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1.0 Context Analysis 

1.1 Enterprise Description 

 

The National Collegiate Athletic Association, or NCAA, is a non-profit association which 

regulates 400,000 student athletes competing in 23 different sports at more than 1,000 

member institutions. [1] It is a very large organization that generates millions in revenue 

each year. For 2011-2012, the NCAA generated $871.6 million in revenue. [2] This 

revenue is then distributed back into organizations and institutions in the United States. 

Many of their student athletes sustain injuries, ACL injuries being one of the most 

common. One out of every fourteen NCAA female athletes sustains an ACL injury. As a 

result, the NCAA sponsors a Catastrophic Injury Insurance Program which covers the 

student-athlete who is catastrophically injured while participating in a covered 

intercollegiate athletic activity. The policy has a $90,000 deductible and provides 

benefits in excess of any other valid and collectible insurance. [3] 

1.2 Problem Overview 

 

One of the most common traumatic sport-related injuries with potential short and long-

term morbidities is Anterior Cruciate Ligament (ACL) injury.The number of ACL 

reconstruction surgery itself rose from 87,000 (per 100,000 person-year) in 1994 to 

almost 130,000 (per 100,000 person-year) in 2006. This rate rose even more rapidly in 

female athletes to compare with males athletes which now 1 in every 13 women athlete 
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suffer from ACL injury. Landing from a jump incorrectly, sudden stop or deceleration 

while running or rapid change in direction of knee movement are examples of activities 

which most of the ACL injuries occur. During these movements, many muscle actions 

are involved which they require various co-contraction strategies to neutralize the high 

load of force being applied to the knee joint and to stabilize the knee joint [5]. 

1.3 Knee Joint Anatomy 

 

The ACL is one of the four main ligaments in the knee and is the primary stabilizer. 

Even though the ACL is the smallest of the four ligaments, it serves as the most 

important role. Knee joint anatomy and movements are complex. The knee joint, similar 

to a hinge joint, moves with a combination set of translational and rotational 

movements. During dynamic activities the knee joint performs 6 degrees of motions, 

which consist of 3 rotations (flexion and extension, external and internal rotation, Varus 

and Valgus angulation) and 3 translations (anterior and posterior glide, medial and 

lateral shift, compression and distraction) [14] . 

 

Out of all the four essential ligaments that stabilize the knee, the Anterior Cruciate 

Ligament or ACL is one of the most commonly ruptured ligaments [6]. Substantial 

strides have been made in understanding the structure and biomechanics of the ACL 

throughout time, especially over the past two decades. Significant improvements in ACL 

surgery, Physical Therapy techniques, and rehabilitation have resulted in ACL 

restoration becoming an easier routine procedure for ACL injury patients. Despite the 
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numerous amount of published papers and studies on the ACL injury, the mechanisms 

and cause of ACL injury have yet to be completely understood. ACL injuries are caused 

by either contact or noncontact mechanisms. The highest number of injuries are 

sustained at foot strike while the knee is close to a full extension position. In noncontact 

situations, the accident happens when a sudden stop or a deceleration of speed 

happens prior to a change of knee direction or landing. Contact injuries happen when 

the knee externally rotates which is also known as valgus collapse. [6]  

 

All the muscles, joints and bones in the human’s leg and foot must be strong enough to 

support the body weight and the same time be elastic enough to give the body balance 

and the ability of movement. The most complicated and largest joint in the human body 

is knee joint. The function of the knee is to allow the movement of the leg and is critical 

to normal walking. Remarkably, our knee can support up to 1.5 times of the body weight 

while walking and about 8 times while squatting. [5] However, due to bearing extreme 

amount of weight and pressure loads while flexion and extension movements, it is also 

it is the most vulnerable parts of the body. 

 

Five major components: bones, muscles, cartilage, tendons, and ligaments together 

make the knee. The knee is composed of 4 main bones: the Femur, Tibia, Patella and 

Fibula. Out of all these 4 bones Fibula is the only one without any functional movement in 

the knee joint. Femur which is the longest and the heaviest bone in human body while being 

the strongest of all. It has 2 round knobs called condyle bones at the end of it. During body 

movements such as running, walking and jumping, all of the body weight is supported by 

Femur. There are two lower leg bones, Tibia also known as shin bone, is the largest and 
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strongest bone out of the two. Most of the strong muscles which are the cause of 

movements in the lower leg and foot are attached to Tibia. The triangular-shaped bone, 

placed in the front of knee is called Patella, commonly known as knee cap. The most 

important responsibility of the Patella is to protect the knee joint from any impact or trauma. 

Patellar tendons keep the Patella in its place by being attached to Patella from one side and 

to Tibia or shin from the other side. Fibula is the long thin bone parallel to the tibia, it plays 

an important role in stabilizing the knee joint ankle. [4]   

 

The cartilage muscle is a white fibrous tissue covering the end of the bones and is 

necessary for bones to move smoothly against each other. The other components of the 

knee are ligaments, the most important role of the ligaments is to connect bones together 

and additionally to strengthen and stabilize the knee. There are 4 ligaments in the knee: 

Medial Collateral Ligament, Lateral Collateral Ligament which are on the two sides of the 

knee attaching femur to tibia. The other three ligaments which are place inside the knee 

joints are called anterior cruciate ligament, Posterior cruciate ligament which both limit 

sideways movements of the knee and the third one is Patellar ligament which prevents knee 

from rotating and moving away from tibia.There are two main muscles that are responsible 

for movement of human body are the quadricep and hamstring muscles. The quadricep 

muscle attaches to the patella, and the patellar tendon connects this muscle to the front of 

the tibia. When the quadricep muscles contract the knee extends. In contrast, when the 

hamstring muscles contract, they pull the knee into flexion. [5] 
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1.4 Failure Mechanisms  

 

ACL tears can be classified into two categories: contact and noncontact. These make up 

30% and 70% of all ACL injuries, respectively. [7] Contact injuries generally occur when an 

athlete comes into sudden contact with another player. They are composed of 

distraction/compression, lateral/medial, and posterior/anterior injuries. 

Distraction/compression injuries occur when the shank and femur are either pulled apart or 

shoved together.  Lateral/medial injuries occur when the shank makes a horizontal 

translation to the side. Finally, posterior/anterior injuries occur when the shank translates 

either behind the femur or in front of the femur towards the right. Noncontact ACL injuries 

are broken down into three types of failure mechanisms and two combinations: 

internal/external, abduction/adduction, flexion/extension, internal/external rotation with 

abduction/adduction, and internal/external rotation with flexion/extension. These make up 

16%, 9%, 37%, 1%, and 37% of noncontact ACL injuries, respectively. [8] 

 

1.5 Abduction/Adduction Injuries 

 

Abduction/adduction injuries make up 9% of noncontact ACL injuries. [4] These types of 

injuries are structural based; in other words, they are likely to occur to those whose structure 

is favorable to this type of tear. These injuries are closely associated with the quadriceps 

angle, commonly known as the q-angle. The q-angle is the angle between the quadriceps 

muscle and the patella tendon and provides useful information about the alignment of the 
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knee joint. The q-angle tends to be larger in females than in males because of their wider 

pelvis. This accounts for a large number of females receiving ACL injuries per year. The q-

angle provides torque on the knee; therefore, the larger the q-angle, the larger the torque. 

When too much torque is applied, either the MCL or LCL will tear. All of the ligaments in the 

knee have a similar tear threshold of 2100 N. [9] Thus, when enough force is applied to the 

MCL, the ACL will tear along with it. 

 

1.6 Flexion/Extension Injuries 

 

Flexion/extension injuries make up 37% of noncontact ACL tears, making it one of the most 

common types of ACL injuries. The injury usually occurs because of low flexion angles. This 

is because of a phenomenon known as quad dominance in which the quadriceps provide 

more force during movements than the hip. This applies strain to the ACL which can lead to 

it tearing. The components of the knee are linked together; therefore, when one component 

reacts out of place it can affect the system as a whole. For example, the quadriceps muscle 

is attached to the quadriceps tendon which is then attached to the patella which is 

connected to the patella tendon which is finally connected to the shank, specifically the tibia. 

When in a low squat, the quadriceps is pulling the shank backwards; thus, reducing the 

strain being placed on the ACL. When the leg is extended straight, the quadriceps chain 

pulls the shank forward. This produces strain on the ACL and may cause it to tear. This is 

referred to as an anterior tibial translation. 
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1.7 Do ACL Injuries Heal on their Own?  

 

It’s very hard for an ACL injury to heal by its own, for a start the location of the ACL is 

inside the knee, so it’s difficult for the veins to supply blood to the tear. Additionally if 

one patient chooses not to have surgery it could take many years for a full recovery. 

