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ABSTRACT 

 

 

MORGAN ELIZABETH LESLIE 

A NOVEL DESIGN OF A HIP BRACE MECHANISM FOR REHABILITATION OF 

LIMITED RANGE OF MOTION 

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

 

 

Osteoarthritis (OA) and femoroacetabular impingement (FAI) are both conditions 

that can cause destruction of the hip joint – resulting in pain, limited range of motion, and 

gait imbalances. The purpose of this study is to analyze the gait and muscle activity in 

patients with OA and FAI and propose and test the effectiveness of a rehabilitative 

mechanism that aims to help balance muscle activity to improve gait. Each of the three 

subjects (one baseline, one with FAI, and one with OA) underwent electromyographic 

(EMG) analysis and 2-D gait analysis for three conditions: with no brace, with just the 

brace, and with the mechanism. The FAI subject showed low peak gluteal activity in the 

affected side compared to the unaffected (14.70% less affected gluteus medius (GMD), 

11.77% less affected gluteus maximus (GMX)). The device increased GMD activity on 

the affected side to be closer to that of the unaffected side at 5.5% less. The GMX peak 

activity increased by 21.83%, even though the affected side was still less by 11.51%. The 

OA subject showed higher mean gluteal activity on the affected side when compared to 
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the unaffected side. The GMD and GMX activity was 9.6% and 0 7% greater, 

respectively. With the device added, the GMD and GMX means on the affected side was 

13.6% and 0.7% greater, respectively. The subject with FAI showed at 14.57o less hip 

range of motion (ROM) on the affected side when compared to the baseline value of 50o. 

When the device added, the ROM decreased further by 1.79o. The FAI subject showed 

2.42o more pelvis ROM than that of the baseline subject. With the device, the difference 

between the FAI subject and the baseline subject was only 0.61o. The OA subject showed 

a percent difference less of 33.06% between his double step length on the affected side 

and the normal value of 1.41 m. With the device, the percent difference less becomes 

29.27%. With no brace or device, this subject shows 7.7% less time in stance phase than 

the normal value of 60% and only 0.83% more when the device is worn. Finite element 

analysis (FEA) was conducted to determine the mechanical integrity and fatigue life of 

the mechanism and free body diagrams (FBDs) with calculations were done to estimate 

the change in muscular forces with the mechanism. The FEA found a maximum stress of 

32.51 ksi. The margin of safety for fatigue of an unnotched condition was calculated to 

be 2.46. In a notched case, the cycles until failure was determined to be 213,797 cycles. 

The FBDs found that there is a muscle activity increase of 4.3% and 2.6% for extension 

and flexion, respectively. Future studies would need to be done with a larger pool of 

subjects, different design ideas (to optimize results), and trials done after the subjects 

have used the device for a time. 
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THESIS DESCRIPTION 

Purpose and Goal 

The pain and overall weakness of the hip joint as a result of femoroacetabular 

impingement (FAI) and/or osteoarthritis (OA) leads to gait deviating from normal. The 

abnormal gait biomechanics and muscular forces can result in damage of the articular 

cartilage. In a study that focused on observing the gait and muscle activity in patients 

with FAI, more severe hip joint pain and malfunction was seen in patients with lower 

peak gluteus medius and minimus, sartorius, and iliopsoas forces. Additionally, greater 

forces acting against the articular cartilage were found to be related to lower peak 

iliopsoas, gluteus medius, rectus femoris, and vastus lateralis, medialis, and intermedius 

muscle forces [1]. 

Another study that investigated the gait functionality in patients with osteoarthritis 

of the hip found that these patients exhibited weak abductor muscles which inhibited 

proper control of the pelvis. This equated to a gait with slower preferred speed, shorter 

step length, and a compensatory lateral trunk movement [2].  

The purpose of this study is to analyze the gait and muscle activity in patients 

with osteoarthritis and/or femoroacetabular impingement. A rehabilitative assistive 

device is proposed and tested to investigate its effectiveness in strengthening muscle 

activity to allow a more normal gait.  
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BACKGROUND 

Functional Anatomy of the Hip 

The femoral head and the acetabulum of the pelvis articulate to form a ball and 

socket synovial joint – the hip joint. The hip joint is designed for weight-bearing and 

stability and plays an important role in gait. The acetabulum is a socket in the 

inferolateral part of the pelvis and is lined by a ring of cartilage called the labrum.  The 

femoral head, being hemispherical, fits completely into the acetabular socket. Both the 

acetabulum and femoral head are covered with articular cartilage, with the locations of 

weight bearing having a thicker layer [3]. Figure 1 displays an illustration of the hip joint 

and its articular surfaces.  

 

 

Figure 1. Anatomy of the hip joint [3]. 
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The hip joint is capable of the following movements due to the help of the listed 

principle muscles:  

● Flexion:  

o Iliopsoas (psoas major and iliacus), rectus femoris, sartorius, pectineus, 

tensor fasciae latae, and adductor longus 

● Extension: 

o Gluteus maximus, hamstrings (semimembranosus, semitendinosus, biceps 

femoris long head), and adductor magnus posterior head 

● Abduction: 

o Gluteus medius, gluteus minimus, and tensor fascia latae 

● Adduction: 

o Adductors longus, brevis, and magnus, and pectineus, gracilis 

● External rotation: 

o Gluteus maximus, piriformis, obturator internus, gemellus superior and 

inferior, and quadratus femoris 

● Internal rotation:  

o Anterior fibers of gluteus medius and minimus, tensor fascia latae, 

adductor longus, brevis, and magnus, and pectineus. 

 

An illustration of these muscles is shown in Figure 2.  

 

 

 



4 

 

 

 

 

Figure 2. Muscles of the hip joint [4]. 

 

 

Irregular function from weakness or tightness of these muscles can alter the 

distribution of forces across the joint. This affects the alignment of the pelvis, femur, and 

lumbar spine which can disrupt the efficiency, comfort, and flexibility of functional and 

recreational activities and can lead to degeneration of the joint’s structures. There are 

three planes of motion for the hip: sagittal, frontal, and horizontal. The direction of force 

in relation to the axis of rotation determines muscle action in each plane of motion. The 

hip muscles and their line of force generate a muscle action and subsequent moment arm 

required to create the torque necessary to complete the movement. The muscle action is 

defined as the direction of the joint rotation and the torque is the strength of the muscle 

action. The torque (N*cm) can be calculated by multiplying the muscle force (N) and the 

moment arm length (cm). The amount of force a muscle can generate is dependent on its 

cross-sectional area [5]. The line of force for various muscles of the hip in each plane of 

motion are represented in Figure 3.  
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Figure 3. Lines of force of muscles of the hip in the (a) sagittal plane [flexors (solid 

arrows), extensors (dashed arrow), axis of rotation (green circle), and internal moment 

arm of the rectus femoris (thick black line)], (b) frontal plane [abductors (solid arrow), 

adductors (dashed arrows), and axis of rotation (purple circle)], and (c) horizontal plane 

[external rotators (solid arrows), internal rotators (dashed arrows), and axis of rotation 

(blue circle)].  

Note: not all muscles are shown for clarity and force lines are not drawn to scale [5]. 

(a) (b) 

(c) 
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The coordination of the hip muscles is imperative to proper movement. For 

example, the hip flexors (like the rectus femoris, marked in red in Figure 3(a) pull the 

pelvis anteriorly so the abdominal muscles must counteract this motion with a posterior 

tilt of the pelvis. On the same note, weakness of any other flexor like the adductor brevis, 

gracilis, or anterior gluteus minimus fibers can contribute to excessive forward tilting of 

the pelvis. This inordinate anterior tilt can lead to additional curving of the spine 

(excessive lumbar lordosis) and can contribute to lower back pain [5]. The hip extensors 

(represented by dashed arrows in Figure 3(a) work together to tilt the pelvis posteriorly. 

