, 10-camera (MX T20S) motion capture system (Vicon Inc; 

Oxford, United Kingdom) sampled at 100 Hz, and 1m × 2m dual-belt treadmill 

instrumented with two force plates sampled at 2000 Hz (Motekforce Link; Culemborg, The 

Netherlands). EMG data were sampled at 2400 Hz using a wireless EMG system (Avanti 

Trigno, Delsys; USA).  

8.2.3. WALKING PROTOCOL 

The subjects walked at a speed of 1.4 m/s for 10 minutes with the braces (B) and 10 

minutes without the braces (NB). The order of the B or NB trials were randomized. The 

subjects rested for 10 minutes between both trials. Moreover, the subjects had visual flow 

while walking, due to the VR screen in front of them.  

8.2.4. DATA PRE-PROCESSING 
The raw (labelled) kinematic marker, GRF, and muscle EMG data from each trial were 

exported from VICON Nexus (Version 2.8.2, VICON, Oxford Metrics LTF, Oxford, UK). 

Marker trajectories and GRF data were smoothed with 10 Hz fourth-order low-pass 

Butterworth filters (Kristianslund et al., 2012). Raw EMG data were high-pass filtered using 

a fourth order, zero-lag recursive Butterworth filter with a cut-off frequency of 20 Hz, full-

wave rectified, and then low-pass filtered with a cut-off frequency of 15 Hz (Ewing et al., 
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2016b). The resulting linear envelopes were normalized to each muscle's maximum EMG 

amplitude reached during stance phase.  

8.2.5. RIGID-BODY MODELING 

Rigid-body modelling was performed using OpenSim, an open-source musculoskeletal 

modelling software, by following a standard pipeline (Delp et al., 2007). A ten-segment, 

twenty-five degrees-of-freedom (DOF) generic model (Gait 2392), was scaled to each 

subject's mass and anthropometry using the static trial data. The hip was modelled as a 

ball-and-socket joint with three DOF, while the knee was modelled as a translating hinge 

joint with three DOF (flexion-extension, rotations, and valgus-varus)(Xu et al., 2015). The 

lower-limb joints were actuated by 92 musculotendon units, where each unit was 

represented by a Hill-type muscle in series with an elastic tendon (Thelen et al., 2003). 

Inverse kinematics computed the joint angles at each time instant by matching the model 

markers with the experimental marker trajectories such that the sum of the squared error 

distances between the two marker sets was minimized (Lu and Connor, 1999). Residual 

reduction analysis (RRA) was used to create simulations that were dynamically consistent 

with the experimentally recorded GRFs (Delp et al., 2007; Morgan et al., 2014). Next, static 

optimization solved for the individual musculotendon forces by decomposing the net joint 

moments in an optimization problem that minimized the sum of the squares of all muscle 

activations (Crowninshield and Brand, 1981). The muscle force results from static 

optimization were validated against EMG; data were qualitatively consistent with the 

computationally estimated muscle activations (Figure 1). Each walking cycle was 
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normalized to 100% starting from heel strike (HS) to toe off (TO). The braces’ torques were 

not accounted for in the modelling as the torques were very small and this was beyond the 

scope of this study. 

8.2.6. STATISTICAL ANALYSIS 

Ten successive gait cycles in the last minute of the 10-minute walking period were 

averaged, and the dominant leg was for used for analysis. Muscles were combined into 

functional groups by summing the contributions from each muscle within the group: 

QUADs (rectus femoris, vastus medialis, vastus intermedius, and vastus lateralis), HAMS 

(biceps femoris long head, biceps femoris short head, semimembranosus, and 

semitendinosus), Hip FLEX (gluteus medius, gluteus minimus, sartrorius, adductor longus, 

adductor brevis, tensor fascia latae, gracillus, illiacus, psoas, rectus femoris, and pectineus), 

Hip EXT (gluteus maximus, gluteus medius, gluteus minimus, biceps femoris long head, 

biceps femoris short head, semimembranosus, semitendinosus, adductor magnus), DORS 

(tibialis anterior, extensor digitorum longus, extensor hallucis longus, fibularis tertius), 

PLANT (medial gastrocnemius, lateral gastrocnemius, soleus, posterior tibialis, flexor 

hallucis longus and brevis, flexor digitorum longus and brevis, fibularis longus and brevis). 