Also if the patient chooses to do of physical therapy, it can take up to  otherwise the 

patient could have a permanent knee damage. In addition, having a surgery or not 

depends on the type of ACL tear that the patient has, if it’s a partial tear (one or two 

bundles were torn) and it’s unstable there is a need for a surgery and unfortunately a lot 

of players will not be able to return back to sport cause the knee feels unstable and 

loose. If the tear is stable, there is no need for a surgery and it is more likely for players 

to return back to the field cause the nerves fiber are still attached to the knee and can 

signal the brain and give it feedback for the knee joint position, however, there is a huge 

risk that players who have a stable partial tear can have a full ACL tear after if they 

didn’t have. If it’s a complete ACL tear a lot of players want to get back to the field very 

soon, so they tend to have surgery right after the injury, and do a lot of physical therapy 

after so, they can be back in 6-7 months.    

 

    

Stable vs Unstable 
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Figure (1) 

1.8 Surgical Treatment 

 

Surgical treatment is recommended for those patients who experience instability in their 

knee after suffering from complete or partial ACL tears. Until recently there have been 

two main types of corrective surgeries. The first of which, ACL repair, is used only in the 

case of an avulsion fracture (a separation of the ligament and a piece of the bone from 

the rest of the bone). In this case, the bone fragment connected to the ACL is 

reattached to the bone by means of suture, screw, or staple. An alternate method of 

suturing the torn ACL together has been abandoned for reconstructive surgery after 

studies had shown that the ACL never fully heals itself and commonly fails over time. 

Therefore, the torn ACL is generally replaced by a substitute made of a grafted tendon. 

This graft is typically taken by either an autograft (from the patient’s own tissue) or 

allograft (taken from a deceased donor), where they take a section of another tendon to 

construct a new ACL in place of the damaged ACL. In autografts these grafts are 

usually taken from the patellar, hamstring, or quadriceps tendons. Whereas allografts 

(taken from a cadaver) are mainly taken from the patellar tendon, achilles tendon, 

semitendinosus, gracilis, or posterior tibialis tendons. [26] The use of Allografts for ACL 

reconstruction have had a considerably higher failure rate ranging from 23% to 34.4% in 

patients returning to high-demand sporting activities, while autograft failures range from 

just 5% to 10%. [14] Though it typically holds a higher failure rate there has recently 

been an increase in the use of allografts in ACL Reconstruction due to the reduced 
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harvest morbidity, less traumatic surgical technique, decreased postoperative pain, and 

easier early rehabilitation. Other Potential drawbacks to allograft use include slower 

incorporation into the knee, weaker grafts, theoretical risks of disease transmission and 

cost. Two customary types of surgical methods for ACL reconstructive surgery are 

arthrotomy and the more commonly used today arthroscopic. Arthrotomy is a surgery in 

which an open incision is made and often requires dislocation of the patella, or "knee 

cap", in order to gain access to the repair areas of the knee. Due to the additional 

trauma incurred to the knee this method has been abandoned for arthroscopic surgery. 

Arthroscopic surgery is a minimally invasive surgical procedure in which an examination 

and treatment of damage is performed using an arthroscope, an endoscope that is 

inserted into the joint through a small incision. Pictures obtained with the camera are 

then projected onto a screen in the operating suite, and all procedures are conducted 

through the small incision points. The less invasive nature of the arthroscopic surgery 

minimizes healing time as well as risk of nerve damage as damage to the surrounding 

soft tissues is reduced. Due to these factors arthroscopic surgery has become the 

standard surgical method for ACL reconstructive surgery. As in all surgeries, ACL 

reconstructive surgeries most common complications include anesthesia complications 

in which the patient has reactions to the drugs used to sedate them, thrombophlebitis 

(blood clotting) in which the blood clots in the large veins of the legs, this is very 

common following surgeries to the hip, pelvis, and knee. Surgeons generally take great 

care in preventing this as the clot can break loose and get lodged in a portion of the 

lung and cut off blood flow to the a portion of the lung (pulmonary embolism). Infection 

is also very common post-surgery along the surgical incisions made during the surgery. 
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Problems with the graft may arise during the first 12 weeks after surgery. This is the 

time period in which revascularization occurs in which the body attempts to develop a 

new blood vessels in the new graft. During this time the graft is at its weakest and 

carries higher chances of stretching or rupturing, and in that occurrence a second 

surgery is required to replace, further prolonging the recovery time. Problems at the 

donor site, or the location which the donor graft was taken, can occur as in the case of a 

patellar tendon graft, the middle ⅓ removed for use as the donor graft. This reduces the 

strength of the tendon and can lead to further injury. Nerve damage and scarring around 

the incision point often make it difficult for the patient to kneel and they may experience 

a lingering pain. After the bone block is removed from the donor site the bone at the 

harvested site is weakened. In the case of patellar tendon grafts a small portion of bone 

is removed from the bottom of the patella, and a strong quadricep forces exerted on the 

site may fracture the patella and would then require a follow on surgery. 

 

1.9. Nonsurgical Treatment 

 

Non-surgical treatment is used often for patients with partial tears, and who experience 

no instability in their knee after injury. In these cases the patient can usually get back to 

pre-injury state through use of progressive physical therapy, rehabilitation, and often the 

use of a knee brace worn during activity. These functional knee braces, which are 

designed to provide additional support, stability, and protection to the knee, have been 

somewhat controversial as very little is known about the effectiveness of functional knee 
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braces in preventing injury of healing ligaments and ACL grafts. It is possible to have a 

complete tear in which surgery is not required or in some cases recommended. Some 

possible conditions include the elderly who conduct light manual work or live sedentary 

lifestyles, children whose growth plates have not stopped growing, as this poses a 

possible risk of growth plate injury which can lead to bone growth problems through 

their development, and those showing no signs of instability who play low-demand/low-

impact sports not requiring cutting or pivoting. Surgical treatment is recommended 

outside of these cases, especially in cases where the ACL is damaged in conjunction 

with other knee structures such as the menisci (50 percent), articular cartilage (30 

percent), collateral ligaments (30 percent), joint capsule, or a combination of the above 

as a patient with a torn ACL and significant functional instability has a high risk of 

developing secondary knee damages which can lead to degenerative arthritis of the 

knee joint. [26] Physical therapy and rehabilitation are important for 3 main functions; 

they minimize pain & swelling, restore knee range of motion, especially extension, and 

restore quadriceps muscle activation / neuromuscular control. The importance of 

restoring knee functionality is that a loss of 3-5 degrees of knee extension motion 

compared to the uninjured side (including hyper-extension) has been shown to be 

associated with decreased functional outcomes. [27]. Similarly, a 20% deficit in strength 

before ACL reconstruction has also been associated with decreased functional 

outcomes. [28] The risk of developing osteoarthritis is also higher in those with 

asymmetrical knee extension motion and strength. [27] 
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1.10 Surgery Cost 

 

ACL surgery is one of the most expensive surgery in the medical field. Surgery is 

usually the best option for athletes to recover fast, and go back to the ground. According 

to a study conducted by eHow.com, if you have insurance the average cost of an ACL 

surgery is approximately $1850 (extending between $800 to $3000). If a patient didn’t 

not have insurance the average cost is $35000 (between $20000 to $500000). The cost 

frequently includes facilities, doctors, equipment, drugs, and consumables. The graph 

will show the average percentage for each component: 

 

Figure (2) 

The highest component that costs the patient the most money in an ACL surgery is the 

hospital’s facilities. The first 30 minutes in the surgery cost up to $7000, and an 

additional time in the OR can double the value of the cost. The hospital’s facility also 

includes post anesthesia care unit, time spent in physical therapy, and time in MRI. The 

second component of the cost is doctors, which usually include surgeons and 
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anesthesiologist. Each one of them charge independently of the hospital. The average 

cost for doctors is around $19,000. Next we have medical equipment to perform the 

surgery. The gear contains knife ACL graft 10mm ($900), cannula fast fix CDV ($5100), 

wand superturbo 90deg ($1750), and the list goes on. This equipment is very important 

in order to perform the surgery, and lacking one of them can jeopardize the patient’s life. 

The total cost of all the materials can be between $10000-$11000. After that comes the 

drugs and the medication that the patient need to recover the injury. Medications 

include general anesthesia, IV, antibiotics, and painkillers and cost approximately 

$7000. The final component is consumables, and can cost up to $1500-$2000.  

 

1.11 Prevention 

  

There are currently certain ACL tear prevention methods being implemented. These 

methods are combined to create a technique referred to as neuromuscular training. 