Gravity assists in hip extension while standing, and full extension of the hip is important 

to allow the center of gravity to shift posteriorly to the sagittal axis of rotation at the 

femoral head (shown by the green circle in Figure 3(a)) to allow movement forward 

during gait.  

The external rotator muscles (except the obturator externus and gluteus medius 

posterior fibers, which are more parallel) are nearly perpendicular to the axis of rotation 

in the horizontal plane (shown in Figure 3(c)) with the external rotators marked by solid 

arrows) [5]. Because of this, almost all the muscles’ forces contribute to creating torque 

to provide external rotation. These forces are aimed in the optimal direction to compress 

the articulating surfaces and provide mechanical stability to the joint. The gluteus medius 

and maximus muscles can reverse their rotary action depending on the fibers activated 

(i.e. gluteus medius anterior fibers are internal rotators while the posterior fibers are 

external rotators (shown in Figure 3(c)). In contrast to the external rotator muscles, the 

internal rotator muscles (shown in Figure 3(c) and represented by dashed arrows) 

predominantly are positioned vertically and have a much larger biomechanical ability to 
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provide torque in the frontal and sagittal planes. Because of the position of the lines of 

force of the external rotators and the ability of the gluteus medius to reverse rotational 

directions, the internal rotation torque is strongest when the hip is flexed. When the hip 

extensors are weak, causing the hip to then be excessively flexed, the internal rotation 

torque is also exaggerated as a result causing a “crouched” gait. With increased control of 

external rotators, abductors, and extensors this gait pattern can be improved. 

Most adductor muscles (represented by dashed arrows in Figure 3(b) are also hip 

flexors when the hip is starting from the extended position; however, when the hip is 

flexed beyond 40o [5], they become extensors (with the exception of the adductor 

magnus, which is always a hip extensor). As mentioned before, depending on the degree 

of deviation from anatomical position, the three distinct fibers of the gluteus medius have 

different functions. All fibers contribute to the abduction of the hip. During the single 

support stance phase of the gait cycle, the hip is stabilized by muscles whose line of force 

lies in the frontal plane (represented in Figure 3(b). When one leg is lifted, gravity 

creates an external rotation and adduction torque which requires the abductors to 

counteract with an abduction and internal rotation torque at the stance side in order to 

stabilize the pelvis and swing the opposing leg. Due to the various forces that provide 

movement at the hip, the joint can witness compressive loads up to 3 times the body 

weight during a gait cycle.  
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The Role of the Hip in the Gait Cycle 

The phases of a gait cycle are illustrated in Figure 4.  

 

 

 

Figure 4. The phases of the gait cycle [6]. 

 

 

During a normal gait cycle, the hip experiences motion in three directions. The 

motions and their angle and the plane in which they occur are listed in Table 1.  

 

Table 1. Motions of the hip during a gait cycle [6]. 

Plane of Motion Motion Range of Motion Angle 

Sagittal 

Flexion 30o 

Extension 10o 

Pelvic Tilt 2.79o - 4o 

Frontal 

Abduction 5o 

Adduction 10o 

Pelvic drop/list 4o - 7.72o 

Transverse Pelvic Rotation  10o – 10.4o 
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Along with these motions, the pelvis moves in sine or cosine like curves in 

recurring movements involving vertical and lateral displacement, rotation, and tilt of the 

pelvis. The four movements are illustrated in Figure 5.  

 

 

 

 

 

 

 

 

 

 

Figure 5. (a) Vertical displacement of the pelvis, (b) lateral displacement of the pelvis, 

(c) pelvic rotation, and (d) pelvic tilt [7]. 

 

 

At initial foot contact, the gluteus muscles extend the hip and the pelvis tilts down 

anteriorly. As the gait cycle progresses from loading response to mid-stance, the pelvis 

tilts down posteriorly. At the end of the stance phase, hip extension occurs. During pre-

swing, the pelvis elevates posteriorly. The swing phase is initiated when the hip flexes. 

From initial swing to mid-swing, the pelvis elevates anteriorly. Lateral pelvic tilt is 

controlled by opposing hip abductors during the swing phase. From terminal swing to 

 

(b) 

(d) 

(c) 

(a) 
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heel strike, the pelvis tilts anteriorly downward again. These motions come together to 

form the complex and important function of walking. Any pain in the joint or 

weakness/tightness of the muscles involved can disrupt any phase of the gait cycle and 

throw off the biomechanics of the body. For example, if hip flexion is lost, the trunk will 

lurch backward to initiate the swing phase and tightness of the flexors would prevent hip 

extension during stance phase, causing a shortened stride. Lack of hip extension 

capabilities will cause the trunk to lean posteriorly at foot contact. A tight gluteus 

maximus muscle will cause reduced range of motion during the swing phase, causing the 

pelvis to rotate and could increase tension at the iliotibial band, causing possible pain to 

the knee. Weakness in the gluteus medius can cause a lateral shift of the trunk over the 

stance leg during stance phase. This also minimizes torque at the hip during weight 

bearing in attempts to avoid hip pain [8]. 

 

Osteoarthritis (OA) and Femoroacetabular Impingement (FAI) 

Osteoarthritis (OA) and femoroacetabular impingement (FAI) are both conditions 

that can destroy the articulating surfaces of the hip joint, which causes gait imbalances 

due to pain avoidance and limited range of motion. Non-invasive treatments for 

osteoarthritis and FAI include lifestyle changes, physical therapy, or anti-inflammatory 

medications. None of these solutions are permanent and simply just are ways to avoid 

causing pain. Ultimately, surgery in the form of either arthroscopy or total hip 

replacement are the recommended treatment. This poses a need for an assistive device to 

allow a patient with OA or FAI to rehabilitate the joint by strengthening the surrounding 

muscles. Both conditions present with a narrowing joint space and wear and tear of 
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cartilage. Figure 6 shows x-rays of an osteoarthritic hip, a normal hip, and an impinged 

hip (from left to right, respectively).  

 

 

 

 

 

 

 

 

Figure 6. X-Rays of the right hip: left: grade 2 osteoarthritis [9], middle: normal [10], 

right: combined-type femoroacetabular impingement [11] 

 

 

OA of the hip joint is a common cause of destruction of cartilage, narrowing of the 

joint space, and damage of bone. There is primary and secondary OA, with the latter 

being more common. Primary OA is characterized by the lack of a preceding event and is 

strongly tied to genetics. Secondary OA is caused by abnormal mechanical forces 

(obesity, repetitive stress, i.e. from a labor job) or previous injury to the joint (trauma, 

rheumatoid arthritis). Key factors are asymmetric joint space narrowing (JSN), sclerosis 

(hardening of body tissue), and osteophytosis (development of osteophytes, which are 

bony spurs). Osteoarthritis can worsen overtime and the main treatment for most patients 

is just taking analgesics. Once the joint is destroyed, many times a hip replacement is 

needed. A grading system is used to define the severity of the osteoarthritis [11]: 
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● Grade 0: normal hip joint 

● Grade 1: some JSN possible and discrete osteophytes 

● Grade 2: clear JSN and noticeable osteophytes, some sclerosis possible in 

acetabulum  

● Grade 3: considerable JSN, small osteophytes, some sclerosis and cyst formation, 

deformity of femoral head and acetabulum 

● Grade 4: presence of large osteophytes, deformity of the femoral head and 

acetabulum, and extreme loss of joint space 

 

Another condition, called femoroacetabular impingement (FAI), can be a precursor to 

early-onset osteoarthritis. FAI is characterized by painful and limited hip motion caused 

by abnormalities in the femoral neck/head and/or acetabulum. These abnormalities cause 

a less-than-optimal fit of the femoral head in the acetabulum, causing early degeneration 

of the joint space. FAI can lead to osteoarthritis of the hip due to added stress on the 

articular cartilage and labrum from the abnormal contact between the articular surface. 

