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 In this thesis, adaptations were made on the Hybrid Cadaveric System to 

accommodate new testing ramifications. The tests simulated dynamic loading (jump 

landings) from a 1ft. height with various degrees of valgus (fixed hamstring and 

quadricep forces) and various Quadricep (Q) and Hamstring (H) forces (fixed degrees of 

valgus) to determine how the Anterior Cruciate Ligament (ACL) and Medial Collateral 

Ligament (MCL) behave. The tests performed included 0Q 0H, 100Q 0H, 300Q 0H, 

300Q 100H, and 5˚, 15˚, 25˚ of valgus. To determine the strain behavior of the ACL and 

MCL a variety of equipment was used, including electromagnetic force plate to take 

impact reading, cables used to create loading on the quadriceps and hamstrings, and two 

Differential Variance Resistance Transducers (DVRTs). These ultimately generated ACL 

and MCL strain allowing for a variety of strain comparisons under various circumstances. 

It was concluded that in a few cases there were statistically significant differences in 

strain for the ACL and MCL when applying various quadricep and hamstring forces 
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(fixed valgus). It was also found that only statistical significance was present in ACL 

strain when comparing degrees of valgus (fixed quadricep and hamstring forces). The 

research concluded that muscle activation reduces strain on the ACL and MCL in these 

testing scenarios. It was also established that degrees of valgus effects the ACL but is 

negligible for the MCL. However, due to complications and variables, further testing is 

needed to increase accuracy and supply more definitive results. 
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1. INTRODUCTION AND LITERARY BACKGROUND 

1.1 Basic Knee Functionality and Anatomy 

The primary purpose of the knee joint is to provide the necessary assistance to the 

muscles of the lower extremities to create fluid locomotion. The knee allows the 

generation, transference, and absorption of moments and forces enabling the body to 

perform various daily tasks, including but not limited to, jumping and landing. From a 

biomechanical standpoint, the knee helps to make upright gait more efficient by 

conservation of momentum (Nordin & Frankel, 2001). This being said, the knee is only 

capable of providing the means to perform such dynamic movement because of the 

elaborate complexity of the joint. 

The knee is comprised of four bones, four ligaments, two primary muscle groups, 

various supplementary muscles, and various cartilage and menisci structures. The most 

notable of all the parts of the knee is the tibiofemoral joint. The tibiofemoral joint in and 

of itself is essentially unstable (Trepeck, 2017). However, when combined with muscles, 

menisci, and ligaments the tibiofemoral joint becomes a stabilized structure.  

1.1.1 Knee Related Bones 

There is a total of four bones that form the joint of the knee: tibia, femur, patella, 

and fibula (Figure 1 and Figure 2). These bones form synergistic relationships with one 

another via the assistance of tendons and ligaments. The main purpose of the tibia and 

fibula bones relative to the knee is to provide attachment sites for ligaments and tendons 

that assist in locomotion and stabilization. The femur serves as an attachment point like
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the tibia, but also serves as the major load bearing bone initiating movement through the 

knee. The intercondylar eminence of the tibia, located at the center of the tibial plateau, 

provides stability for medial-lateral translation by a direct mechanical interface with the 

intercondylar notch of the femur (Netter, 2011). The final bone relative to the knee is the 

patella. The patella’s prime objective is to transmit forces across the knee joint located on 

the anterior of the femur, allowing the knee to extend.  

 

Figure 1. Bones and outer structure of the knee. From Anatomy of the Human Body by H. 
Grey, 1918. Wikimedia Commons. Retrieved from 
https://commons.wikimedia.org/wiki/File:Gray351.png 
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1.1.2 Knee Related Ligaments 

The knee is composed of five ligaments: the anterior and posterior cruciate 

ligaments (ACL and PCL), the medial and lateral collateral ligaments (MCL and LCL), 

and the patellar tendon (PT), which will be discussed in section 1.1.3. In this section, only 

the four ligaments will be discussed. The four ligaments can be broken into two 

subcategories: cruciate ligaments and collateral ligaments. Cruciate ligaments (anterior 

and posterior) function mainly in relation to flexion and extension of the knee (section 

1.1.5).  Collateral ligaments (medial and lateral) function mainly in relation to valgus and 

varus movements of the knee. Valgus and varus indicate the angle of the knee in the 

coronal plane (Whiting & Zernicke, 2008). Valgus, commonly described as knock-kneed 

legs, shifts the axis of load bearing to the lateral side of the knee (Trepeck, 2017). Varus, 

commonly described as bow-legged knees, shifts the axis of loading in the opposite 

direction of the valgus, to the medial side of the knee. Valgus/varus situations can occur 

for various reasons including but not limited to landings from jumps, drastic deceleration 

while shifting directions, and various types of weight transfer which are common in 

power movements during athletic endeavors.  

The Cruciate Ligaments consist of the anterior cruciate ligament (ACL) and the 

posterior cruciate ligament (PCL) and as seen in Figure 2. Both the ACL and PCL attach 

to the intercondylar notch of the proximal femur. They differ in their locations of 

connection on the intercondylar notch; the ACL attaches to the lateral wall, while the 

PCL attaches to the medial wall. The ACL and PCL both attach distally to the tibia. 

However, the ACL attaches to the anterior aspect of the intercondylar eminence, while 

the PCL attaches slightly posterior to the intercondylar eminence (Cailliet, 2004). The 
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primary function of the ACL is to inhibit excessive anterior tibial translation in relation to 

the femur. However, there are some secondary functions of the ACL, such as assisting in 

the prevention of internal/external rotations of the tibia and varus/valgus movements 

(Elias, Faust, Chu, Chao, & Cosgarea, 2003; Markolf et al., 1995). The combination of all 

these functions allows the ligament to provide passive stability to the knee joint. Similar 

to the primary function of the ACL, the main objective of the PCL is to hinder posterior 

translation of the tibia in relation to the femur when undergoing knee flexion and 

extension. Ultimately this allows the PCL to aid in stabilization of the femur during 

flexion and extension motions, while also inhibiting excessive flexion during activities. 

The collateral ligaments are comprised of the medial collateral ligament (MCL), 

also known as the tibial collateral ligament, and the lateral collateral ligament (LCL), also 

known as the fibular collateral ligament (Figure 2). The LCL is located on the lateral side 

of the knee joint while the MCL is located on the medial side of the knee joint. The 

primary function of these two ligaments is to create stability by impairing excess 

valgus/varus loading in the coronal plane (Whiting & Zernicke, 2008).  

1.1.3 Knee Related Tendons 

Although the body has many tendons that serve as stabilizers to the knee, there 

are two major tendons that are directly involved with the knee: the Quadriceps Tendon 

(QT) and the Patellar Tendon (PT), also known as the patella ligament (Figure 1). The 

quadriceps tendon links the quadriceps muscles to the patella allowing for the ability to 

straighten the knee. Additionally, the quadriceps tendon holds the patella in the 

patellofemoral groove in the femur (Schmidler, 2018). The patellar tendon, as it is more 

commonly known as, is actually the fifth ligament of the knee (section 1.1.2). The patella 
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ligament connects the patella to the tibia. This ligament has two functions, to assist the 

knee joint in bending at the knee and to assist the quadriceps tendon in holding the patella 

in position on the patellofemoral groove. It is important to note that the interaction 

between these tendons allows the quadriceps muscles to interact with the tibia to allow 

for movement. 

 

Figure 2. Posterior view of the knee joint’s bones and ligaments. From Anatomy of the 
Human Body by H. Grey, 1918. Wikimedia Commons. Retrieved from 
https://commons.wikimedia.org/wiki/File:Gray352.png 
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1.1.4 Knee Related Cartilage and Meniscus 

There are two menisci that are involved in the knee’s complex joint: the lateral 

meniscus and the medial meniscus. Both of these menisci are described as crescent or 

horse shoe shaped, located on the tibial plateau (Figure 3). Although attached to the tibial 

plateau, they do allow translation as the knee flexes and extends (Cailliet, 2004). The 

menisci serve to deepen the concavity in the tibial plateau on which the femoral condyles 

rest, increasing joint stability (Trepeck, 2017). The menisci also aid in the distribution of 

joint forces covering the tibial plateau (Nordin & Frankel, 2001).  

Cartilage has two crucial purposes: to create a smooth surface barrier that allows a 

joint to move fluidly, and to serve as a shock absorber for dynamic impact forces. The 

cartilage structures in the knee cover the articulating surfaces of the femur, patella, and 

tibia, and is commonly referred to as articular cartilage (Trepeck, 2017).  

 

Figure 3. Transverse view of the knee joint indicating ligaments and menisci. From 
Anatomy of the Human Body by H. Grey, 1918. Wikimedia Commons. Retrieved from 
https://commons.wikimedia.org/wiki/File:Gray352.png 
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1.1.5 Muscles Relative to the Knee 

Many contributing muscles are responsible for allowing the knee to perform all 

the dynamic movements that are instrumental to daily activities. They can be broken up 

into 2 groups: the main contribution muscles and the secondary contribution muscles. 

Regardless of the muscle group, it is important to understand that all these muscles are 

employed in knee mechanics, adding to the structural integrity of the joint beyond the 

stability provided by the bones, ligaments, and menisci (Whiting & Zernicke, 2008). 

Muscles enable active stability and without the muscles impeccable timing for activation, 

the knee joint would be susceptible to injury (Trepeck, 2017).  

The main contributing muscles involved with the rotation of the knee consists of 

two muscle groups: the quadriceps and hamstrings. The quadriceps, located on the 

anterior aspect of the thigh, includes: vastus lateralis, vastus intermedius, vastus medialis, 

and the rectus femoris. The quadriceps purpose, relative to the knee, is to generate the 

necessary forces to allow knee extension and knee deceleration on landing. The rectus 

femoris originates at the anterior inferior iliac spine and inserts into the tibial tuberosity 

and patella via the quadricep tendon; however, the rectus femoris can interact with the 

tibia through its relationship with the patella ligament. The vastus muscles originate at 

various femur locations: the vastus lateralis at the greater trochanter, intertrochanteric 

line, and the linea aspera; the vastus medialis at the linea aspera and intertrochanteric 

line; and lastly, the vastus intermedius at the shaft of the femur on the anterior and lateral 

aspects of the bone (Netter, 2011; Trepeck, 2017). Exactly the same as the rectus femoris 

the vastus muscles all connect to the tibial tuberosity and patella via the quadricep tendon 

and can interact with the tibia via the patella ligament.  
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The hamstrings, located at the posterior aspect of the thigh, includes: biceps 

femoris, semimembranosus, and semitendinosus muscles. The purpose of the hamstring 

muscles, in relation to the knee, is to provide the necessary forces to flex the knee as well 

as protect the knee during landing. The semimembranosus and semitendinosus both 

originate at the ischial tuberosity. However, the semimembranosus inserts at the medial 

condyle of the tibia and the lateral condyle of the femur, and the semitendinosus inserts at 

the medial upper tibial shaft, distally to the tibial plateau (Netter, 2011; Trepeck, 2017). 

The bicep femoris originates at the same sites as the semimembranosus and 

semitendinosus. The bicep femoris has a tendinous insertion into the head of the fibula.  

