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ABSTRACT 

BROOKE NICHOLE SPEECE 

A NOVEL DESIGN OF A KNEE BRACE FOR PATIENTS WITH SPINOCEREBELLAR 

ATAXIA: A COMPARATIVE STUDY 

Under the direction of Ha Van Vo, M.D., Ph.D., DPM 

Spinocerebellar ataxia (SCA) is an inherited degenerative disease of the central nervous system 

leading to the deterioration of the cerebellum, the voluntary motor control center of the brain. 

Patients with SCA are unable to maintain balance and normal posture and have an ataxic gait, 

resulting in increased abnormalities in gait parameters. Some patients may increase muscle co-

activation to provide stability during gait by stiffening their joints. A compensation that typically 

results in reduced joint range of motion and a decrease of gait parameters. The subject of this 

study is a 47-year-old female with spinocerebellar ataxia type 2 and presents with difficulty 

standing, abnormal ataxic gait, and poor balance. The purpose of this study was to design and 

construct a brace to provide stability and aid the patient in walking as well as standing and 

sitting. Two braces were designed, constructed, and tested to compare the efficacy of each: a 

tension brace with an adjustable Velcro tension band attachment on the anterior portion of the 

brace and a spring brace with a torsional spring and 3D printed housing attached to the brace 

knee joint. Electromyography analysis determined the knee antagonist co-activation index (CAI) 

increased by 86.3% during stance and by 168.7% during swing with the spring brace, indicating 

greater stability and motor control. The tension brace had little to no effect on CAI. During 

standing, the tension brace increased quadriceps activity by 65.4% and the spring brace increased 

activity by 37.2%, indicating both braces could help to rehabilitate weak muscle function. Joint 
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angle diagrams obtained in the gait analysis determined both braces aid the knee during the 

terminal stance and pre-swing. With the spring brace, cadence increased by 8.7% (72.4 

steps/min) and velocity by 8% (0.53 m/s), while the tension brace increased cadence 4.9% (69.7 

steps/min) and velocity remained unchanged. The F-Scan pressure analysis determined the 

spring brace decreases abnormal peak force during loading which can indicate balance problems 

at heel strike. The patient preferred using the spring brace to the tension brace. She felt it 

provided her more stability and speed and elected to keep the brace after testing.
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CHAPTER 1 

BACKGROUND 

Functional Anatomy 

The Knee Joint 

The knee joint is a hinge-type synovial joint comprised of two separate joints: the 

tibiofemoral joint and the patellofemoral joint (as pictured below in Figure 1). The knee joint 

functions to allow flexion and extension of the leg as well as some medial and lateral rotation 

[1]. The tibiofemoral joint is the primary weight bearing portion of the knee and is the result of 

the articulation between the femur and the condyles of the tibia; however, this joint is rather 

weak and relies on the use of muscles and ligaments for stabilization. The patellofemoral joint is 

formed between the patella and femur and functions to increase the leverage of the quadriceps in 

order to improve the stability of surrounding muscles and protect the knee joint from damage [2]. 

 

Figure 1. The anatomy of the knee joint [3]. (Image licensed under CC BY 3.0, modified from 

original version) 
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The anterior muscles of the thigh include the sartorius and the quadriceps femoris, a 

muscle group consisting of the rectus femoris, vastus lateralis, vastus medialis, and vastus 

intermedius. The sartorius, originating from the pelvis and inserting into the tibia, is responsible 

for the flexion of the lower leg at the knee joint. The vastus muscles (the interior muscles of the 

quadriceps group) originate from the femur and insert into the patella. These muscles lie beneath 

the rectus femoris which originates from the pelvis and inserts into the patella. The quadriceps 

primarily function to extend the knee, but they also provide protection and stability for the 

patella [2]. The rectus femoris also plays a key role in flexion of the hip. The anterior muscles of 

the thigh are pictured below in Figure 2. The posterior muscles of the thigh include the 

hamstrings group, consisting of the bicep femoris, semitendinosus, and semimembranosus. The 

bicep femoris originates from the pelvis and femur then attaches to the fibula. The 

semitendinosus originates at the ischial tuberosity and inserts into the medial condyle of the tibia. 

The semimembranosus also originates from the ischial tuberosity but inserts into the posterior 

tibia. These muscles primarily function to flex the knee but also help in extension and lateral 

rotation of the hip [2]. The posterior muscles of the thigh are displayed below in Figure 2. 
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Figure 2. The anterior (left) and posterior (right) muscles of the thigh which play a major role in 

the movement of the knee joint [4,5]. (Images licensed under CC BY 3.0) 

The Ankle Joint 

The ankle joint is a synovial hinge joint which is comprised of two anatomical joints: the 

talocrural joint and the subtalar joint [6].The talocrural joint consists of the articulation of the 

tibia and fibula on the talus. This allows the joint to act as a hinge joint for dorsiflexion and 

plantar flexion of the foot. The subtalar joint is formed between the talus and calcaneus bones. 

This joint controls eversion and inversion of the foot. Movement at the ankle is important for 

both posture and balance and, most importantly, locomotion [2]. This joint relies on the muscles 

of the lower leg for motion. The ankle joint is pictured below in Figure 3. 
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Figure 3. The anatomy of the ankle joint [7]. (Image licensed under CC BY 3.0) 

The anterior muscles of the lower leg are the tibialis anterior, extensor digitorum longus, 

and extensor hallucis longus. The tibialis anterior originates from the lateral surface of the tibia 

and attaches at the base of the big toe, and it is primarily responsible for dorsiflexion and 

inversion of the foot. The extensor digitorum longus originates from the tibia, and its posterior 

end turns into a tendon and splits into four and attaches to each of the little toes. This muscle is 

also responsible for dorsiflexion of the foot and extension of the toes. The extensor hallucis 

longus originates from the fibula and inserts into the big toe and is responsible for the extension 

of the big toe and plays a role in the dorsiflexion of the foot [2]. These muscles are shown in 

Figure 4a below. The superficial posterior muscles of the lower leg include the gastrocnemius, 

plantaris, and soleus. The gastrocnemius has both a long and short head that originate from the 

femur and converge into the calcaneal tendon that inserts into the heel. The plantaris originates 

from the femur as well but inserts into the heel through the calcaneal tendon. The soleus muscle 

originates from the tibia and fibula and also inserts into the heel via the calcaneal tendon. All 
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three of these superficial-posterior muscles are responsible for the plantarflexion of the ankle 

joint. The deepest posterior muscle is the tibialis posterior. This muscle originates from the tibia 

and fibula and inserts into the plantar surfaces of the toes and is responsible for inversion and 

plantar flexion of the ankle joint. It also serves to maintain the arch of the foot. The fibularis 

longus and fibularis brevis are the lateral muscles of the lower leg. The fibularis longus 

originates from the fibula and tibia and converges into a tendon that passes under the foot to 

insert into the medial side of the foot, and it is responsible for both eversion and plantarflexion. 

The fibularis brevis originates from lateral surface of the fibula and attaches the little toe, 

primarily functioning to evert the foot. Figure 4b below shows the posterior muscles of the lower 

leg. 

 

Figure 4. The anterior (left), posterior (middle), and deep (right) muscles of the ankle joint and 

lower leg [8]. (Image licensed under CC BY 4.0) 
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Muscle Co-Activation and the Gait Cycle 

 Gait defines the locomotion pattern of a human and can be defined by a number of 

parameters such as step length and stride (double step length). The gait cycle of a human is the 

length of one stride and consists of both a stance and swing phase. The stance phase comprises 

60% of the gait cycle for an average person and provides periods of single and double support 

for weight-bearing. The swing phase, which comprises the remaining 40% of the gait cycle for a 

typical person, is the period of time in the gait cycle where the foot is not in contact with the 

ground [9]. The gait cycle can be broken down further into 8 periods: initial contact, loading 

response, midstance, terminal stance, pre-swing, initial swing, mid-swing, and terminal swing. 

Initial contact, or heel strike, is the beginning of the stance phase and is the first instance of 

double support that occurs when the patient’s foot touches the ground. During loading response, 

or foot flat, the single support phase of the gait cycle begins as the patient’s stance limb absorbs 

shock of impact. Single support continues through midstance as the limb switches from impact 

absorbing to propelling the body forward. The last phase of single support occurs during the 

terminal stance, or heel-off, marked by the heel leaving the floor and shifting weight onto the 

heads of the metatarsals. Double support begins again at the end of the stance phase during pre-

swing (toe-off or push-off) when the patient pushes off and the foot leaves the ground. Initial 

swing marks the beginning of the swing phase and the single support phase for the opposite side. 

Mid-swing occurs as the thigh of the swing limb begins to advance past the stance limb. 

Terminal stance marks the end of single support and the gait cycle where the swing limb is 

extended and prepared for initial contact. A typical gait cycle is seen below in Figure 5. 
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Figure 5. A normal gait cycle of a healthy individual [10]. (Image licensed under CC BY-SA 

4.0) 

Muscles Involved in the Gait Cycle 

 As a person moves through the gait cycle, muscles activate in patterns to provide 

mobility and stability. The dorsiflexors of the foot are primarily involved in initial contact in 

order to prepare the foot for heel strike as well as the quadriceps group which works to keep the 

leg extended at the knee. During the loading response, muscles in the thigh and lower leg act 

eccentrically to provide stability; the dorsiflexors of the foot, primarily the tibialis anterior, act in 

this fashion to prevent the foot from slapping the ground while the quadriceps also acts to 

stabilize knee flexion. As the patient begins to move over their stance limb, ground reaction 

forces occur causing dorsiflexion, and the plantar flexors of the lower leg are activated 

eccentrically to control this flexion over the foot [11]. The quadriceps also engage in concentric 

contraction to extend the knee. The plantar flexors act isometrically as the body’s momentum 

causes the heel to rise in terminal stance. Knee extension is also provided by the plantar flexors 

and ground reaction forces. During pre-swing, the plantar flexors engage in concentric 

contraction to provide toe-off. The quadriceps works isometrically to limit knee flexion and little 

hamstrings activation is seen; however, at slower speeds, ground reaction forces are not enough 

to provide knee flexion so the biceps femoris is activated [11]. Rectus femoris activity continues 

in initial swing, and the dorsiflexors work to provide foot clearance which continues into mid 



 

 

8 

 

swing. No other muscle activity is seen in the mid swing phase. Finally, the dorsiflexors continue 

to prepare for initial contact while the hamstrings act eccentrically to regulate a person’s swing. 

The quadriceps begin activity just before initial contact to prepare for force absorption and load 

bearing.  

Muscle Co-Activation during Gait 

 Antagonist muscle co-activation is due to the activation of the agonist and antagonist 

muscles around a joint occurring simultaneously [12]. The muscle causing a motion such as 

flexion or extension (agonist) is working in unison with the opposing muscle (antagonist). While 

the agonist muscle provides joint motion, the antagonist muscle helps to maintain the position of 

the limb or control rapid changes in movement [13]. For example, the hamstrings act 

agonistically to flex the knee while the quadriceps act antagonistically to limit flexion. Co-

activation, or co-contraction, plays a significant role in movement and motor control. It is 

thought that increasing muscle co-activation provides stability due to a stiffening of the joints as 

a result of co-contraction. This process is especially advantageous in lower limb stability during 

the gait cycle [14]. Unfortunately, increased and pro-longed muscle co-activation can result in 

problems such as an increase metabolic cost during the gait cycle [15] as well as increased forces 

placed on the joints due to weight bearing while limbs are stiffened [16].  

Cerebellar Ataxia 

Ataxia is a condition describing the presence of abnormal and uncoordinated muscle 

movements. It can describe a symptom of an underlying condition or refer to specific 

neurological disorders affecting voluntary muscle movement [17]. Cerebellar ataxia is a disease 

of the central nervous system caused by damage or deterioration of the cerebellum of the brain. 
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The cerebellum is located on the posterior part of the brain near the brain stem. The cerebellum 

is primarily responsible for voluntary motor functions and posture and balance [19].  

Symptoms and Causes  

Symptoms of cerebellar ataxia vary widely by patient. As described by the National 

Ataxia foundation in Figure 7 below, many common symptoms include: a lack of coordination 

in the muscles, deterioration of fine motor skills, poor balance, difficulty walking, gait 

abnormalities, slurred speech or delayed speech, tremors, abnormal eye movements, difficulty 

eating or swallowing, and heart problems [20]. These symptoms can progress slowly over time 

or develop quickly depending on the type of ataxia and its severity. 

 

Figure 6. Common symptoms of ataxia [21]. 
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There are many conditions that can cause damage to the cerebellum and central nervous 

system resulting in spinocerebellar ataxia, including stroke, tumors, cerebral palsy, multiple 

sclerosis, and substance abuse [22]. Cerebellar ataxia can also be inherited.  