Neuromuscular training programs are designed to increase the strength of the knee joint 

as well as increase an individual's awareness of correct balance and technique. This is 

done by retraining the individual’s mind and body. There are several programs that 

implement neuromuscular training, the two most prominent being Prevent Injury and 

Enhance Performance Program (PEP) and Knee Injury Prevention Program (KIPP). [23] 

These programs take place inside of controlled environments, such as a gym. There is 

also a trainer that gives the athlete a set of exercises to do and then will critique the 

athlete on their form. The trainer breaks down each exercise to the athlete into several 
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steps and retrains them to do it in a way that minimizes the risk of them tearing their 

ACL. The problem with this kind of prevention program is that it is done in a controlled, 

non-dynamic environment. This means that although an athlete may perform well in the 

program, that does not mean they will perform well on a dynamic field. Given that many 

ACL injuries occur during a game in a dynamic environment, this method can only 

prevent so much. These preventative programs have been reported to reduce the 

probability of an ACL injury by 62%, 52% in females and 85% in males. [17] This is due 

to the fact that most coaches want to optimize practice time for game skills and not 

injury prevention practices. Programs such as PEP and KIPP have a monetary cost of 

roughly $300 for a 6 week session. This can lead to over $3000 per year. However, only 

30% of coaches apply injury prevention programs and of that 30%, only 10% follow a 

proven prevention method. [17] 
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1.12 Sensitivity Analysis 

In order to better understand how ACL injuries does happen it is necessary to 

understand the frame of the knee and the forces being applied to it. Looking at the knee 

frame we have the y-axis and x-axis of the earth and parallel to shank we have x-axis 

and y-axis of the shank. The angle between either y-axis of the earth and y-axis of the 

shank or the x-axis of the earth and x-axis of the shank is called shank angle. There are 

6 different forces being applied to the knee, 1) foot force 2) shank force 3) ground 

reaction 4) hamstring force 5) quadriceps force and 6) gastrocnemius force. Sum of all 

the forces being applied to the knee is equal to “Tibial Shear Force”. Tibial shear force 

or TSF is the force which applies to the acl and causes that ligament to tear there for 

understanding this force is necessary in order for a system to be put into place to 

provide situational awareness for athletes in order to prevent acl injuries. Using 

Newton’s second law which is sum of the forces are equal to mass times acceleration            

we are going to have [13]: 
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                Figure(3) 

 

 

 

 

 

TSF = F(Shank) + F(Foot) + F(Ground Reaction) + F(Muscles) 

TSF = msh [ash Xcos(θSh) – (ash Y + g)sin(θSh)] + mf[af X cos(θSh) – (af Y + g)sin(θSh)] – 

FGRxcos(θSh)+ FGRy sin(θSh) – ΣF(Gastro) – ΣF(Quad) – ΣF(Ham) [13] 

Now we are going to look at each component of the TSF equation individually in more 

details. First looking at the foot force, we have forces being applied to foot  in X and Y 

direction and also we get the momentum with respect to point A . 
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Second component of the equation is shank force which 2 different forces are being 

applied to it, force of the knee and force of ankle. Again using Newton’s second law, we 

have sum of the forces of the ankle and foot in X direction, Y direction and momentum 

with respect to point k which is the top part of the knee where the knee and the  ACL is 

placed [13]  :  
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Looking into forces of the muscles, there are 3 different forces Hamstring, Quadricep 

and Gastrocnemius. Since hamstring muscle is placed at back of the leg, as shown in 

the picture below the gastrocnemius muscle is placed at the lower part of the femur. 

There for it creates a force in the opposite direction of the force of the quadriceps 

muscle which the force starts from the top part the tibia. As shown in the figure the 

distance between the centers of the knee to the connection point of the gastrocnemius 

to the femur is about 3 centimeters. [13]  
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Figure (4) 

The contribution of the force of muscles to the tibial shear force equation are such as:  

 [13] 
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2.0 Problem and Need  

2.1 Gap analysis  

 

In an ideal world, ACL injuries should not only be far from common, but prevented from 

happening at all. Given that there are approximately 100,000 to 200,000 ACL ruptures 

every year in the United States alone, there is clearly a gap between the ideal and the 

reality.  This gap can be broken into three components: strain identification, strain 

prevention, and strain mitigation. In regards to strain identification, there is currently no 

method to actively quantify ACL strain. In other words, current prevention methods do 

not identify the strain placed on the ACL. In terms of strain prevention, current 

programs, such as the PEP program, include prevention methods consisting of warm-

ups, stretches, plyometrics, and sport specific agilities that address potential deficits in 

the strength and coordination of the stabilizing muscles around the knee joint. [25] 

Although these methods may help in preventing some ACL injuries, they do not 

significantly reduce the number of ACL injuries that occur. Lastly, any and all strain 

mitigation methods occur in a sterilized environment rather than a real-time 
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performance. This limits the athlete in mitigating an ACL injury to either before or after a 

game rather than during the game itself, which is often when an ACL injury takes place. 

 

NCAA Data for ACL Injury Rates 2010 

    Figure (5)  

 

2.2 Problem Statement:  

 

Despite the large number of studies being done on identifying ACL injuries and its 

failure mechanisms 

● 1 out of every 13 female NCAA athletes sustains an ACL injury 

● Flexion/extension injuries account for the most with a total of 37% of noncontact 

ACL injuries 

● There is no system in place quantifying the strain on the knee and calculating the 

shank angle in order to prevent ACL injuries from happening to athletes. 
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2.3 Need Statement:  

 

Despite the large number of studies being done on identifying ACL injuries and its 

failure mechanisms, there are still between 100,000 to 200,000 ACL injuries happening 

every year. There is a need for a system that provides situational awareness for 

athletes in a game environment by: 

 

● Estimating the strain applied to the knee in game situations 

 

● Alerting the athlete when a motion they have performed causes a strain 

that exceeds 2100+-50N 

 

2.4 Concept of Operations (CONOPS) 

 

The solution is to create and implement a knee motion sensor that shall provide real-

time situational awareness for the athlete in a game. It will do so by using inputs 

retrieved from sensors and converting it into usable data. This data will then be used 

with tibial shear force equations to determine the amount of strain being placed on the 

ACL. Once the risk of the strain being placed is determined, the system can then alert 

the user of an elevated risk. This allows the user to become cognizant of the strain they 

are placing on their ACL and provides them with the opportunity to mitigate the risk of a 
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tear. The athlete can then use this situational awareness for a post-game analysis to 

see what movements they are doing that are dangerous to their ACL 

2.4.1 Use case 

The first part of the sequence diagram is the athlete mounting the device on his knee and 

making sure it fits perfectly. After the athlete feeling comfortable wearing the device he is going 

to turn on the device which is followed by the device being synched with the smartphone 

application which receives the data from the KMS later on. The weight of the athlete which the 

weight of the tibia and foot is going to measure from, is going to be entered in the smartphone 

application of the KMS device. The next step is the device beeping, vibrating and beeping to let 

the user know that it is on and is synched with the smartphone by the blinking. At this point, the 

device is ready and the athlete can continue his regular activity such as playing game. While the 

athlete is playing the game the KMS device is constantly measuring the acceleration, angles 

and the pressures and sending the data to the application in order to measure the tibial shear 

force. Nevertheless, the software is going to compare the measured value of the TSF with the 

threshold which is 2500 +/- 50 Newtons, therefore whenever the amount of TSF exceeds the 

threshold the feedback is going to be sent to the device and the KMS is going to alert the user 

by beeping, vibrating and blinking. Most importantly, the athletes and coaches are able to look 

at the output results of the data received by KMS in form of graphs which show the range of 

tibial shear force (TSF) with respect to time during the game. These graphs can help the 

coaches and athletes to perform post-game analysis on the athlete’s performance during the 

game by detecting the risky movements and activities which caused high TSF on the athlete’s 

knee. 
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Figure (6) Sequence Diagram 

 

2.4.2 Value Hierarchy 

The value hierarchy is identified in below Figure (7). It is a breakdown of how our design 

requirements were derived by the utility we gave components in our selection of the 

product prototype requirements. The overall utility is broken down into three subtasks, 
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Utility, Performance, and Technology Level. Usability is further broken down into the 

physical size, durability and weight requirements. Performance is broken down in 

Accuracy and Maintainability requirements while Technology is further broken down into 

Wifi vs wired data transfer. 

 

  

 Figure (7) 

3.0 Stakeholder Analysis 

3.1 Stakeholders 

  

The stakeholders of our system consist of the potential injured player, physical therapist 

(PT), Sports Medicine Medical Doctor, the insurance company, coaches, university 

athletic department fellow, team members, and lastly NCAA enterprise. 

Players 
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One of the main stakeholders for our system are the players. Their main livelihoods 

depend on their ability to perform their job unimpeded by injury. Their performance has 

a direct effect on their fellow teammates and if that athlete is not performing at their best 

or is not able to play, their team will suffer.  

 

Surgeons 

ACL surgery is one of the most common surgeries that surgeons perform every year. 

Approximately The number of ACL reconstruction surgeries rose from 87,000 (per 

100,000 person-year) in 1994 to almost 130,000 (per 100,000 person-year) in 2006. 

This is very good situation for Orthopedic surgeons because they want to perform as 

much ACL surgeries as possible in order for them to optimize profit.    

Physical Therapist 

Many athletes tend to have physical therapy as soon as they finish surgery in order for 

them to restore their fitness and return back to the sport. Physical therapist conduct 

corrective therapy for the players while making profit in the process. 