The secondary contributing muscles to the knee are gastrocnemius, popliteus, 

gracilis, soleus, and sartorius. The gastrocnemius muscles consist of the lateral and 

medial gastrocnemius which attach to the femur at the respective condyles. They insert 

into the calcaneus via the calcaneal tendon. The gastrocnemius muscle is biarticular, 

spanning from the posterior aspect of the knee to the ankle, and assisting in flexion of the 

knee and plantar flexion of the ankle (Marieb, 2004). The popliteus is a small muscle 

located on the posterior of the knee, spanning from the lateral condyle of the femur to the 

medial posterior surface of the tibia, slightly under the tibial plateau. The gracilis spans 

from the inferior boundary of the pubic body, near the symphysis pubis, to insert on the 

medial surface of the tibia, just under the tibial plateau. The objective of the gracilis is to 

act as a hip adductor and assist in medial rotation of the lower limb (Moore & Dalley, 

2006). The soleus is located on the posterior of lower leg, originating from the posterior 

of the fibular head and inserting at the same location as the gastrocnemius insertion. The 

soleus is said to activate only under weight-bearing situations and is said to stabilize the 
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tibia by preventing ankle dorsiflexion, creating resistance to knee flexion (Elias et al., 

2003). The sartorius muscle attaches to the anterior superior iliac spine and inserts into 

the medial aspect of the proximal tibia site. The sartorius muscle aids in external rotation, 

abduction, and flexion of the hip, as well as flexion of the knee (Marieb, 2004).  

1.2 Knee Related Biomechanics 

The knee involves many biomechanical movements allowing it to perform various 

locomotive tasks. The focus of this biomechanical study will include: the interaction of 

the ACL, MCL, and QT, with the patellofemoral and tibiofemoral joints, and range of 

motion (RoM) over the transverse, sagittal, and coronal planes.  

1.2.1 Joint Biomechanics 

To truly understand the biomechanics of the knee it is important to understand 

that the knee consists of two joints: the patellofemoral joint, and tibiofemoral joint. The 

tibiofemoral is where the tibia articulates with the femur. The tibiofemoral joint is 

described by most as the hinge of the knee; however, there is a lot more complexity 

involved. The “hinge” that is described accounts only for the rotation along a single axis, 

which in fact is true, but, it does not include rolling and sliding movements which are 

associated with the joint. Also, the tibiofemoral articulation can undergo translation 

which appears in a two-axis form, which in terms of a hinge is not possible. Therefore, 

the tibiofemoral joint being viewed as a “hinge” can skew ones’ perspective of the actual 

biomechanics of the knee. 

The patellofemoral articulation, which joins the patella and the trochlea of the 

femur, functions as a sliding joint between the patella and femur. The interaction with the 

quadricep muscles performs exactly like a pulley system, allowing the knee the ability to 
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perform the required action for a desired activity. The quadriceps, as discussed in section 

1.1.3 and section 1.1.5, interacts with the tibia via the QT, patella, and PT. Without this 

relationship connecting the quadricep muscles to the tibia, the tibia would require a much 

larger force in order to allow knee extension. Also, RoM would be severely limited, and 

the PT itself would be unable to withstand the contact forces at the QT interface 

(Trepeck, 2017). 

1.2.2 Three Planes of the Knee and Their RoM 

 To understand the RoM of the knee and the planes that they occur in, it is 

important to know that flexion is bending of the knee, extension is extending or 

straightening of the knee, valgus is lateral movement or translation away from the center 

of the knee, and varus is medial movement or translation towards the center of the knee. 

Previously discussed in section 1.2.1, the knee joint is not a hinge, so what exactly is it? 

The knee itself is actually a six degree-of-freedom (DoF) joint. These include valgus, 

varus, medial rotation, lateral rotation, flexion, and extension. Since there can be 

confusion on the motions of the knee relative to what reference point is used; this study 

will use the femur as the point of reference. 

1.2.2.1 Transverse Plane 

The transverse plane divides the knee into superior and inferior segments. The 

transverse plane of the knee allows for rotation, which is movement about an axis 

(moment about the knee). These rotational movements occur only in the medial and 

lateral directions along this plane. They are the most restricted movements of the six DoF 

that the knee can perform, so much so that the rotation itself within proper RoM is 

negligible. The normal RoM in the transverse plane can be exceed leading to major 
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injuries, most commonly caused by externally applied forces. These rotations can occur 

naturally during daily movements such as walking and running. The knee during these 

movements, undergoes a slight rotation allowing the knee to lock in position (locked-

knee).  

1.2.2.2 Coronal Plane 

The Coronal Plane divides the knee into anterior and posterior segments. This 

plane of the knee involves valgus and varus movements, which are lateral movements 

towards or away from the center of the knee. These movements are most commonly 

associated with bow-legged and knock-knees (section 1.1.2) and are commonly created 

by external forces and predisposed conditions that may occur naturally during 

development (Krosshaug et al., 2007) and inactivation of the muscles (Ford, Myer, & 

Hewett, 2003). The RoM of valgus/varus vary depending on the requirements of a certain 

activity. These variations are caused by the fact that valgus/varus movement tends to 

occur most often under dynamic loading situations. Valgus and varus are said to be 

movements that prepare the body for impact, deceleration, and acceleration. When the 

foot gets planted for directional changes, a chain reaction of events must occur. The hip 

creates, in proper RoM, abduction to allow the leg to gain an ideal position for 

deceleration and acceleration in the newly desired direction. The knee requires hip 

abduction/adduction in order to increase its lateral range, creating valgus/varus 

movements via ground reaction force (GRF). Additionally, valgus/varus movements can 

be caused by the momentum produced by the upper body (Trepeck, 2017). 
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1.2.2.3 Sagittal Plane 

 The sagittal plane divides the knee into medial and lateral segments. This plane of 

the knee allows for flexion and extension movements, which are front to back movements 

initiated at the knee joint (rotation about the medio-lateral axis). For visual simplicity, 

anterior/posterior tibial translation (ATT and PTT) and external/internal tibial rotation 

(ETR and ITR) will be included in this section. Similar to flexion and extension, ATT 

and PTT under standard conditions can allow for minute translations along the medio-

lateral axis. ITR and ETR are rotations around the tibia’s longitudinal axis, allowing for 

approximately 30° of rotation; this can vary depending on flexion of the knee (Freeman 

& Pinskerova, 2005). The majority of the muscles involved in the sagittal plane are the 

quadriceps and hamstrings, also known as the major flexor and extensor muscles, which 

activate the ACL and MCL (Shimokochi & Shultz, 2008). The RoM of flexion and 

extension under normal circumstances ranges between -2° of extension to 140° of flexion 

(Roaas & Andersson, 1982). 

1.3 Ligament Injury Causation – Non-Contact 

The ligaments of focus will be ACL and MCL, as this study is based around them. 

This paper will not discuss injuries due to external contact, as they are well understood 

and much easier to quantify the cause of injury. Even with the great deal of available 

research on non-contact injuries, there still remains much debate over the causes of the 

excessive movements that lead to injury; currently making it difficult or impossible to 

predict injuries from non-contact conditions. The MCL is said to be 5.4x greater than the 

ACL in terms of ultimate tensile strength (UTS); the PT is superior in UTS compared to 

all other ligaments in the knee (Eleswarapu, Responte, & Athanasiou, 2011). The PT is so 
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strong that in some ACL/MCL repair surgeries the surgeon will biopsy some of the PT 

and splice it to the ACL or MCL in order to repair the injury. 

1.3.1 Anterior Cruciate Ligament and Injury Causation 

ACL non-contact injuries are among the most common injuries that occur in the 

knee; this is typically caused by excessive loading on the ACL, which exceeds its tensile 

strength. This is caused by rapid deceleration and/or quick directional shifts; a common 

activity amongst NFL athletes. Injuries to the ACL occur under dynamic conditions and 

in a split second. This makes it currently incredibly difficult to study this injury under 

conditions as it occurs during dynamic activity. In fact, it is so difficult to test and 

observe ACL loading that currently, the most efficient method of understanding ACL 

loading during activities is with the use of cadavers (Trepeck, 2017).  

ACL injuries are said to involve excessive movement of the femur and tibia. It 

has been well documented that the strain required for injury on the ACL is caused by 

anterior tibial translation (ATT) and internal tibial rotation (ITR) relative to the femur 

(Griffin et al., 2006; Shimokochi & Suhlz, 2008; Yu & Garrettt, 2007). Additionally, 

valgus motions cause medial disruption of the tibia and femur allowing for extension and 

ACL vulnerability which is hypothesized to lead to excessive strain on the ACL (Besier, 

Lloyd, Cochrane, & Ackland, 2001; Ford et al., 2003; Jacobs & Mattacola, 2005; Russell, 

Palmieri, Zinder, & Ingersoll, 2006; Withrow, Huston, Wojtys, & Ashton-Miller, 2006). 

However, valgus motions without knee structural issues seems to be an unlikely 

candidate for ACL injury (Yu & Garrett, 2007, p. 48).  
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1.3.2 Medial Collateral Ligament and Injury Causation 

 The MCL is in competition with the ACL for the most common knee injury. MCL 

injuries are most commonly attributed to direct trauma with the outer aspect of the lower 

thigh and/or upper leg, common in contact sports. Although not as common as MCL 

contact injuries, non-contact MCL injuries do happen and are typically caused by 

awkward landings or pivots. Non-contact MCL injuries are thought to occur via a 

combination of knee movements occurring simultaneously, most notably combining 

flexion, valgus, and ETR will lead to this type of injury. When the knee is completely 

extended, MCL maximum strain is said to be near the femoral insertion (Phisitkul, James, 

Wolf, & Amendola, 2006). This is in agreement with clinical studies on cadaveric legs 

which show that the MCL’s most common failure originates at the femoral insert. 

The ACL can be directly affected by MCL injuries, as it causes the ACL to over 

compensate for the missing stabilization. Based on studies performed, MCL injuries that 

have gone untreated can lead to valgus laxity which makes the ACL 20% more 

susceptible to tearing. With valgus laxity at a flexion of 30°, the ACL is 53% more 

susceptible to tearing and at full extension the likelihood of ACL tearing increases to 

78% susceptibility (Fetto, & Marshall, 1978).  

1.3.3 Additional Causation Factors to Consider 

 There are a few additional factors that play a role in the causation of knee 

ligament injuries: gender, hormones, anatomy, and environment. The majority of the 

research done on these causations focuses on the ACL; as it is the most difficult ligament 

to understand and is one of most common non-contact ligament injuries. 
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1.3.3.1 Gender Effect 

 When looking at gender, it has been shown in more recent years that woman have 

been participating in activities on par with men. Studies have been done to assess the 

susceptibility of injuries to females when compared to males. In one particular study, 

they focused on knee ligament injuries in athletic females compared to males associated 

with alpine ski racers. The results of this study indicated that woman are 2.3 times more 

likely to sustain a knee injury and 3.1 times more likely to sustain an ACL injury 

(Stevenson, Webster, Johnson, & Beynnon, 1995). Another study conducted to compare 

the likelihoods that a male and a female will sustain an ACL injury indicated that females 

were between 4 to 6 times more likely to have an ACL related injury than males (Hewett, 

Ford, & Myer, 2006). Although it is evident that women are in fact more likely to sustain 

knee injuries than men, the actual cause of why women are more susceptible is still being 

studied and debated. 