Spinocerebellar Ataxia (SCA) 

Spinocerebellar ataxia (SCA) results from a mutation caused by trinucleotide expansions 

that interfere with the function of the genes that are fundamental to the structure and function of 

the cerebellum. The gene mutation causes the nerve fibers that carry messages throughout the 

brain and central nervous system to be impaired, leading to the deterioration of the cerebellum 

[20]. SCA is an autosomal dominantly inherited condition; therefore, if a parent has the 

condition, they have a 50% chance of passing the SCA gene to their child. If passed, the child 

will develop the disease [23]. An increased number of repeats of the mutation also correlates to 

severity and age of onset, though dominantly inherited cerebellar ataxias typically present when 

the patient is in their twenties or thirties [24]. There are over 40 variations of SCA, each 

designated by the gene that caused the mutation and named in the order of which they were 

discovered.  

Nearly 20,000 people in the U.S. suffer from some form of SCA with spinocerebellar 

ataxia type 3 (SCA3) being the most common [20]. There is currently no cure for spinocerebellar 

ataxia, so treatments are supportive. Some medications are available that can mitigate symptoms. 

Many patients undergo speech, physical, and occupational therapies to maintain current muscle 

function and slow disease progression. Often patients need the use of wheelchairs, canes, 

walkers, or braces especially as the disease progresses. 
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Gait Abnormalities in Ataxia 

 Due to the patient’s difficulty in controlling muscle movements, they are unable to 

maintain balance and normal posture [17]. An ataxic gait is typically characterized by wide, 

staggering movements as displayed in Figure 6. These movements can lead to lateral veering as 

well. Patients with cerebellar ataxia may compensate for these unsteady movements by taking 

short steps and shuffling [25]. SCA consists of increased abnormalities in gait parameters such as 

cadence, velocity, step length, and stride length. Their joint movements (typically reduced) and 

muscle activation patterns (typically increased) also deviate from the normal. These gait 

variations typically result in an increase of tripping and falling, and many require the use of an 

assistive device to maintain balance [26, 27]. 
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CHAPTER 2 

MATERIALS AND METHODS 

Patient Background 

 The subject of this study is a 47-year-old female with spinocerebellar ataxia type 2. The 

patient is of average height (5’6”) and weight (146 lbs). The patient presents with difficulty 

standing, an abnormal ataxic gait, and poor balance. The patient cannot stand or walk without the 

use of her upright walker as seen in Figure 7 below, and the patient has never used an orthotic 

device. Preliminary muscle strength tests were conducted, and it was determined that the patient 

had good muscle strength in her lower extremities. Preliminary range of motion (ROM) tests 

determined the patient had a sufficient ROM in flexion of the knee and hip and plantarflexion of 

the ankle, while dorsiflexion was slightly diminished on both sides (Steps for ROM and strength 

tests can be viewed in Appendix A). No limb length discrepancies were detected, and the patient 

did not complain of pain on standing or walking. 
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Figure 7. The patient’s normal walking condition with the use of the Gemino 60 Walker. 

Design and Manufacturing 

 Two knee braces were designed and constructed with the goal of providing stability and 

aiding the patient in walking as well as standing and sitting. The knee orthotic itself (plastic and 

metal bracing components) is the same for both designs. The designs for each device differ in the 

component added to the base orthotic to aid the patient’s condition: 

1. Tension-assisted: an adjustable Velcro tension band attachment on the anterior portion of 

the brace over the knee joint 

2. Spring-assisted: a torsional spring with 3D printed housing attached to the knee joint of 

the bracing 
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Manufacturing of the Base Orthotic 

The patient was casted with fiberglass casting tape to create the molds for the plastic 

bracing. Each casting was sealed with strips of plaster of paris wrap, and filled with a mixture of 

plaster, water, and vermiculite. Supportive rods were placed in the center of each mold to create 

an attachment base for the drying plaster, and the drying molds were placed in a stable container 

for 24 hours to ensure they dried evenly and efficiently. After drying, the molds had to be 

modified to provide a smooth surface for the plastic to form correctly. The mold was shaved and 

sanded to remove the indentations of the casting material, and any cracks or holes were filled 

with more of the plaster mixture and sanded until a smooth, even mold was formed as displayed 

in Figure 8. 

 

Figure 8. The plaster mold smoothed and prepared for plastic drop. 

The mold was covered in Loctite spray adhesive, and the Volara foam was heated at 380 

℉ for ten minutes then carefully dropped on the mold, tapped, and vacuum sealed. The foam was 
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covered in Loctite spray adhesive to allow the plastic sheet to bond. A sheet of ⅛ inch 

polypropylene plastic was heated at 380 ℉ for approximately 30 minutes. Once sufficiently 

heated, the plastic was dropped over the foam-covered mold and vacuum sealed to prevent any 

bubbling or deformations (pictured below in Figure 9). After cooling, the plastic was cut away 

from the mold and divided into bracing for the thigh and calf as seen below. 

 

Figure 9. A polypropylene sheet was dropped over the patient’s mold (left) to produce plastic 

bracing for the thigh and calf (right). 

 The metal components of the brace were made with 0.5” wide aluminum bars and thin 

aluminum sheets for the knee joint leaflets. The knee joint is a simple hinge joint already 

implemented in the Mercer on Mission Vietnam program (Figure 10). It consists of two leaflets 

which are placed on either side of an aluminum bar and riveted twice to prevent movement. 

Another aluminum bar is inserted on the distal end and loosely riveted once to allow for rotation. 

The aluminum bar is sanded with only one rounded corner to allow flexion but prevent extension 

similar to the movement of the actual knee. 
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Figure 10. The aluminum hinge knee joint. 

 Two 1.5” wide Velcro straps were sewn for each piece of plastic bracing and attached to 

the bracing via “D” rings. Once all components were constructed, the knee bars had to be bent 

according to the contour of patient’s legs and the plastic supports in order for the brace joints to 

align properly with the patient’s natural joints. The plastic components were fit to the mold in 

order to make sure the metal bracing would fit to the anatomy of the patient. The knee joint of 

the brace was lined up to the approximate knee joint on the mold, and bends were made in the 

metal bars to conform to the patient’s leg. Upon joint alignment and contour alignment, the 

placement of the bars on the plastic bracing were marked, making sure to keep the joint fully 

extended. Two holes were drilled on each end of the metal bracing, and the holes were 

transferred to the plastic brace components. The metal bracing was then attached to the plastic 

bracing with ¼” bolts. 

Tension Band Attachment 

 The tension band was made from a typical latex rubber resistance band. The band was 

cut, and two Velcro straps were sewn on either side of the band for attachment (Figure 11). 

Foam padding was sewn at the top of the band to provide cushion for the thigh and knee. 
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Figure 11. The tension band with Velcro attachment. 

 Velcro strips were riveted to the back of the brace for attachment as seen in Figure 12. 

Two strips of Velcro were riveted to the calf for adjustment in tension depending on the patient’s 

need. 

 

Figure 12. The tension band brace riveted with Velcro strips for tension band attachment. 

 The tension band is attached to the brace by wrapping the top Velcro strip around the 

thigh brace and securing it to the back Velcro strip. The band is then pulled to the desired 

tension, and the Velcro strip is wrapped around the calf and secured to the Velcro strip on the 

back of the calf (Figure 13). 
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Figure 13. The tension completed tension band brace with Velcro tension band attachment. 

 The completed tension band brace fit to the patient is displayed below in Figure 14. Once 

proper alignment was confirmed for all components, the final steps were completed including 

riveting the metal bracing to the plastic components and riveting of the straps to provide for 

secure attachments. 

 

Figure 14. The tension band brace completed and fit to the patient. 
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Spring Joint Attachment 

CAD Design of the Spring Joint System 

 The spring joint attachment consists of a torsional spring and 3D printed housing. The 

spring used was a 90° 302 Stainless steel torsional spring (Figure 15). The spring chosen has an 

outside diameter of 1.102” and a wire diameter of 0.135” and is rated at a max torque of 40 lb-in 

at 2” (half of the leg length at 4”). For the purposes of this device, a spring was needed with a 

deflection of 180°. Unfortunately, most torsional springs with the same parameters had a large 

number of coils (at least 7) which would be too bulky for use in this design. The 90° deflection 

spring was chosen because it had high torque and only 4.25 coils, providing plenty of force with 

less bulk. The spring was bent to 180° and 4 coils in our lab. 

 

Figure 15. A 90° 302 stainless steel torsional spring used in the design of the spring knee joint 

attachment. 

 A housing unit was designed to hold the torsional spring and attach it to the knee joint of 

the metal bracing. This design consists of the torsional spring and three parts: the housing unit, 

housing top, and distal attachment. The housing unit (displayed in Figure 16 below) was created 

in SolidWorks. The piece was designed to sit on top of the existing knee joint of the brace. The 



 

 

20 

 

piece is designed with an indent on the back side to allow it to fit on top of the joint. The 

proximal end of the housing (opposite to the side on top of the knee joint) has wings which fit 

around the metal brace snuggly and a hole for a bolt to anchor the piece. Using the outer and 

inner design specs of the spring as well as the wire diameter, a channel was extruded to house the 

spring snuggly. A 0.15” thick portion was removed from the distal end of the housing to allow 

clearance for the free leg of the spring and top coil. The housing functions to anchor the proximal 

spring leg while allowing for free movement in the distal end of the spring. 

 

 

Figure 16. The front view (top) and rear view (bottom) of the CAD design of the spring housing. 

 A top was designed for the housing that could easily be removed as seen in Figure 17 

below. It has a thickness of 0.3”. The proximal end is designed to sit flush with the housing 

while the proximal end has a slight indentation of 0.025” to provide extra clearance for spring 
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movement. The piece has two holes for attachment to the housing each with a counterbore depth 

of 0.135”. 

 

 

Figure 17. The front view (top) and rear view (bottom) of the housing top. 

 A piece was designed for distal attachment of the spring. As seen in Figure 18 below, the 

bottom side of the distal attachment has a groove 0.51” wide to snugly fit around the metal 

bracing and two holes for ¼” through bolts to attach the piece to the bracing. The leg of the 

spring fits snugly through a 0.135” x 0.135” channel. The extruded height of the channel was 

designed to keep the spring leg straight and prevent any medial bending. 
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Figure 18. The rear view (left) and the extruded view (right) of the distal attachment of the 

spring. 

The constructed components of the CAD generated spring joint can be seen below in 

Figure 19. 
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Figure 19. The front (top left) and rear (top right) views of the spring knee joint housing and 

attachment designed to fit the spring snugly inside (bottom). 

Construction of the Spring Joint System 

 The spring attachment system was 3D printed using a polylactic acid (PLA) filament. The 

system was attached as seen in Figure 20 below. The spring housing was attached to the brace 

from the medial side using a ¼” socket head cap screw that was ¾” long. The torsional spring 

was placed inside the housing, and the top was attached with 6-32 ½” long socket head screws. 

The distal attachment was slid on to the distal spring leg and anchored to the bracing with two 

¼” hex bolts that were 1.5” long as seen in Figure 21. 
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Figure 20. The 3D printed components prepared for attachment to the metal bracing and knee 

joint. 

 

 

Figure 21. The completed spring knee joint system, top and bottom views. 

The metal bracing was then reattached to the plastic bracing as seen in Figure 22. 
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Figure 22. The attached spring joint system. 

 Once proper alignment was confirmed for all components, the final steps were completed 

including riveting the metal bracing to the plastic components, applying Loctite to the screws of 

the housing and distal components, and riveting of the straps to provide for secure attachments. 

The finished brace can be seen below in Figure 23. 

 

Figure 23. The finished spring brace fit on the patient. 
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Testing 

K Constant Test 

 The tension band underwent a k constant test to determine its value for calculations. 

Testing was conducted on the tension band using alligator clips, a marker, a ruler, and various 

weights. The full procedure for this test is displayed in Appendix B. 

EMG Analysis 

Testing was conducted using the Noraxon Desktop DTS system. The components for 

data collection included the Noraxon MR3 software, Noraxon receiver with USB cable 

connection, an integrated webcam, 10 EMG sensors, and 10 2 cm dual AgCl surface electrodes. 

The full protocol for data collection can be found in Appendix C. The muscles tested are major 

muscles used in the gait cycle: the quadriceps (rectus femoris), hamstrings (biceps femoris and 

semitendinosus), dorsiflexor (tibialis anterior), and plantar flexor (gastrocnemius lateralis) and 

placements were based on Seniam suggestions [28]. 

Gait Analysis 

Testing was conducted using Streifeneder’s PRO.Vision 2D system. The components 

used include the PRO.Vision software, LED markers, and high-speed camera. The gait protocol 

can be viewed in its entirety in Appendix D. 

F-Scan 

 Testing was conducted using the Tekscan’s F-Scan force and pressure analysis system. 