There are two kinds of impingement: cam and pincer. Pincer is more common in middle-

aged women and cam is more common in young men. The classifications of the subtypes 

are as follows: 

● Pincer: excessive coverage of femoral head by the acetabulum  

o General  

▪ Deep acetabulum, caused by coxa profunda or protrusion acetabuli  

o Focal 

▪ Retroverted acetabulum, leading to anterior impingement 

▪ Prominent posterior acetabular wall, leading to posterior 

impingement 

o Injury site: initially, damage to the anterosuperior labrum and then a 

resulting cartilage injury to the opposite side (posteroinferior) caused by 

the calcified labrum and the prominent acetabular rim acting as a fulcrum 

● Cam: aspherical femoral head from a bony protrusion on the lateral or 

anterosuperior junction between the femoral head and neck. 

o Injury site: anterosuperior wear and tear of the labrum and cartilage due to 

undesirable transmission of force to the acetabulum during internal 

rotation and flexion 

● Combined: aspects of both pincer and cam impingement present [10] 
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MATERIALS AND METHODS 

Design 

The design was created with the gait discrepancies and limited range of motion 

caused by the damage in the hip joint as a result of FAI and OA. The prototyped device 

consists of two spiral torsional springs that are mounted to a pre-manufactured hip brace. 

The center of each spring is welded to a cylindrical rod (0.50 inch diameter and 0.50 in 

long) to allow each spring/rod assembly to be threaded (with ½-20 thread) into a 

manufactured bar (3.75 in long, 1.00 in wide, and 0.25 in thick) on contralateral ends (i.e. 

2.5 in apart). This bar is fastened to the brace with two bolts and nuts. The 3-D 

SolidWorks model of the device is shown in Figure 7.  

 

 

 

 

Figure 7.  (a) Front view and (b) rear view of SolidWorks model of mechanism prototype  

 

(a) (b) 
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The brace use is the Philippon Hip brace manufactured by Breg, Inc. The original 

hip brace is shown in Figure 8. It is primarily used to provide limited motion control post-

operation (arthroscopy or joint replacement). The thigh and waist bands are malleable to 

permit closer fit and the brace bars are flexible to allow abduction. The joint can be locked 

in any position from -30° to 60° [12]. The locking mechanism was removed from the brace 

for this study since the purpose of the proposed mechanism is to aid in rehabilitation of 

limited range of motion. Additionally, it was decided by the principal investigator and the 

lead advisor that the distal thigh band strap was not wide and long enough to provide 

enough support. An additional piece of high-density polypropylene (HDPE) was riveted to 

the aluminum thigh band piece and lined with Volar foam.  

 

 

 

Figure 8. The Phillipon hip brace by Breg [12]. 
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A SolidWorks model including the brace with the device is shown in Figure 9. 

 

 

 

 

 

 

 

 

 

Figure 9. (a) Lateral view of the 3-D model of assistive device prototype (highlighted) 

mounted onto the brace. 

 

 

 

Tension bands will be connected to each torsional spring and tied to the anterior 

and posterior aspects of the thigh strap. The tension bands are pre-loaded with enough 

tension to feel some resistance from the bands when flexing and extending the hip (a 

qualitative amount determined by the subject confirming the resistance is felt). A picture 

of the brace with the device mechanism is displayed in Figure 10.  

(a) 
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Figure 10. Brace with mounted device and pre-loaded tension bands (worn by subject 

#1). 

 

 

The goal of the assistive device is to equalize any discrepancies in muscle activity 

and imbalances in the hip movement during gait. The anterior tension band assists with 

flexion of the hip, while the posterior band helps with extension of the hip. The spiral 

torsional springs store mechanical energy from the movements and the tension bands, 

which is then transformed into a torque in the opposite direction. For example, when the 

hip extends and the front tension band applies a downward force to the front spiral spring, 

a torque is applied upward which assists the hip to flex once the extension is released (i.e. 

when switching from terminal stance to the swing phase of a gait cycle). Free body 

diagrams (FBD) and calculations will be conducted to determine the change in forces 

acting on the joint with and without the device.  
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Testing 

K-Constant Test 

The tension band and the spiral torsional spring were subjected to a k-constant 

test to estimate the actual k constant values. The procedure is outlined in Appendix A. 

The testing materials involved a table clamp, an alligator clip, a protractor, a ruler, and 

different weights of known values and something to wrap and hang the heavier weights 

with (in this case, a machine shop apron was used).  

 

Finite Element Analysis Set-Up 

Using ANSYS 2019, finite element analysis (FEA) was conducted on the three-

dimensional model of the brace and device to estimate the mechanical integrity and 

functionality of the prototyped device design. The finite element model (FEM) is 

displayed in Figure 11. A fixed joint connection was established at the proximal aspect of 

the brace (defined as the hip band and the bar proximal to the joint). A revolute joint 

connection was created, with the fixed proximal aspect and the distal aspect as its two 

parts. The revolute coordinate system was established central to the joint’s axis (where 

the distal and proximal bars overlap) and both parts were set to be deformable. The brace 

and mounting bar were defined to be made of aluminum alloy and the spiral torsional 

spring assemblies and the fasteners were assigned to structural steel. Two spring contacts 

were created to represent the tension bands with the proximal end attached to a torsional 

spring and the distal end attached to the thigh band. The stiffness of each spring was 

defined to be 1 lb/f. This value was estimated using the k-constant experiment described 

before by estimating the k-constant correlating to the pre-loading force.  
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Figure 11. Finite element model (FEM) of the prototype device and brace. 

 

 

The device had to be simplified to allow stable meshing of the FEM to run the 

solution. The student license of ANSYS limits the degrees of freedom that can be meshed 

by imposing a maximum number of nodes and elements. The model was meshed using a 

hex dominant method throughout all the bodies. The device’s mesh needed to be made 

finer due to the smaller size of the part and to accurately portray the stress concentrations 

located there in the solution. Body sizing with an element size of 0.1 in was applied to the 

mounting bar, and body sizing with an element size of 0.075 in was applied to the 

spring’s assemblies and the fasteners. The meshed model is displayed in Figure 12.  
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Figure 12. Meshed FEM. Left: full device, right: closeup view of the finer mesh on the 

device. 

 

 

 

Study Subjects 

Three subjects were used in this study. All subjects were relatively similar in 

height and weight. Subject #1 was considered to have a “baseline” or “normal” gait cycle 

with no reported orthopedic conditions or pain. He is a 33-year-old man who weighs 140 

lbs and is 5 ft 5 in tall.  

Subject #2 is a 23-year-old female with femoroacetabular impingement in the 

right hip. She is 5’2” tall and 115 lbs. She had arthroscopic surgery to repair a torn 

labrum and attempt to correct the impingement about 6 years ago, but still has limited 
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range of motion and pain in the joint. Her maximum active angle of flexion and extension 

was measured to be 69° and 15°, respectively. Her x-ray is shown in Figure 13.  

 

Figure 13. Anteroposterior view x-ray of subject #2. Focal pincer-type femoroacetabular 

impingement and osteophytes evident in the right hip.  

 

 

Subject #3 has traumatic osteoarthritis in his left hip caused by a sports injury 

several years ago. Additionally, he has a significant limb length discrepancy of 0.75 in 

longer on his left side. He is 50 years old, weighs 131 lbs, and is 5 ft 4 in. He has had 

some treatments done involving lidocaine injections and passive stretching of the joint. 