Statistical parametric mapping (SPM) was used to statistically compare muscle forces 

between braced (B) and unbraced (NB) conditions (Friston, 2007). Specifically, a SPM 

paired t-test was used to compare the muscle groups between B and NB 

conditions(α=0.05). The SPM method was selected over the more popular scalar extraction, 

due to the biases found for “non directed” hypothesis testing by Pataky, Robinson, and 
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Vanrenterghem (Pataky et al., 2013). SPM offers a generalized, statistically comprehensive 

solution to scalar extraction's over-simplification of vector trajectories by conducting 

hypothesis testing at the (massively multivariate) vector trajectory level, with random field 

corrections simultaneously accounting for temporal correlation and vector covariance. As a 

result, it is more useful in objectively guiding analyses of complex biomechanical systems. 

All SPM analyses were implemented using the open-source spm1d code (v.M0.1, 

www.spm1d.org) in MATLAB (R2019a, 9.6.0.3427, The MathWorks Inc, Natick, MA). 

8.3. RESULTS 

There were no differences in knee extension angle, Hip FLEX, Hip EXT, QUADs, HAMS, 

PLANT, or DORS muscle forces between B and NB conditions. 

FIGURE 8.2: A) MEAN KNEE EXTENSION ANGLE (POSITIVE) AND FLEXION (NEGATIVE) IN NO BRACE CONDITION 

(SOLID BLACK) ± 2 SD (GREY BAND) AND BRACED CONDITION (DASHED RED) ± 2 SD (RED BAND) DURING 

LOAD CARRIAGE WALKING. B) THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 4.298 (RED 

DASHED LINE) WAS NOT EXCEEDED AT ANY INSTANCE. 

A B 
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Figure 8.3: A) MEAN QUADRICEPS MUSCLE FORCE IN NO BRACE CONDITION (SOLID BLACK) ± 2 SD (GREY 

BAND) AND BRACED CONDITION (DASHED RED) ± 2 SD (RED BAND) DURING LOAD CARRIAGE WALKING. B) 

THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 5.529 (RED DASHED LINE) WAS NOT EXCEEDED 

AT ANY INSTANCE. 

FIGURE 8.4: A) MEAN HAMSTRINGS MUSCLE FORCE IN NO BRACE CONDITION (SOLID BLACK) ± 2 SD (GREY 

BAND) AND BRACED CONDITION (DASHED RED) ± 2 SD (RED BAND) DURING LOAD CARRIAGE WALKING. B) 

THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 5.042 (RED DASHED LINE) WAS NOT EXCEEDED 

AT ANY INSTANCE. 

A 

A 

B 

B 
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FIGURE 8.5: A) MEAN HIP FLEXORS MUSCLE FORCE IN NO BRACE CONDITION (SOLID BLACK) ± 2 SD (GREY 

BAND) AND BRACED CONDITION (DASHED RED) ± 2 SD (RED BAND) DURING LOAD CARRIAGE WALKING. B) 

THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 4.700 (RED DASHED LINE) WAS NOT EXCEEDED 

AT ANY INSTANCE. 

FIGURE 8.6: A) MEAN HIP EXTENSORS MUSCLE FORCE IN NO BRACE CONDITION (SOLID BLACK) ± 2 SD (GREY 

BAND) AND BRACED CONDITION (DASHED RED) ± 2 SD (RED BAND) DURING LOAD CARRIAGE WALKING. B) 

THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 4.876 (RED DASHED LINE) WAS NOT EXCEEDED 

AT ANY INSTANCE. 

A 

A 

B 

B 
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FIGURE 8.7: A) MEAN PLANTAR FLEXORS MUSCLE FORCE IN NO BRACE CONDITION (SOLID BLACK) ± 2 SD 

(GREY BAND) AND BRACED CONDITION (DASHED RED) ± 2 SD (RED BAND) DURING LOAD CARRIAGE WALKING. 

B) THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 3.966 (RED DASHED LINE) WAS NOT 

EXCEEDED AT ANY INSTANCE.

FIGURE 8.8: A) MEAN ANKLE DORSI FLEXORS MUSCLE FORCE IN NO BRACE CONDITION (SOLID BLACK) ± 2 SD 

(GREY BAND) AND BRACED CONDITION (DASHED RED) ± 2 SD (RED BAND) DURING LOAD CARRIAGE WALKING. 

B) THE TTEST STATISTIC SPM {T}. THE CRITICAL THRESHOLD OF 5.982 (RED DASHED LINE) WAS NOT 

EXCEEDED AT ANY INSTANCE.

A 

A 

B 

B 
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8.4. DISCUSSION 

The spring-loaded braces (SLB) worn by the participants consist of upper and lower rigid 

carbon composite frames connected by medial and lateral polycentric hinges (Budarick et 

al., 2020). The brace power components are in the lateral hinge, whereas the medial hinge 

is unpowered and uses the gear teeth to synchronize movement during flexion and 

extension. The springs in the lateral hinge tension a cord that passes over a cam to rotate 

the lower portion of the brace relative to the upper portion, assisting in knee extension. 