Insurance Companies  

Insurance companies play an important role in our system and for the players. A lot of 

players tend to have medical insurance in order to pay for ACL surgery if the injury 

occur. Their main objective is to spend less money for ACL surgery by minimizing the 

number of injuries. Our system aim to reduce the number of injuries, therefore could 

benefit companies for paying less. 

Team Members 
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Team members want all the players performing at their highest level and the team 

functioning optimally as a whole. Our system aim to reduce the number of ACL injuries 

in order for all the players to achieve their objective and function well as a team. 

Coaches 

The main objective for the coaches is to have their team winning, and by doing that they 

need to have all the key players attending the games and to having them injured 

University Athletic Department 

The university athletic department have a direct impact on the players and the coaches. 

The want to make the student athletes successful by attending the games and winning. 

In addition, they are in charge directly for hiring the coaches and paying them their 

salaries. And also they are in charge of organizing the games and the ticket sales and 

making sure that the games run well without problems.    

NCAA Enterprise 

The National Collegiate Athletic Association or NCAA is a non-profit organization that 

focuses their resources on providing student athletes with medical insurance to cover 

ACL surgeries cost, their objective is to prevent their students for ACL surgeries [1].    

3.2 Tensions/Conflicting Interest 

 

The following table will show and explain the main tension that can happen to some of 

the stakeholders when preventing ACL injuries: 
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Table (1) 

3.3 Stakeholder Diagram 

 

Figure (8) 
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The stakeholder diagram is used to tie and find the relationship the can happen between the 

system’s stakeholders and shows the tension that could happen between two stakeholders. It is 

a two way relation or one that can happen between two stakeholders. The green arrows indicate 

a positive relation, and the red arrow indicate a negative relation that can happen or a tension. 

An example of a positive relation that can happen between the players and the coach the coach 

giving the players play time and in return they give him preformance. Also, an example for the 

negative relation can happen between surgeons and physical therapists, on can cost sourgens 

patients if they chooses to have physical therapist instead of surgeries and vice versa. In 

addition we should point out that all the stakeholders want to prevent ACL injuries except 

surgeons and physical therapists cause the make money out of ACL injuries.         

3.4 Win-Win Analysis 

  

Stakeholder  Positive Impact with the System  

Surgeons  Invest money in the device and benefit in profit of the system  

Physical 

Therapist  

Having them involved in a prevention program for the player   

Insurance 

Companies  

Spending less money on ACL surgeries by giving discount to users of 

the product  

NCAA  Get discount on NCAA players accident insurance. 

Table (2) 
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Most of the system’s stakeholders make money out of ACL injuries, having a system 

preventing ACL injuries can harm their income. We came up with this win-win analysis 

in order for us to satisfy all the stakeholders. For the surgeons, they can invest money in 

the device and benefit in profit of the system. For physical therapist we can having them 

involved in a prevention program for the player. Insurance companies will  less money 

on ACL surgeries by giving discount to users of the product. And last NCAA can get 

discount on NCAA players accident insurance. 

4.0 Originating Requirements  

4.1 Mission Requirements 

 

Upon defining our method of analysis, three main mission requirements were identified 

that establish the essential capabilities of our system. First, the system must alert the 

user when they are approaching a dangerous amount of strain which is roughly 2100N 

+/- 50. Second, the system must work in reducing the number of ACL injuries per year. 

Given that 70% of ACL injuries are non-contact, and 37% of those tears being 

flexion/extension related [12], we can conclude that roughly 25.9% of all ACL injuries 

are flexion/extension related. Assuming our system reduces reflexion/extension related 

ACL injuries, it should lower the number of flexion/extension ACL injuries by 25%. Third, 

the system needs to be profitable; therefore, it needs to have a quick return on 

investment.  
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Number Requirement 

M.1 The system shall alert the user when the estimated TSF is approaching 2100 - 50 N. 

M.2 The system shall calculate the strain on the knee with an accuracy of no less than  

85%. 

M.3 The system shall calculate the knee flex angle with an accuracy of no less than 

85%. 

M.4 The system shall calculate the ankle flex angle with an accuracy of no less than 

85%. 

M.5  The system shall calculate pressure with an accuracy of no less than 85%. 

M.6 The system shall calculate the acceleration within 3 m/s^2 of error. 

M. 7 The system shall not hinder the athlete’s performance.   

M.7.1 The system shall not be larger than 10 by 10 cm in size. 

M.7.2 The system shall weigh no greater than 6 ounces. 

 

Table (3) Mission Requirements 
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4.2 Functional Requirements  

 

Functional requirements were then derived for our proposed solution in order to ensure 

that it meets the mission requirements. The functional requirements are composed of 

three main categories: TSF calculations, sensors, and performance. In regards to TSF 

calculations, the system will be using the TSF Model for calculating the strain being 

placed on the ACL. If the TSF is greater than 1700 N then the system will alert the user. 

For sensors, given that we are using the TSF model, we will need angle sensors, 

ground reaction force sensors, and an accelerometer in order to measure the 

appropriate angles and forces to be used in the model. Lastly, in regards to 

performance, the system will be water resistant so it can be used in different weather 

situations as well as withstand sweat. It also cannot hinder the athlete’s performance; 

thus, it must be relatively lightweight.  

 

 

 

Number Requirement 

F.1 The system shall calculate the tibial shear force. 

F.2 The system shall measure the shank angle. 

F.3 The system shall measure the flexion angle. 
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F.4 The system shall measure the acceleration of the foot in the x, y and z directions. 

F.5 The system shall measure the acceleration of the shank in the x, y and z directions. 

F.6 The system shall measure the ground reaction force in the x, y and z directions. 

F.7 The system shall acquire data from the sensors. 

F.8 The system shall detect a TSF greater than the warning threshold. 

F.9 The system shall alert the user when the TSF is greater than the warning 2100 - 

50N.  

 

Table (4) Functional Requirements 

 

 

4.3 Design Requirements 

Looking into the mission and the function requirements we derived the design 

requirement that our device should meet. First, the system shall include a haptic to alert 

the user if the tibial shear force is approaching  

 

Number Requirement 



 

38 

D.1 The system shall include a haptic, visual, and audible device to alert the user when the 

TSF is greater than the warning threshold.  

D.2 The system shall weigh no more than 6 ounces. 

D.3 The system shall be water resistant. 

D.4 The system shall not be bigger than 10 by 10 cm in size. 

D.5 The battery life shall last no less than 2 hours 

D.6 The sensor shall not move and stay attached to the knee sleeve  

D.7 The sensor shall be enclosed in a shock resistant cover. 

 

Table (5) Design Requirements 

 

5.0 Design 

5.1 Product Design 

Our product design process is broken down into the subcategories of Design 

Components, Product Testing, and the Value Hierarchy in our selection of prototype 

components. 
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5.1.1 Design Components 

Term in TSF Sensor  Model # 

Shank 

Acceleration 

Accelerometer MMA845X 

 

Shank Angle 

Flex Sensor FS-L-0112 

Flex Angle Flex Sensor FS-L-0112 

Foot Force Pressure Pad B008DBC 

Ground 

Reaction Force 

Pressure Pad + Accelerometer B008DBC + MMA845X  

Muscles Forces Electromyograph B018TIWR32 

                      Table (6) Design Components 

The components incorporated into the design were one accelerometer, for measuring 

the linear acceleration and rotations of the shank through the different gait phases. Two 

flex sensors, one on the front of the knee, over the patella, and one on the front of the 

ankle are worn to measure the angles between the upper leg and shank, as well as the 

angle between the shank and the foot. Two pressure pads were placed on the bottom of 
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the foot, one on the heel and one on the ball of the foot, in order to measure the ground 

reaction and foot forces exerted through the phases of the user’s gait. The last 

component, which necessity for will be determined at a later date, will be the 

electromyograph (EMG). The EMG will be used to measure the activity of the primary 

knee joint stabilizer muscles. Each component was selected to specifically address a 

certain role in calculation of the tibial shear force (TSF), and is shown in the above 

Table(6) with use cases in the left column paired with its corresponding sensor and 

model number in the middle and right columns. 