The components used were the Tekscan software: F-Scan Clinical 7.50, in-shoe foot pressure 

insoles, three receivers (two VersaTek cuffs for connection to the shoe insoles and one data 

logger transmit data to the software), a 7.4V li-ion battery pack, CAT5e cuff cables, waist belt, 
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and tape and Velcro ankle bands for attachment. The entire F-Scan protocol can be viewed in 

Appendix E. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

Free Body Diagram Calculations 

Initial Swing Phase 

 In Figure 24 below, free body diagrams of the lower limbs are visualized as the body 

moves from stance to swing. All force vectors are not drawn to scale. During the terminal phase, 

body weight (𝐹𝐵𝑊)  is concentrated on the heads of the metatarsals. Some plantar flexor activity 

(𝐹𝐺) is seen as the triceps surae (𝐹𝑇𝑆) prepare for toe-off. Dorsiflexion moment (𝑀𝐷𝐹) is created 

about the ankle joint due to ground reaction forces. The quadriceps are inactive, and the 

extension of the leg is held due to the center of gravity (𝐹𝐵𝑊) sitting anterior to the knee joint. 

There is no moment about the knee, and the hamstrings are inactive. During the initial swing 

phase, minimal activity is seen in the quadriceps (𝐹𝑄) as it just functions to stabilize flexion of 

the knee. The hamstrings (𝐹𝐻) muscles are needed to complete full flexion (𝑀𝐹𝐿𝐸𝑋) of the knee 

joint to 60°. The weight of the leg (𝐹𝐿𝑊) is working against knee flexion. The tibialis anterior 

(𝐹𝑇𝐴) activates to recover from plantar flexion during toe-off, creating a dorsiflexion moment 

about the ankle. In terminal swing, there is no moment about the knee. The quadriceps hold 

extension at 0°, and the hamstrings activate to prevent hyperextension. The tibialis anterior 

continues activity to prepare for heel strike creating a dorsiflexion moment about the ankle. 
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Figure 24. FBDs of the terminal stance (a), initial swing (b), and terminal swing (c) representing 

the change in muscular forces as the body moves from stance to swing. (Images from 2-D gait 

analysis reports generated by PRO.Vision) 

 Because maximum flexion occurs at initial swing, FBDs were analyzed for each 

condition as seen in Figure 25 below. The middle diagram represents the forces acting on the leg 

with the addition of the tension band (𝐹𝑇𝐵), and the right diagram represents the forces acting on 

the leg with the addition of the spring knee joint (𝐹𝑆𝑃). Each condition creates a new moment of 

flexion about the knee (𝐹𝐹𝐿𝐸𝑋,𝑇𝐵 and 𝐹𝐹𝐿𝐸𝑋,𝑆𝑃). 
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Figure 25. FBDs during the initial swing phase with each condition: no brace (left), tension 

brace (middle), and spring brace (right). (Images from 2-D gait analysis reports generated by 

PRO.Vision) 

 Simple calculations can be conducted to determine the changes in moment with the 

addition of the tension brace and spring brace. Only the knee joint was considered for these 

calculations as the brace was designed primarily to provide stability at the knee joint. The forces 

acting around the ankle are ignored. The following equations were derived based on the no brace 

condition: 

↺+ 𝑀𝐹𝐿𝐸𝑋 =  −𝐹𝐻 𝑑𝐻 

↺+ 𝛴𝑀 = 0 =  𝐹𝑄𝑑𝑄 −𝐹𝐻 𝑑𝐻 + 𝐹𝐿𝑊 𝑑0.5𝐿 

Where 𝑑𝐻 and 𝑑𝑄 represent the moment arms of the hamstrings and quadriceps, respectively, 

and 𝑑0.5𝐿 represents the distance of the center of gravity of the leg (half the length of the leg).  
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In this instance, the force of the quadriceps can be negated as it is acting primarily to flex 

the hip and swing the thigh. It has minimal effect on flexion of the knee and acts isometrically to 

stabilize flexion.  

𝑀𝐹𝐿𝐸𝑋 =  𝐹𝐿𝑊 𝑑0.5𝐿 ↻ 

The same process can be used to derive the equations from the tension and spring brace 

conditions: 

↺+ 𝛴𝑀 = 0 =  −𝐹𝐻 𝑑𝐻 + 𝐹𝐿𝑊 𝑑0.5𝐿+ 𝐹𝑇𝐵 𝑟𝐿 

𝑀𝐹𝐿𝐸𝑋,𝑇𝐵 =  𝐹𝐿𝑊 𝑑0.5𝐿+ 𝐹𝑇𝐵 𝑟𝐿 ↻ 

𝑀𝐹𝐿𝐸𝑋,𝑇𝐵 =  𝑀𝐹𝐿𝐸𝑋+ 𝐹𝑇𝐵 𝑟𝐿 ↻ 

↺+ 𝛴𝑀 = 0 =  −𝐹𝐻 𝑑𝐻 + 𝐹𝐿𝑊 𝑑0.5𝐿 + 𝐹𝑆𝑃 𝑑𝑆𝐿 

𝑀𝐹𝐿𝐸𝑋,𝑆𝑃 =  𝐹𝐿𝑊 𝑑0.5𝐿+ 𝐹𝑆𝑃 𝑑𝑆𝐿 ↻ 

𝑀𝐹𝐿𝐸𝑋,𝑆𝑃 =  𝑀𝐹𝐿𝐸𝑋+ 𝐹𝑆𝑃 𝑑𝑆𝐿 ↻ 

Where 𝑟𝐿is the radius of the leg and 𝑑𝑆𝐿is the length of the spring leg.  

From the generated equations, it is determined that both the moment of flexion with the 

tension band, 𝑀𝐹𝐿𝐸𝑋,𝑇𝐵, and the spring, 𝑀𝐹𝐿𝐸𝑋,𝑆𝑃, must be greater than the moment of flexion of 

the no brace condition, 𝑀𝐹𝐿𝐸𝑋. Once calculated, a percentage of increase can be determined for 

each case. 

To determine the force of the tension band acting on the knee, the k constant of the band 

was found using the test outlined in Appendix B. The data collected was plotted on the chart 

below (Figure 26), and the raw data can be seen in Appendix F. The band was measured 
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unstretched to be 9” in length. The pre-load stretched was determined by attaching the tension 

band to the brace and found to be 0.063”. The patient was then asked to flex the knee to its 

maximum flexion during gait (60°) and the stretch was recorded to be 0.093”, adding this to the 

pre-load stretch of the band the total stretch of the band during flexion is 𝑋𝐹𝐿𝐸𝑋 =  0.156". Based 

on the approximation of the slope between each point, k constant can be estimated for a specific 

distance given. The 𝑥𝐹𝐿𝐸𝑋 falls under the slope of 𝑘 = 5.33 𝑙𝑏𝑠/𝑖𝑛. 

 

Figure 26. Results of the k constant tests and the determined k constant of the tension band. 

Now that the k constant value is known, the force the band exerts can be determined: 

 𝐹𝑇𝐵 = 𝑘𝑥𝐹𝐿𝐸𝑋 

 𝐹𝑇𝐵 = 5.33
𝑙𝑏𝑠

𝑖𝑛
 × 0.156 𝑖𝑛 

 𝐹𝑇𝐵 = 0.831 𝑙𝑏𝑠 

To determine the force of the torsion spring, the spring rate must first be determined. The 

spring rate, or the torsional spring constant, is defined by the torque applied per unit of angular 
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travel. The formula for calculation of the spring rate per degree of flexion is calculated with the 

following equation [29], where E is the modulus of elasticity for stainless steel, 𝑑𝑤 is the wire 

diameter, 𝑑𝑂is the outer diameter of the coil shaft, and N is the number of active coils: 

𝑅 =  
𝐸𝑑𝑤

4

3888(𝑑𝑂 − 𝑑𝑤)𝑁
 

𝑅 =  
28 × 106 𝑝𝑠𝑖 ×  0.1354 𝑖𝑛4

3888 × (1.102 𝑖𝑛 − 0.135 𝑖𝑛) × 4
 

𝑅 =  0.618 𝑖𝑛- 𝑙𝑏𝑠 (𝑝𝑒𝑟 𝑑𝑒𝑔𝑟𝑒𝑒)  

Based on the spring rate the spring force can be determined as follows, where D is the angle of 

deflection and A is the moment arm or length of the spring: 

𝐹𝑆𝑃 =  
𝑅𝐷

𝐴
 

𝐹𝑆𝑃 =  
0.618 𝑖𝑛𝑙𝑏𝑠 × 60°

4 𝑖𝑛
 

𝐹𝑆𝑃 =  9.27 𝑙𝑏𝑠 

The moments for each condition can now be determined. Using anthropomorphic data, it 

was found that the weight of the patient’s leg was 7.49 lbs and half the length of the leg was 

9.41”. The radius of the patient’s leg at the calf was approximately 2.13”. 

𝑀𝐹𝐿𝐸𝑋 =  𝐹𝐿𝑊 𝑑0.5𝐿 

𝑀𝐹𝐿𝐸𝑋 =  7.49 𝑙𝑏𝑠 × 9.41 𝑖𝑛 

𝑀𝐹𝐿𝐸𝑋 =  70.48 𝑖𝑛𝑙𝑏𝑠 

 



 

 

34 

 

𝑀𝐹𝐿𝐸𝑋,𝑇𝐵 =  𝑀𝐹𝐿𝐸𝑋+ 𝐹𝑇𝐵 𝑟𝐿 

𝑀𝐹𝐿𝐸𝑋,𝑇𝐵 =  70.48 𝑖𝑛 𝑙𝑏𝑠 + (0.831 𝑙𝑏𝑠 × 2.13 𝑖𝑛) 

𝑀𝐹𝐿𝐸𝑋,𝑇𝐵 =  72.25 𝑖𝑛𝑙𝑏𝑠 

𝑀𝐹𝐿𝐸𝑋,𝑆𝑃 =  𝑀𝐹𝐿𝐸𝑋+ 𝐹𝑆𝑃 𝑑𝑆𝐿 

𝑀𝐹𝐿𝐸𝑋,𝑆𝑃 =  70.48 𝑖𝑛 𝑙𝑏𝑠 + (9.27 𝑙𝑏𝑠 × 4 𝑖𝑛) 

𝑀𝐹𝐿𝐸𝑋,𝑆𝑃 = 107.56 𝑖𝑛𝑙𝑏𝑠 

The increase between the tension band and the no brace condition is minimal at 2.5% 

while the increase between the moment of the spring brace and no brace condition is much larger 

at 52.6%, This indicates that the muscle force needed to maintain flexion with the braces are 

similarly increased. 

Standing from Sitting 

 A similar investigation was done to determine the forces acting on the body during 

standing. As seen below in Figure 27, the forces acting on the knee during the no brace condition 

are primarily the quadriceps (𝐹𝑄) which work to extend the knee and the body weight of the 

patient (𝐹𝐵𝑊). The force of the hamstrings (𝐹𝐻) is minimal as the force of flexion is provided 

primarily by ground reaction forces and the patient’s body weight. All forces create a moment 

about the knee joint during standing (𝑀𝑆𝑇𝐴𝑁𝐷) The addition of the devices (𝐹𝑇𝐵 and 𝐹𝑆𝑃) create 

new moments about the knee joint (𝑀𝑆𝑇𝐴𝑁𝐷,𝑇𝐵 and 𝑀𝑆𝑇𝐴𝑁𝐷,𝑆𝑃). 
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Figure 27. The forces acting on the body during standing for the no brace condition (top right), 

tension brace condition (bottom left), and spring brace condition (bottom right). 

The same process was followed to determine the moment of standing as the moment of 

flexion during the gait cycle. In each case, the force of the hamstrings can be neglected as flexion 

of the knee is primarily maintained by ground reaction forces and the patient’s body weight. The 

following equations were derived for each condition:  

↺+ 𝑀𝑆𝑇𝐴𝑁𝐷 =  𝐹𝑄 𝑑𝑄 

↺+ 𝛴𝑀 = 0 =  𝐹𝑄𝑑𝑄  − 𝐹𝐵𝑊 𝑑0.5𝑇𝐻 

𝑀𝑆𝑇𝐴𝑁𝐷 =  𝐹𝐵𝑊 𝑑0.5𝑇𝐻 ↺ 

↺+ 𝛴𝑀 = 0 =  𝐹𝑄 𝑑𝑄 −  𝐹𝐵𝑊 𝑑0.5𝑇𝐻 + 𝐹𝑇𝐵 𝑟𝐿 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑇𝐵 =  𝐹𝐵𝑊 𝑑0.5𝑇𝐻−𝐹𝑇𝐵 𝑟𝐿 ↻ 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑇𝐵 =  𝑀𝑆𝑇𝐴𝑁𝐷−𝐹𝑇𝐵 𝑟𝐿 ↻ 
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↺+ 𝛴𝑀 = 0 =  𝐹𝑄 𝑑𝑄− 𝐹𝐵𝑊 𝑑0.5𝑇𝐻 + 𝐹𝑆𝑃 𝑑𝑆𝐿 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑆𝑃 =  𝐹𝐵𝑊 𝑑0.5𝑇𝐻−𝐹𝑆𝑃 𝑑𝑆𝐿 ↻ 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑆𝑃 =  𝑀𝑆𝑇𝐴𝑁𝐷−𝐹𝑆𝑃 𝑑𝑆𝐿 ↻ 

Where 𝐹𝐵𝑊 is the patient’s body weight (146 lbs) and 𝑑0.5𝑇𝐻 is the location of the patient’s 

center of gravity at half the length of the thigh, determined by anthropometric data to be 8.08”.   