1.3.3.2 Hormonal Effect 

 As the human body ages hormone levels alter for various reasons; the most 

obvious example being puberty. The most concerning hormone fluctuations regarding the 

knee are the hormones that influence collagen synthesis and degeneration (Griffin et al., 

2006, p. 1517). It is known that the ligaments of the knee are mostly comprised of 

collagen. This being said, as collagen levels vary so does the strength of the ligament 

itself (Nordin & Frankel, 2001; Trepeck, 2017). There have been studies performed to 

gain some understanding of the relationship between the hormone relaxin and ligament 

laxity. However, no conclusive results have been determined. 
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1.3.3.3 Anatomical Effects 

Anatomically there are factors that create a higher risk for ligament injuries, 

which can be developed or genetic. For the purpose of this research, only Q-angles and 

foot positions will be discussed as they are high risk factors.  

Q-angle is the angle created by the intersection of two lines; one drawn from the 

anterior superior iliac spine through the center of the patella (knee cap), and the other 

drawn from the center of the patella to the center of the tibial tubercle (Wheeless, 2009). 

The Q-angle is a simple method designed to provide a tangible value to show how drastic 

the misalignment is between the patella, the femur, and the tibia. It is believed that the 

more drastic the Q-angle, the more risk there is for ligament related injuries. Females 

have a wider hip frame than males because of the reproductive process. This means that 

women have a larger Q-angle than men by nature and therefore, are more susceptible to 

ligament related injuries. According to the research, a normal Q-angle is 14˚ for men and 

17˚ for women; any angle > normal (N) is varus knee (bow-legged) and any angle < N is 

valgus knee (knock-knee) (Aglietti, Insall, & Cerulli, 1983). Bow-legged and knock-knee 

both increase the strain on the ACL, and the MCL, due to excessive valgus, varus, ETR, 

ITR, and maltracking of the patella.  

 The foot has several positions that can occur genetically, developmentally, or 

activity induced: abduction, adduction, plantar flexion, dorsiflexion, pronation, 

supination, eversion, and inversion. These positions can all have an effect on strain and 

RoM of the knee joint, creating potential risk for injury to the ACL, and MCL. Like the 

Q-angle, the more drastic the condition involving the foot, the greater the risk. However, 

devices such as foot stabilizing orthotics have proven to lower the risks of injuries to the 
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knee by providing optimal support of the foot in an appropriate position more suitable for 

activity. It has even been shown that long term use of orthotics can help stabilize the 

muscles in the leg ultimately correcting the issue (Zhai, Qiu, & Wang, 2016). 

1.3.3.4 Environmental Effects 

The shoe to surface interaction that occurs during activities plays a role in the 

development of ligament injuries involving the knee. For athletes, more friction means 

more traction allowing for high performance situations. However, studies on athletes 

have shown that the ligaments in the knee are more susceptible to injury on artificial turf 

than on natural grass and/or wood floors (Olsen, Myklebust, Engebretsen, Holme, & 

Bahr, 2003; Steffen, Andersen, & Bahr, 2007). It is thought that the reduced friction 

decreases ITR and ETR moments lowering the risk for ligamentous injury to the ACL 

and MCL. Research has also shown that wet environments are less of a risk for knee 

ligament injuries than dry environments. Additionally, the same research also indicated 

that injuries to the knee ligaments are decreased in cold temperature climates when 

compared to high temperature climates (Orchard & Powell, 2003). Therefore, Orchard 

and Powell (2003) hypothesized that the cause for these environmental impacts on the 

ligaments were due to the fact that wet and/or cold environments create a reduced friction 

situation between the shoe and the terrain.  

1.4 Testing Methods (in Vivo/in Vitro) 

There are two common testing methods associated with the ligaments of the knee: 

in vitro and in vivo. In vitro testing is defined as testing that takes place outside the living 

organism; this is most commonly associated with cell cultures and blood tests. In vivo is 

defined as testing that takes place inside the living organism; commonly associated with 
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the testing of new drugs. The ACL, and MCL both have undergone testing through both 

methods for various research studies; however, for this particular research, in vitro testing 

is very practical. 

In vivo testing looks as if it would be better suited for ACL and MCL strain tests 

since it is known that the ACL and MCL both have to undergo specific forces to create 

strain, and the forces are created via specific activities. The problem with in vivo testing 

is that currently there is no way to measure strain via direct contact to the ligament 

without involving a surgical procedure, which may potentially compromise the integrity 

of the ligament being tested. If superficial strain testing is done, it is possible to get fairly 

accurate results. However, superficial testing has a major drawback, everything 

associated with the knee joint deforms relative to the ligament. Thus, the displacement of 

the structure within the knee joint increases exponentially in the superficial direction. It 

would require extensive analysis on each component of the knee of every subject for each 

movement associated with the ligament being tested. Since such a task would take 

decades, it is significantly more convenient and practical to test these ligaments using in 

vitro methods with cadaveric limbs. However, using in vitro methods presents its own 

challenges, which will be discussed below. 

Cadaveric limbs create a few problems themselves. First off, there is only so 

many times you can freeze and thaw a cadaver limb before the tissues become 

compromised. It is known throughout the research literature that the limbs themselves 

can be frozen and thawed approximately 4 times before tissue degeneration begins, 

allowing for only a few testing cycles before cellular integrity is compromised (Da Silva, 

Matera, & Ribeiro, 2004). Another problem is with the absence of the full lower body, 



 

 19 

the natural shock absorption is not present which can lead to fracture of bones. For most 

in vitro tests carried out in this area of research, this is not a problem because the tests 

simulate squatting situations which do not cause a drastic spike when loading the joint 

instantaneously (Bates, Schilaty, Nagelli, Krych, & Hewett, 2017; Guess & Maletsky, 

2005; Maletsky & Hillberry, 2005). In this study, the focus is on simulating a jump 

landing which does require the body’s natural shock absorption, as it distributes the 

sudden forces through the body in order to prevent injury. This issue can be resolved with 

the hybrid cadaveric system, which has mechanical shock absorbers (section 4.2.1) to 

compensate for the lack of natural tissue involved in absorption of shocks through 

instantaneous loading. The final and most detrimental negation is the limb cannot 

perform any activities on its own. With the creation of the hybrid cadaveric system, the 

cadaveric limb is able to perform the specific activities necessary for this study (Trepeck, 

2017). Proven through numerous studies, in vitro testing using dynamic systems to 

simulate activity are quite accurate in their results. Additionally, this hybrid system in 

particular has previously been tested and was determined to be highly accurate under 

jump landing simulations (Trepeck, 2017). Therefore, in vitro testing for this particular 

study is more appropriate and practical than in vivo testing. 

1.5 Machine General Functionality 

The hybrid cadaveric system designed by Cameron Trepeck, Ph.D. is designed to 

simulate jump landings on cadaveric legs. The machine allows for all the forces that a leg 

experiences in an actual jump landing activity. The machine can be broken into three 

sections: the housing which includes frame and mechanism, the controls which includes 

the actuators, motors, and Differential Variable Reluctance Transducers (DVRT), and the 
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force plate. All the raw data collected by the loadcells are sent to LabView where the data 

can be analyzed further. 

1.5.1 The Frame and Mechanism 

 The frame (Figure 4 A) is the overall support system of the machine. It is a track 

style frame, that allows for sliding and repositioning. The track allows the mechanism to 

slide up and down freely making it possible to mimic an actual jump landing. The 

mechanism (Figure 4 B) attaches to the femur of the leg via cables and a rod. Because of 

the mechanism weight, the moment of the machine itself is off center and therefore a 

counter weight is used allowing the moment to be re-centered. Since the mechanism can 

slide freely along the track, a pulley system was installed to the building girder to allow 

for fixed positions of initiation. Additionally, the mechanism has four cables that allow 

for various movements of the cadaveric leg. 

 

Figure 4A. Machine frame design. From “A Hybrid System for Simulation of Athletic 
Activities Related to Lower Extremity Biomechanics,” by C. Trepeck, 2017 (unpublished 
doctoral dissertation), p. 37. Reprinted with permission. 
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Figure 4B. Mechanism original design. From “A Hybrid System for Simulation of 
Athletic Activities Related to Lower Extremity Biomechanics,” by C. Trepeck, 2017 
(unpublished doctoral dissertation), p. 52. Reprinted with permission. 
 

1.5.2 The Motors, Actuators, and DVRT 

The four cables (Figure 5) can be broken into two groups, the actuators and the 

motors. The first motor ‘ham motor’ controls loading on the hamstrings, while the second 

motor ‘quad motor’ controls loading on the quadriceps. The actuator labeled “Parallel” 

controls flexion/extension, whereas the actuator labeled “Perpendicular” controls 

abduction/adduction. Each cable has a load cell attached to it to take the measurements of 

force, flexion, and extension for the different types of landings. The DVRT is mounted 

directly to the ACL, which measures the deformation of the ligament throughout the 

landing. This data is recorded and sent to LabView. 
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Figure 5. Cable layout for actuators and motors. From “A Hybrid System for Simulation 
of Athletic Activities Related to Lower Extremity Biomechanics,” by C. Trepeck, 2017 
(unpublished doctoral dissertation), p. 55. Reprinted with permission. 
 

1.5.3 The Force Plate 

The force plate (Figure 6) has two functions: one is to take the direct impact of the 

cadaver lower limb as it lands, and two is to take readings of the ground reaction force 

(GRF). To do this, an aluminum plate was mounted to the frame track in order to allow 

for different landing locations. A loadcell was mounted to the center of that plate, and 

another plate was mounted to the top of the loadcell. As the foot impacted the top plate, 

the loadcell would take GRF readings.  
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Figure 6. Original force plate design. From “A Hybrid System for Simulation of Athletic 
Activities Related to Lower Extremity Biomechanics,” by C. Trepeck, 2017 (unpublished 
doctoral dissertation), p. 47. Reprinted with permission. 
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2. QUESTIONS 

This research uses a jump landing simulation to help better understand the 

ligaments of the knee joint and how they affect one another. The following questions will 

be the overall aim of this experiment: 

1. What is the strain on the ACL when undergoing various degrees of valgus and 

various loads applied to the hamstrings and quadriceps at a 1-foot height? 

2. What is the strain on the MCL when undergoing various degrees of valgus 

and various loads applied to the hamstrings and quadriceps at a 1-foot height? 

3. Are there any relationships/trends between the ACL, and/or MCL. If yes, what 

are the relationships/trends indicating in relation to degrees of 

abduction/valgus and loading of the hamstrings/quadriceps? 
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3. THESIS OBJECTIVE 

The overall objective was to further the scientific understanding of the effects of 

dynamic loading on the ACL, and MCL. This will be determined by monitoring the 

ligaments to see how they react under various loadings and abduction angles. This 

information can assist in finding new ways to prevent and/or inhibit injuries to the MCL, 

and ACL. In order to achieve this objective, two sub-objectives were necessary. The first 

sub-objective was to improve the hybrid cadaveric system’s overall efficiency as well as 

modify components to cater to a larger specimen pool. The second sub-objective was to 

create a repeatable and efficient method of mounting the Differential Variance 

Reluctance Transducer (DVRT) to the necessary ligaments without compromising the 

ligamentous integrity.
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4. APPROACH 

4.1 Dissection Method 

For this experiment, the dissections must be repeatable and efficient with minimal 

chance of compromising the involved ligaments. Since there were over 100 tests carried 

out amongst four specimens, repeatability is important. Therefore, efficiency with little 

risk of compromisation is essential. For this reason, extensive precaution and research 

was necessary in order to determine the best approach. 