5.1.2 Functional Description Diagram 

 

The first inputs are those of the user’s height and weight which are used to estimate the 

length and mass of the shank and are then inputted into the TSF equation. In the event 

that the user is unable to enter their height and weight, a height of 70” and weight of 

150lbs is used for the system default. The knee motion sensor then receives the 

sensory inputs for the acceleration of tibia and femur from the upper shank mounted 

accelerometer, flex and shank angles from the two flex sensors mounted on the front of 

the knee and ankle, and finally the ground reaction and foot forces from the pressure 

pads mounted on the ball and heel of the foot. The raw arduino data is then converted 

to their corresponding useable pressures and angles and plugged into the tibial shear 

force (TSF) equation and compared to the threshold of 2100+-50N. In the event that the 

estimated TSF exceeds threshold the device alerts the user through audible, visual, and 

haptic alerts.   
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Figure (9) Functional Diagram 

 

5.1.3 Circuit Diagram 

The circuit diagram for our prototype is shown in Figure (10) below. The system inputs 

are all the components leading into the left side of our Arduino Board. They are initiated 

by the user inputted height and weight which are used to estimate the mass and length 

of the shank.The next are the sensory inputs. The selection of these components was 

made after conducting analysis on what components were needed to attribute their 

respective data into the tibial shear force(TSF) Equation. The components and their 

functions are listed in Table(6) of section 5.2.1 Design Components. The sensors used 

are the two flex sensors and two pressure pads, with their cooresponding resistor 

values displayed below. A multiplexer which selects one of several analog input signals 

and forwards the selected input into a single common analog to digital(ADC) pin, is 

used in order to facilitate the use of multiple sensors on one Arduino board. The last 

sensor input is that of the 3-axis accelerometer which was used for measuring the linear 
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accelerations of the shank in the x, y, and z-axis. These inputs are then received by the 

microcontroller, where the raw arduino values are converted into useable degrees and 

pressures, then plugged into the TSF equation and finally compared to the preset safety 

threshold. In the event the threshold is exceeded the user will then be alerted through 

audible, visual, and haptic alerts. The computed values will then be wirelessly 

communicated to a computer running matlab software which graphically displays and 

archives the incoming data for post-game analysis. The next stage of development is to 

integrate an onboard micro SD card writer to allow archival of data without having to rely 

on communication between the KMS and the matlab interface. 

 

 

 

 

 

 

Figure (10) Circuit Diagram 
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5.1.4 Prototype Build Phases 

 

Build Phase Component 

Time: 

Design/Code Test %Complete 

I Accelerometer 4 weeks 1 Week 100 

II Flex Sensor (knee) 2 Weeks .5 Weeks 100 

III 

Outputs 

(LED,Haptic 

Disc,Siren) 1 Week 1 Weeks 100 

IV 

Flex Sensor 

 (Ankle) 2 Week .5 Weeks 100 

V Pressure Sensors 3 Weeks 2 Weeks 100 

VI Electromyograph 4 Weeks 3 Weeks 0 

VII Full System 4 Weeks 3 Weeks 100 

Table (7) Prototype Build Phases 

 

The prototype design and build was broken down into 7 phases identified above, in 

Table (7). Phase I included the primary stage of our prototype design. Including, 

attachment of the accelerometer to the arduino board, arduino and Matlab coding 
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needed to collect, convert, and compute the arduino data and wirelessly transfer the 

data over wifi from the arduino to the Matlab interface for data visualization, and 

storage. This data was then to be verified and validated through comparison to the 

baseline data captured using the AndroSensor Android application. Once true readings 

were collected, a threshold was set at which the user shall be alerted if the output 

exceeded the threshold.    

With the exception of Phase III, Phases II through V followed the same protocol as 

Phase I. In Phase III, output devices (audible, visual, and haptic) were incorporated into 

the prototype in order to alert the user once pre-set thresholds were exceeded. 

Upon the completion of Phase III and Phase V, an evaluation on the functional need of 

an electromyograph in the system was made. It was determined that due to the 

complexity of deriving muscle forces based on the fact that there is still on going studies 

and researches on how to convert muscle activities into muscle forces, and time 

constraints of the project, the incorporation of muscle forces would be done in future 

work. Lastly, once all phases are complete, all results are to be confirmed through 

comparison of the prototypes data to the data collected through tests conducted at 

GMU’s Smart Lab. 

6.0 Product Testing 

 

Our test plan has 4 main phases based on the three sensors pressures pas, flex sensor 

and the accelerometer and lastly the combination of sensors. Before starting the first 

phase of the systems testing, all the sensors needed to be calibrated,  which included 
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attaching different resistors to every sensor in order to find the biggest range of output 

for each of the sensors. 

After the calibration was done, the first phase of the system test plan was testing the 

Pressure Pads. This phase included testing the two types of jumps: bent leg and 

straight leg jump while wearing one pressure pad under the toe and another one the 

heels to compare the pressure between the two. The second part included recording 

pressure data using multiple set of weights. The second phase included testing the flex 

sensors: Ankle flex sensor and knee flex sensor while attaching them to an electronic 

goniometer. The third phase included accelerometer testing, at first part of this phase, 

we collected data for walking, running, sprinting, jumping. The second part of our test 

included 2 part, the first part includes using an application called Andro sensor in order 

to derive acceleration in x, y and z direction by doing walk, run and jump. The second 

part was using the Arduino accelerometer performing the same set of tasks and 

comparing the results of the first part with results from second part the test. The final 

phase of our test plan included integrating sensors data. This was the final test and the 

goal of this phase was to combine all the sensors together in order to validate the output 

result of these sensors with the results of each of the first 2 phases that were mentioned 

before. Here on the table below (Table 8) you can see a summary of the test cases, the 

requirements, materials needed and also the objective for each test phase. 
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Test 

Item 

Descripti

on 

Test Case Requirement Objective Materials  

1.0 Pressure 

Sensor 

1.1 Pressure Sensor 

Calibration 

1.2 Bent Leg Test  

1.3 Straight Leg Test 

1.4 Placing Weights 

Test 

M5. The system shall 

calculate pressure 

with an accuracy of 

no less than 85%. 

 

Validate the 

pressure sensor 

data to find 

accuracy of 

sensor. 

Two 

pressure 

sensor, one 

digital Scale, 

block, 

Arduino 

board,Bread

Board, four 

jumper 

wires. 

2.0 Flex 

Sensor  

(Knee and 

Ankle)  

2.1 Ankle Sensor 

Calibration  

2.2 Knee Sensor 

Calibration  

2.3 Electronic 

Goniometer vs Flex 

Sensor Test 

M3.The system shall 

calculate the knee flex 

angle with an accuracy 

of no less than 85%. 

-------------------------------

---------- 

M4.The system shall 

calculate the knee flex 

angle with an accuracy 

of no less than 85%. 

Test the accuracy 

of the angle 

measurements of 

the flex sensors 

attached to the 

Arduino Device. 

Protractor and 

Electronic 

Goniometer, 

Arduino Device 

3.0 Accelero

meter 

3.1 Accelerometer 

Calibration 

M6.The system shall 

calculate the 

Test the accuracy 

of the 

Accelerometer , 

Arduino Device, 
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3.2 Bent Leg Test 

3.3 Straight Leg Test 

3.4 Dropping Block 

Test 

acceleration within 

3 m/s^2 of error. 

 

acceleration 

measurements of 

the Arduino 

Device 

block, Smartphone 

(Androsensor App) 

4.0 Combinat

ion of 

Sensors 

4.1 Calibration of all 

Sensors 

4.2 Walk test 

4.3 RunTest 

4.4 Jump Test  

M2.The system shall 

calculate the strain 

on the knee with an 

accuracy of no less 

than  85%. 

 

Test the accuracy of 

the Knee Motion 

Sensor with all the 

items together  

Knee Motion sensor 

with all the 

components 

Table 8 

6.1 Pressure Sensor Testing 

6.1.1 Pressure Sensor Calibration 

 

In order to calibrate the pressure pads, different resistors were attached to the device to 

find the widest range of arduino outputs for the sensors. The first resistor to be attached 

was 330(Ω) resistor which as it is shown in table below (Table9) it was out of range 

since the only number which was shown in the serial monitor was 1024. The next 

resistor to be attach was 1 k (Ω) which gave the range of 848 to 287. The third resistor 

was 2k (Ω) with the range of 901 to 252 and then the 5k (Ω) and 10k (Ω) resistors were 

attached with the range of 1190 to 46 and 56 to 44. As a result, the 2k (Ω) resistor with 
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the range of 649 was chosen since it produced the highest possible range for the 

pressure pads.  

 

 

Resistor(Ω) Minimum 

(40 lb) 

Maximum(260

lb) 

Range 

330 1024 1024 Out of Range 

1k 848 287 561 

2k 901 252 649 

5k 110 46 64 

10k 56 44 12 

Table (9) 

 

6.1.2 Pressure Pad Testing Results 

The purpose of this phase of testing was to validate the pressure sensor data by finding 

the accuracy of the sensor with mission requirement 5: The system shall calculate 

pressure with an accuracy of no less than 85%. This objective was done by comparing 

the output data from the pressure pads used in Arduino with the measured pressure 

using a digital scale to calculate the accuracy of the device. The materials used on this 
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phase of the testing was 1x Pressure Sensor(B008DBC), 1x digital Scale, 1x 

block(5lbs), Arduino board(ESP8266), 1x BreadBoard, 4x jumper wires. The procedure 

of this phase included calculating the pressure of the block by measuring the weight and 

the area of the block. First the weight of the block was measured by a digital scale. After 

that, the area of the bottom the block was measured using a ruler. After calculating the 

pressure of the block using the weight and the area, they both were to be used in the 

equation “P (Pascal)= 
𝐹

𝐴
(

𝑁

𝑚 2
)” in order to determine the actual value of the pressure. 