The moments can be calculated assuming flexion of the knee to be 90°: 

𝑀𝑆𝑇𝐴𝑁𝐷 =  𝐹𝐵𝑊 𝑑0.5𝑇𝐻 

𝑀𝑆𝑇𝐴𝑁𝐷 =  146 𝑙𝑏𝑠 ×  8.08 𝑖𝑛 

𝑀𝑆𝑇𝐴𝑁𝐷 =  1179.68 𝑖𝑛𝑙𝑏𝑠 

 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑇𝐵 =  𝐹𝐵𝑊 𝑑0.5𝑇𝐻− 𝐹𝑇𝐵 𝑟𝐿 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑇𝐵 =  1179.68 𝑖𝑛 𝑙𝑏𝑠 − (0.831 𝑙𝑏𝑠 × 2.13 𝑖𝑛) 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑇𝐵 =  1177.91 𝑖𝑛𝑙𝑏𝑠 

 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑆𝑃 =  𝑀𝐹𝐿𝐸𝑋−𝐹𝑆𝑃 𝑑𝑆𝐿 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑆𝑃 =  1179.68 𝑖𝑛 𝑙𝑏𝑠 − (0.618 𝑖𝑛𝑙𝑏𝑠 × 90°) 

𝑀𝑆𝑇𝐴𝑁𝐷,𝑆𝑃 = 1124.06 𝑖𝑛𝑙𝑏𝑠 
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The moment between the tension brace and no brace decreased by 0.15% and 4.7% 

between the spring brace and the no brace condition. As previously stated, it can be assumed that 

the force of the muscles will decrease proportionally with the moment; therefore, it can be 

assumed that less muscle force of the quads is needed to overcome flexion in standing with the 

use of the spring brace. 

Electromyography (EMG) Analysis 

 An electromyography (EMG) study was conducted on five major lower extremity 

muscles activated during the gait cycle: the rectus femoris, tibialis anterior, biceps femoris, 

semitendinosus, and gastrocnemius lateralis. Maximum voluntary contractions (MVC) were 

conducted to normalize the data collected and prevent errors in detection conditions, resulting in 

a rescaling of data from an amplitude in microvolts to a percentage of the MVC values [30]. Data 

collected from the Noraxon program was organized into reports. All reports and raw data can be 

found in Appendix G. To compare agonist and antagonist muscle co-activation between the 

conditions, the muscle co-activation index (CAI) was calculated by finding the ratio of the mean 

(%) EMG values of the agonist and antagonist muscles and multiplying the ratio by the average 

of the two, 𝐶𝐴𝐼 =  
𝐸𝑀𝐺𝐿𝑜𝑤

𝐸𝑀𝐺𝐻𝑖𝑔ℎ 
× 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 (where 𝐸𝑀𝐺𝐿𝑜𝑤 is the value of the lowest activity and 

𝐸𝑀𝐺𝐻𝑖𝑔ℎ is the value of the highest activity between the two muscles) [32]. EMG data will be 

discussed quantitatively in terms of whether muscles are more or less active and increased or 

decreased muscle activation under different conditions [30,31]. To indicate a percentage increase 

or decrease, the following percent change formula 
𝑉𝑎𝑙𝑢𝑒 2−𝑉𝑎𝑙𝑢𝑒 1

|𝑉𝑎𝑙𝑢𝑒 1|
× 100 was used.  
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Initial Condition: No Brace 

 A symmetry analysis was conducted on the patient’s normal walking condition (no brace) 

to determine if there were underlying differences in the patient’s left and right sides during the 

gait cycle. Three full gait cycles were analyzed, and the data is displayed below in mean (%) 

EMG (Figure 28) collected for all five muscles. Minimum differences were seen in the left and 

right rectus femoris muscles. The rectus femoris right was 3.2% less active than the left side. The 

tibialis anterior and biceps femoris muscles demonstrated the largest differences in muscle 

activation. Mean values show the tibialis anterior right was 8.1% less active, and the biceps 

femoris right was 8.4% less active. The semitendinosus shows a different trend from the other 

muscles: the semitendinosus right is 4.4% more active than the right side. The gastrocnemius 

lateralis right is also less active than the left by 2.6%. The patient’s right side appears to be 

slightly weaker than the left though these differences are rather small. Without further studies, it 

is difficult to determine if this is due to collection error or a possible underlying gait issue such 

as compensation. These changes are small when examining the overall period; therefore, further 

discussion will assume no difference between the left and right sides.  
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Figure 28. Mean (%) EMG activity comparison of the patient’s left and right sides under the no 

brace condition. 

As previously mentioned, the patient has never used an orthotic device. To determine if 

any improvements to the patient’s gait are due to the devices and their components rather than 

the brace itself, EMG was analyzed with the patient wearing the device as intended and wearing 

just the brace without its components (i.e. the tension brace without the tension band and the 

spring brace without the spring attached). 

Condition #1: Tension Brace 

Data was collected for three full gait cycles while the patient was wearing the tension 

brace device and the device without the tension band. In Figure 29, data is displayed for the 

right-side muscles: rectus femoris (quadriceps), biceps femoris (hamstrings), and tibialis anterior 

(dorsiflexor). The rectus femoris muscle displays a decrease of 25.3% in the stance phase and 

only a 13% decrease in the swing phase when removing the tension band. A much larger change 

was seen in the biceps femoris and tibialis anterior during the stance phase. There was a 45% 
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decrease in the hamstring muscle and a 57.9% decrease in the dorsiflexor muscle without the use 

of the tension band. Both, however, displayed increases in the swing phase without the use of the 

tension band: an 8.6% increase in the biceps femoris and an 8.5% increase in the tibialis anterior 

muscle. These findings indicate that the use of the tension band increases muscle activity in 

stance phase and has little effect in swing. This is likely due to the mechanism of the tension 

band creating tension on the muscles as the body flexes the knee and moves into the swing cycle 

and releasing during the swing phase to encourage extension. Using the brace as intended with 

the tension band attached, appears more beneficial for increasing muscle activity which could 

help in rehabilitating weaker muscles and providing stability. 

 

Figure 29. Mean (%) EMG activity comparison of the tension brace condition with and without 

the tension band. 
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Condition #2: Spring Brace 

The same process was conducted for the spring brace with and without the spring 

attached to the knee joint, and the data is displayed below in Figure 30. The rectus femoris 

muscle displayed a 28.3% decrease in the stance phase and an 80% increase in the swing phase 

without the use of the spring. The biceps femoris had a decrease of only 5.2% without the use of 

the spring in the stance phase but an exceptionally large increase of 124.2% without the use of 

the spring in the swing phase. The tibialis anterior saw a decrease of 11% in the stance phase and 

an increase of 23.2% in the swing phase without the use of the spring. These findings are similar 

to the tension brace. This trend is similar to the tension brace comparison: using the spring brace 

as intended results in increased muscle activity in the stance phase and decreased activity in the 

swing phase. This brace has a similar mechanism. As the spring knee joint is flexed, it stores 

potential energy as the body enters the swing phase of the cycle and releases kinetic energy to 

aid extension. The addition of the braces and their components result in increased muscle 

activation during the stance phase and relief in the swing phase possibly increasing stability and 

aiding in rehabilitation more than when the patient is only using the brace itself. 
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Figure 30. Mean (%) EMG activity comparison of the spring brace condition with and without 

the spring attached to the knee joint. 

Tension Brace vs Spring Brace  

Muscle Activation During Gait 

Mean (%) EMG values for all three conditions during the stance and swing phase were 

gathered for 3 gait cycles.  Muscle activity in the rectus femoris was relatively unchanged with 

the use of the tension brace as seen in Figure 31. In the stance phase, the quadricep muscle was 

only 1.1% less active than the unbraced condition, a decrease of 9.5%. In the swing phase, the 

rectus femoris activity declined by 0.84% with the use of the tension brace, a decrease of 18.5%. 

Conversely, mean muscle activation increased in the rectus femoris with the spring brace. The 

rectus femoris was 6.8% more active during the stance phase than the unbraced condition, an 

increase of 58.6%. This is also a 75.2% increase in activity compared to the tension brace. A 

significant increase of muscle activity was seen in the swing phase. The rectus femoris was 5.5% 

more active than the unbraced condition, a 120.3% increase from the unbraced condition and a 
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170.3% increase from the tension brace condition. The spring brace shows it increases weak 

muscle activation, nearly doubling activity from the unbraced condition. This can be very 

advantageous for muscle rehabilitation and improvement to balance during gait as the quadriceps 

is one of the primary muscles activated during the gait cycle. The tension brace seemed to have 

little effect on muscle activity though more studies should be conducted to confirm this finding. 

 

Figure 31. Mean (%) EMG activity comparison of the rectus femoris muscle. 

The patient’s mean biceps femoris muscle activity (displayed in Figure 32) appears to 

increase in the stance phase with the use of the tension brace and decrease with the use of the 

spring brace. The muscle is 18.5%  more active (an increase of 44.8%) than the unbraced 

condition in stance with the use of the tension brace, while it is 4.8% less active (a decrease of 

11.6%) than the unbraced condition with the use of the spring brace. The tension brace increases 

activation by 63.8% in the stance phase compared to the spring brace. The biceps femoris muscle 

is 7.4% less active with the use of the tension brace in the swing phase, resulting in a decrease of 

32.7%. With the use of the spring, the muscle is only 1.1% less active during swing, a decrease 
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of 4.9%. Results for the biceps femoris are inconclusive for the use of the spring brace though a 

promising increase in muscle activity with the use of the tension brace is observed in stance. 

 

Figure 32. Mean (%) EMG activity comparison of the biceps femoris muscle. 

 Mean (%) EMG for the tibialis anterior muscle (displayed in Figure 33) shows an 

increase in muscle activity with the use of the spring brace. In the stance phase, the dorsiflexor is 

19.6% more active than the unbraced condition, an increase of 110%, and it is 10.7% more active 

in the swing phase than the unbraced condition, an increase of 52.5%. The use of the tension 

brace also increased muscle activity in the stance phase by 11.2 percent (an increase of 62.9%). 

In the swing phase, the tension brace showed 4% less muscle activity (a decrease of 19.6%). 

Overall, the spring increased muscle activity more than the tension brace (by 29% in the stance 

phase and 89.6% in the swing phase). Again, promising results were shown by the spring brace 

to increase weak muscle function in order to aid muscle rehabilitation. The tension brace appears 

to aid muscle function in the stance phase. 
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Figure 33. Mean (%) EMG activity comparison of the tibialis anterior muscle. 

 The semitendinosus displayed comparable results to the biceps femoris. The 

gastrocnemius lateralis showed inconclusive results, and no distinct differences were displayed 

between the conditions. Data can be viewed in Appendix G. 

Muscle Co-Activation During Gait 

A study published in The Cerebellum [14] (a publication of the Society for Research on 

the Cerebellum and Ataxias) found that patients affected by cerebellar ataxia engage in a 

compensatory technique to increase stability in the gait by increasing co-activation of the agonist 

and antagonist muscles around the knee and ankle joints. As seen in Figure 34 below, muscle 

coactivation between the rectus femoris and biceps femoris was small in the unbraced condition 

unlike other findings [33,15]. This discrepancy could be explained by the patient’s use of the 

walker, allowing her to rely on it for stability rather than her muscles. Though the patient’s CAI 

under the unbraced condition is not as high as expected, the principle of muscle co-activation 

remains. Increased muscle co-activation can result in stability of the joints and better motor 
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control [32,15]. With the use of the tension brace, only minor differences were seen in the 

antagonist muscles of the knee joint. Co-activation decreased 16.9% in the stance phase and 

15.6% in the swing phase. Conversely, drastic increases in co-activation were found with the 

introduction of the spring brace. The patient showed an increase of 86.3% in the stance phase 

and an increase of 168.7% in the swing phase in the coactivation of the thigh muscles. These 

findings are promising and could indicate greater stability and motor control in the antagonist 

muscles of the knee joint with the use of the spring brace. 

 

Figure 34. Co-Activation Index (%) comparison of the antagonist muscles of the knee: rectus 

femoris and biceps femoris. 

The CAI was determined for each condition between the ankle antagonist muscles: the 

tibialis anterior and gastrocnemius lateralis (as seen in Figure 35). Muscle co-activation 

appeared to decrease with the use of both braces in the stance phase. The tension brace decreased 

the CAI by 10.4%, while the spring brace decreased it by 48.7%. In the swing phase, muscle 

coactivation increased slightly by 13.3% with the use of the tension brace, and it decreased by 
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27.7% with the use of the spring brace. Comparable results to the knee antagonist muscle co-

activation were seen with the use of the tension brace. It appears to have little effect on 

increasing muscle co-activation. The spring brace, however, shows results opposite of the knee 

antagonist co-activation with a decrease in CAI for both the stance and swing phases. This is 

possibly because the brace has less effect on the antagonist muscles of the ankle joint as it is 

primarily affecting the muscles around the knee joint, providing stability, and encouraging 

extension of the knee joint.  