4.1.1 Cadaver Parameters 

For the purpose of this research, specific parameters were provided to Science 

Care for the cadaver selection. The parameters included: Four male cadaveric legs, two 

right legs, two left legs; 20 to 55 years of age; and region of the legs, mid-femur to toe-

tip. The medical history parameters included: no surgical procedures performed on the 

leg, no broken bones, no knee injuries, and no muscle, tendon, or ligamentous 

degeneration/compromisations. The cadaveric legs provided were all within the requested 

parameters, except age. The ages that were requested were not available, and due to time 

constraints, it was decided that expanding the age parameters from 20-70 years of age 

would be satisfactory. With older ages, natural degeneration will take place over time to 

all aspects of the body. For this reason, the legs selected were the most optimal choices 

based on medical history in the available inventory and propose negligible degenerative 

threats for this research.  
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4.1.2 Pre-dissection Preparations 

All dissections were performed under the same conditions to ensure the most 

accurate results. The cadaver legs were pulled out of the -20° Centigrade freezer and 

allowed to thaw under room temperature conditions for approximately 36 to 48 hours. 

Immediately following the thawing process, the cadaveric legs were bent at the knee and 

then straightened several times as a precaution to ensure the knee joint is flexible enough 

to handle instant loads without compromisation. Once determined that the limb is ready 

for use, the femoral rod and DVRTs were implanted. 

4.1.3 Femoral Rod Installation 

As stated in the previous section, once the leg has been thawed thoroughly, the 

femoral rod was installed. To do this, the femoral cavity was bored out to fit ½ -13in. 

threaded rod. The bore depth is approximately four inches. Once the femur is ready for 

rod implantation, JB weld was applied to the four inches of rod that was inserted into the 

femur and left to set for approximately 15 minutes. During this settling time, the 

hamstring and quadricep ropes, as well as the DVRT installation site were prepped for 

installation.  

4.1.4 Hamstring and Quadricep Rope Installation 

There are two penetration sites: the anterior and posterior aspects of the thigh, 

which were pierced all the way through, to fit a 6mm poly braided rope. Poly braided 

rope was the best option because it has a high tensile strength and is incredibly flexible. 

The penetration sites are roughly 2-3 inches above the patella. The anterior penetration 

site initiated from the anteromedial side to the anterolateral side, passing through the 

upper quadriceps. The posterior penetration site passes through the same way as the 
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anterior penetration site, medial to lateral, but through the hamstrings instead of the 

quadriceps. The ropes were then tied off and a 3/8-inch. nozzle tip with a crimp was 

attached the end of the knotted rope to allow for mounting to the mechanism. The final 

step was to place a 7-inch. hose clamp around the severed site so all the musculature can 

be kept in position, as the impacts during testing can cause the muscles to shift (Trepeck, 

2017). 

4.1.5 DVRT Installation 

There are two ligaments that need to be accessible: ACL, and MCL. The 

ligaments as stated above are both part of the knee joint. However, due to their locations 

around the bones, there needed to be two different DVRTs, both with their own point of 

access. The two DVRTs that were used are manufactured by LORD Microstraintm and are 

called micro-miniature DVRT; one is 3mm stroke length attaching to the ACL and the 

other 6mm stroke length attaching to the MCL.  

The MCL is significantly easier to access than the ACL due to its superficial 

location (section 1.1.2-1.1.3). The ACL on the other hand, is difficult to access without 

compromising the surrounding ligaments. After consulting Dr. Mark DiRoma Sr., Dr. 

Cameron Trepeck, Dr. Patrick Terrence and Dr. Javad Hashemi, it was determined that 

the vastus medialis approach was the best point of access. The tissue was carefully 

separated from the knee exposing the MCL and PT (Figure 7). The ACL was then 

exposed using a sub-vastus approach, as this would not compromise the surrounding 

ligaments (Figure 8). The above approaches minimize the risk for compromising the 

ligament and maximize the access points. Once the ligaments were exposed, the ACL and 
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MCL had a DVRT mounted to it via mounting prongs, that allowed data to be collected 

from both ligaments simultaneously.  

 
Figure 7. Exposed MCL for DVRT mounting.  
 

         
Figure 8. Exposed ACL for DVRT mounting.
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There were some complications that occurred when mounting the MCL DVRT. 

The superficial nature of the MCL created a periodic problem where the MCL DVRT 

mounting prongs would dismount under the forces generated during the landing. It was 

necessary to inspect the MCL DVRT every few tests to ensure that the prongs stayed 

attached.  

4.2 Mechanical Methods 

Discussed in section 1.4, working with cadaveric legs presents some issues; most 

notably the fact that the leg itself cannot simulate a jump landing without assistance. The 

hybrid cadaveric system created by Dr. Trepeck has been designed to function as an 

assist for the leg to perform jump landing simulations while taking data samples to help 

gain a better understanding of the ligaments of the knee. With a machine that can allow 

cadaveric legs to simulate a jump land, all that was left was to improve the machine 

efficiency, performance, and usability. 

4.2.1 Mechanical Modifications 

This machine created by Dr. Trepeck, could only preform tests with abduction 

using left legs because the mechanism’s RoM for right legs was limited due to the spring 

system and mechanism housing. The spring only works in compression and therefore the 

shock absorber and RoM needed for right leg use was limited. The mechanism’s housing 

blocks the necessary angles for full RoM when using right legs. It was necessary to adapt 

the machine for right leg compatibility, as this allowed for comparisons between an 

individual’s right and left leg and would also further the understanding of how the Q-

angle can increase injury risk. As an added benefit, the cost of body parts increases 

substantially the more specific the parameters become; therefore, allowing for right legs 
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to be an option helps reduce the overall cost. To make this system right leg compatible, 

the right-side mechanism plate was dimensionally reduced to 4 inches (Figure 9) to allow 

for full RoM, and a new spring system (Figure 10 A) was incorporated. The spring 

system gave the right legs the shock absorption needed to prevent fractures and also gave 

the mechanism the ability to go in full RoM on the right side.  

 

Figure 9. Mechanism modifications for right legs. Adapted from “A Hybrid System for 
Simulation of Athletic Activities Related to Lower Extremity Biomechanics,” by C. 
Trepeck, 2017 (unpublished doctoral dissertation), p. 44. Reprinted with permission. 
 
 

The spring for the left leg is a compression spring (Figure 10 B); whereas the 

right leg spring is an extension spring. To create this, the same housing was used but the 

spring system’s internal parts can be swapped out depending on the leg being tested. The 

spring design for the right leg consists of the same spring and housing as the compression 

spring system but internally it uses a custom fabricated piston that remains in a state of 

forced extension (Figure 10 C). The mechanism plate and spring system were modified 

and designed via the FAU Machine Shop and SolidWorks 2017. The material 

requirements were determined by the previous study’s analysis, since the right leg spring 

system has the same ramifications as the left side components (Trepeck, 2017).  
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Figure 10A. New spring design for right 
leg compatibility (extension spring). 
 

 
Figure 10B. Original spring design for 
left leg compatibility (compression 
spring). 
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Figure 10C. Piston design for extension spring. 
 
 

The next modifications involve the force plate design. The previous design 

(Figure 6) worked but was quite inefficient, limiting cadaver testing capabilities due to 

plate location, and creating a very difficult access point for force plate adjustments. To 

fix these problems an electromagnetic system (Figure 11) was incorporated, allowing for 

any landing location. The design starts with a steel trapezoidal frame plate, 30x72 inches, 

that covers all the possible landing zones so the electromagnet can magnetize to the frame 

plate at any location. Then the loadcell was mounted to the 10x10 inches aluminum plate 

with four DC 12V 110-pound electromagnets mounted 1-inch towards the plate center. 

The electromagnets were attached to a mini regulated DC power supply with a toggle 

switch, allowing for location changes with the flip of a switch. The electromagnets have 

been tested at their max current .68A, which provides 110-pound of force, and creates no 

distortion via the magnetic field. Finally, an aluminum 12x20-inch impact plate was 

mounted to the top of the loadcell, to receive the impact and take readings. The material 

used for the force plate (plates sandwiching the loadcell) are Allumium6061 T6 cut to the 

same specifications stated above. Allumium6061 T6 (Table 1) was chosen because it is 

inexpensive, non-corrosive, and was proven (Equation 1) to withstand the maximum 

possible forces that can occur based on previous research (Trepeck, 2017). The frame 
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plate is 1045 hot rolled steel (Table 1) coated in a water-resistant paint, as it was the least 

expensive method of acquiring a fluid-resistant magnetic high strength metal. 1045 hot 

rolled steel is well above any force capabilities of this experiment (Equation 2). The parts 

were designed and modified via the FAU Machine Shop and SolidWorks 2017. 

 

 
Figure 11. Force plate modification and assembly to work with electromagnets. 
 
 
Table 1 
 
Material Stresses and Relative Information 
 

Material Stress PSI Corrosive Resistance Magnetism Cost 

aluminum 6061-t6 40000 Good bad inexpensive 

1045 hr steel 57000 Bad good inexpensive 

 
 

 

L = Total load applied  
A = Total area of the part  

Equation 1. Formula to determine stress based on tension. 
 

 
M = Moment about neutral axis 
c = perpendicular distance to the neutral axis 
I = second moment area about the neutral axis  

Equation 2. Formula to determine stress based on bending 
 



 

 35 

4.2.2 Pre-test Preparations 

Before the testing began there were a few preparations that needed to be made and 

based on the test parameters had to be altered. The first thing was to inspect and test all 

the systems, from the screws in the frame all the way to the computer responses from the 

DVRT. Once all the inspections and tests are complete, the next step was to alter the 

mechanism and mount the cadaveric leg to it (section 4.2.3). Then the hamstring loading, 

quadricep loading, and valgus degree were programed into the system and the leg 

repositioned accordingly. Finally, the force plate was moved directly under the impact 

site, determined by the foot’s alignment with the ground. 

4.2.3 Cadaver to Mechanism Mounting Procedure 

The cadaveric leg must be mounted to the mechanism in order to perform the 

simulation of a jump landing. The first step was to determine if the cadaveric leg was a 

right or left leg because that determines the absorption spring system to be used and the 

controls for the quadricep and hamstring loading. With a left leg, all components remain 

standard; the spring is compressed and the controls are standard for flexion, extension, 

abduction, adduction, hamstring loading, and quadricep loading. When using a right leg, 

the components change; the springs are swapped to allow for extension, and the standard 

controls become inverted. Once the leg type was identified and the alterations were 

accounted for, the threaded rod stated in section 4.1.3 was screwed into the mechanism. 

Immediately following the femur to mechanism connection, the nozzles discussed in 

section 4.1.4 were connected to the cables that control the hamstrings and quadriceps 

loading via adaptors. Then, as stated in section 4.2.2, control adjustments were made 

according to the testing specifications. 
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4.3 Program Methods 

 This system uses the program LabView 2014. This program uses a block diagram 

design to record raw data in real time and also functions as a control panel. For this 

research, the LabView program takes into account two notable functions, DAQ assistant 

and VISA Serial. DAQ assistant (Figure 12) is a block in the in the LabView diagram 

that records the DVRT’s readings and sends them to a ‘write to measurement file’ in 

order to determine deformation. VISA Serial (Figure 13) is used to create a control panel 

that directly controls the actuators and motors to allow for a variety of simulation 

parameters. The base program was initially written by Dr. Trepeck, but modifications 

were necessary for the improved functionality of the machine and to accommodate the 

additional MCL DVRT. 

 
Figure 12. DAQ assistant block diagram. 
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Figure 13. Visa serial diagram. 
 