Since the human knee behaves like a linear spring during stance phase of walking (Dollar 

and Herr, 2008b; Shamaei et al., 2013b; Shamaei and Dollar, 2011; Walsh et al., 2007), 

incorporating springs in the design of brace is meant to replace the function of knee to 

augment the locomotion performance of able-bodied users in terms of metabolic cost, load 

carrying capacity, fatigue, and muscle force generation (Shamaei et al., 2014).  

Our results showed no significant differences between the braced and unbraced conditions 

during the stance phase of load carriage walking. Although the spring component of the 

braces is meant to encourage the recruitment of the HAMs instead of the QUADs to prevent 

injuries through hyperextension tendencies, the brace showed no effect on either of these 

muscle forces. Conversely, a preliminary study by Shamaei et al., showed that their 

exoskeleton design aided partially/fully replace the function of the knee. Their design 

included a spring at the knee, like the SLB, however, the spring only engages during the 

weight acceptance phase of the gait cycle providing about 60 nm at about 23° of knee 

flexion. In contrast, our study revealed that the SLB provides a maximum of 4 nm at the 

maximum knee flexion angle reached of 55° at TO (Figure 8.1). This small moment was not 



156 

enough to cause any significant difference in the muscle forces and thus did not assist the 

wearer.   

The Hip FLEX, Hip EXT, PLANT, and DORS muscle groups also showed no differences 

between the braced and unbraced conditions unlike what was hypothesized. This is likely 

due to the walking movement (horizontal) and less vertical components (e.g. squatting). 

For example, Walck and colleagues found an increase in gluteus maximus muscle forces 

(part of Hip EXT) while the rectus femoris (part of QUADs) and soleus muscle (part of  

PLANT) forces showed a decrease during a squatting task while wearing spring-loaded 

braces (Walck et al., 2019). Although the SLB used in this study are spring-loaded like the 

ones used by Walck and colleagues, the task performed was different, which is likely the 

reason behind the insignificant differences. By examining the force-response curve of the 

SLB (Figure 8.1), we can assume that the braces can assist the knee in other movements, 

such as squats. As the person bends their knees, they will store energy, which will be 

released to assist them as they straighten their knees. However, the SLBs have shown to 

not be effective during load-carriage likely due to the negligible moment assistance at low 

flexion angles. 

The insignificant differences in muscle forces during load carriage is likely due to knee 

brace design flaws. The knee acts as a shock damper, where it applies a large moment in 

the weight acceptance phase (WA) for support, otherwise it is prone to collapse if the 

musculature or external assistance is not adequate for support (Ratcliffe and Holt, 1997; 

Shamaei et al., 2013b). Therefore, it is important that the wearable orthotics assist the knee 
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during the WA, which does not occur with the SLB. Moreover, during the swing phase, the 

knee nearly undergoes a ballistic movement (Mochon and McMahon, 1980) that does not 

require substantial muscular effort (Shamaei et al., 2013b). Nonetheless, the SLB exert the 

highest amount of moments during the swing phase due to the high flexion angles (Figure 

8.1).  

Although musculoskeletal modeling allows for the prediction of in-vivo muscle forces 

without invasive methods, it is not without limitations. The musculoskeletal models were 

scaled based on a generic model. A more accurate model would include real imaging data 

from the subjects, such as MRI. Moreover, static optimization methods do not include 

activation dynamics and have been critiqued for their failure to predict co-contraction. 

Despite these limitations, static optimization in musculoskeletal modeling is a powerful 

technique to quantify how muscles function and has been used and validated by many 

researchers (Adouni et al., 2016; Anderson and Pandy, 2001; Ewing et al., 2016b; Heintz 

and Gutierrez-Farewik, 2007; Mokhtarzadeh et al., 2017). Despite these limitations of 

musculoskeletal modeling, it remains a powerful tool in understanding biomechanics 

without invasive procedures.  

In summary, our finding indicated that the SLB are not effective in providing support 

during loaded walking but may be useful in more vertical movement such as squatting. 