 

Figure 35. Co-Activation Index (%) comparison of the antagonist muscles of the ankle: tibialis 

anterior and gastrocnemius lateralis. 

Muscle Activation During Standing and Sitting 

Data was collected to determine if the use of the braces aid sitting and standing. This 

section will analyze the rectus femoris and biceps femoris as the quadriceps and hamstrings are 

two of the primary muscle groups involved in sitting and standing. The data obtained for the 

mean (%) EMG of the rectus femoris muscle is displayed below in Figure 36. The tension brace 
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increased muscle activity during standing by 65.4%. The spring brace increased muscle activity 

during standing by 37.2%, a 17% decrease from the use with the tension band. In sitting, the 

tension brace decreased muscle activity by 15.7% in the rectus femoris, while the spring brace 

increased muscle activity by 48.3%, an increase of 76% from the spring brace. The increase of 

muscle activity during standing for both braces is promising as the rectus femoris is primarily 

needed for extension of the leg during standing. This could indicate the possibility of 

rehabilitation and strengthening of the quadricep during standing. Typically, less activity should 

be seen in the rectus femoris during sitting as it is primarily acting to limit flexion and no active 

contraction is occurring. With the use of the spring brace, however, activity increased from the 

no brace condition possibly indicating that the rectus femoris is more active in sitting with this 

device, working harder to limit flexion. This could be advantageous for the patient during sitting 

as it would provide more stability as the knee flexes and prevent the patient from falling back 

into the chair. 

 

Figure 36. Mean (%) EMG activity of the rectus femoris during sitting and standing. 

18.8

8.7

31.1

7.33

25.8

12.9

0

5

10

15

20

25

30

35

Standing Sitting

Mean (%) EMG
Rectus Femoris - Standing/Sitting

No Brace Tension Brace Spring Brace



 

 

49 

 

The data obtained for the mean (%) EMG of the biceps femoris muscle is displayed 

below in Figure 37. During standing, muscle activity in the biceps femoris remained relatively 

constant for each condition. There was only a slight increase of 6.5% using the tension brace and 

7.8% while wearing the spring brace. During sitting, biceps femoris muscle activity increased by 

22.4% with the use of the tension brace and 37.1% with the use of the spring brace, a 12% 

increase from the use of the tension brace. These results are also encouraging as the biceps 

femoris muscle is primarily responsible for flexing the knee, and both braces allow for more 

muscle activity in sitting. 

 

Figure 37. Mean (%) EMG activity of the biceps femoris during sitting and standing. 

Two-Dimensional Gait Analysis 

Accurately capturing 2D gait analysis was difficult due to the patient’s use of a walker. 

The system could not detect data from the frontal view; therefore, only the sagittal right view 

was captured. Data collection using the PRO.Vision software was impeded during some points 

of the gait cycle by the patient’s foot passing behind the wheel of her walker, so the data 
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analyzed is from the patient’s best trial under each condition and not an average of trials. As 

there was only one trial for each condition, statistical significance could not be determined, and 

data will be discussed in terms of differences between conditions and deviations from normal 

gait cycle values (supplied by the PRO.Vision software). When comparing stance and swing 

phase percentages, the percent change formula will be used, as in the EMG results, while the 

following percent difference formula will be used to discuss differences in range of motion 

(ROM) and stride length values: 
|𝑉2−𝑉1|
𝑉2+𝑉1

2

× 100. Raw and calculated data can be found in 

Appendix H. Due to the limited abilities of the PRO.Vision software, double step length, also 

known as stride length, could not be captured. To find stride length, the patient was asked to 

walk 10 steps for multiple trials under all 3 conditions. The patient was timed, and the distance 

traveled in ten steps was recorded (Appendix I). Stride length was found by dividing the distance 

traveled in each trial by five steps (indicating the length of two steps) and taking the average. 

Gait Phases and Stride Length 

A study in Movement Disorders: Official Journal of the Movement Disorder Society [34] 

observed that patients with cerebellar dysfunctions have abnormalities in gait which can result in 

slowness and increased time in the stance phase of the gait cycle. Typical gait values are 

provided by the PRO.Vision system for comparison including double step length and stance and 

swing phase percentages. A typical person spends approximately 60% of their gait cycle in the 

stance phase and 40% of that cycle in the swing phase and has 1.41 m step length. Unlike the 

findings of that study, the patient displayed a more typical gait as seen in Figure 38 below. The 

patient spent 57.6% of her cycle in stance and 42.4% in swing. The patient showed slight 

differences in stance and swing times under the tension brace condition spending  9.19% more 

time in stance and 12.5% less time in swing. With the spring brace added, the patient spends 
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considerably more time in stance and less in swing than the unbraced condition, approximately 

22.5% more and 30.6% less respectively. Increased time in stance could be due to the 

mechanism of the brace helping to propel the patient through the swing cycle, decreasing the 

percentage of the gait cycle dedicated to the swing phase. 

 

Figure 38. Comparison of % Phases of the gait cycle for each condition. 

The same journal article suggests that subjects suffering from cerebellar ataxia have 

reduced stride lengths compared to healthy subjects. Stride length, or double step length, was 

calculated for all three conditions. Unbraced the patient had a stride length of 0.89 m which is a 

45.6% decrease from the “normal” value given by the PRO.Vision software and consistent with 

the article’s findings. There are minimal differences in stride length with the addition of the 

tension brace and spring brace, measuring 0.84 m and 0.88 m respectively. With the tension 

brace, the patient’s stride length decreases slightly by 5.7%, and with the spring brace, there is 

only a 0.74% decrease. This data is displayed in Appendix I. 
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Range of Motion 

Condition #1: Tension Brace 

As previously discussed in the EMG analysis, additional data was collected to determine 

if there were any differences in the use of the tension brace with and without the removable 

tension band. The brace with no tension band has 37.29° of hip flexion and extension which is a 

relatively minor increase of 5.2% when using the tension band. In knee flexion and extension 

and ankle plantarflexion and dorsiflexion, there are much larger differences between the 

conditions. At 48.6°, flexion and extension of the knee is decreased by 20.7% when the tension 

band is removed. The ROM in the ankle without the use of the tension band is 17.4°, decreasing 

ankle flexion and extension by 52.6%. Either condition results in an increase of the patient’s 

ROM in the hip, knee, and ankle, but the use of the tension band appears to increase ROM in 

most cases. The overall ROM for these conditions is displayed below in Figure 39. 

 

Figure 39. Range of motion (°) comparison of the tension brace condition with and without the 

use of the tension band. 
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Condition #2: Spring Brace  

The same comparison was made for the spring brace with and without the spring 

attached. In each case, ROM decreased without the use of the spring. Hip ROM had 26.55° of 

flexion/extension, a decrease of 20.3% from the use of the spring. Knee ROM was only slightly 

decreased without the use of the spring. The knee had 40.04° of flexion and extension, resulting 

in a decrease of 14.1% compared to using the spring. Ankle ROM was 14.87° which is the 

largest decrease at 31.1%. The use of the brace with the spring attached to the knee joint appears 

to increase ROM in the hip, knee, and ankle while the use of the brace without the spring 

attachment hinders ROM. The overall ROM for these conditions is displayed below in Figure 

40. 

 

Figure 40. Range of motion (°) comparison of the spring brace condition with and without the 

spring attached to the knee joint. 

31.32

45.42

16.89

32.54

46.12

20.35

26.55

40.04

14.87

0

5

10

15

20

25

30

35

40

45

50

Hip Knee Ankle

Range of Motion (°)
Spring Brace Comparison

No brace

Spring brace

Spring brace, no spring



 

 

54 

 

Tension Brace vs Spring Brace 

A journal article from the Cerebellum [26] found that patients will attempt to increase co-

activation of the muscles (as mentioned previously in the EMG Analysis) in order to stiffen their 

joints and provide stability during the gait cycle even at the expense of reduced ROM in the 

joints. The normal total range of motion (ROM) of the hip in the sagittal plane is given by the 

PRO.Vision software at 50° of flexion and extension. The patient has only 31.32° of hip flexion 

and extension when unbraced which is a 18.7° less than the expected value. Both braces only 

result in a slight increase in Hip ROM. The tension brace has 35.41° flexion and extension a 

12.3% increase from the no brace condition, and the spring brace yields 32.54° of flexion and 

extension and only an increase of 3.8% from the no brace condition. The patient has only 45.4° 

of flexion and extension in the knee which is 24.58° less than the 70° expected. Knee motion is 

increased by 27.4% with a ROM of 59.84°, only 10° less than the expected value, when using the 

tension brace. Use of the spring brace shows smaller improvements. With a ROM of 46.12°, use 

of the spring brace increases knee motion by 1.5%. The normative value for ankle ROM is 30° of 

plantarflexion and dorsiflexion. The patient only has 16.89° of ankle motion when unbraced, 

13.11° less than expected. The use of the tension brace results in a significant increase of 55.3% 

at 29.79° of motion, nearly the expected value for ankle ROM. The use of the spring brace 

results in 20.35° of ankle motion, an increase of 18.6% from the unbraced condition. Both braces 

helped to increase ROM. These results are promising and may indicate that the use of the braces 

can provide stability while maintaining a more “normal” range of motion. Figure 41 displays the 

range of motion data in the sagittal plane for each condition. 
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Figure 41. Range of motion (°) comparison for all conditions. 

 In Figure 42 below, joint angles displayed for the hip, knee, and ankle at different points 

in the gait cycle: initial contact (1), loading response (2), mid-stance (3), terminal stance (4), pre-

swing (5), initial swing (6), mid-swing (7), and terminal swing (8). Each condition was compared 

to the normalized curve provided by Noraxon. The hip angle curve is relatively unchanged 

except for slight increases towards the “normal” curve during the swing phase (6, 7, and 8). The 

spring brace and tension brace both aid the knee during the terminal stance and pre-swing (or 

toe-off) right before entering the swing phase which, as mentioned previously, is possibly due to 

the mechanism of both braces releasing kinetic energy to encourage push-off and extension into 

the swing cycle. Due to the nature of co-activation of muscles around the ankle, many patients 

with SCA have a substantial reduction in ROM of the ankle. [26, 35,36] As seen in the figure 

below, only the spring brace appears to return ROM in the ankle to a more normal curve.  

31.32

45.42

16.89

35.41

59.84

29.79
32.54

46.12

20.35

0

10

20

30

40

50

60

70

Hip Knee Ankle

Range of Motion (°)
Comparison of All Conditions

No brace

Tension brace

Spring brace



 

 

56 

 

 

Figure 42. Joint angles diagrams for the hip, knee, and ankle during the gait cycle: (1) initial 

contact, (2) loading response, (3) mid-stance, (4) terminal stance, (5) pre-swing, (6) initial swing, 

(7) mid-swing, and (8) terminal swing. 

F-Scan Pressure Analysis 

 A F-Scan analysis was conducted to collect force and timing data for the patient during 

the gait cycle. An average of 3 gait cycles were analyzed under each condition: no brace, tension 

brace, and spring brace. To determine velocity, the stride length (double step length previously 

determined during the gait analysis) was multiplied by the cadence (steps per minute recorded 

during F-Scan) and divided by 2, 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  
𝑠𝑡𝑟𝑖𝑑𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑐𝑎𝑑𝑒𝑛𝑐𝑒

2
, and the value was converted 

into m/s. These values can be found in Appendix I. Differences in velocity values will be 

calculated similar to differences in stride length and range of motion as previously discussed in 

the gait section.  
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Cadence and Velocity 

 According to an article published in Movement Disorders [34], patients with cerebellar 

ataxia display reduced gait parameters such as velocity, cadence, and stride length possibly as a 

result of compensation to improve balance. As mentioned previously, little change was seen in 

stride length across each condition, but some differences were seen in timing variables. Under 

the no brace condition, the patient had a cadence of 66.4 steps/min. The use of the tension brace 

increased cadence by 4.9% at 69.7 steps/min, and the use of the spring brace increased cadence 

even more by 8.7% from the unbraced condition with a cadence of 72.4 steps/min. Velocity 

remained the same with the use of the tension brace with approximately 0.49 m/s (or 1.09 mph) 

for both the unbraced and tension brace conditions. The use of the spring brace, however, 

increased the patient’s velocity by 8% at 0.53 m/s (or 1.19 mph). These results indicate that the 

use of the spring brace could be effective in providing support and stability while also increasing 

speed and gait parameters. All data is displayed in Appendix I. 