 
4.3.1 Program Modification 

The previous program used only accounted for a single DVRT since the prior 

research done only measured ACL strain. For this new study, the MCL was tested as 

well. Since part of this study is to understand the relationships between the ACL and 

MCL, there had to be two DVRTs to take measurements of both ligaments 

simultaneously in real time. In order to use two DVRTs, one more DAQ channel must be 

added to the DVRT DAQ assistant block. There was another channel added, in order to 

resolve a DAQ box malfunction, which will be discussed in section 4.3.3. As stated in 

section 4.2.1, the machine was adapted for the use of right legs. This creates a control 

problem for the user because the controls become inverted. The inversion of the controls 

due to right leg use, discussed in section 4.2.3, requires clear identifiers to the VISA 

serial control panel to clarify the inversions, reducing the chance of user error. 

4.3.2 DVRT Connection/Setup 

As stated in section 4.1.5, there will be two DVRTs used to monitor the ligaments  
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simultaneously. Originally there were two DVRTs in our possession. However, the 

original DVRT used in Dr. Trepeck’s research malfunctioned and had to be retired. 

LORD Microstraintm suggested that we should purchase a new Demod-DVRT signal 

conditioner with the new DVRT because they discontinued the model we currently 

possessed. Therefore, a new Demod-DVRT signal conditioner and DVRT were used. 

This means there are two DVRTs connected to two different signal conditioners, but due 

to the modifications made to DAQ assistant (section 4.3.1), the DAQ assistant design will 

only require one of the channel names and equations to be altered to accommodate the 

new parts specs. The two signal conditioners input a signal to the DVRT DAQ box, 

which then compiles and transmits the data to LabView where the DVRT DAQ assistant 

block can interpret the data. Attached to the DVRT DAQ assistant block are calibration 

equations (Equations 3-4) unique to each DVRT which allows the graphing blocks to plot 

the forces. The raw data is recorded to a ‘write to measurement file’ block and saved as 

an LVM file. The configuration used allows for simplicity and real time data feeds. This 

reduces potential issues when transferring raw data between the softwares and allowing 

trackable accuracy during testing. 

 
 

Where,  

D = Displacement (mm) 

M = Slope (mm/V) 

x = Sensor Output (V) 

B = Offset (V) 

Equation 3. General Calibration Formula for a DVRT. 
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Equation 4. Calibration Formula’s for ACL & MCL DVRT. 

 
4.3.3 GRF Connection/Setup 

The ground reaction force (GRF) was originally recorded through its own DAQ 

box. However, after testing the GRF amplifier and GRF DAQ box, it was determined that 

the GRF DAQ box was malfunctioning. The GRF data is now connected to the same 

DAQ box as the DVRTs in section 4.3.2. This means that the GRF DAQ assistant block 

in LabView will be removed and a new DAQ channel will be added to the DVRT DAQ 

assistant block. 

4.3.4 Actuator and Motor Connection/Setup 

The motor and actuators attach to the mechanism via cables in order to control 

flexion, extension, abduction, adduction, hamstring loading, and quadricep loading 

(section 1.3.1). The cables all have their own Tacuna System STA Series S-Type/S-Beam 

Aluminum 250 kg (2452N) load cell attached to them. To attain the desired data the 

output needed to be amplified; therefore, EMBSGB200-M loadcell amplifiers were 

incorporated. The purpose of these configurations is to allow the motors and actuators to 

be controlled by LabView via a RS232 connection. This allows specific specifications to 

be implemented and recorded in real time. 

4.3.5 Data Analysis 

After all tests were completed, data processing was done using Microsoft Excel 

2016 and MATLAB 2016 (see appendix). The data pool requires some data cuts to help 

make the deformation data more understandable. After consulting with Dr. Trepeck, it 
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was determined that putting a data cut at 1 second on both sides of the maximum GRF 

was the most convenient method to determine the DVRT’s initial deformations, and 

quadriceps/hamstring forces. The next step was to reduce unwanted noise, to do this a 

fourth order Butterworth filter was used on the cut data. The filter is designed to cutoff 

any frequency higher then 200Hz, as anything in this frequency range is unnecessary 

noise (Trepeck, 2017). It was determined through prior research that a second 

Butterworth filter was necessary because the DVRT’s needed a different Butterworth 

filter than the rest of the data to get accurate results. The second Butterworth filter was 

set to cut off frequencies of 50Hz or higher (Trepeck, 2017).  

After all the filtering was complete, equations were implemented into the 

MATLAB code to convert the DVRT’s voltages into deformation and to convert loadcell 

voltage into force. The DVRT length at full compression was needed to compare with the 

LabView measurements in order to determine minimum measured values and the 

minimum position of the DVRTs. After finding the minimum position and measured 

values of the DVRTs, as well as, converting all the data into Microsoft Excel, the 

calculations for ACL and MCL strain began. Appling the previously stated measurements 

with the initial deformations recorded from every test made it possible to determine the 

DVRT’s initial length creating the most accurate strain measurements possible for the 

ACL and MCL (Equations 5-7).  

After ACL and MCL strain was determined graphical comparisons and statistical 

analyses were produced via Microsoft Excel to determine how the results corresponded to 

one another, which will be discussed in sections 5-7. Because of the questions raised in 

section 2, two types of comparisons were made for both the ACL and MCL. First, 
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comparisons were made based on hamstring and quadricep loading at fixed degrees of 

valgus. Second, was comparisons of various degrees of valgus at fixed hamstring and 

quadricep loadings. The statistical results were determined with MATLAB through a 

One-Way ANOVA Bonferroni. This test allowed for all values to be compared amongst 

each other to determine statistical significance, which will be discussed further in 

sections 5-7. 

 
 

 
Equation 5. Formula to calculate strain through DVRT deformation. 

 

 

Equation 6. Formula for initial DVRT deformation. 

 

 

Equation 7. Formula for final DVRT deformation. 

 
Where, 

LDVRT(min) = DVRT length at its most compressed point 

lDVRT(min) = DVRT deformation measured via LabView at its most compressed point 

ln(initial) = Starting deformation of each test 

ln(max) = Maximum deformation of each test 

 
4.4 Experiment Method 

These experiments will be carried out using the in vitro method discussed in  
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section 1.4. The cadaveric legs will all go through the same experimental process and the 

same quantities of tests. Since there are a limited number of freeze/thaws that a cadaveric 

leg can handle before they are too degenerated for testing, each leg will be taken out once 

and all the tests will be performed on that leg. After 2 to 4 tests, a saline solution will be 

sprayed on the leg to help preserve it until testing is completed. 

4.4.1 Testing Ramifications 

Since this type of study can reveal a considerable amount of information, and can 

be done in a variety of ways, this research has been refined to fit certain testing 

ramifications that will help focus the results to answer the questions in section 4.4.2. 

There will be four legs tested; all the leg tests will be repeated 4-5 times for a total of 48-

64 tests. Additionally, each cadaveric leg’s foot will be in the natural foot position (toe-

tip down) and will have a basic shoe on to prevent the foot from slippage during landing. 

The constant parameters that the cadaveric legs will undergo are knee flexion of 15˚, and 

a drop height of 1 foot. The varying ramifications will be completed as follows:  

a. Set A 

• 5˚ of valgus 

• Loading set 1, Quadricep (Q) = 0 Newton (N), Hamstring (H) = 0 

Newtons (N) 

• Loading set 2, Q = 150N, H = 0N 

• Loading set 3, Q = 300N, H = 0N 

• Loading set 4, Q = 300N, H = 100N 

b. Set B 

• 15˚ of valgus 
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• Loading sets follow Set A parameters 

c. Set C 

• 25˚ of valgus 

• Loading sets follow Set A parameters 
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5. RESULTS 

 The purpose of this section is to show all the analyzed and statistical 

interpretations of the results. This section will also include the results associated with 

questions 1-2 (section 2). Further discussion on the results and possible reasons regarding 

the outcome, as well as answers to the question 3 in section 2 will be discussed in section 

5. The results, as stated in section 4.3.5, compare various degrees of valgus, hamstring 

loading, quadricep loading, ACL strain, and MCL strain. The following graphs give a 

visual perspective of the testing results. All the graphs are box-whisker graphs; the box 

indicates the first to third quartile of the data, the whiskers indicate maximum and 

minimum values, the line in the box indicates median, and the x in the box indicate the 

mean.  

5.1 Graphical & Statistical Comparisons of ACL and MCL Strain with Various 

Quadricep and Hamstring Forces (Fixed Degrees of Valgus) 

 The graphs in this section are organized for the convenience of the reader starting 

with ACL strain comparisons followed by ACL statistical analysis, then MCL strain 

comparisons followed by the MCL statistical analysis, and finally ACL and MCL 

Comparisons. In the sections to come, it will be obvious that the Q and H values applied 

are not exact. This is due to a problem discovered with the motor mounts. The old system 

set up wedged the motors into place so they could create the necessary forces. However, 

the forces applied in these experiments exceeded the wedges resistive forces and came 

free. Due to budget and time constraints it was not possible to fix this problem but with 
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careful testing it was possible to reach the desired forces even though the values seem 

slightly larger and/or smaller than the ramification values. Note that all the tests 

performed on ACL were done simultaneously with the MCL and therefore, the 

quadriceps, hamstring, and ground reaction forces will all be the same per section. 

5.1.1 Fixed at 5˚ Valgus 

 This set of data is fixed at 5˚ Valgus where Quadricep forces (QF) and Hamstring 

forces (HF) vary (Figures 14-15). There was a total of 60 tests performed. After 

calculations, 53 of the ACL and 52 of the MCL values were acceptable. The following 

information is the averages of the data, as well as the standard deviations (SD). For test 

set 0Q 0H the forces were QF = 57.4N (SD = 24.9N), HF = 72.9N (SD = 23.5N), and 

GRF = 2413.7N (SD = 379.9N). For test set 150Q 0H the forces were QF = 130.1N (SD 

= 19.1N), HF = 73.3N (SD = 23.7N), and GRF = 2294.8N (SD = 225.2N). For test set 

300Q 0H the forces were QF = 284.4N (SD = 21.3N), HF = 71.8N (SD = 26.5N), and 

GRF = 2245.9N (SD = 593.5N). For test set 300Q 100H the forces were QF = 287.7N 

(SD = 23.4N), HF = 95.4N (SD = 15N), and GRF = 2023.6N (SD = 437.3N).  

 Visually Figure 14 appears to show a trend that the greater the force applied by 

the quadriceps and hamstrings, the smaller the strain value ranges become. However, 

when looking at the statistical analysis of this graph (Table 2) there appears to be no 

statistical significance. 
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Figure 14. ACL strain at various hamstring and quadricep forces; 53 simulations at 1ft. 
height, 5˚ valgus. 
 

Table 2 

ACL, Quadricep, and Hamstring Comparisons at 5o Valgus 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-value Statistically 
Significant 

0Q 0H 150Q 0H -0.1820 -0.0268 0.1284 1.0000 No 

0Q 0H 300Q 0H -0.1475 0.0077 0.1629 1.0000 No 

0Q 0H 300Q 100H -0.0757 0.0828 0.2413 0.9412 No 

150Q 0H 300Q 0H -0.1235 0.0345 0.1925 1.0000 No 

150Q 0H 300Q 100H -0.0516 0.1096 0.2709 0.4048 No 

300Q 0H 300Q 100H -0.0861 0.0752 0.2364 1.0000 No 
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Figure 15. MCL strain at various hamstring and quadricep forces; 52 simulations at 1ft. 
height, 5˚ valgus. 
 