He reports pain and a limited range of motion. His maximum active angle of flexion and 

extension was measured to be 59° and 19°, respectively. An x-ray image of his hip is 

displayed in Figure 14.  
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Figure 14. X-ray of subject 3. Traumatic grade 3 osteoarthritis and limb length 

discrepancy is evident on the left side. 

 

 

Electromyographic (EMG) Analysis Set-Up 

The EMG research was conducted on the Noraxon Desktop DTS system. The 

procedure is listed out and attached in Appendix B. The components used included the 

Noraxon receiver, USB cable connection, the Noraxon MR3 software, 10 EMG sensors, 

10 surface electrodes (2 cm dual AgCl electrodes), and the integrated webcam. The 

muscles tested were determined based on the major muscles utilized during a gait cycle. 

Dr. Ha Van Vo placed the sensors on each of the subjects for each test to provide 

consistency and accuracy.  

 

Two-Dimensional Gait Analysis Set-Up 

The gait research was conducted using Streifeneder’s PRO.Vision 2D system. The 

components used included the PRO.Vision software, LED markers, a high-speed camera, 
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and a treadmill. The same three subjects were tested. The procedure is listed out and 

attached in Appendix C.
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RESULTS AND DISCUSSION 

Free Body Diagrams and Hand Calculations 

The maximum flexion of 30° is seen at the initial contact of the gait cycle [13]. 

Free-body diagrams (FBD) of this gait phase is shown in Figure 15. The joint center is 

represented by the blue target symbol and the angle of flexion is represented by α (in this 

case, it is equal to 30°). The distance from the centerline of the body to the point of heel 

strike is half the step length (
𝟏

𝟐
 Lstep). Force vectors (not drawn to scale) for the major hip 

flexor muscles (FPECTINEUS, FILIOPSOAS, FRECT. ABD., FRECT. FEM.) and the body weight (FBW) 

are drawn in the left diagram. The forces of the flexor muscles result in a moment of 

flexion about the hip joint (MFLEX,1), so the FBD can be simplified to the center diagram. 

The right diagram has the force of the device (FDEVICE) added, which results in a new 

moment about the hip (MFLEX,2). The muscular forces are still present in this new 

moment, but they will change due to the additional FDEVICE. 
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Figure 15. FBDs of the initial contact phase of the gait cycle. The left diagram represents 

the muscular forces acting about the hip, creating an equivalent moment about the hip 

shown in the middle diagram. The right diagram shows the force of the device, resulting 

in a new moment about the hip. (Images from PRO.Vision gait analysis reports). 

 

 

Calculations can be done to investigate how FDEVICE changes the moment about 

the hip:  

(Note: Forces at the ankle are not used in calculations since the focus of this study is 

muscle activity at the hip.) 
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𝑴𝑭𝑳𝑬𝑿,𝟏 = 𝑭𝑹𝑬𝑪𝑻.  𝑭𝑬𝑴.(𝑳𝑴𝑶𝑴𝑬𝑵𝑻 𝑨𝑹𝑴;𝑹𝑬𝑪𝑻.  𝑭𝑬𝑴.)

+ 𝑭𝑷𝑬𝑪𝑻𝑰𝑵𝑬𝑼𝑺(𝑳𝑴𝑶𝑴𝑬𝑵𝑻 𝑨𝑹𝑴;𝑷𝑬𝑪𝑻𝑰𝑵𝑬𝑼𝑺) 

+𝑭𝑰𝑳𝑰𝑶𝑷𝑺𝑶𝑨𝑺(𝑳𝑴𝑶𝑴𝑬𝑵𝑻 𝑨𝑹𝑴;𝑰𝑳𝑰𝑶𝑷𝑺𝑶𝑨𝑺) + 𝑭𝑹𝑬𝑪𝑻.  𝑨𝑩𝑫.(𝑳𝑴𝑶𝑴𝑬𝑵𝑻 𝑨𝑹𝑴;𝑹𝑬𝑪𝑻.  𝑨𝑩𝑫.) 

↺+ 𝜮𝑴 = 𝟎 

𝑴𝑭𝑳𝑬𝑿,𝟏 − 𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷) = 𝟎 

𝑴𝑭𝑳𝑬𝑿,𝟏 = 𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷) 

𝑴𝑭𝑳𝑬𝑿,𝟐 − 𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷)

− 𝑭𝑫𝑬𝑽𝑰𝑪𝑬(𝒓𝑻𝑯𝑰𝑮𝑯) = 𝟎 

𝑴𝑭𝑳𝑬𝑿,𝟐 = 𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷)

+ 𝑭𝑫𝑬𝑽𝑰𝑪𝑬(𝒓𝑻𝑯𝑰𝑮𝑯) 

𝑴𝑭𝑳𝑬𝑿,𝟐 − 𝑭𝑩𝑨𝑵𝑫(𝒓𝑻𝑯𝑰𝑮𝑯)

=  𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷) 

 

𝑴𝑭𝑳𝑬𝑿,𝟏 = 𝑴𝑭𝑳𝑬𝑿,𝟐 − 𝑭𝑩𝑨𝑵𝑫(𝒓𝑻𝑯𝑰𝑮𝑯) 

∴  𝑴𝑭𝑳𝑬𝑿,𝟐 >  𝑴𝑭𝑳𝑬𝑿,𝟏 

Since a value (FBAND) is subtracted from MFLEX,2, it can be concluded that MFLEX,1 

must be less than MFLEX,2. Knowing this, the percent increase between the two values can 

be determined:  

𝑴𝑭𝑳𝑬𝑿,𝟐

𝑴𝑭𝑳𝑬𝑿,𝟏
=

𝑭𝑩𝑾 (
𝟏
𝟐 𝑳𝑺𝑻𝑬𝑷) + 𝑭𝑫𝑬𝑽𝑰𝑪𝑬(𝒓𝑻𝑯𝑰𝑮𝑯)

𝑭𝑩𝑾 (
𝟏
𝟐 𝑳𝑺𝑻𝑬𝑷)
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To generalize the calculations, the dimensions of an average adult man (extracted 

from anthropometric data [14] were used. It is also assumed that this average man has a 

normal gait (to assume even step lengths). The average step length (LSTEP) of an adult 

man is 30” [15] and the average weight is 197.8 lbs [16]. The radius of the thigh (rTHIGH ) 

was determined by using the average man’s thigh circumference (CTHIGH) [17] and 

assuming that the thigh is roughly the shape of a cylinder.  