Force Diagrams 

 The force diagrams displayed below in Figure 43 represent ground force reactions during 

walking, where the y-axis is the force registered while walking (lbs) and the x-axis is the 

percentage of the gait cycle. Typically, two peaks are seen, one is at midstance and the other at 

toe-off (beginning of swing). An article published in J Neurophysiol [33] found that both healthy 

patients and cerebellar ataxia patients have an additional, much smaller, peak during weight 

acceptance (initial contact and loading response) at the beginning of the gait cycle; however, this 

peak is much more prominent in those with cerebellar ataxia. As displayed below, the patient has 

a noticeable peak during weight acceptance without the use of the brace and with the tension 

brace. This peak is much less pronounced with the use of the spring brace. Typically, the 



 

 

58 

 

intensity of this peak is much lower in slow walking because the joints function to absorb the 

shock of loading. An abnormally high peak during loading could indicate balance problems at 

heel strike or could be a result of the patient’s compensatory strategy of stiffening lower limb 

joints [33]. The decrease of this abnormal peak with the use of the spring brace is encouraging as 

it could provide further proof of its efficacy in maintaining balance and stability in the patient’s 

gait cycle without stiffening joints to the point of reduced ROM. 

 

Figure 43. Ground force reaction diagrams displayed in force (lbs) vs percentage of the gait 

cycle: (a) No Brace, (b) Tension Brace, (c) Spring Brace, and (d) All Conditions. 

 Time delays are also seen between the left and right side in the ground force reaction 

curves. Under the no brace condition, the patient’s right side has delays of 16% for midstance 

and 21% for toe-off compared to the left. The tension brace appears to mitigate these problems 
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with only a 8% delay in the gait cycle for both peaks. During the spring brace condition, there is 

only a 5% delay in midstance and a 15% delay in toe-off between the left and right sides. Both 

braces also aid in balancing forces on the patient’s left and right sides; however, the spring brace 

is most effective with only a difference of 2.6% and 3.4% between the left and right side in force 

at midstance and toe-off respectively. This data can be viewed in Appendix J. 
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CHAPTER 4 

CONCLUSION 

 Patients with cerebellar ataxias exhibit many deviations from normal gait parameters and 

muscle activity patterns. These differences are due to the presence of abnormal and 

uncoordinated muscle movements as a result of the degradation of the cerebellum which controls 

motor function [20]. The patients develop compensatory techniques in order to regain stability 

and control during the gait cycle which reduces variability in muscle movements and decreases 

their risk of falling. They rely on increased muscle co-activation to stiffen the joints and provide 

stability even at the expense of reducing joint ROM and gait parameters such as step length and 

stride length and velocity and cadence [15, 26,32-33, 35-37]. As discussed in this study, the 

patient appears to have lower levels of muscle co-activation than other studies, possibly due to 

the use of her walker for stability and support; however, the principle remains that increased co-

activation can lead to stability and control in the gait cycle [32,33].  

Though the tension brace does appear to increase overall ROM and muscle function in 

some muscles during gait and sitting and standing, it seems to have little to no effect on muscle 

co-activation and increasing gait parameters; therefore, its efficacy is inconclusive. The spring 

brace proved effective in increasing muscle co-activation in the antagonist muscles of the knee 

joint (those primarily affected by the addition of the knee brace) while also decreasing deviations 

in gait ROM and increasing gait speed parameters (cadence and velocity). The spring also 

appeared to be effective in increasing muscle activation during sitting and standing which can 

prove advantageous for aiding stability and rehabilitating weak muscle function. The patient 

preferred using the spring brace to the tension brace or the unbraced condition as she felt it 

provided her more stability and speed, and she even elected to keep the brace after testing.  
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CHAPTER 5 

FUTURE STUDIES 

 Improvements can be made to this study to further investigate the rehabilitative nature of 

the spring and tension brace designs. To gain a better understanding of the improvements of the 

patient’s gait with the use of the spring brace, a multi-patient study would need to be conducted. 

Another improvement could be an extended study period which will track the patients’ progress 

with the use of the orthotic over multiple months. This study would be beneficial for 

understanding the rehabilitative nature of the brace and whether it is useful in mitigating the 

progression of symptoms in spinocerebellar ataxia. Along with an expanded study, a redesign of 

both braces could investigate additions such as different size and strength springs and bands with 

different tensive properties. If a smaller spring, yields similar results and proves effective, the 

spring housing can be redesigned to appear more seamless and aesthetically pleasing for the 

patient. Another interesting study would be the use of a co-operative system of both the tension 

band and spring on the same brace compared to the individual components. The spring brace 

system may also benefit from an addition of a motorized component. One team at Mercer 

University has plans to continue this project using the current design and data findings as the 

basis to create their own microchip controlled, motorized knee brace. 
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APPENDIX A 

PRELIMINARY MUSCLE STRENGTH AND RANGE OF MOTION TESTING
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To determine the patient’s preliminary muscle strength, the Oxford Scale was used. This 

is a manual muscle strength test performed on the patient during flexion and extension of the leg, 

adduction and abduction of the leg, and dorsiflexion and plantarflexion of the foot. The scale is 

described below in Table 1 as well as the patient’s results. 

Table 1. Description and results of the preliminary muscle strength test performed on the patient. 

Muscle 

Grade 

Description Patient Results 

Grade 0 No muscle movement  

Grade 1 Muscle movement, no joint motion  

Grade 2 Muscle movement without gravity  

Grade 3 Muscle movement against gravity  

Grade 4 Muscle movement against gravity and 

slight resistance 

Abduction of the right leg 

Grade 5 Muscle movement against gravity and 

active resistance 

Flexion/extension of both legs, 

adduction of both legs, abduction of 

the left leg, 

dorsiflexion/plantarflexion of both 

feet 

 

To determine range of motion, the patient was asked to lie flat on their back and a 

goniometer was used to measure the patient’s joint angles. The results are displayed below in 

Table 2 and compared to normal values given by the CDC for the patient’s age range [38]. 

Table 2. Preliminary range of motion (ROM) results conducted on the patient. 

Motion Patient Values (°) Normal (°) 

(Females, Age 45-69) Left Right 

Hip Flexion 110 110 130.8 

Knee Flexion 145 143 137.8 

Knee Extension 11 13 1.2 

Ankle Dorsiflexion 13 12 11.6 

Ankle Plantar Flexion 47 45 56.5 
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APPENDIX B 

TENSION BAND K-CONSTANT TESTING PROCEDURE 
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The following procedure was used to obtain force and displacement data to find the k constant of 

the tension band: 

1. Attach the tension band to the workbench via binder clips (as seen in Figure 44). 

2. Tape a measuring tape parallel to the tension band. 

3. Make an initial mark on the tension band in line with the beginning of the measuring tape 

(𝑥 = 0”). 

4. The following weights will be placed on the distal portion of the tension band (using the 

Velcro to hold the weight): 

• 0.5 lb 

• 1 lb 

• 1.5 lb 

• 2 lb 

• 2.5 lb 

• 3.5 lb 

• 4.25 lb 

• 5 lb 

5. After placing a weight on the tension band, use the measuring tape and initial mark to 

determine the displacement (x). Record the displacement.
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Figure 44. Experiment setup for the tension band k-constant test. 

6. Repeat for all the known weights. 

7. Plot the results on a line graph of weight (lbs) versus displacement (in) to estimate the 

tension band k-constant.
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APPENDIX C 

ELECTROMYOGRAPHY (EMG) ANALYSIS PROCEDURE 
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The following procedure was used to collect EMG data the subject. 

1. Record the length and time it takes for the patient to walk 10 steps to calculate the 

patient’s normal walking speed on a flat terrain. Average 3 trials. Use this for the 

patient’s normal walking speed. 

2. Connect the receiver to the laptop via usb and turn on the receiver.  

3. Open the Noraxon MR3 program. 

4. Prepare the skin for electrode placement by cleaning the areas with alcohol wipes. 

5. Place the EMG electrodes at each of the following landmarks on each leg [37]: 

a. Tibialis Anterior- Located at the proximal ⅓ distance between the lateral fibular 

head and the medial malleolus.  

b. Gastrocnemius Lateralis- Located at the proximal ⅓ distance between the lateral 

femoral head and the heel. 

c. Biceps Femoris- Located halfway between the ischial tuberosity and lateral 

epicondyle of the tibia. 

d. Semitendinosus- Located halfway between the ischial tuberosity and medial 

epicondyle of the tibia. 

e. Rectus Femoris- Located halfway between the ASIS and superior aspect of the 

patella. 

6. Place the surface EMG sensors: 

a. EMG 1 – Rectus Femoris (R) 

b. EMG 2 – Rectus Femoris (L) 

c. EMG 3 – Tibialis Anterior (R) 

d. EMG 4 – Tibialis Anterior (L) 
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e. EMG 5 - Biceps femoris (R) 

f. EMG 6 - Biceps femoris (L) 

g. EMG 7 - Semitendinosus (R) 

h. EMG 8 - Semitendinosus (L) 

i. EMG 9 – Gastrocnemius Lateralis (R) 

j. EMG 10 – Gastrocnemius Lateralis (L) 

7. Create a new patient and make sure to input the correct patient information (Name, 

Birthdate, Weight, and Height). 

8. Create a new project in the Noraxon system and set up the Noraxon devices: the 

integrated web camera and Noraxon receiver. 

9. Set up a new configuration-based sensor placement. 

10. Create a new save file for the data that is about to be collected with an appropriate title. 

11. Record the patient engaging in exercises to create an MVC and repeat each set 3 times. 

a. Push foot against the floor 

b. Pull foot up against someone holding it down 

c. Flex leg in while someone tries to extend it 

d. Extend leg while someone tries to push it down 

12. Have the patient begin walking at a patient determined speed. 

13. Click measure and watch the muscle activity. Assure that all muscle activity can be seen, 

and no interference has occurred. If there is interference, check that the electrodes are 

properly attached to the skin, no wires are loose, no sensors are touching, and no 

garments are in the way of the sensor. 

14. Record the patient walking for at least 3 gait cycles.  



 

 

75 

 

15. Assure the data is free of interference. 

16. Perform signal processing on the obtained data by normalizing the record to the patients 

MVC values, filtering the data with a bandpass filter from 50 to 500 Hz, and smoothing 

out the signal using RMS at 100 ms. Save the new data. 

17. Repeat steps 11 through 15 for 3 conditions: no brace, tension brace, tension brace (no 

band), spring brace, and spring brace (no spring) with 3 trials each. Ensure proper 

connections in between each collection. 
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APPENDIX D 

TWO-DIMENSIONAL GAIT ANALYSIS PRCOEDURE 
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The following procedure was used to collect experimental gait data. 

1. Connect the PRO.Vision system and camera to the computer. 

2. Open PRO.Vision 2D. 

3. Place the LED markers on the subject, assigning them colors based upon their location as 

described below and in Figure 45: 

a. Shoulder, deltoid muscle → red marker 

b. Hip, greater trochanter → blue marker 

c. Knee, below the lateral femoral condyle → red marker 

d. Ankle, beneath lateral malleolus (~2 inches from the ground) → blue marker 

e. Forefoot, head of the fifth metatarsal → green marker 

 

Figure 45. Required LED marker placement on each subject for proper gait analysis. 

4. Open the Running Analysis → Sagittal Right predefined report on PRO.Vision. 
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5. Setup the camera in the sagittal view. 

6. Complete 2D calibration by drawing horizontal and vertical lines in the view of the 

camera and assigning them accurate distance measurements. This will allow the system 

to interpret information from the camera as accurately as possible. 

7. Define the space the subject should be viewed in. 

8. Assure all angle measurements can be detected by the camera. 

9. Record the patient’s gait until at least three or four gait cycles have been captured. 

10. Save the video. 

11. Configure the video by determining the five major points in the subject’s running cycle: 

initial contact, loading response, mid stance, terminal stance, pre-swing, mid-swing, and 

terminal swing. 

12. Create a report: enter the patient’s information and treadmill speed, choose x-direction 

for calibration, and save the file. 

13. Repeat the entire protocol for the 3 conditions: no brace, tension brace, tension brace (no 

band), spring brace, and spring brace (no spring) with 3 trials each. 
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APPENDIX E 

F-SCAN ANALYSIS PROCEDURE 
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The following procedure was used to collect experimental F-Scan data. 

1. Open the Tekscan Clinical 7.50 software. 

2. Trim the in-shoe sensor to the patient’s shoe size. 

3. Place the sensor inside the shoe and have the patient put the show on, making sure not to 

wrinkle the insole. The tab of the sensor should be on the lateral side of the legs. 

4. Insert the battery into the waist belt and attach the belt with wireless data logger around 

the patient’s waist. 

5. Wrap the Velcro ankle bands around the patient’s ankles and attach the sensor cuffs via 

Velcro. 

6. Insert the insole sensor connectors into the cuffs. 

7. Connect the end of the cuff cables with RJ45 connectors to the cuffs on either side of the 

patient and the CAT5e ends to the CH1 and CH2 ports of the wireless data logger (as seen 

below in Figure 46). 
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Figure 46. Tekscan F-Scan system hardware setup. 

8. Make sure all connections are tight and use tape to secure any loose wires or wires that 

may impede walking. Also ensure the wireless data logger is transmitting data to the 

system via WIFI and pressure activity is seen on the software. 

9. Add the patient to the system using the new patient function. 

10. Before data collection, zero out the sensors and perform calibrations to ensure the data is 

being properly collected. 