The second step was to place the weight on top of the pads which are connected to the 

arduino device. Finally, the data derived from the arduino device was recorded and 

compared with the measured pressure in the first part of the experiment. This procedure 

was repeated 25 times for each set of weight which can be seen in tables below. 
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Trials 
(260lb) 

Arduino Pressure 
Average 

(Pa) 

Calculated Pressure 
(Pa) 

Error Percent Error 
 

trial 1 

760228.79 1014419.66 0.25 25.06 

trial 2 
 

764373.14 1014419.66 0.25 24.65 

trial 3 
 

737585.46 1014419.66 0.27 27.29 

trial 4 
 

757021.38 1014419.66 0.25 25.37 

trial 5 
 766588.85 1014419.66 0.24 24.43 

     Table 10 

Min 365660.99 

Max 436820.65 

Median 365660.99 

Avg 401316.33 

Std Deviation 25169.95 

Signal-to-Noise 

ratio 15.94 

      Table  11 
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Trials 

(220lb) 

Arduino Pressure 

Average 

(Pa) 

Calculated Pressure 

(Pa) 

Error Percent Error 

 

trial 1 

688544.88 858355.03  19.78 

trial 2 

 674334.37 858355.03 0.21 21.44 

trial 3 

 690180.14 858355.03 0.20 19.59 

trial 4 

 686233.74 858355.03 0.20 20.05 

trial 5 

 705323.95 858355.03 0.18 17.83 

       Table 12 

Min 674334.37 

Max 705323.95 

Median 690180.14 

Avg 688923.42 

Std Deviation 11076.72 

     Table 13 
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Trials 

(160lb) 

Arduino Pressure 

Average 

(Pa) 

Calculated Pressure 

(Pa) 

Error(%) Percent Error 

 

trial 1 

561842.22 624258.52 0.10 10.00 

trial 2 

 573287.94 624258.52 0.08 8.16 

trial 3 

 590411.15 624258.52 0.05 5.42 

trial 4 

 595680.60 624258.52 0.05 4.58 

trial 5 

 580397.05 624258.52 0.07 7.03 

       Table  14 

Min 561842.22 

Max 595680.60 

Median 590411.15 

Avg 580323.79 

Std Deviation 13496.88 

             Table  15 
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Trials 

(140lb) 

Arduino Pressure 

Average 

(Pa) 

Calculated Pressure 

(Pa) 

Error(%) Percent Error 

 

trial 1 

550107.56 546225.77 0.01 0.71 

trial 2 

 533463.64 546225.77 0.02 2.34 

trial 3 

 542084.00 546225.77 0.01 0.76 

trial 4 

 533175.35 546225.77 0.02 2.39 

trial 5 

 561861.44 546225.77 0.03 2.86 

       Table 16 

Min 533175.35 

Max 561861.44 

Median 542084.00 

Avg 544138.40 

Std Deviation 12125.35 

 Table 17 
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Trials 

(120lb) 

Arduino Pressure 

Average 

(Pa) 

Calculated Pressure 

(Pa) 

Error(%) Percent Error 

 

trial 1 

467498.30 468193.89 0.00 0.15 

trial 2 

 445172.27 468193.89 0.05 4.92 

trial 3 

 504354.92 468193.89 0.08 7.72 

trial 4 

 491596.71 468193.89 0.05 5.00 

trial 5 

 436207.80 468193.89 0.07 6.83 

       Table  18 

Min 436207.80 

Max 504354.92 

Median 504354.92 

Avg 468966.00 

Std Deviation 29180.13 

  Table 19 
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Trials 

(100lb) 

Arduino Pressure 

Average 

(Pa) 

Calculated Pressure 

(Pa) 

Error(%) Percent Error 

 

trial 1 

400002.08 390161.14 0.03 2.52 

trial 2 

 435639.67 390161.14 0.12 11.66 

trial 3 

 453792.07 390161.14 0.16 16.31 

trial 4 

 453850.84 390161.14 0.16 16.32 

trial 5 

 413509.74 390161.14 0.06 5.98 

       Table 20 

Min 365660.99 

Max 436820.65 

Median 365660.99 

Avg 401316.33 

Std Deviation 25169.95 

  Table 21 
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Trials 

(90lb) 

Arduino Pressure 

Average 

(Pa) 

Calculated Pressure 

(Pa) 

Error(%) Percent Error 

 

trial 1 

402112.71 351145.20 0.15 14.51 

trial 2 

 401831.39 351145.20 0.14 14.43 

trial 3 

 365660.99 351145.20 0.04 4.13 

trial 4 

 436820.65 351145.20 0.24 24.40 

trial 5 

 400155.94 351145.20 0.14 13.96 

        Table 22 

Min 365660.99 

Max 436820.65 

Median 365660.99 

Avg 401316.33 

Std Deviation 25169.95 
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     Table 23 

6.1.3 Results and Conclusion  

Since the arduino readings were not in actual Pascals, the outputs retrieved from the 

sensors were plotted against the actual pressures calculated in order to find an equation 

to use as conversions. Here on the plot below shows the calculated pressure values on 

the y-axis and the arduino reading on the x-axis and using the best fit line we were able 

to convert the arduino values to actual pressures using y = 6E+08x^(-1.207) with R2  = 

0.9. 

 

                                                             Figure 11 

On the table below the summary of the error calculations for all different sets of weight 

that we used in our testing. The third column is the calculated pressure using the 

equation of conversion and the actual pressure is the pressure values using the 

pressure formula and the the last column on the right is the percent error difference 
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between the calculated pressure and the actual pressure for each weight with an 

average of 14% for the total pressure pads. In conclusion, based on the percent error 

calculated the pressure pads are 86% accurate which based on our mission 

requirement: The system shall calculate pressure with an accuracy of no less than 85%, 

we were able to pass this test. 

Weight (lb) Weight (kg) Arduino 

Pressure  

Calculated Pressure 

(Pa) 

Actual 

Pressure (Pa) 

Percent 

Error 

40 18.14 901.57 162727.56 156064.62 4.27% 

60 27.21 845.20 175916.09 234096.51 24.85% 

70 31.75 747.92 203894.67 273113.31 25.34% 

80 36.28 455.25 371221.43 312129.25 18.93% 

90 40.82 427.81 400155.93 351145.20 13.96% 

100 45.35 402.78 430357.52 390161.14 10.30% 

120 54.43 375.99 467641.91 468193.88 0.12% 

140 63.50 331.73 543942.59 546225.77 0.42% 

160 72.57 314.51 580093.09 624258.51 7.07% 

180 81.64 299.48 615412.77 702290.40 12.37% 

220 99.79 272.79 688793.58 858355.03 19.75% 

260 117.93 252.26 757028.75 1014419.66 25.37% 
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    Average: 14% 

Table 23 

6.2 Flex Sensor Testing 

6.2.1 Flex Sensor Calibration 

The flex sensors had to be calibrated prior to testing, including one ankle flex sensor 

and one knee flex sensor. The reason these sensors had to be calibrated individually is 

because the knee and ankle can bend to different degrees. The tables below show the 

calibration for both the knee and ankle flex sensors.   

resistor(Ω) Minimum 

(160 degrees) 

Maximum 

(97 degrees) 

Range 

<=100k 1024 1024 Out of Range 

120k 580 1019 439 

137.5k 470 920 450 

147k 430 905 475 

200k 404 697 293 

>=220k 1024 1024 Out of Range 
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                       Table 24 

 

 

 

 

 

 

 

 

resistor(Ω) Minimum 

(180 degrees) 

Maximum 

(25 degrees) 

Range 

<=100k 1024 1024 Out of Range 

110k 653 960 307 

120k 513 950 437 

135k 667 990 323 

145k 510 810 300 

>=150k 1024 1024 Out of Range 

           Table 25 
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The flex sensors were calibrated by implementing resistors of different resistance and 

recording the value of the flex sensor at its minimum and maximum angle. The 

minimum was the subtracted from the maximum in order to find the range. The resistor 

with the largest range was then chosen.  As shown in the tables above, the resistor 

chosen for the ankle was 147k ohms and the one chosen for the knee was 120k ohms.  

 

6.2.2 Flex Sensor Testing Results 

The purpose of this phase of testing was to validate the pressure sensor data by finding 

the accuracy of the sensor with mission requirements 3 and 4: The system shall 

calculate the ankle flex angle with an accuracy of no less than 85% and the system 

shall calculate the knee  flex angle with an accuracy of no less than 85%, respectively. 