𝑪𝑻𝑯𝑰𝑮𝑯 =  𝟓𝟐" 

𝑪𝑪𝒀𝑳𝑰𝑵𝑫𝑬𝑹 =  𝟐𝝅𝒓 

𝟓𝟐" =  𝟐𝝅𝒓𝑻𝑯𝑰𝑮𝑯 

𝒓𝑻𝑯𝑰𝑮𝑯 = 𝟖. 𝟐𝟖" 

The amount the band is pre-loaded and stretched during a gait cycle was 

measured on subject #2. To do this, the total length of the unstretched band 

(LUNSTRETCHED) was measured. The band was then secured unstretched to the device and a 

mark was made right below where it was secured to the spring. Then, the band was 

stretched to the adequate pre-loaded amount and then another mark was made, again right 

below the spring. The distance between those marks were measured (XPRE-LOAD). The 

subject was then asked to take a step and another mark was made. The band was removed 

and the distance between the first unstretched mark and the last after-step mark was 

measured (LSTRETCH). The amount of band stretch (XSTRETCH) was found by subtracting 

LUNSTRETCHED  from  LSTRETCH. This value was scaled to approximate the amount of band 

stretch in an average man using ratios comparing subject #3’s thigh length to an average 

man’s thigh length [14].  
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𝑳𝑼𝑵𝑺𝑻𝑹𝑬𝑻𝑪𝑯𝑬𝑫 = 𝟏𝟐. 𝟓" 

𝑿𝑷𝑹𝑬−𝑳𝑶𝑨𝑫 = 𝟓. 𝟓" 

𝑳𝑺𝑻𝑹𝑬𝑻𝑪𝑯𝑬𝑫 = 𝟏𝟑. 𝟎"  

𝑿𝑺𝑻𝑹𝑬𝑻𝑪𝑯 = 𝟏𝟑. 𝟎" −  𝟏𝟐. 𝟓" =  𝟎. 𝟓" 

𝑳𝑻𝑯𝑰𝑮𝑯,𝑺𝑼𝑩𝑱𝑬𝑪𝑻 #𝟑

𝑳𝑻𝑯𝑰𝑮𝑯,𝑨𝑽𝑬𝑹𝑨𝑮𝑬 𝑴𝑨𝑵
=

𝑿𝑺𝑻𝑹𝑬𝑻𝑪𝑯

𝑿𝑺𝑻𝑹𝑬𝑻𝑪𝑯,𝑴𝑨𝑵
 

𝟏𝟓. 𝟏𝟓"

𝟏𝟔. 𝟓𝟗"
=

𝟎. 𝟓"

𝑿𝑺𝑻𝑹𝑬𝑻𝑪𝑯,𝑴𝑨𝑵
 

𝑿𝑺𝑻𝑹𝑬𝑻𝑪𝑯,𝑴𝑨𝑵 = 𝟎. 𝟓𝟓" 

The amount of band stretch is added to the amount of pre-load to determine the 

total amount of stretch applied to the band (XBAND). 

𝑿𝑩𝑨𝑵𝑫 = 𝑿𝑺𝑻𝑹𝑬𝑻𝑪𝑯,𝑴𝑨𝑵 + 𝑿𝑷𝑹𝑬−𝑳𝑶𝑨𝑫 = 𝟎. 𝟓𝟓" +  𝟓. 𝟓𝟎" = 𝟔. 𝟎𝟓" 

Using the 𝑿𝑩𝑨𝑵𝑫 value, the force of the band (FBAND) and force of the spring 

(FSPRING) can be determined using:  

𝑭𝑩𝑨𝑵𝑫 = 𝒌𝑩𝑨𝑵𝑫𝑿𝒃𝒂𝒏𝒅  

𝑭𝑺𝑷𝑹𝑰𝑵𝑮 =
𝒌𝑺𝑷𝑹𝑰𝑵𝑮(𝜽𝑺𝑷𝑹𝑰𝑵𝑮)

𝑳𝑺𝑷𝑹𝑰𝑵𝑮 𝑨𝑹𝑴
, with LSPRING ARM = 0.65” 

The k equals the k-constant at approximately the value of XBAND and θSPRING, 

which can be determined by looking at the charts created from the k constant testing for 

the band and torsional spring, respectively.  The charts are displayed in Figure 16 (raw 

data displayed in Appendix B). The k-constants were approximated by calculating the 
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slope under each successive point and then averaging those together. The length of the 

spring arm (LSPRING ARM) is the distance from the center of the spring assembly to the 

point where the band is attached.  

Figure 16. K constant test results. Top: band k-constant chart, bottom: spiral torsional 

spring k-constant chart.  

 

 

The displacement of the band (XBAND=6.05”) falls under the k-constant of 0.57 

lbs/in by looking at the band k-constant chart.   
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𝒌𝑩𝑨𝑵𝑫 = 𝟎. 𝟓𝟕 
𝒍𝒃𝒔

𝒊𝒏
 

𝑭𝑩𝑨𝑵𝑫 = 𝟎. 𝟓𝟕 
𝒍𝒃𝒔

𝒊𝒏
(𝟔. 𝟎𝟓 𝒊𝒏)  =  𝟑. 𝟒𝟓 𝒍𝒃𝒔 

 

It is assumed that the force applied to the torsional spring is the same generated 

by FBAND. This means:  

 

𝑳𝑺𝑷𝑹𝑰𝑵𝑮 𝑨𝑹𝑴(𝑭𝑨𝑷𝑷𝑳𝑰𝑬𝑫 𝑻𝑶 𝑺𝑷𝑹𝑰𝑵𝑮)  =  𝟎. 𝟔𝟓 𝒊𝒏 (𝟑. 𝟒𝟓 𝒍𝒃𝒔)  = 𝟐. 𝟐𝟒 𝒊𝒏 ∗ 𝒍𝒃𝒔 

 

By looking at where 2.24 in*lbs falls on the spring k-constant chart, the 

correlating angle displacement value and k-constant is approximated to be just around 17o 

and 0.19 in*lbs/o , respectively.  Using these values, the force of the spring can be 

calculated:  

 

𝑭𝑺𝑷𝑹𝑰𝑵𝑮 =
𝟎.𝟏𝟗 𝒊𝒏∗𝒍𝒃/∘ (𝟏𝟕∘)

𝟎.𝟔𝟓 𝒊𝒏
=4.68 lbs 

 
Since the forces generated by the spring and the band are both acting in the same 

direction it can be said that:  

 
𝑭𝑫𝑬𝑽𝑰𝑪𝑬 = 𝑭𝑩𝑨𝑵𝑫 + 𝑭𝑺𝑷𝑹𝑰𝑵𝑮 = 𝟑. 𝟒𝟓 𝒍𝒃𝒔 +  𝟒. 𝟔𝟖 𝒍𝒃𝒔 =  𝟖. 𝟏𝟑 𝒍𝒃𝒔 

 

Now that the unknowns have been solved for the relationship between the flexion 

moments can be solved for:  
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𝑴𝑭𝑳𝑬𝑿,𝟐

𝑴𝑭𝑳𝑬𝑿,𝟏
=

𝑭𝑩𝑾 (
𝟏
𝟐 𝑳𝑺𝑻𝑬𝑷) + 𝑭𝑫𝑬𝑽𝑰𝑪𝑬(𝒓𝑻𝑯𝑰𝑮𝑯)

𝑭𝑩𝑾 (
𝟏
𝟐 𝑳𝑺𝑻𝑬𝑷)

 

𝑴𝑭𝑳𝑬𝑿,𝟐

𝑴𝑭𝑳𝑬𝑿,𝟏
=

𝟏𝟗𝟕. 𝟖 𝒍𝒃𝒔 (
𝟏
𝟐 (𝟑𝟎 𝒊𝒏)) + 𝟖. 𝟏𝟑 𝒍𝒃𝒔 (𝟖. 𝟐𝟖 𝒊𝒏)

𝟏𝟗𝟕. 𝟖 𝒍𝒃𝒔 (
𝟏
𝟐 (𝟑𝟎 𝒊𝒏))

 

𝑴𝑭𝑳𝑬𝑿,𝟐

𝑴𝑭𝑳𝑬𝑿,𝟏
= 𝟏. 𝟎𝟐𝟐𝟔 

∴ There is a 2.3% increase in the moment of flexion when the device is added.  

 

This means that it can be assumed that there is approximately the same increase in 

the muscular forces involved in flexion once the device is added. 

Using the same processes, the moment of extension can be solved. Figure 17 

shows the FBD of terminal stance, which is where the maximum extension of 10o can be 

found [13].  
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Figure 17. FBD of terminal stance of the gait cycle. The left diagram shows the forces of 

the major hip extensors (Note: vectors not drawn to scale). The middle shows the 

simplified diagram with MEXT, 1 representing the forces shown in the left. The right 

diagram has the FDEVICE included with the resulting MEXT, 2 (the muscular forces are still 

involved but will generate a different moment due to the additional force from the 

device).  