11. Have the patient begin walking with their normal gait then begin recording. 

12. Record for at 3 gait cycles then save the movie and record again. 

13. Repeat this process for 3 trials of each condition for a total of 9 recordings.
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APPENDIX F 

K-CONTANT TEST RESULTS 
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The raw results of the k-constant test conducted on the tension band are displayed below 

in Table 3.  

Table 3. Raw values from the tension band k-constant test. 

 Weight (lbs) Displacement (in) 

Weight 1 0.5 0.0625 

Weight 2 1 0.15625 

Weight 3 1.5 0.1875 

Weight 4 2 0.21875 

Weight 5 2.5 0.25 

Weight 6 3.5 0.3125 

Weight 7 4.25 0.34375 

Weight 8 5 0.375 

 

Once plotted in Figure 28, the k value is found by the slope between each weight (i.e. 

𝑘 =
𝑊𝑒𝑖𝑔ℎ𝑡 2−𝑊𝑒𝑖𝑔ℎ𝑡 1

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 2−𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 1
 and so on for each line between each point). These calculations 

are displayed below in Table 4. 

Table 4. Calculated k-constant values for the tension band. 

Line k-Constant Value (lb/in) 

Weight 1-2 5.33 

Weight 2-3 16 

Weight 3-4 16 

Weight 4-5 16 

Weight 5-6 16 

Weight 6-7 24 

Weight 7-8 24 
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APPENDIX G 

EMG RESULTS 
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Below are the raw and calculated values (i.e. difference, percent change, percent 

difference, co-activation index) for all collected EMG data. 

Table 5. Raw EMG results for the no brace symmetry comparison. 

MEAN (%) EMG 

 From Left to Right 

Muscle Left Right Difference (%) Percent Change 

(%) 

Rectus Femoris 12.7 9.52 -3.18 -25 

Tibialis Anterior 26.1 18 -8.1 -31 

Biceps Femoris 42.2 33.8 -8.4 -19.9 

Semitendinosus 32.9 37.3 4.4 13.4 

Lateral 

Gastrocnemius 

22.8 20.2 -2.6 -11.4 

PEAK ABSOLUTE (%) EMG 

 From Left to Right 

Muscle Left Right Difference (%) Percent Change 

(%) 

Rectus Femoris 38 26.2 -11.8 -31.1 

Tibialis Anterior 74.3 42.1 -32.2 -43.3 

Biceps Femoris 117 64.5 -52.5 -44.9 

Semitendinosus 80.6 85.4 4.8 6 

Lateral 

Gastrocnemius 

47.8 53 5.2 10.9 
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Table 6. Raw rectus femoris EMG values for the tension brace comparison with and without the 

use of the tension band. 

RECTUS FEMORIS 

MEAN (%) 

EMG No Brace Tension Brace 

Tension Brace, No 

Band 

Stance 

Left 7.69 6.28 11.2 

Right 11.6 10.5 7.84 

Swing 

Left 23.3 13.3 18.5 

Right 4.54 3.7 3.22 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension Brace 

to 

Tension Brace, No 

Band Tension Brace Tension Brace, No Band 

Stance 

Left -18.3 45.6 78.3 

Right -9.5 -32.4 -25.3 

Swing 

Left -42.9 -20.6 39.1 

Right -18.5 -29.1 -13 

DIFFERENCE  

(%)  

From No Brace Condition From Tension Brace 

to 

Tension Brace, No 

Band Tension Brace Tension Brace, No Band 

Stance 

Left -1.4 3.5 -4.9 

Right -1.1 -3.8 2.7 

Swing 

Left -10 -4.8 -5.2 

Right -0.8 -1.3 0.5 
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Table 7. Raw tibialis anterior EMG values for the tension brace comparison with and without 

the use of the tension band. 

TIBIALIS ANTERIOR 

MEAN (%) 

EMG No Brace Tension Brace Tension Brace, No Band 

Stance 

Left 22.2 17.8 23.2 

Right 17.8 29 12.2 

Swing 

Left 32.2 24.7 32.4 

Right 20.4 16.4 17.8 

PERCENT 

CHANGE (%) 

From No Brace Condition 

From Tension Brace to 

Tension Brace, No Band Tension Brace 

Tension Brace, No 

Band 

Stance 

Left -19.8 4.5 30.3 

Right 62.9 -31.5 -57.9 

Swing 

Left -23.3 0.6 31.2 

Right -19.6 -12.7 8.5 

DIFFERENCE  

(%)  

From No Brace Condition 

From Tension Brace to 

Tension Brace, No Band Tension Brace 

Tension Brace, No 

Band 

Stance 

Left -4.4 1 -5.4 

Right 11.2 -5.6 16.8 

Swing 

Left -7.5 0.2 -7.7 

Right -4 -2.6 -1.4 
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Table 8. Raw biceps femoris EMG values for the tension brace comparison with and without the 

use of the tension band. 

BICEPS FEMORIS 

MEAN (%) 

EMG No Brace Tension Brace 

Tension Brace, No 

Band 

Stance 

Left 32 29.2 32.6 

Right 41.3 59.8 32.9 

Swing 

Left 66.2 96.6 73 

Right 22.6 3.7 16.5 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension Brace 

to 

Tension Brace, No 

Band Tension Brace Tension Brace, No Band 

Stance 

Left -8.8 1.9 11.6 

Right 44.8 -20.3 -45 

Swing 

Left 45.9 10.3 -24.4 

Right -83.6 -27 345.9 

DIFFERENCE  

(%)  

From No Brace Condition From Tension Brace 

to 

Tension Brace, No 

Band Tension Brace Tension Brace, No Band 

Stance 

Left -2.8 0.6 -3.4 

Right 18.5 -8.4 26.9 

Swing 

Left 30.4 6.8 23.6 

Right -18.9 -6.1 -12.8 
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Table 9. Raw semitendinosus EMG values for the tension brace comparison with and without the 

use of the tension band. 

SEMITENDINOSUS 

MEAN (%) 

EMG No Brace Tension Brace 

Tension Brace, No 

Band 

Stance 

Left 26.2 26.3 19.8 

Right 43.3 58 25.7 

Swing 

Left 49.5 66.4 46.5 

Right 31.5 18.7 16.4 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension Brace 

to 

Tension Brace, No 

Band Tension Brace Tension Brace, No Band 

Stance 

Left 0.4 -24.4 -24.7 

Right 33.9 -40.6 -55.7 

Swing 

Left 34.1 -6.1 -30 

Right -40.6 -47.9 -12.3 

DIFFERENCE  

(%)  

From No Brace Condition From Tension Brace 

to 

Tension Brace, No 

Band Tension Brace Tension Brace, No Band 

Stance 

Left 0.1 -6.4 6.5 

Right 14.7 -17.6 32.3 

Swing 

Left 16.9 -3 19.9 

Right -12.8 -15.1 2.3 
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Table 10. Raw gastrocnemius lateralis EMG values for the tension brace comparison with and 

without the use of the tension band. 

GASTROCNEMIUS LATERALIS 

MEAN (%) 

EMG No Brace Tension Brace 

Tension Brace, No 

Band 

Stance 

Left 20.4 31.9 18.8 

Right 19.8 18.5 15.4 

Swing 

Left 26 51.2 23.2 

Right 15.4 18.9 12.7 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension Brace 

to 

Tension Brace, No 

Band Tension Brace Tension Brace, No Band 

Stance 

Left 56.4 -7.8 -41.1 

Right -6.6 -22.2 -16.8 

Swing 

Left 96.9 -10.8 -54.7 

Right 22.7 -17.5 -32.8 

DIFFERENCE  

(%)  

From No Brace Condition From Tension Brace 

to 

Tension Brace, No 

Band Tension Brace Tension Brace, No Band 

Stance 

Left 11.5 -1.6 13.1 

Right -1.3 -4.4 3.1 

Swing 

Left 25.2 -2.8 28 

Right 3.5 -2.7 6.2 
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Table 11. Raw rectus femoris EMG values for the spring brace comparison with and without the 

use of the torsional spring. 

RECTUS FEMORIS 

MEAN (%) 

EMG No Brace Spring Brace 

Spring Brace, No 

Spring 

Stance 

Left 7.69 9.88 17.5 

Right 11.6 18.4 13.2 

Swing 

Left 23.3 18.3 7.63 

Right 4.54 10 18 

PERCENT 

CHANGE (%) 

From No Brace Condition From Spring Brace 

to 

Spring Brace, No 

Spring Spring Brace 

Spring Brace, No 

Spring 

Stance 

Left 28.5 127.6 77.1 

Right 58.6 13.8 -28.3 

Swing 

Left -21.5 -67.3 -58.3 

Right 120.3 296.5 80 

DIFFERENCE  

(%)  

From No Brace Condition From Spring Brace 

to 

Spring Brace, No 

Spring Spring Brace 

Spring Brace, No 

Spring 

Stance 

Left 2.2 9.8 -7.6 

Right 6.8 1.6 5.2 

Swing 

Left -5 -15.7 10.7 

Right 5.5 13.5 -8 
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Table 12. Raw tibialis anterior EMG values for the spring brace comparison with and without 

the use of the torsional spring. 

TIBIALIS ANTERIOR 

MEAN (%) EMG No Brace Spring Brace 

Spring Brace, No 

Spring 

Stance 

Left 22.2 28.6 28.2 

Right 17.8 37.4 33.3 

Swing 

Left 32.2 34.1 23.4 

Right 20.4 31.1 38.3 

PERCENT 

CHANGE (%) 

From No Brace Condition From Spring Brace to 

Spring Brace, No 

Spring Spring Brace Spring Brace, No Spring 

Stance 

Left 28.8 27 -1.4 

Right 110.1 87.1 -11 

Swing 

Left 5.9 -27.3 -31.4 

Right 52.5 87.7 23.2 

DIFFERENCE  

(%)  

From No Brace Condition From Spring Brace to 

Spring Brace, No 

Spring Spring Brace Spring Brace, No Spring 

Stance 

Left 6.4 6 0.4 

Right 19.6 15.5 4.1 

Swing 

Left 1.9 -8.8 10.7 

Right 10.7 17.9 -7.2 
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Table 13. Raw biceps femoris EMG values for the spring brace comparison with and without the 

use of the torsional spring. 

BICEPS FEMORIS 

MEAN (%) 

EMG No Brace Spring Brace 

Spring Brace, No 

Spring 

Stance 

Left 32 47 83.2 

Right 41.3 36.5 34.6 

Swing 

Left 66.2 68.1 98.4 

Right 22.6 21.5 48.2 

PERCENT 

CHANGE (%) 

From No Brace Condition From Spring Brace to 

Spring Brace, No 

Spring Spring Brace Spring Brace, No Spring 

Stance 

Left 46.9 160 77 

Right -11.6 -16.2 -5.2 

Swing 

Left 2.9 48.6 44.5 

Right -4.9 113.3 124.2 

DIFFERENCE  

(%)  

From No Brace Condition From Spring Brace to 

Spring Brace, No 

Spring Spring Brace Spring Brace, No Spring 

Stance 

Left 15 51.2 -36.2 

Right -4.8 -6.7 1.9 

Swing 

Left 1.9 32.2 -30.3 

Right -1.1 25.6 -26.7 
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Table 14. Raw semitendinosus EMG values for the spring brace comparison with and without 

the use of the torsional spring. 

SEMITENDINOSUS 

MEAN (%) 

EMG No Brace Spring Brace 

Spring Brace, No 

Spring 

Stance 

Left 26.2 55.2 70.4 

Right 43.3 46.2 43.7 

Swing 

Left 49.5 75.4 73.3 

Right 31.5 26.8 64.7 

PERCENT 

CHANGE (%) 

From No Brace Condition From Spring Brace to 

Spring Brace, No 

Spring Spring Brace Spring Brace, No Spring 

Stance 

Left 110.7 168.7 27.5 

Right 6.7 0.9 -5.4 

Swing 

Left 52.3 48.1 -2.8 

Right -14.9 105.4 141.4 

DIFFERENCE  

(%)  

From No Brace Condition From Spring Brace to 

Spring Brace, No 

Spring Spring Brace Spring Brace, No Spring 

Stance 

Left 29 44.2 -15.2 

Right 2.9 0.4 2.5 

Swing 

Left 25.9 23.8 2.1 

Right -4.7 33.2 -37.9 
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Table 15. Raw gastrocnemius lateralis EMG values for the spring brace comparison with and 

without the use of the torsional spring. 

GASTROCNEMIUS LATERALIS 

MEAN (%) 

EMG No Brace Spring Brace 

Spring Brace, No 

Spring 

Stance 

Left 20.4 37.5 33.1 

Right 19.8 12.9 14.8 

Swing 

Left 26 29.8 53 

Right 15.4 13.6 13.6 

PERCENT 

CHANGE (%) 

From No Brace Condition From Spring Brace to 

Spring Brace, No 

Spring Spring Brace Spring Brace, No Spring 

Stance 

Left 83.8 62.3 -11.7 

Right -34.8 -25.3 14.7 

Swing 

Left 14.6 103.8 77.9 

Right -11.7 -11.7 0 

DIFFERENCE  

(%)  

From No Brace Condition From Spring Brace to 

Spring Brace, No 

Spring Spring Brace Spring Brace, No Spring 

Stance 

Left 17.1 12.7 4.4 

Right -6.9 -5 -1.9 

Swing 

Left 3.8 27 -23.2 

Right -1.8 -1.8 0 
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Table 16. Raw rectus femoris EMG values for the tension brace versus spring brace comparison. 