This objective was done by comparing the output data from the flex sensors used in 

Arduino with the actual angle using a goniometer in order to calculate the accuracy of 

the device. The materials used on this phase of the testing included a protractor and 

electronic goniometer, flex sensors, and arduino device. The procedure for this testing 

phase included aligning the flex sensor along the goniometer. Then, the goniometer 

was moved to 25° and the flex sensor value was recorded. This was also done to 180° 

in 5° increments for both the ankle and knee flex sensors. In order to convert the raw 

flex sensor arduino output into actual degrees, the actual degrees (from the goniometer) 

were plotted against the raw flex sensor values. Then the line of best fit was found to 

convert the raw flex sensor arduino values to degrees. The line of best fit for the ankle 

flex sensor was y = -0.1736x + 269.93 with an R2 of 0.94122. The line of best fit for the 
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knee flex sensor was y = -0.2258x + 335.35 with an R2 of 0.92141. The graphs for these 

are shown below. 

 

 

  

      Figure 12 

 

      Figure 13 

Once the raw flex sensor arduino outputs were converted to degrees, they were 

compared to the actual degrees of the goniometer. This data can be found below for 

110°, 150°, and 180° for both the ankle and knee flex sensors. 
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Table 26 
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Table 27 
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Table 28 

 

 

6.2.3 Flex Sensor Testing Conclusion 

 

A summarization of actual degree, flex sensor degree, error, and percent error is shown 

below for both the ankle and knee flex sensors. As you can see, the ankle sensor had 

an average error of 5%; therefore, it passed the mission requirement of having no less 
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than 85% of accuracy. The knee flex sensor had an average error of 8%; therefore, it 

passed the mission requirement of having no less than 85% of accuracy. 

Actual 

(Degree) Calculated Error 

Percent 

Error 

120.00 118.72 -1.28 0.05 

130.00 121.97 -8.03 0.06 

140.00 135.86 -4.14 0.07 

150.00 152.17 2.17 0.03 

160.00 193.03 33.03 0.21 

170.00 162.51 -7.49 0.05 

180.00 181.34 1.34 0.03 

Average Error: 5% 

Table 29 
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Actual(Degr

ee) Calculated Error 

 Percent 

Error 

120.00 114.45 -5.55 0.08 

130.00 128.79 -1.21 0.01 

140.00 140.30 0.30 0.03 

150.00 162.28 12.28 0.08 

160.00 138.76 -21.24 0.13 

170.00 162.51 -2.92 0.02 

180.00 172.45 -7.55 0.04 

Average Error: 8% 

Table 30 

 

6.3 Accelerometer Testing  

The Purpose from this experiment is to test the accuracy of the accelerometer 

measurements in the Arduino device. In order to validate the KMS device before 

actually building the prototype an application called Andro Sensor installed on Android 

smartphones was used during the experiment. This app was used because it included 
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the option of using the axis of the earth instead of axis of the phone therefore it would 

be much more useful in the case of validating the device and comparing the data from 

the application with the results from the device later on. The phone was attached to the 

tibia and measure the acceleration in X, Y and Z direction. The experiment included 3 

different phases, initially the experiment started off by dropping a block vertically from 

30 cm height and graphed the results using Excel. Later on, for the second phase all 4 

team members participated in the experiment to perform straight leg jump in order to 

compare the result of dropping the block with data retrieved from human straight leg 

jump. The final phase of our experiment was all four team members doing bent leg jump 

in order to compare the result of the accelerations in X, Y and Z directions with the 

straight leg jump. Other than using the results of the jumps for validating the device 

another point of doing the experiments was for us to realize how the acceleration in X, Y 

and Z direction changes and where the maximum value of each directions of the 

acceleration happens which is a necessary information in order to design a device to 

mitigate ACL injuries. After, testing began by gathering baseline data which used to 

compare the results from each successor to its predecessor. We began this collection of 

baseline data through conducting drop tests with the Android mobile application, 

AndroSensor, in order to gather baseline linear acceleration data of the wearers shank 

in the x, y, and z-axis. We first gathered baseline drop data by attaching the Android 

device running AndroSense to a block and dropping it from 30cm. We then collected 

data from 5 users, each conducted 5 bent leg landings and 5 straight leg landings from 

a height of 30cm wearing the android device on the inner portion of the upper shank. 

This baseline data was paired with slow motion video capture during each test. The 
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video was later analyzed using freeze frames in .01 second increments to measure the 

angle of the knee using an electronic goniometer at the precise time in the transition 

from phases of the gait in the landing. The angle and linear accelerations were 

compared to determine the linear accelerations at different phases of the landing. This 

baseline data was used to verify that accurate data can be collected and matched to the 

gait phase of the wearers legs. Then the experiment was repeated  with the KMS device 

with 5 trail for each the bent leg jump, straight leg jump, and dropping the block. Finally 

all the data retrieved from the app and the KMS accelerometer were compared to pass 

number six from the project’s mission requirement.  
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6.3.1 Accelerometer Data Comparison   

 

The first graph above shows represent the data from dropping a block obtained from the 

accelerometer in the KMS device, and the second graph represent the data obtained for 

the Androsensor App. The graph shows the acceleration in X, Y, and Z direction with 

respect to time in a free fall. We can see that the data match between the two graphs in 

free fall, landing, and bounce. 
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6.3.2 Accelerometer Test Results 

 

 X Acceleration 

(m/s^2) 

Y 

Acceleration 

(m/s^2) 

Z Acceleration  

(m/s^2) 

Arduino 

Acceleration 

Average 

-0.0282 1.2330 9.6907 

Standard 

Deviation 

0.3708 0.1321 0.2192 

Error 0.0282 1.233 -0.11 

Number of trials 5 5 5 

 

 

 

The table above shows the data results obtained from the. The arduino acceleration 

averages in X and Y acceleration are inconsistent duo to wobbling during the test. The 

error turned out to be 0.0282 for the X acceleration, 1.233 for the Y acceleration and  -

0.11 for the Z acceleration. In addition, mission requirement 6 stated that the system 

shall calculate the acceleration within 3 m/s^2 of error and our test result shows that 
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The system calculated acceleration within 0.625 m/s^2 in error. The experiment was 

concluded to be successful.  

           

 

 

7.0 Risk Analysis 

7.1 Risk Analysis Chart 

We identified four main risk that can happen to the system and how to mitigate and 

solve them. We ranked each on based on severity, likelihood, and detection in a score 

from ten to one ten is the highest and one is the lowest and then multiplied the ranks to 

find and calculate new product development. The risk with the NPD is software 

malfunction, and the detection method for this risk is by throwing a debugging to the 

software. Then we have a hardware malfunction and this can be detect by replacing the 

damaged parts with new ones. Another risk that the project might face is stakeholders 

and misspecification and errors and both of them can be detected by Accomplish and 

complete all the stakeholder objectives and Increase the device’s performance and 

speed.We identified three different  
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Risk Severity Likelih

ood 

Dete

ction 

NPD Mitigation  

Software 

Malfunction   

10 5 6 300 Debugging the software  

Hardware 

Malfunction 

10 4 4 160 Replacing the damaged parts 

with new ones parts  

Stakeholders 

Satisfaction  

8 7 3 168 Accomplish and complete all 

the stakeholder objectives.  

Misspecificatio

n and Errors 

9 3 5 135 Increase the device’s 

performance and speed 

Table (10) 

  

7.0 Project Plan 

7.1 Work Breakdown Structure 

The graph above shows the decomposed function for all the tasks and works that needs 

to be done through the school year in order to complete the project. First we have 
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management and its broken down into due dates, earned value management, and 

resources management. Second we have research and it's broken down into context 

and technology. then we have CONOPS are broken into contact analysis, need 

statement, problem statement, and stakeholder analysis. Next we have Originating 

requirement also broken down to design, functional, and mission requirements. Analysis 

is broken down to risk, sensitivity, and data analysis. Tesr is broken down to validation 

and verification. Finally, documentation and it's broken down to final report, 

presentation, and timesheets.  

 

 

 Figure (10) Work Breakdown Structure 
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7.2 Gantt Chart  

Our Gantt Chart includes the eight higher level categories of Management, Research, 

Concept of Operations, Originating Requirements, Design, Analysis, Testing, and 

Documentation, as well as other defined tasks with their durations assigned. Our entire 

project is estimated to last 178 days. 

 

 

Figure (10) Gantt Chart 
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     Figure (11) Gantt Chart Continued 

 

Figure (12) Test Plan Gantt Chart 

 



 

77 

7.3 Critical Path 

Our critical path consists of 6 main tasks which are critical for our project to finish them 

on time otherwise our entire project is not going to meet the deadlines. These 6 tasks 

consists of Earned value management, deriving concept of operation, designing the 

device, analysis, testing which consists of validation and verification and finally the 

briefings and the conferences are also components of the our critical path. 

 

 

 

Figure (13) Critical Path 

7.4 Performance Budget 
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Figure (14) Performance Budget 

 

Figure (19) is shown above, and is a plot of our Planned Value(PV), Actual Cost(AC), 

and Earned Value(EV). Earned Value drops below the level of Planned Value in the 

second week as more time was put into defining the problem and research on the topic. 