 

 

The step length here is not quite the full length, so to estimate this the length of 

the heel to the ball of the foot LHEEL-BALL (for an average man, this is equal to 7.146” [16] 

is subtracted from the 
𝟏

𝟐
LSTEP. 

 

𝑴𝑬𝑿𝑻,𝟏 = 𝑭𝑨𝑫𝑫.  𝑴𝑨𝑮.(𝑳𝑴𝑶𝑴𝑬𝑵𝑻 𝑨𝑹𝑴;𝑨𝑫𝑫.  𝑴𝑨𝑮.) + 𝑭𝑮𝑳𝑼𝑻.𝑴𝑨𝑿.(𝑳𝑴𝑶𝑴𝑬𝑵𝑻 𝑨𝑹𝑴;𝑮𝑳𝑼𝑻.𝑴𝑨𝑿.) 

+𝑭𝑯𝑨𝑴𝑺𝑻𝑹𝑰𝑵𝑮𝑺(𝑳𝑴𝑶𝑴𝑬𝑵𝑻 𝑨𝑹𝑴;𝑯𝑨𝑴𝑺𝑻𝑹𝑰𝑵𝑮𝑺) 

↺+ 𝜮𝑴 = 𝟎 



32 

 

 

 

𝑴𝑬𝑿𝑻,𝟏 − 𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷 − 𝑳𝑯𝑬𝑬𝑳−𝑩𝑨𝑳𝑳)

= 𝟎 

𝑴𝑬𝑿𝑻,𝟏 = 𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷 − 𝑳𝑯𝑬𝑬𝑳−𝑩𝑨𝑳𝑳) 

𝑴𝑬𝑿𝑻,𝟐 − 𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷 − 𝑳𝑯𝑬𝑬𝑳−𝑩𝑨𝑳𝑳) 

−𝑭𝑫𝑬𝑽𝑰𝑪𝑬(𝒓𝑻𝑯𝑰𝑮𝑯)  =  𝟎 

𝑴𝑬𝑿𝑻,𝟐 = 𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷 − 𝑳𝑯𝑬𝑬𝑳−𝑩𝑨𝑳𝑳) 

+𝑭𝑫𝑬𝑽𝑰𝑪𝑬(𝒓𝑻𝑯𝑰𝑮𝑯) 

𝑴𝑬𝑿𝑻,𝟐 − 𝑭𝑩𝑨𝑵𝑫(𝒓𝑻𝑯𝑰𝑮𝑯) =  

𝑭𝑩𝑾 (
𝟏

𝟐
𝑳𝑺𝑻𝑬𝑷 − 𝑳𝑯𝑬𝑬𝑳−𝑩𝑨𝑳𝑳) 

 

𝑴𝑬𝑿𝑻,𝟏 = 𝑴𝑬𝑿𝑻,𝟐 − 𝐅𝐁𝐀𝐍𝐃(𝐫𝐓𝐇𝐈𝐆𝐇) 

∴  𝐌𝐄𝐗𝐓,𝟐 >  𝐌𝐄𝐗𝐓,𝟏 

𝐌𝐄𝐗𝐓,𝟐

𝐌𝐄𝐗𝐓,𝟏
=

𝐅𝐁𝐖 (
𝟏
𝟐 𝐋𝐒𝐓𝐄𝐏 − 𝐋𝐇𝐄𝐄𝐋−𝐁𝐀𝐋𝐋) + 𝐅𝐃𝐄𝐕𝐈𝐂𝐄(𝐫𝐓𝐇𝐈𝐆𝐇)

𝐅𝐁𝐖 (
𝟏
𝟐 𝐋𝐒𝐓𝐄𝐏 − 𝐋𝐇𝐄𝐄𝐋−𝐁𝐀𝐋𝐋)

 

𝐌𝐄XT,2

MEXT,1
=

197.8 lbs (
1
2 (30 in)  −  7.146 in)  +  8.13 lbs (8.28 in)

197.8 lbs (
1
2 (30 in)  −  7.146 in)

 

MEXT,2

MEXT,1
= 1.0433 

∴ There is a 4.3% increase in the moment of extension when the device is added.  

 

As discussed before in the background, gravity plays a major role in providing 

extension during a gait cycle, so it makes sense that the increase between extension 
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moments is larger than the increase between flexion moments because the extension 

moments originally are much smaller.  

Electromyographic (EMG) Analysis 

All the EMG raw data values (gathered from the Noraxon analysis reports) are 

displayed in Appendix D. When the values compared are on different sides or different 

subjects, they are compared by finding a percent less or more, found by finding the 

difference between two values. When comparing two values from the same side but from 

different trials, a percent increase or decrease was found by using the formula 

𝑣𝑎𝑙𝑢𝑒2 (with brace or with device trial) −  𝑣𝑎𝑙𝑢𝑒1 (no brace/device trial)

𝑣𝑎𝑙𝑢𝑒1 (no brace/device trial)
 *100.  

 

Subject #1 -- No Reported Hip Conditions 

Subject #1 reported no orthopedic problems and claimed to have a normal gait 

cycle. This subject wore the brace and the device on his right side, so for data analysis 

purposes this was referred to as his “affected” side. His rectus femoris showed a 61.73% 

decrease in mean muscle activity on the affected side when the device was added. On the 

unaffected side, there was not much change in the activity between the trials (38.95% 

increase when the brace is worn, and a 61.73% decrease when the device was worn). The 

device does cause a decrease in muscular activity on the affected side, and this can be 

explained by subject #1 feeling restricted since there is no need for rehabilitation. The 

unaffected side with no brace is only 1.51% greater than the affected side with no brace. 

Figure 18 displays the rectus femoris mean activity (%) in subject #1.  
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Figure 18. Rectus femoris mean values for subject #1.  

 

 

Subject #1’s gluteus medius mean activity (shown in Figure 19) stays relatively 

consistent throughout the trials. The affected side is only 1% less than the unaffected 

side. With the device, the unaffected side is 1.51% greater than the affected side. This 

shows that, for the most part, subject #1’s gluteus medius activity is balanced between 

sides. The device does still cause an increase in muscular activity in the gluteus medius 

activity on the affected side at a 11.34% increase. This shows that the device can increase 

a weaker muscular activity which provides promise that it could assist in rehabilitation if 

there is an imbalance.  
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Figure 19. Gluteus medius mean activity in subject #1. 

 

 

The adductors, gluteus maximus, and biceps femoris mean muscle activity for 

subject #1 showed imbalances between the two sides even when no brace was worn. 

Since the subject has no conditions, limited range of motion, or pain these results are 

inconclusive without conducting further investigation or further trials to average out the 

outlier data.  

 

Subject #2 -- Femoroacetabular Impingement of the Right Hip  

A study done in the Journal of Biomechanics [1] investigated the muscular forces 

during gait in patients with femoroacetabular impingement (FAI) and found that lower 

peak muscle activity in the gluteus medius, gluteus minimus, sartorius, and iliopsoas was 

found to be related to lower hip functionality and higher pain. The results from subject #2 

showed 14.70% less peak gluteus medius activity in her “affected” side (the one with 

evident FAI and surgical history) compared to her unaffected side when no brace or 

mechanism was worn. When the brace was worn, the affected side was 15.60% less than 

the other side. However, when the device mechanism was added to the brace, the affected 
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side became only 5.5% less. While the affected side still shows a lower peak value, the 

two sides come closer than with no brace and just with the brace. Figure 20 shows bar 

graphs of the gluteus medius and gluteus maximus peak values for subject #2.  