 Visually Figure 15 shows the heights range of values at 0Q 0H. However, there 

does not seem to be a descending value range like the ACL. In fact, it appears that the 3:0 

ratio shown in 300Q 0H has a higher data range than 150Q 0H and 300Q 100H. Even 

though this gives some interesting visual results, when statistically analyzed (Table 3) no 

statistical significance was found.  
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Table 3 

MCL, Quadricep, and Hamstring Comparisons at 5o Valgus 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-value Statistically 
Significant 

0Q 0H 150Q 0H -0.0596 0.0682 0.1960 0.8861 No 

0Q 0H 300Q 0H -0.0843 0.0460 0.1762 1.0000 No 

0Q 0H 300Q 100H -0.0574 0.0704 0.1982 0.8116 No 

150Q 0H 300Q 0H -0.1471 -0.0223 0.1026 1.0000 No 

150Q 0H 300Q 100H -0.1201 0.0022 0.1246 1.0000 No 

300Q 0H 300Q 100H -0.1004 0.0245 0.1493 1.0000 No 

 

5.1.2 Fixed at 15˚ Valgus 

This set of data is fixed at 15˚ valgus where quadricep forces (QF) and hamstring 

forces (HF) vary (Figures 16-17). There was a total of 36 tests performed. After 

calculations, 32 of the ACL and 35 of the MCL values were acceptable. The following 

information is the averages of the data, as well as the standard deviations (SD). For test 

set 0Q 0H the forces were QF = 65.1N (SD = 21.4n), HF = 73.1N (SD = 28.8N), and 

GRF = 2213.1N (SD = 367.3N). For test set 150Q 0H the forces were QF = 140.13N (SD 

= 13.1N), HF = 73.1N (SD = 29.6N), and GRF = 2523.7N (SD = 413.1N). For test set 

300Q 0H the forces were QF = 287.5N (SD = 19.4N), HF = 76.5N (SD = 32.4N), and 

GRF = 2977.2N (SD = 902.6N). For test set 300Q 100H the forces were QF = 286.5N 

(DS = 17.1N), HF = 96.6N (SD = 14.9N), and GRF = 2589.9N (SD = 590.4N). 
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Figure 16. ACL strain at various hamstring and quadricep forces; 32 simulations at 1ft. 
height, 15˚ valgus. 
 
 
 Visually Figure 16 shows that as the quadricep and hamstring forces increase the 

ACL strain decreases. However, after statistical analysis (Table 4) there are two 

comparisons that showed statistical significance. Comparison one is between 0Q 0H and 

300Q 0H and comparison two is between 0Q 0H and 300Q 100H. In both cases a 

significantly higher 0Q 0H value range occurs. 
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Table 4 

ACL, Quadricep, and Hamstring Comparisons at 15o Valgus 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-value Statistically 
Significant 

0Q 0H 150Q 0H -0.0016 0.0593 0.1202 0.0601 No 

0Q 0H 300Q 0H 0.0237 0.0888 0.1539 0.0035 Yes 

0Q 0H 300Q 100H 0.0217 0.0845 0.1473 0.0040 Yes 

150Q 0H 300Q 0H -0.0356 0.0296 0.0947 1.0000 No 

150Q 0H 300Q 100H -0.0375 0.252 0.0080 1.0000 No 

300Q 0H 300Q 100H -0.0712 -0.0243 0.0626 1.0000 No 

 

 
Figure 17. MCL strain at various hamstring and quadricep forces, 35 simulations at 1ft. 
height, 15˚ valgus. 

 

 Visually Figure 17 shows that 0Q 0H has a higher value range than all other 

quadricep and hamstring forces. However, statistical analysis in Table 5 shows that there 

is no statistical significance between these values. 
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Table 5 

MCL, Quadricep, and Hamstring Comparisons at 15o Valgus 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-value Statistically 
Significant 

0Q 0H 150Q 0H -0.0257 0.0136 0.0529 1.0000 No 

0Q 0H 300Q 0H -0.0352 0.0029 0.0410 1.0000 No 

0Q 0H 300Q 100H -0.0153 0.0254 0.0662 0.5247 No 

150Q 0H 300Q 0H -0.0500 -0.0107 0.0285 1.0000 No 

150Q 0H 300Q 100H -0.0300 0.0118 0.0537 1.0000 No 

300Q 0H 300Q 100H -0.0181 0.0226 0.0633 0.7644 No 

 

5.1.3 Fixed at 25˚ Valgus 

This set of data is fixed at 25˚ valgus where quadricep forces (QF) and hamstring 

forces (HF) vary (Figures 18-19). There was a total of 36 tests performed. After 

calculations, 26 of the ACL and 33 of the MCL values were acceptable. The following 

information is the averages of the data, as well as the standard deviations (SD). For test 

set 0Q 0H the forces were QF = 60.5N (SD = 20.6N), HF = 73.4N (SD = 29.1N), and 

GRF = 1781.8N (SD = 377.4N). For test set 150Q 0H the forces were QF = 138.8N (SD 

= 12.1N), HF = 70.4N (SD = 27.5N), and GRF = 2155.4N (SD = 505.6N). For test set 

300Q 0H the forces were QF = 284.7N (SD = 29.3N), HF = 72.5N (SD = 29.7N), and 

GRF = 2001.9N (SD = 377.4N). For test set 300Q 100H the forces were QF = 304.4N 

(DS = 15.5N), HF = 99.5N (SD = 2.1N), and GRF = 2022.7N (SD = 501.6N). 
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Figure 18. ACL strain at various hamstring and quadricep forces; 26 simulations at 1ft. 
height, 25˚ valgus. 
 

 Visually Figure 18 shows a similar trend to Figure 14, the values range decreases 

as the quadricep and hamstring forces increase. However, statistical analysis (Table 6) 

shows that no statistical significance is occurring between these data sets. 

 
Table 6 

ACL, Quadricep, and Hamstring Comparisons at 25o Valgus 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-value Statistically 
Significant 

0Q 0H 150Q 0H -0.0262 0.0456 0.1174 0.4764 No 

0Q 0H 300Q 0H -0.0303 0.0415 0.1133 0.6459 No 

0Q 0H 300Q 100H -0.0168 0.0550 0.1268 0.2227 No 

150Q 0H 300Q 0H -0.0808 -0.0040 0.0727 1.0000 No 

150Q 0H 300Q 100H -0.0674 0.0094 0.0862 1.0000 No 

300Q 0H 300Q 100H -0.0633 0.0134 0.0902 1.0000 No 
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Figure 19. MCL strain at various hamstring and quadricep forces; 33 simulations at 1ft. 
height, 25˚ valgus. 
 

 Visually Figure 19 shows a unique difference from all other graphs. Its is the only 

case that a value range of activation of a quadricep is larger than a 0Q 0H. However, 

statistical analysis (Table 7) shows that no statistical significance occurs between the data 

sets.  
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Table 7 

MCL, Quadricep, and Hamstring Comparisons at 25o Valgus 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-value Statistically 
Significant 

0Q 0H 150Q 0H -0.0257 0.0136 0.0529 1.0000 No 

0Q 0H 300Q 0H -0.0352 0.0029 0.0410 1.0000 No 

0Q 0H 300Q 100H -0.0153 0.0254 0.0662 0.5247 No 

150Q 0H 300Q 0H -0.0500 -0.0107 0.0285 1.0000 No 

150Q 0H 300Q 100H -0.0300 0.0118 0.0537 1.0000 No 

300Q 0H 300Q 100H -0.0181 0.0226 0.0633 0.7644 No 

 

5.2 Graphical & Statistical Comparisons of ACL and MCL Strain with Various Fix 

Degrees of Valgus (Fixed Quadricep and Hamstring Forces) 

 This section, for readers’ convenience, will follow the same format as the 

previous section. Note that average values and the SD are the same as the previous 

section, as this section contains all the same data but allows for valgus comparisons 

instead of Q and H comparisons. 

5.2.1 Fixed Quadricep & Hamstring Forces (0Q 0H) 

 There were 33 tests performed at 0Q 0H however, after calculations only 31 of 

ACL and 31 of the MCL the values were acceptable. Figures 20-21 show a visual 

perspective of the data tested. 
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Figure 20. ACL strain at various degrees of valgus; 31 simulations at 1ft. height, 0Q 0H. 
 

 Visually Figure 20 shows an interesting trend. As the degree of valgus increases, 

it appears that the ACL strain value range decreases. After statistical analysis (Table 8) 

there were two statistically significant comparisons found. The first compares 5˚ of 

valgus to 15˚ of valgus and the second compares 5˚ of valgus to 25˚ valgus.  
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Table 8 

ACL, Valgus Comparisons 0 Quadricep 0 Hamstring 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-
value 

Statistically 
Significant 

5o Valgus 15o Valgus 0.0326 0.1457 0.2587 0.0085 Yes 

5o Valgus 25o Valgus 0.0611 0.1792 0.2973 0.0019 Yes 

15o Valgus 25o Valgus -0.0985 0.0335 0.1655 1.0000 No 

 

 
Figure 21. MCL strain at various degrees of valgus; 31 simulations at 1ft. height, 0Q 0H. 
 

 Visually Figure 21 shows a similar trend to Figure 20. As the degree of valgus 

increases the MCL strain value ranges decrease. However, statistical analysis (Table 9) 

indicates that there is no statistical significance between this data set. 
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Table 9 

MCL, Valgus Comparisons 0 Quadricep 0 Hamstring 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-
value 

Statistically 
Significant 

5o Valgus 15o Valgus -0.1766 -0.0037 0.1693 1.0000 No 

5o Valgus 25o Valgus -0.0919 0.0810 0.2540 0.7239 No 

15o Valgus 25o Valgus -0.1077 0.0847 0.2772 0.8109 No 

 

5.2.2 Fixed Quadricep & Hamstring Forces (150Q 0H) 

 There were 33 tests performed at 150Q 0H. However, after calculations only 28 

of ACL and 30 of the MCL values were acceptable. Figures 22-23 show a visual 

perspective of the data tested. 

 

 
Figure 22. ACL strain at various degrees of valgus; 28 simulations at 1ft. height, 150Q 
0H. 
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 Visually Figure 22 shows that as the degree of valgus increases, the ACL strain 

value ranges decrease. After statistical analysis (Table 10) a statistical significance was 

found in two of the comparisons. The first compared 5˚ degrees of valgus to 15˚ degrees 

of valgus. The second compared 5˚ degrees of valgus to 25˚ degrees of valgus. 

 
Table 10 

ACL, Valgus Comparisons 150 Quadricep 0 Hamstring 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-
value 

Statistically 
Significant 

5o Valgus 15o Valgus 0.1110 0.2360 0.3609 0.0002 Yes 

5o Valgus 25o Valgus 0.1143 0.2566 0.3988 0.0003 Yes 

15o Valgus 25o Valgus -0.1313 0.0206 0.1725 1.0000 No 

 

 
Figure 23. MCL strain at various degrees of valgus; 30 simulations at 1ft. height, 150Q 
0H. 
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 Visually Figure 23 shows the same type of trend as Figure 22, as the degrees of 

valgus increase MCL strain decreases. After statistical analysis (Table 11) it was 

determined that no statistical significance was found between these data sets. 