From week 3 through 6 the Earned Value exceeds that of the Planned Value as most of 

the main research has been completed and team members are able to make progress 

in progression of the system development. Week 7-11 depicts a great increase of EV 

over PV as baseline testing had been completed and prototype development had 

begun. The Values of EV, PV, and AC were then used to determine our Cost 

Performance Index(EV/AC), and Scheduled Performance Index(EV/PV) shown in 

Figure(20) below. 
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Figure (15) CPI & SPI 

 

 

 

 

 

 

8.0 Business Case 

8.1  Business Model 

 As mentioned before every year there are between 100,000 to 200,000 ACL 

injuries occurring in the United States which account for more than $500 million in the 

US healthcare budget. It With an average of 200,000 injuries happening per year, KMS 

we aim to capture about 10% of that market, that gives us 20,000 users per year. 
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Additionally, considering the cost of the components and by looking at similar products 

available in market, which range from $10,000- $30,000+, we price our device below the 

lower end of that spectrum, at $8000. If we multiply the number of users per year by the 

price of the device we forecast an annual revenue of $160,000,000. 

 8.2 Market Strategy and Prospective Market  

 As there is now a global market for knee protection products, knee sleeves 

which are designed to address people's pain and protect the knee from impacts are 

stepping up the production capacity. As people age, knee pain becomes a factor in their 

daily living, and it is this concern that the company aims to address with the product. 

Based on the context and Stakeholder Analysis mentioned earlier, we have identified 

two main categories of customer that would benefit from using Knee Motion Sensor is 

athletes including NCAA students, youth athletes, recreational athletes and professional 

athletes which play in leagues. The second  category which can hugely benefis from a 

sensor preventing them from ACL injury is people who previously experienced knee 

injury and want to be alerted when they are putting too much strain on their ligament.  

Potential Customer 

  

Benefit Market Size 

(individuals) 

US Athletes:                                                                                                               

50,498,000 

  NCAA student 

athletes 

Prevent ACL injury, post 

game analysis 

480,000 
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Youth 

  athletes (age 5-

18) 

Prevent ACL injury, post 

game analysis 

35,000,000 

Recreational 

  athletes US 

Prevent ACL injury, post 

game analysis 

15,000,000 

Professional 

  athletes 

Prevent ACL injury, post 

game analysis 

18,000 

Previously Knee Injured Individuals:                                                                       

300,000 

  

  

  

knee joint 

(meniscus). 

Ligament tears 

Prevent further knee 

injury 

 2,295 

PCL injury Prevent further knee 

injury 

25,000 

ACL injury Prevent further knee 

injury 

200,000 

Total: 50,700,000. 

 

The Market Strategy for Knee Motion Sensor includes three-stage process in order to 

enter the market. The purpose of this is to start with a minimum cost method which 



 

82 

starts with gaining customers before increasing alternative design options and 

increasing the price. 

1. Stage I: Obtaining patent 

The first stage includes cost of obtaining a patent for the device, establishing 

corporate identity, brand name and trademarks for the knee motion sensor. The price 

for this process varies anticipating cost of preparing and filing a patent application with 

the United States Patent and Trademark Office. The type of invention and the degree of 

complexity is the most important consideration that needs to be taken into account. The 

total cost of obtaining a patent includes two separate parts, first fees to pay for attorney 

and the second part is the cost of patent search with opinion which is very critical in 

order to obtain an idea about whether it is logical to pursue a patent in the first 

place.The total cost can add up to $10,000 including the attorney and the opinion and 

application fees.  

2. Stage II: Build Phase 

We assume no inventory for the business at least for the first year of the business in 

order to avoid any inventory and holding cost. The build phase starts with the order of a 

costumer. The purpose of waiting to gain one customer prior to building the device is to 

ensure that KMS will recoup the nonrecurring costs of the costs of marketing at the 

same time for the first year. At the completion of that task, KMS will also monitor its 

service for the customer in order to ensure the customer satisfaction.  

3. Stage III: Increase the production  

The last stage is when KMS will produce most of its revenue due to the use of 

economies of scale. As mentioned in the last stage, there will be only one device 
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produced at once, building more devices will then cover the recurring costs of KMS at 

this stage. The recorded data regarding the customer surveys will help us make any 

necessary changes in this stage before increasing the number of devices produced. 

Using this data, KMS will be able to improve its customer interface in order to 

outperform any competitors. 

8.3 Cost  

The project cost can be divided into two different parts: start up cost and 

operational cost. The process of both costs includes recurring and nonrecurring costs.  

 

Total Cost  

Operational Cost  Per Device  

Nonrecurring  Recurring Nonrecurring  Recurring 

$87,000 $50,000 $5000 $2300 

 

 

The Device Cost Breakdown:  

 

Component Price 

2 x Pressure Pads $16.00 
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2 x Flex Sensors $15.99 

Multiplexor $6.95 

Accelerometer $7.00 

Arduino Buzzer $0.80 

Arduino Haptic Disc $1.95 

LED $0.10 

Arduino board $70.00 

Resistors $5.99-$7.99 

Wires $8.00 

3-D printed cover $20.00 

Over Knee Sock $12.48 

Total $180 +/- $20 

 

The device cost as shown in the table above include the arduino board which is the 

main component with it own built in Wifi. The board itself an accelerometer to calculate 

the acceleration in x, y, and z direction, an LED light, and arduino buzzer to alert the 

user to when the TSF is passing the threshold. It also include 3-4 resistor to make the 

data more accurate. The device also contain two pressure pads one in the heel and one 

next to the toes, and two flex sensors all connected with wires to the arduino board. The 
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whole device would be inside a 3-D printed cover for protection and attached to an over 

the knee sock for the right leg. 

Copyright Registration Fee $55 

Marketing $50,000 

Maintaining Website $2,500 

Research and development $30,000 

Brouchures  $5,000 

Total $87,000 +/-$10,000 

    

Operational cost per device(recurring) 

 

 

 

 Price 

Human acquisition (4 X $20/h X 2080 h) $167,000. 

Patent registration  $8,000 

Website host $2,500 

Total $178,000 +/- 20,000 
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Operational cost per device for one year(Nonrecurring) 

 

The operational cost include a copyright registration fee which is a regular fee that 

usually every prototype has to have. Marketing, include advertising, flyers, brochures, 

and digital ads (facebook, twitter, etc). The project is also going to have a website for 

customers to know more about KMS from features to ordering the device. It also include 

the cost of doing research and development  in order to build the device and obtain the 

best results. Human acquisition is also part of the operational cost (4 X $20/h X 2080 h), 

Patent registration, and having a website host for KMS. 

Cost Price 

Fixed Cost $10,000 

Total Variable Cost (Total 

Quantity of Output * Variable 

Cost Per Unit of Output 

(Recurring Cost)) 

$570,000 

 

Overhead (Rent, Utilities, 

Health Insurance, Marketing) 

$60,000 

Total Operational Cost $650,000 +/- 

$20,000 
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8.4 Sales Profile: 

  

Geographically, the largest share of the global demand for orthopedic braces 

market in 2016 belongs to North America, followed by Europe. This large share of 

market can be on account of the rising elderly population, more osteoporosis accidents, 

obesity and also the huge surge in number of knee injuries due to sport injuries as a 

result of growth of number of people who now are participating in sports. As a result, a 

Knee Motion Sensor who provides situational awareness for anyone who wants to 

prevent ACL injuries, has the potential to be largely marketed. The anticipated price for 

each device based on the component cost is $1000. 

8.5 Initial investment Investment 

Calculations for Return On Investment (ROI) included a pessimistic, optimistic 

and realistic case for the projection of KMS as a business with consideration of 

penetration rate of the market which is the number of people who buy or use KMS 

product divided by the relevant market size. The initial investment needed for the start 

up of KMS is such as: 

Initial Investment =  KMS( Nonrecurring Cost + 1 Year Operating cost) =  

Initial Investment = $180,000 + $87,000 = $267,000 
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1) Optimistic case: For the optimistic case we assume that with the help of 

marketing the KMS will be able to capture 30% of the market share by the 

5th year with the penetration rate of 8% 

 

2) Pessimistic case: For the Pessimistic case we assume that the KMS will 

be able to capture only 10% of the market share by the 5th year with 

penetration rate of 2%. 

8.6 ROI and NPV 

Based on the initial investment, cost and unit price of the device for the optimistic case 

the NPV(Net Present Value) was calculated with discount factor of 8% and the total 

amount of $26,964,307 and ROI(Return on Investment) of 89% c and for the pessimistic 

case we calculated amount of $16,464,115 for the NPV and 73% ROI over the ten 

years. 
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 Optimistic Pessimistic 

Market Share 30% 10% 

Penetration 

Rate 

8% 5% 

NPV $26,964,30

7 

$16,464,115 

ROI 89% 73% 
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Appendix 

Arduino Code 
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Matlab Code 
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