 

 

 

Figure 20. Gluteus medius peak activity (%)  results for subject #2.  

 

 

The gluteus maximus peak activity (shown in Figure 21) on the affected side of 

subject #2 is also lower than the unaffected side, at 11.77% less in the no brace trial. 

When the brace was worn, the affected side was 8.75% less than the unaffected side. 

With the device mechanism, the affected side became 11.51% less than the unaffected 

side. The affected side is still less than the unaffected side even with the brace; however, 

on the affected side, the muscle activity in the gluteus maximus with the device increases 

by 21.83% compared to that in the no brace trial.  
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Figure 21. Gluteus maximus peak activity (%)  results for subject #2.  

 

 

The same study described before from the Journal of Biomechanics found that 

there was no statistically significant difference in the hamstrings (including the biceps 

femoris), rectus femoris, adductors between a group of subjects with FAI and a control 

group. Rectus femoris activity between unaffected and affected sides in subject #2 stays 

relatively consistent between the no brace, with brace, and with device mechanism trials. 

Figure 22 shows the bar chart for subject #2’s rectus femoris peak activity.  

 

 

 

Figure 22. Rectus femoris peak values for subject #2.  
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The biceps femoris and adductors EMG data for subject #2 was inconclusive and 

more trials would need to be conducted on these muscles to identify and determine the 

possible significance of outlier data.  

 

Subject #3 -- Osteoarthritis of the Left Hip  

Another study investigating gait in patients with hip osteoarthritis found that these 

subjects had a higher mean gluteus medius muscle activation than healthy older adults 

[18]. The higher muscle activity can possibly be attributed to compensation by the central 

nervous system (CNS). This means that the CNS acknowledges that the muscles are weak 

and compensates by increasing the neural drive in attempts to provide a muscular force 

similar to what is supposed to be normal [18]. This study concluded the same increase in 

gluteus medius activity, as shown in Figure 23. The mean gluteus medius activity with no 

brace on the affected side of subject #3 is 16.21% more than that of subject #1. Subject 

#3 shows more gluteus medius activity even when comparing his affected side to his 

unaffected side. In the no brace trial, the affected side is 9.6% greater than subject #3’s 

unaffected side. The mechanism does not appear to aid in correcting this discrepancy in 

subject #3 since the activity in the affected side with the brace and with the device trials 

was 6.4%  and 13.6% larger than the unaffected, respectively.  
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Figure 23. Gluteus medius means (%) compared between subject #3 and subject #1.  

 

 

While the gluteus medius results did not show improvement with the device being 

added, the gluteus maximus results (in Figure 24) were more promising. Like the gluteus 

medius, the affected side has 7% greater mean activity than that of the unaffected side. 

With the brace, the affected side’s gluteus maximus activity is 9% more than that of the 

unaffected side. Once the device is added, the affected side is only 0.7% greater than the 

other side. While the device does not decrease the increased muscle activity in the gluteus 

maximus, it does increase the opposing side, making the two sides more equal than the 

other two trials showed. More equivalent muscular activity is beneficial to a proper gait, 

supporting the goal of the proposed mechanism.   
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Figure 24. Gluteus maximus mean (%) activity in subject #3. 

 

 

The rectus femoris activity on the affected side is also greater than the unaffected 

side by 11.87%. Once the device is added, the rectus femoris activity on the unaffected 

side becomes 8.08% greater than the affected side. This still shows imbalance in subject 

#3’s muscle activity, but there is still evident alteration in muscle activity on the affected 

side as a result of the device. The rectus femoris activity in subject #3 is displayed in 

Figure 25.  
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Figure 25. Rectus femoris mean activity in subject #3.  

 

 

The adductors and biceps femoris results for subject #3 are inconclusive. More 

trials and more subjects with osteoarthritis would have to be studied to determine if there 

is any significant activity in these muscles.  

Two-Dimensional Gait Analysis  

Gait analysis reports were created in PRO.Vision and the raw data is shown in 

Appendix F. The comparisons were done in the same manner as the EMG results, except 

for when double step lengths are compared since this value is not a percentage. When 

comparing double step length (regardless of subject, side, or trial), a percent difference 

was found using 
|value 2 − value 1|

value 2 + value 1

2

∗ 100. Instead of sagittal left or right, the data is 

represented as the affected side (the side with the condition and/or brace/device applied) 

or unaffected side. For example, subject #2’s affected side is her right side, and these 

values were extracted from the sagittal right view of the gait analysis.  

Subject #1 -- No Reported Hip Conditions 
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Subject #1’s gait data will be used to compare to subject #2 and subject #3. His 

data along with PRO.Vision’s expected values provide a baseline from which subject #2 

and #3 may deviate from. Some of his data does drift from the expected values, but this is 

expected since any expected values comes from a wide range of what can be considered 

normal. By comparing his data to subject #2 and #3, it can be investigated on how 

different the other subject’s are from an individual “healthy” subject, and by comparing 

their data to PRO.Vision’s average data, the deviation from a large standard pool of 

“healthy” subjects can be observed. 

Subject #2 -- Femoroacetabular Impingement of the Right Hip  

A study in the International Journal of Sports Physical Therapy [19] observed a 

decrease in hip range of motion during gait in subjects with femoroacetabular 

impingement. This decreased range of motion is explained to be due to weak gluteal 

muscles in subjects with FAI. PRO.Vision establishes the normal hip range of motion 

value in the sagittal plane at 50o (marked by the red line in the Figure 26). Subject #2 

showed 14.57o less hip range of motion than this expected value. There is a 0.81o 

decrease with the brace and a 1.79o decrease with the device from the no brace trial. 

Since the range of motion is due to weak gluteal muscles, this lack of improvement could 

be explained by the fact that, while the device improved gluteal activity as discussed 

before, the subject has not achieved sufficient rehabilitation in the gluteal muscles yet in 

order to be strong enough to control the pelvis enough during gait. Since the device does 

not significantly inhibit the range of motion, it is possible that with stronger gluteal 

muscles this gait parameter could improve. Figure 26 shows subject 2’s range of motion 

results in the sagittal plane 
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Figure 26. Hip flexion range of motion for subject #2. The red line notes the PRO.Vision 

expected value for this gait parameter. 

 

 

Another study investigating the gait of subjects with FAI showed that female 

subjects with FAI at least 3o more hip adduction in the affected side when compared to a 

same-sex control group [20]. When subject #2’s pelvis maximum range of motion is 

compared to that of subject #1, a similar result is seen. While subject #1 and subject #2 

differ in gender, this result does provide promise for further study to be done. With no 

brace, subject #2 had 2.42o more range of motion than subject #1. The “normal” 

maximum range of motion in the frontal plane should be around 4.5-5o
.[21]. Subject #2’s 

maximum range of motion on the affected side with no brace deviates from this by 1.78-

2.28o more while subject #1 deviates from this normal by only 0.14o-0.64o less. Once the 

device is added, the difference between the subjects becomes only 0.61o, with subject #1 

less. With the device, subject #2’s range of motion deviates from the normal by 0.91o-

1.41o less. Subject #1’s range of motion decreases away from the normal (at 1.52o-2.02o 

less) with the device worn, which is expected since he does not need rehabilitation and is 
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restricted by wearing the brace and device. The maximum range of motion for the 

affected sides of subject #1 and subject #2 is shown in Figure 27.  

 

 

 

Figure 27. Pelvis maximum range of motion for subject #1 and subject #2.  