 
Table 11 

MCL, Valgus Comparisons 150 Quadricep 0 Hamstring 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-
value 

Statistically 
Significant 

5o Valgus 15o Valgus -0.0399 0.0134 0.0668 1.0000 No 

5o Valgus 25o Valgus -0.0246 0.0307 0.0860 0.5020 No 

15o Valgus 25o Valgus -0.0425 0.0173 0.0771 1.0000 No 

 

5.2.3 Fixed Quadricep & Hamstring Forces (300Q 0H) 

 There were 33 tests performed at 300Q 0H; however, after calculations only 26 of 

ACL and 30 of the MCL values were acceptable. Figures 24-25 show a visual perspective 

of the data tested. 
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Figure 24. ACL strain at various degrees of valgus; 26 simulations at 1ft. height, 300Q 
0H. 
  

 Visually Figure 24 shows that as the degree of valgus increases, ACL strain value 

ranges decrease. After statistical analysis (Table 12) a statistical significance was found 

in two comparisons. The first compared 5˚ of valgus to 15˚ of valgus. The second 

compared 5˚ of valgus with 25˚ of valgus. 

 
Table 12 

ACL, Valgus Comparisons 300 Quadricep 0 Hamstring 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-
value 

Statistically 
Significant 

5o Valgus 15o Valgus 0.0927 0.2310 0.3694 0.0008 Yes 

5o Valgus 25o Valgus 0.0724 0.2181 0.3637 0.0024 Yes 

15o Valgus 25o Valgus -0.1772 -0.0130 0.1512 1.0000 No 
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Figure 25. MCL strain at various degrees of valgus; 30 simulations at 1ft. height, 300Q 
0H. 
 

 Visually Figure 25 shows that as degree of valgus increases, the MCL strain value 

ranges are decreasing. However, statistical analysis (Table 13) shows that no statistical 

significance occurred when comparing these data values. 

 
Table 13 

MCL, Valgus Comparisons 300 Quadricep 0 Hamstring 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-
value 

Statistically 
Significant 

5o Valgus 15o Valgus -0.0056 0.0577 0.1211 0.0831 No 

5o Valgus 25o Valgus -0.0211 0.0422 0.1056 0.3009 No 

15o Valgus 25o Valgus -0.0832 -0.0155 0.0522 1.0000 No 
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5.2.4 Fixed Quadricep & Hamstring Forces (300Q 100H) 

 There were 33 tests performed at 300Q 100H however, after calculations only 25 

of ACL and 28 of the MCL values were acceptable. Figures 26-27 show a visual 

perspective of the data tested. 

 
Figure 26. ACL strain at various degrees of valgus; 25 simulations at 1ft. height, 300Q 
100H. 
 

 Visually Figure 26 shows consistency with the trends in the previous figures: as 

degree of valgus increases, the ACL strain value ranges decrease. After statistical 

analysis (Table 14) a statistical significance was found in two comparisons. The first 

compared 5˚ of valgus to 15˚ of valgus. The second compared 5˚ of valgus with 25˚ of 

valgus.  
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Table 14 

ACL, Valgus Comparisons 300 Quadricep 100 Hamstring 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-
value 

Statistically 
Significant 

5o Valgus 15o Valgus 0.0149 0.1483 0.2817 0.0261 Yes 

5o Valgus 25o Valgus 0.0161 0.1563 0.2966 0.0256 Yes 

15o Valgus 25o Valgus -0.1480 0.0081 0.1641 1.0000 No 

 

 
Figure 27. MCL strain at various degrees of valgus; 28 simulations at 1ft. height, 300Q 
100H. 
 

 Visually Figure 27 shows that as degree of valgus increases, the MCL strain value 

ranges decrease. However, statistical analysis (Table 15) shows that no statistical 

significance occurred when comparing these data values. 
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Table 15 

MCL, Valgus Comparisons 300 Quadricep 100 Hamstring 

Compared Data Sets 95% Confidence 
Interval (Lower 

Limits) 

Mean 
Difference 

95% Confidence 
Interval (Upper 

Limits) 

P-
value 

Statistically 
Significant 

5o Valgus 15o Valgus -0.0822 -0.0066 0.0689 1.0000 No 

5o Valgus 25o Valgus -0.0374 0.0413 0.1201 0.5684 No 

15o Valgus 25o Valgus -0.0377 0.0480 0.1337 0.4879 No 
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6. DISCUSSION 

 It can be seen throughout section 5 that the majority of the tests conducted follow 

similar trends. It can also be determined that most of the test results do not show a 

statistical significance when compared amongst each other. This being said, what does all 

this information actual indicate. The purpose of this section is to answers question three 

(Section 2) and discuss possible causes of the results. 

6.1 Question 3 Answers Based on Interpretation of Results 

The topic of discussion in this section pertains to the following questions. “Are 

there any relationships/trends between the ACL and/or MCL. If yes, what are the 

relationships/trends indicating in relation to degrees of abduction/valgus and loading of 

the hamstrings/quadriceps?” 

 When looking at variations of loading on hamstrings/quadriceps (fixed Valgus) 

there are visual trends however, from a statistic stand point there were too few 

statistically significant comparisons for any real trend to be present. When looking at the 

graphs, visually Figures 14-19 show that as quadricep/hamstring loading increases, ACL 

and MCL strain decreases. This follows the theory that quadricep and hamstring 

activation protects and reduces ACL and MCL strain. It was shown in Figure 16 that 

there was a statistically significant difference between 0Q 0H, 300Q 0H, and 300Q 100H. 

This combined with the visual trends leads me to believe that a larger testing pool needs 

to be conducted to see more statistically significant results. These graphs also visually 

show that there is more ACL strain than MCL strain when simulating a jump landing at a  
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1ft. drop height. Although no statistical significance was found between these 

comparisons, I do believe that with further research and a larger testing pool, statistically 

testing will show more strain in the ACL than in the MCL.   

 When looking at variations in degrees of valgus (fixed QF and HF) there are 

trends present that are statistically significant throughout all the testing preformed but 

only regarding the ACL. The MCL Visual shows trends similar to the ACL trends 

(Figures 20-27); however, no statistical significance was found in comparing degrees of 

valgus. In every ACL case, visually and statistically, 5˚ of valgus was significantly higher 

in strain when compared to 15˚ and 20˚ of valgus (Figures 20, 22, 24, 26). This 

completely opposes my hypothesis that higher valgus angles create more strain. 

However, this could be affected by each leg’s natural foot lie, pronation or supination. 

Further testing on the effects of pronation and supination on ACL and MCL strain is 

required to determine this. Additionally, after extensive analyzation of the tests 

performed, another theory of what may have caused these results arose. An unusual 

phenomenon was observed, as the degree of valgus increased the more drastic the natural 

foot flare became. Foot fare puts a natural pre-strain on the ligaments in the knee. 

However, further research is required to understand just how much pre-strain is created.  

 To ensure the most accurate results possible a larger subject pool is required. The 

machine needs a modification to keep fixed foot flare regardless of the valgus angle and a 

value offset needs to be determined to compensate for the pronation and supination 

effects that may skew data ranges. 
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7. CONCLUSION 

 The purpose of this thesis was to further the scientific understanding of the effects 

of dynamic loading on the ACL, and MCL. To get the Hybrid Cadaveric System to 

perform these tasks a variety of modifications were necessary in order to adapt the 

machine. The modifications proved successful; increasing the Hybrid Cadaveric System’s 

efficiency and accommodating a much larger range of test options.  

 The tests focused on determining differences between various quadricep and 

hamstring loading, as well as varying degrees of valgus. The tests preformed showed that 

degree of valgus does play a role in ACL strain at fixed quadricep and hamstring loads. 

However, MCL strain showed no statistical significance, indicating that valgus plays an 

insignificant role in MCL strain. The tests performed based on quadriceps and hamstrings 

forces, (fixed valgus) showed no significant difference in almost all cases. Due to the fact 

that visual trends remained consistent coupled with the fact that there was statistical 

significance shown in some cases, leads to the conclusion that muscle activation reduces 

the strain on the ACL and MCL. It can also be concluded that valgus does effect strain to 

the ACL, but remains negligible for the MCL. However, due to limitations further testing 

is required with a much larger specimen pool. By increasing the specimen pool, ACL and 

MCL strain results will become significantly more accurate. When testing cadavers, a 

number of variables needs to be considered per cadaver, including foot flare, pronation, 

and supination.
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 This thesis has provided progressive steps to fully understanding ACL and MCL 

strain in a dynamic loading scenario. The modifications made allow for a more versatile 

pool of specimens, as well as increased testing efficiency. Additionally, the Hybrid 

Cadaveric System can now test multiple ligaments simultaneously. This enables a major 

progressive step in understanding ligaments because it is now possible to see in real time 

how ligaments interact in accordance to one another. This thesis also opens up more 

avenues of consideration for ligament research because without consideration of foot 

flare, pronation, and supination of each cadaver a large margin of error is possible. 

Further testing is necessary to determine just how drastic this error can be. 
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8. APPENDIX 

%Mark DiRoma 
%% Import data from text file. 
%    C:\Users\mdiroma\Dropbox\Leg65RightLeg\Reverse(Q_H)Test1_SetA_0Q_
0H_2.lvm 
% Script for importing data from the following text file: 
% 
% 
% To extend the code to different selected data or a different text file, 
% generate a function instead of a script. 
 
% Auto-generated by MATLAB on 2018/05/16 18:55:43 
clear, clc, close all 
%% Initialize variables. 
filename = 
'C:\Users\mdiroma\Dropbox\leg62left\(normal_Q_H)Test13_SetD_300Q_100H_
1_45degree.lvm'; 
delimiter = '\t'; 
startRow = 2; 
 
%% Format for each line of text: 
%   column1: double (%f) 
% column2: double (%f) 
%   column3: double (%f) 
% column4: double (%f) 
%   column5: double (%f) 
% column6: double (%f) 
%   column7: double (%f) 
% column8: double (%f) 
%   column9: double (%f) 
% column10: text (%s) 
% For more information, see the TEXTSCAN documentation. 
formatSpec = '%f%f%f%f%f%f%f%f%f%s%[^\n\r]'; 
% mean(Quad((2000:8000))) 
% mean(Ham((2000:8000))) 
% mean(ACL((2000:8000))) 
% max(ACL((8700:10000))) 
% mean(MCL((2000:7000))) 
% max(MCL((9000:10000))) 
% max(GRF((2000:20000)))
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%% Open the text file. 
fileID = fopen(filename,'r'); 
 
%% Read columns of data according to the format. 
% This call is based on the structure of the file used to generate this 
% code. If an error occurs for a different file, try regenerating the code 
% from the Import Tool. 
dataArray = textscan(fileID, formatSpec, 'Delimiter', delimiter, 'TextType', 
'string', 'EmptyValue', NaN, 'HeaderLines' ,startRow-1, 'ReturnOnError', false, 
'EndOfLine', '\r\n'); 
 
%% Close the text file. 
fclose(fileID); 
 
%% Post processing for unimportable data. 
% No unimportable data rules were applied during the import, so no post 
% processing code is included. To generate code which works for 
% unimportable data, select unimportable cells in a file and regenerate the 
% script. 
 