Research should focus on designs that apply larger moments at the knees during the WA 

and disengage during the swing phase in order to successfully assist with load carriage.  
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9 

9. SUMMARY AND FUTURE WORK 

Considering the continued increase in quantity of research on ACL injuries, our 

capabilities in identifying and subsequently countering the mechanisms of this injury 

should also progress. Nonetheless, the increase in ACL injury incidence suggests that 

our advancements in the area are less than optimal. This is likely due to our inability to 

replicate real-life scenarios in the lab environment, focussing on sex within the study 

design, and failure to consider the neuromechanical/ neuromuscular control patterns 

(Mclean, 2008). Therefore, this thesis used novel experimental techniques to better 

replicate real-life scenarios in a laboratory setting using a state-of-the-art biomechanics 

lab, the CAREN. Moreover, investigations of neuromuscular control patterns were 

conducted as well as examination of sex-specific differences.  
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9.1. SUMMARY OF MAIN FINDINGS 

In this dissertation, non-invasive experimental motion capture was performed in a 

state-of-the-art biomechanics laboratory, CAREN, consisting of 10 infrared cameras, a 3 m 

diameter hydraulic motion platform capable of six DOF, a 1 × 2 m dual-belt treadmill 

instrumented with two force, a 180° curved projection screen, and two projectors. The dual 

split-belt treadmill allowed for unexpected perturbations. Whereas the curved projection 

screen with the projectors maintained visual flow for a more realistic simulation. 

Marker trajectory, ground reaction force, and electromyography data were collected from 

ten male and ten female recreational athletes while walking during unexpected 

perturbations, with and without prophylactic knee braces. These data were used as inputs 

to the musculoskeletal modelling software called OpenSim, in which subject-specific 

models simulated the neuromuscular response to the perturbations during recovery to 

compute the joint angles and moments. Using static optimization, the joint torques were 

decomposed into individual muscle forces. These forces were then compared between 

males and females, dominant and non-dominant limbs, and braced and unbraced 

conditions during unexpected perturbations.  

Chapter 5 aimed to answer the question of why females are more likely to sustain ACL 

injuries compared to males. The chapter examined the sex differences in muscle force 

patterns between males and females during unanticipated perturbations. The findings 

indicated that females produce higher ACL antagonist (quadriceps and gastrocnemius) and 

lower ACL agonist muscle forces (hamstrings and soleus) compare to males. This may 
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explain the disparity in injury rates, where females are likely to recruit ACL agonist 

muscles, at higher magnitudes, which may lead to anterior tibial translation, and thus ACL 

tears.  

Chapter 6 continued the sex-related injury theme and investigated differences in responses 

to perturbations between the dominant (DOM) and non-dominant (NDOM) limbs in males 

compared to females. The results indicated that females are more likely to have inequalities 

between both limbs and their DOM limb is at a higher risk of injury during unexpected 

perturbations. Females depicted differences in quadriceps, hamstrings, gastrocnemius, and 

soleus between the DOM and NDOM limbs, whereas males only showed differences in the 

gastrocnemius muscle.  

Chapter 7 examined the prophylactic effects of knee braces that restrict knee 

hyperextension and knee valgus/varus during unanticipated perturbations in both males 

and females, combined. The results showed a decrease in peak quadriceps and soleus 

muscle forces. Although the reduction in peak quadriceps was desired, the reducing in the 

soleus, which is an ACL agonist was not anticipated. Due to the inconsistent results of 

studies on prophylactic knee braces, we suggest that bracing might not consistently 

provide favorable muscle force patterns during a wide range of movements. Currently, 

these braces s are not widely used as preventive interventions due to an absence of direct 

evidence of their effectiveness 



161 

Chapter 8 performed a preliminary study to evaluate the effectiveness of spring-loaded 

knee braces to reduce muscle forces during load carriage in military personnel. Our results 

showed no significant differences between the braced and unbraced conditions during the 

stance phase of load carriage walking. This is likely due to the springs producing a 

maximum assistive torque of 4 nm at the maximum knee flexion angle reached of 55°, 

which was not enough to cause any significant difference in the muscle forces and thus did 

not assist the wearer.   

9.2. FUTURE WORK AND RECOMMENDATIONS 

We believe this work presented a combination of experimental and computational 

methods to comprehensively investigate the biomechanics ACL injury factors and knee 

bracing. In the future, this can be expanded on to further improve the results of the studies. 

Firstly, the use of a subject-specific model instead of a generic OpenSim model that is scaled 

for all the subjects will provide more accurate and precise anatomical features of each 

subject. Although scaled OpenSim models are widely accepted, differences in anatomy and 

muscle parameters can produce inaccurate models and thus inaccurate results. Therefore, 

creating subject-specific models using the subjects’ imaging data, such as MRI can 

incorporate precise anatomical features of the subjects and thus more accurate 

biomechanical calculations and results. Additionally, employing the use of imaging 

techniques such as fluoroscopy, can allow for a direct measurement of ACL length and thus 

more accurately infer ACL strain than through muscle forces. 
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The perturbations were administered during low speed walking, which is not likely 

representative of a real-life scenario. However, introducing perturbation during high speed, 

high impact manoeuvres could potentially injure the ACL and is unethical. Therefore, we 

opted to examine the perturbations at a low speed since the neuromuscular patterns will 

likely be replicated at a higher magnitude, during high impact, high speed movements. 