RECTUS FEMORIS 

MEAN (%) 

EMG No Brace Tension Brace Spring Brace 

Stance 

Left 11.6 10.5 18.4 

Right 4.54 3.7 10 

Swing 

Left 7.69 6.28 9.88 

Right 23.3 13.3 18.3 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left -18.3 28.5 57.3 

Right -9.5 58.6 75.2 

Swing 

Left -42.9 -21.5 37.6 

Right -18.5 120.3 170.3 

DIFFERENCE  

(%)  

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left -1.4 2.2 -7.9 

Right -1.1 6.8 -6.3 

Swing 

Left -10.0 -5.0 -3.6 

Right -0.8 5.5 -5 
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Table 17. Raw tibialis anterior EMG values for the tension brace versus spring brace 

comparison. 

TIBIALIS ANTERIOR 

MEAN (%) 

EMG No Brace Tension Brace Spring Brace 

Stance 

Left 17.8 29 37.4 

Right 20.4 16.4 31.1 

Swing 

Left 22.2 17.8 28.6 

Right 32.2 24.7 34.1 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left -19.8 28.8 60.7 

Right 62.9 110.1 29 

Swing 

Left -23.3 5.9 38.1 

Right -19.6 52.5 89.6 

DIFFERENCE  

(%)  

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left -4.4 6.4 -8.4 

Right 11.2 19.6 -14.7 

Swing 

Left -7.5 1.9 -10.8 

Right -4 10.7 -9.4 
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Table 18. Raw biceps femoris EMG values for the tension brace versus spring brace comparison. 

BICEPS FEMORIS 

MEAN (%) 

EMG No Brace Tension Brace Spring Brace 

Stance 

Left 41.3 59.8 36.5 

Right 22.6 15.2 21.5 

Swing 

Left 32 29.2 47 

Right 66.2 96.6 68.1 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left -8.8 46.9 61 

Right 44.8 -11.6 -39 

Swing 

Left 45.9 2.9 -29.5 

Right -32.7 -4.9 41.4 

DIFFERENCE  

(%)  

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left -2.8 15 23.3 

Right 18.5 -4.8 -6.3 

Swing 

Left 30.4 1.9 -17.8 

Right -7.4 -1.1 28.5 
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Table 19. Raw semitendinosus EMG values for the tension brace versus spring brace 

comparison. 

SEMITENDINOSUS 

MEAN (%) 

EMG No Brace Tension Brace Spring Brace 

Stance 

Left 26.2 26.3 55.2 

Right 43.3 58 46.2 

Swing 

Left 49.5 66.4 75.4 

Right 31.5 18.7 26.8 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left 0.4 110.7 109.9 

Right 33.9 6.7 -20.3 

Swing 

Left 34.1 52.3 13.6 

Right -40.6 -14.9 43.3 

DIFFERENCE  

(%)  

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left 0.1 29 -28.9 

Right 14.7 2.9 11.8 

Swing 

Left 16.9 25.9 -9 

Right -12.8 -4.7 -8.1 
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Table 20. Raw gastrocnemius lateralis EMG values for the tension brace versus spring brace 

comparison. 

GASTROCNEMIUS LATERALIS 

MEAN (%) 

EMG No Brace Tension Brace Spring Brace 

Stance 

Left 20.4 31.9 37.5 

Right 19.8 18.5 12.9 

Swing 

Left 26 51.2 29.8 

Right 15.4 18.9 13.6 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left 56.4 83.8 17.6 

Right -6.6 -34.8 -30.3 

Swing 

Left 96.9 14.6 -41.8 

Right 22.7 -11.7 -28 

DIFFERENCE  

(%)  

From No Brace Condition From Tension Brace 

to 

Spring Brace Tension Brace Spring Brace 

Stance 

Left 11.5 17.1 -5.6 

Right -1.3 -6.9 5.6 

Swing 

Left 25.2 3.8 21.4 

Right 3.5 -1.8 5.3 
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Table 21. Calculated CAI (%) values for the right-side antagonist muscles of the knee: the rectus 

femoris and biceps femoris. 

RF-BF  

CAI (%) No Brace Tension Brace Spring Brace 

Stance 7.43 6.17 13.84 

Swing 2.73 2.3 7.33 

PERCENT 

CHANGE  (%)  

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Stance -16.9 86.3 124.2 

Swing -15.6 168.7 218.5 

DIFFERENCE  (%)  

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Stance -1.3 6.4 7.7 

Swing -0.4 4.6 5 

 

Table 22. Calculated CAI (%) values for the right-side antagonist muscles of the ankle: the 

tibialis anterior and gastrocnemius lateralis. 

TA-GL  

CAI (%) No Brace Tension Brace Spring Brace 

Stance 16.9 15.15 8.67 

Swing 13.51 15.32 9.77 

PERCENT 

CHANGE  (%)  

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Stance -10.4 -48.7 -42.7 

Swing 13.3 -27.7 -36.2 

DIFFERENCE  (%)  

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Stance -1.8 -8.2 -6.5 

Swing 1.8 -3.7 -5.5 

 



 

 

102 
 

Table 23. Raw rectus femoris EMG values for the tension brace versus spring brace comparison 

during sitting and standing. 

RECTUS FEMORIS: SITTING/STANDING 

MEAN (%) EMG No Brace Tension Brace Spring Brace 

Standing 18.8 31.1 25.8 

Sitting 8.7 7.33 12.9 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Standing 65.4 37.2 -17 

Sitting -15.7 48.3 76 

DIFFERENCE (%) 

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Standing 12.3 7 5.3 

Sitting -1.4 4.2 -5.6 

 

Table 24. Raw biceps femoris EMG values for the tension brace versus spring brace comparison 

during sitting and standing. 

BICEPS FEMORIS: SITTING/STANDING 

MEAN (%) EMG No Brace Tension Brace Spring Brace 

Standing 38.3 40.8 41.3 

Sitting 29.9 36.6 41 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Standing 6.5 7.8 1.2 

Sitting 22.4 37.1 12 

DIFFERENCE (%) 

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Standing 2.5 3 -0.5 

Sitting 6.7 11.1 -4.4 
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APPENDIX H 

GAIT ANALYSIS RESULTS 

  



 

 

104 
 

Below are the raw and calculated values (i.e. difference, percent change, percent 

difference) for all collected 2-D gait data. 

Table 25. Raw and calculated values for the time (%) spent in either phase of the gait cycle for 

the tension brace versus spring brace comparison. 

PERCENT (%) PHASE OF THE GAIT CYCLE 

PHASE TIME (%) No Brace Tension Brace Spring Brace 

Stance 57.6 62.9 70.6 

Swing 42.4 37.1 29.5 

PERCENT 

CHANGE (%) 

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Stance 9.2 22.6 12.2 

Swing -12.5 -30.4 -20.5 

DIFFERENCE (%) 

From No Brace Condition From Tension 

Brace to 

Spring Brace Tension Brace Spring Brace 

Stance 5.3 13 7.7 

Swing -5.3 -12.9 -7.6 

 

Table 26. Raw and calculated values for gait ROM (°) for each condition compared to normal 

values. 

TOTAL GAIT ROM 

ROM (°) Normal No Brace Tension Brace Spring Brace 

Hip 50 31.32 35.41 32.54 

Knee 70 45.42 59.84 46.12 

Ankle 30 16.89 29.79 20.35 

PERCENT 

DIFFERENCE (%) 

FROM NORMAL 

VALUES 

Hip 45.9 34.2 42.3 

Knee 42.6 15.7 41.1 

Ankle 

55.9 0.7 38.3 

 



 

 

105 
 

Table 27. Raw and calculated values for gait ROM (°) during the tension brace comparison with 

and without the use of the tension band. 

TENSION BRACE GAIT ROM 

ROM (°) No Brace Tension Brace 

Tension Brace, No 

Band 

Hip 31.32 35.41 37.29 

Knee 45.42 59.84 48.6 

Ankle 16.89 29.79 17.39 

PERCENT 

DIFFERENCE (%) 

From No Brace Condition From Tension 

Brace to 

Tension Brace, No 

Band Tension Brace 

Tension Brace, No 

Band 

Hip 12.3 17.4 5.2 

Knee 27.4 6.8 20.7 

Ankle 55.3 2.9 52.6 

 

Table 28. Raw and calculated values for gait ROM (°) during the spring brace comparison with 

and without the use of the torsional spring. 

SPRING BRACE GAIT ROM 

ROM (°) No Brace Spring Brace 

Spring Brace, No 

Spring 

Hip 31.32 32.54 26.55 

Knee 45.42 46.12 40.04 

Ankle 16.89 20.35 14.87 

PERCENT 

DIFFERENCE (%) 

From No Brace Condition From Spring Brace 

to 

Spring Brace, No 

Spring Spring Brace 

Spring Brace, No 

Spring 

Hip 3.8 16.5 20.3 

Knee 1.5 12.6 14.1 

Ankle 18.6 12.7 31.1 
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Table 29. Raw and calculated values for gait ROM (°) of the tension brace versus the spring 

brace. 

TENSION VS SPRING BRACE GAIT ROM 

ROM (°) Tension Brace Spring Brace 

Percent Difference 

(%) from Tension 

Brace 

Hip 35.41 32.54 8.5 

Knee 59.84 46.12 25.9 

Ankle 29.79 20.35 37.7 
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APPENDIX I 

SPATIOTEMPORAL DATA 
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Below are the raw and calculated values (i.e. stride length, cadence, velocity, percent 

difference) for all collected spatiotemporal data. 

Table 30. Collected data and calculated values for spatiotemporal gait parameters for each 

condition. 

WALKING TRIAL DATA 

 No Brace Tension Brace Spring Brace 

 Distance 

(cm) 

Time (s) Distance 

(cm) 

Time (s) Distance 

(cm) 

Time 

(s) 

Trial 1 469.9 9.61 408.94 8.19 438.15 8.07 

Trial 2 421.64 8.66 397.51 8.58 421.52 8.08 

Trial 3 438.15 8.93 449.58 9.17 460.25 8.8 

Average 4.43 9.07 4.19 8.65 4.40 8.32 

SPATIOTEMPORAL DATA 

Stride Length (m) 0.89 0.84 0.88 

Percent Difference (%) From No Brace 5.7 0.7 

From Tension Brace 5 

Cadence (steps/min) 66.18 69.39 72.14 

Percent Difference (%) From No Brace 4.9 8.7 

From Tension Brace 3.8 

Velocity (m/s) 0.49 0.48 0.53 

Percent Difference (%) From No Brace 0.8 8 

From Tension Brace 8.8 
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APPENDIX J 

F-SCAN RESULTS 
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Below are the raw and calculated values (i.e. percent change, percent difference) for all 

collected f-scan data. 

Table 31. Raw and calculated values for F-Scan force and timing analysis for the no brace 

condition. 

NO BRACE Force (lbs) Percent 

Difference 

(%) From 

Left to Right 

Percentage of 

Gait (%) 

Percent 

Change (%) 

From Left to 

Right 

Midstance 

Peak 

Left 153.8 25.4 22 72.7 

Right 119.1 38 

Toe-off Peak Left 165.4 18.8 45 46.7 

Right 137 66 

Abnormal 

Peak 

Left 73.2 50.3 5 20 

Right 43.8 6 

 

Table 32. Raw and calculated values for F-Scan force and timing analysis for the tension brace 

condition. 

TENSION BRACE Force (lbs) Percent 

Difference 

(%) From 

Left to Right 

Percentage of 

Gait (%) 

Percent 

Change (%) 

From Left to 

Right 

Midstance 

Peak 

Left 147 12.4 24 29.2 

Right 129.8 31 

Toe-off Peak Left 163 8.3 58 13.8 

Right 150 66 

Abnormal 

Peak 

Left 78.4 57.9 8 0 

Right 43.2 8 
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Table 33. Raw and calculated values for F-Scan force and timing analysis for the Spring brace 

condition. 

SPRING BRACE Force (lbs) Percent 

Difference 

(%) From 

Left to Right 

Percentage of 

Gait (%) 

Percent 

Change (%) 

From Left to 

Right 

Midstance 

Peak 

Left 117.9 2.6 29 17.2 

Right 121 34 

Toe-off Peak Left 136.2 3.4 49 30.6 

Right 140.9 64 

Abnormal 

Peak 

Left 41.1 22.8 

 

6 0 

 Right 32.7 6 

 



 

 

112 

 

APPENDIX K 

INSTITUTIONAL REVIEW BOARD DOCUMENTS 

  



 

 

113 

 

Below is the approved IRB application and protocol narrative. 
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Below is the IRB approval letter. 
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Below is the IRB approved consent form. 
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