 
%% Allocate imported array to column variable names 
X_Value = dataArray{:, 1}; 
H200740 = dataArray{:, 2}; 
H200779 = dataArray{:, 3}; 
H200748 = dataArray{:, 4}; 
H200742 = dataArray{:, 5}; 
FloorLoadCell = -dataArray{:, 9}; 
DVRT2 = dataArray{:, 7}; 
DVRT3 = dataArray{:, 8}; 
 
%% Clear temporary variables 
clearvars filename delimiter startRow formatSpec fileID dataArray ans; 
 
%% Cut Data 
% Plot Original Data 
figure(1) 
% plot(X_Value,H200740,'r');hold on; 
% plot(X_Value,H200779,'b'); 
% plot(X_Value,H200748,'g'); 
% plot(X_Value,H200742,'y'); 
% plot(X_Value,FloorLoadCell,'c') 
% %plot(X_Value,DVRT1,'m') 
% hold off 
[B,A] = butter(4,0.016); 
FloorLoadCell1 = filter(B,A,FloorLoadCell); 
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plot(X_Value,FloorLoadCell,'c'); hold on; 
plot(X_Value,FloorLoadCell1); 
hold off 
 
% Find minimum of Load Cell and cut 1 second before and after impact 
[FLCmin,FLCminpos] = min(FloorLoadCell1); 
FLCminT = X_Value(FLCminpos); 
FLCcut = FloorLoadCell(FLCminpos-find(X_Value==1):FLCminpos + 
find(X_Value==1)); 
Tcut = X_Value(FLCminpos-find(X_Value==1):FLCminpos 
+find(X_Value==1)); 
H200740cut = H200740(FLCminpos-
find(X_Value==1):FLCminpos+find(X_Value==1)); 
H200779cut = H200779(FLCminpos-
find(X_Value==1):FLCminpos+find(X_Value==1)); 
H200748cut = H200748(FLCminpos-
find(X_Value==1):FLCminpos+find(X_Value==1)); 
H200742cut = H200742(FLCminpos-
find(X_Value==1):FLCminpos+find(X_Value==1)); 
DVRTcut2 = DVRT2(FLCminpos-
find(X_Value==1):FLCminpos+find(X_Value==1)); 
DVRTcut3 = DVRT3(FLCminpos-
find(X_Value==1):FLCminpos+find(X_Value==1)); 
%plot cut data 
figure(2) 
plot(Tcut,H200740cut,'r');hold on; 
plot(Tcut,H200779cut,'b'); 
plot(Tcut,H200748cut,'g'); 
plot(Tcut,H200742cut,'y'); 
%plot(X_Value,DVRT1,'m') 
hold off 
 
%[B,A] = butter(4,0.016); 
FLCclean = filter(B,A,FLCcut); 
figure(3) 
subplot(211),plot(Tcut,FLCcut)%,axis([22 24 -3 1]),title('Compare data before 
and after filter') 
subplot(212),plot(Tcut,FLCclean)%,axis([22 24 -3 1]) 
H200740clean = filter(B,A,H200740cut); 
H200779clean = filter(B,A,H200779cut); 
H200748clean = filter(B,A,H200748cut); 
H200742clean = filter(B,A,H200742cut); 
cut = max(DVRTcut2); 
DVRTcut21 = DVRTcut2; 
DVRTcut21(DVRTcut21==cut) = []; 
DVRTclean2 = filter(B,A,DVRTcut21); 
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Tcut1 = Tcut; 
cutnum = find(DVRTcut2==cut); 
Tcut1(cutnum) = []; 
 
cut = max(DVRTcut3); 
DVRTcut31 = DVRTcut3; 
DVRTcut31(DVRTcut31==cut) = []; 
DVRTclean3 = filter(B,A,DVRTcut31); 
Tcut2 = Tcut; 
cutnum1 = find(DVRTcut3==cut); 
Tcut2(cutnum1) = []; 
 
 
%DATAc 
=[Tcut,H200740clean,H200779clean,H200748clean,H200742clean,FLCclean,DV
RTclean]; 
 
%header = ['Time','Flexion','abduction','Ham','Quad','FLC','DVRT']; 
%Compare orginal data vs filtered data 
demo1 = figure(4); 
subplot(241),plot(Tcut,H200740cut),axis([mean(Tcut)-1 mean(Tcut)+1 
mean(H200740cut)-1 mean(H200740cut)+1]),xlabel('Uncut Time 
[s]'),ylabel('Voltage') 
 
subplot(242),plot(Tcut,H200779cut),axis([mean(Tcut)-1 mean(Tcut)+1 
mean(H200740cut)-1 mean(H200740cut)+1]),xlabel('Uncut Time 
[s]'),ylabel('Voltage') 
 
subplot(243),plot(Tcut,H200748cut),axis([mean(Tcut)-1 mean(Tcut)+1 
mean(H200740cut)-1 mean(H200740cut)+1]),xlabel('Uncut Time 
[s]'),ylabel('Voltage') 
 
subplot(244),plot(Tcut,H200742cut),axis([mean(Tcut)-1 mean(Tcut)+1 
mean(H200740cut)-1 mean(H200740cut)+1]),xlabel('Uncut Time 
[s]'),ylabel('Voltage') 
 
subplot(245),plot(Tcut,H200740clean),axis([mean(Tcut)-1 mean(Tcut)+1 
mean(H200740cut)-1 mean(H200740cut)+1]),xlabel('Uncut Time 
[s]'),ylabel('Voltage') 
 
subplot(246),plot(Tcut,H200779clean),axis([mean(Tcut)-1 mean(Tcut)+1 
mean(H200740cut)-1 mean(H200740cut)+1]),xlabel('Uncut Time 
[s]'),ylabel('Voltage') 
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subplot(247),plot(Tcut,H200748clean),axis([mean(Tcut)-1 mean(Tcut)+1 
mean(H200740cut)-1 mean(H200740cut)+1]),xlabel('Uncut Time 
[s]'),ylabel('Voltage') 
 
subplot(248),plot(Tcut,H200742clean),axis([mean(Tcut)-1 mean(Tcut)+1 
mean(H200740cut)-1 mean(H200740cut)+1]),xlabel('Uncut Time 
[s]'),ylabel('Voltage') 
ax = findobj(demo1,'Type','Axes'); 
title(ax(7),'Compare data before and after filter') 
 
%%%%%%%%%%%%%%%%%%%%% DVRT seperate 
figure(5) 
subplot(221),plot(Tcut,DVRTcut2),title('Compare DVRT data before and after 
filter') 
subplot(222),plot(Tcut1,DVRTclean2) 
 
 
subplot(223),plot(Tcut,DVRTcut3)%,title('Compare DVRT data before and after 
filter') 
subplot(224),plot(Tcut2,DVRTclean3) 
 
 
% Apply formulas to convert from Voltage to Force/Deformation 
Time = Tcut-Tcut(1); 
Flexion = 9.806*(((H200740clean-
1.146)/(10.012*10.985*2))*(1000*250)/(1.9955*5.004)); 
Abduction = 9.806*(((H200779clean-
1.11)/(10.016*10.987*2))*(1000*250)/(2.0045*5.0072)); 
Ham = 9.806*(((H200748clean-
1.127)/(10.013*10.985*2))*(1000*250)/(2.0131*5.0098)); 
Quad = 9.806*((H200742clean-
1.126)/(10.013*10.989*2))*(1000*250)/(2.0026*5.0154); 
GRF = 4.4482*(-322.89*FLCclean - 127.39)+100; 
MCL = -1*(0.65081*DVRTclean2-0.00310); 
ACLtime = Tcut2-Tcut2(1); 
ACL = -1*(0.30335*DVRTclean3-1.51740); 
MCLtime = Tcut1-Tcut1(1) 
%%%%%%%%%%%%%%%%%%% 
%DATA = [Time,Flexion, Abduction,Ham,Quad,GRF,ACL]; 
% Find max GRF to plot with other graphs, and find change of DVRT data 
[GRFmax,GRFmaxpos] = max(GRF) 
Tmax = Time(GRFmaxpos) 
DVRTavg1 = mean(ACL(20:9000)) 
DVRTavg2 = mean(ACL(15410:end)); 
format short 
dDVRT = DVRTavg2-DVRTavg1; 
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txt = ['ACL Deformation = ', num2str(dDVRT), ' [mm]']; 
txt1 = ['Max GRF = ', num2str(GRFmax), ' [N]']; 
% DVRTavg3 = mean(MCL(20:9000)) 
% DVRTavg4 = mean(MCL(15410:end)); 
%format short 
%dDVRT = DVRTavg4-DVRTavg3; 
%txt = ['MCL Deformation = ', num2str(dDVRT), ' [mm]']; 
%txt1 = ['Max GRF = ', num2str(GRFmax), ' [N]']; 
 
% Find averages of Quad and Hamstring to plot 
% Also find max Quad and Hamstring and the time of occurance with relation 
% to max GRF 
disp('Ham force before GRF') 
Hamavg1 = mean(Ham(100:find(Time==Tmax)-100)); 
disp('Ham force After GRF') 
Hamavg2 = mean(Ham(find(Time==Tmax)+100:end)); 
disp('Quad force before GRF') 
Quadavg1 = mean(Quad(100:find(Time==Tmax)-100)); 
disp('Quad force After GRF') 
Quadavg2 = mean(Quad(find(Time==Tmax)+100:end)); 
HammaxTime = Time(find(Ham==max(Ham(500:end)))); 
Hammax = max(Ham(500:end)); 
HamGRFmax = Ham(GRFmaxpos); 
QuadmaxTime = Time(find(Quad==max(Quad(500:end)))); 
Quadmax = max(Quad(500:end)); 
QuadGRFmax = Quad(GRFmaxpos); 
 
% Calculate time between GRF and max Quad / Ham 
TimeGRFtoHam = HammaxTime - Tmax 
TimeGRFtoQuad = QuadmaxTime - Tmax 
 
%Second Filter for ACL 
[B,A] = butter(4,0.004); 
ACL = filter(B,A,ACL); 
MCL = filter(B,A,MCL); 
  
figure(11) 
subplot(2,1,1), plot(ACLtime,ACL),xlabel('Time [s]'),ylabel('Deformation 
[mm]'),title('ACL Deformation vs Time via DVRT')  
subplot(2,1,2), plot(ACL),xlabel('Sample Number'),ylabel('Deformation 
[mm]'),title('ACL Deformation vs sample number via DVRT') 
 
figure(12) 
subplot(2,1,1), plot(MCLtime,MCL),xlabel('Time [s]'),ylabel('Deformation 
[mm]'),title('MCL Deformation vs Time via DVRT')  
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subplot(2,1,2), plot(MCL),xlabel('Sample Number'),ylabel('Deformation 
[mm]'),title('MCL Deformation vs sample number via DVRT') 
 
figure(13) 
plot(Ham) 
subplot(2,1,1), plot(Time,Ham),xlabel('Time [s]'),ylabel('Force 
[N]'),title('Hamstrings (Actual) Force vs Time')  
subplot(2,1,2), plot(Ham),xlabel('Sample Number'),ylabel('Force 
[N]'),title('Hamstrings (Actual) Force vs sample Number') 
 
figure(14) 
plot(Quad)  
subplot(2,1,1), plot(Time,Quad),xlabel('Time [s]'),ylabel('Force 
[N]]'),title('Quadriceps (Actual) Force vs Time')  
subplot(2,1,2), plot(Quad),xlabel('Sample Number'),ylabel('Force 
[N]'),title('Quadriceps (Actual) Force vs sample Number') 
 
figure(15) 
plot(GRF) 
subplot(2,1,1), plot(Time,GRF),xlabel('Time [s]'),ylabel('Force [N]'),title('Ground 
Reaction Force (Actual) Force vs Time')  
subplot(2,1,2), plot(GRF),xlabel('Sample Number'),ylabel('Force 
[N]'),title('Ground Reaction Force (Actual) Force vs sample Number') 
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