Based on our current findings, females would benefit from neuromuscular training that 

would reduce the QUADs-HAMS imbalance. Nonetheless, it will be ideal to capture data on 

a real sports field. Although technological advancements are not there yet. Researchers 

may investigate the biomechanics of injury on a real sports field once the technology 

becomes available.   

This dissertation studied one type of prophylactic knee brace. The dynamic evaluation of 

PKBs’ effectiveness is a multifaceted challenge that is affected by many variables; the 

braces can mechanically change and restrict joint angles, or they can modify the 

neuromuscular activity of the lower limb. The braces used in this study are meant to 

restrict hyperextension of the knee using mechanical stoppers, reduce knee valgus/varus, 

and add overall joint stability using the synthetic ligaments. Nonetheless, due to the 

complexity of the braces’ mechanisms of action, it is difficult to precisely compare our 

results with other prophylactic brace studies. Other studies have used different braces, 

conducted different motions, and the subjects performed pre-planned and anticipated 

movements. Therefore, we recommend an investigation of a variety of different braces 

using the same population, performing the same set of motions, to accurately conclude the 

effectiveness of the different braces.  
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A.1. DATA COLLECTION PROTOCOL

This study was conducted in the Computer Assisted Rehabilitation Environment (CAREN) 

at The University of Melbourne (Parkville, Victoria). The protocol below describes the 

instructions that were followed for the collection of human motion data. 

Before testing: 

1. Configure and calibrate VICON cameras

• Aim Cameras - Start/Stop

• Create Camera Masks - Start/Stop

2. Check the force plate orientation and weight (zero-level)

3. Perform dynamic calibration (with marker wand)

• Calibrate Cameras (Full Calibration)

• Ensure error is less than 0.2 for each camera, maximum 0.3

4. Perform static calibration

• Set Volume Origin

5. Ensure markers are cleaned and ready

6. Ensure EMG sensors are charged

7. Create new participant folder in Nexus Data Management

• Green icon - Date

• Yellow icon - Participant ID

• Grey icon - Brace or No brace
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Participant preparation: Initial 

1. Make sure all forms are printed (Participant Information Sheet, Informed Consent)

2. Participant is allowed to sit down and provided with the information sheet

3. Participant is given time to ask any questions

4. Participant signs informed consent form

5. Ask participant questions regarding leg to kick

6. Ask participant if they need to use the bathroom

7. Fit participant with toe socks and toe shoes

8. Fit participant with knee brace (small, medium, large, extra-large) using measuring

device

9. Take participant's height and weight

Participant preparation: EMG and markers 

1. EMG placement

• Find and mark muscle bellies

• Prep skin (shave, abrade, and rub with alcohol wipe)

2. Put on knee braces and make sure they are properly positioned

3. Place VICON markers according to marker set configuration

4. Remove brace and put on additional static trial markers
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Static and dynamic calibration (NO BRACE) 

1. Check that all markers are present!

2. Tap each electrode to make sure connection is present

3. Check EMG traces again (graph, voltages)

4. Zero force plates

5. Run the calibration trial by starting from a static T-pose with arms at 90° from the

body, then slowly start the treadmill to walking speed and get a few dynamic walking

trials.

Experimental trials (order to be randomized beforehand using a software) 

1. Explain the tasks that will be performed and that unexpected perturbations will be

administered

2. Allow participants to walk for 5 minutes on the treadmill to acclimate to the virtual

reality system.

3. For trials with braces, remove the medial and lateral epicondyle markers

4. Begin the perturbations at the order generated from the software

5. Repeat each perturbation at least 3 times and ensure each foot lands on separate

force-plates

6. Administer at least a 15 second wash-out period between each perturbation

7. Allow participants to rest if they require a break
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A.2. ETHICS APPROVALS

Below are the official ethics approval documentations (from the University of Melbourne 

and Victoria University) for this project. 
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A.3. INDIVIDUAL MUSCLE FORCES

Below are the individual muscle forces from the limb dominance study in chapter 6. 

QUADRICEPS: 
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GASTROCNEMIUS: 
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HAMSTRINGS: 
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Soleus: 
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