 

 

 

Subject #3 -- Osteoarthritis of the Left Hip  

A study published by the Journal of NueroEngineering and Rehabilitation 

explains that people with osteoarthritis of the hip exhibit decreased step length [22]. This 

is a compensation mechanism to avoid pain caused by weight bearing. By comparing 

subject #1 and subject #3’s gait data in the frontal and sagittal plane, it can be seen that 

the same characteristic is observed in this study. The PRO.Vision analysis software also 

provides “normal” or “expected” values for each gait parameter. The expected value from 

PRO.Vision for double step length and stand phase percentage is 1.41 m and 60%, 

respectively. The double step length on the affected side of subject #3 and subject #1 has 

a percent difference of 16.36%, with subject #3’s value being shorter. While subject #1’s 
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double step length on the affected side still has a percent difference less of 16.92% when 

compared to the normal given by PRO.Vision, subject #3’s percent difference less from 

that same value is 33.06%.  Once the device is added, this percent difference less between 

the normal vale and subject #3’s double step length on the affected side becomes 29.27%. 

Even subject #1’s double step length on the affected side improves in the device trial, 

with a percent difference less from the expected value of 15.27%. The stand phase gait 

parameter results also support the idea of a decreased step length because it shows a 

shorter amount of time spent in the stand phase. On the affected side, subject #3 spends 

7.7% less time in stand phase than subject #1 does, and 4.67% less than the expected 

value. Once the device is added, there is a 9.94% increase of the percentage spent in 

stand phase on the affected side for subject #3. With the device on, the affected side 

becomes much closer to the expected value, at only 0.83% more. The data for double step 

length and stand phase compared between subject #1, #3, and the PRO.Vision expected 

value is shown in Figure 28. 
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Figure 28. Left: Double step length, right: stand phase (%) for subject #1 and subject #3. 

The red line marks the expected value provided by PRO.Vision (1.41 m for double step 

length and 60% for stand phase). 

 

 

Other data from the gait analysis is relatively inconclusive and more trials would 

have to be conducted on more subjects. 

 

Finite Element Analysis (FEA) 

The correct results are confirmed by looking at the maximum angle deformation 

seen in the torsional spring and comparing that to the angle in the torsional k-constant 

chart (Figure 16) correlating to the estimated force applied by the device calculated 

earlier (FDEVICE =  8.13 lbs). This angle is approximately 25o. The maximum angle of 

the spring is displayed in Figure 29. The angle seen in the finite element model (FEM) 

also is approximately 25o.  
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Figure 29. Maximum displacement seen by the torsional spring in the FEM.  

 

 

Using finite element analysis, the maximal stress the device mechanism will 

endure during a gait cycle can be calculated. Figure 30 shows the maximum principal 

stress simulation from the FEM. The maximum stress can be found at full flexion, at 

32.51 ksi.  

25 
o 
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Figure 30. Maximum principal stretch in the FEM (top row: full FEM, bottom row: 

close-up of device mechanism), left: at maximum 10o extension, middle: at neutral 

stance/no flexion or extension, right: at maximum 30o flexion. 

 

 

With this information, the number of cycles until failure (fatigue life) can be 

estimated. For computational purposes, it is assumed that the torsional springs are made 

up of AISI 4130 alloy steel sheet. To consider the “worst-case scenario,” the fatigue life 

for a notched (assuming there is a small flaw) material with a Kt=2 is found. 

Additionally, to consider the “best-case scenario” as well, the fatigue life for an 

unnotched sample (Kt=1) is found. The curves for maximum stress versus number of 

cycles (S/N curves) for both cases are shown in Figure 31. The stress ratio must be 
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determined to know which curve is applicable for the unnotched case and the mean stress 

must be found to know which curve to use in the notched case.  The stress ratio is the 

ratio of the minimum stress to the maximum stress achieved during a cycle. In this study, 

a unidirectional stress test is used, meaning the device begins unloaded, becomes loaded, 

and then is unloaded again in a cyclical fashion (i.e. during a gait cycle). A unidirectional 

stress test has a stress ratio of 0 (R=0). For testing purposes there is no true ratio of 0, so 

the closest value in the S/N curve would be the curve relating to R=0.020 (marked by the 

x symbol). The maximum stress of this curve plateaus at around 80 ksi (marked by a red 

line on the chart). The red line correlates to the endurance limit of the material. The notch 

factor is multiplied by the maximum stress value and to compare to the endurance limit to 

determine whether a finite or infinite number of cycles occurs to reach failure. If the 

value is below the endurance limit, the number of cycles is infinite and a margin of safety 

for fatigue is found to grade the mechanical integrity of the device. If the value is above 

the endurance limit, a finite number of cycles until the device reaches failure can be 

found. This value can be used to estimate how long a subject can wear the device safely 

before replacing it. For the unnotched case, the maximum stress, 32.51 ksi, times the 

notch factor, 1.0, gives a value of 32.51 ksi. This value falls below the endurance limit of 

80 ksi for the unnotched case, meaning that the number of cycles this mechanism can 

endure is considered infinite. A margin of safety for fatigue can be calculated by dividing 

the endurance limit by the maximum stress from the FEM: 

 M. S. =  
endurance limit stress

maximum computational stress
 

Kt = 1.0 ∶  
80 ksi

32.51 ksi
= 2.46 
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For the notched case, the maximum stress, 32.51 ksi, multiplied by the notch 

factor, 2.0, yields a value of 65.01 ksi. The mean stress was found by averaging the 

scaled maximum stress of 65.01 ksi and the minimum stress. The minimum stress as 

shown in the FEM is -2.67 ksi. This means that a compressive stress is found somewhere 

within the model, but within the points around the torsional spring (where the highest 

tensile load is found), it never goes compressive, so a minimum stress of 0 ksi is used. 

The mean for the notched case is equal to 
65.01 + 0 ksi

2
= 32.51 ksi. This mean value relates 

to closest to the curve marked by the x symbols, thus the endurance limit falls near 50 ksi 

(marked again by the red line). Since the maximum stress of 65.01 ksi (marked 

approximately by the green circle) is found above the endurance limit from the notched 

case, there is a finite number of cycles or a fatigue life of the device. The number of 

cycles can be calculated using the formulas (with Seq= equivalent stress,  Smax= maximum 

stress, Nf= number of cycles until fatigue, and R=stress ratio (=0 for this study)). 

Seq = Smax(1 − R)0.86 

Seq = 65.01 ksi (1 − 0)0.86 = 65.01 ksi 

log (Nf) = 17.1 − 6.49 log(Seq) 

log (Nf) = 17.1 − 6.49 log(65.01 ksi) = 5.33 

Nf = 105.33 = 213,796 cycles ≈ 200,000 cycles(note: value rounded to be 

conservative) 
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Figure 31. S/N curves for left: unnotched (Kt=1), right: notched (Kt=2) for AISI 4130 

alloy steel sheet [23] 

The number of cycles can be related to the number of steps a person takes. The 

average American walks around 3,000 to 4,000 steps a day [24]. This means that, for the 

average American:  

 4,000 
steps

day
(365 

days

year
)=1,460,000 

steps

year
 

200,000 steps

1,460,000 
steps

year

=0.14 years 
12 months

1 year
= 1.64 months 

∴ The average American would have to replace the device approximately every 2 

months.  

Note: this is assuming that the device is worn every day, all day. The reality is that this 

device would be used as a rehabilitation mechanism, and not be worn nearly that much -- 

more like a few hours every day. 
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CONCLUSION 

Subjects with hip pain from osteoarthritis (OA) or femoroacetabular impingement 

(FAI) exhibit gait patterns that deviate from what is expected. This can be due to various 

factors such as pain avoidance or limb length discrepancies as a result of a narrowed joint 

space. These factors can result in development of compensatory techniques in the gait 

cycle, which can cause an imbalance in muscular activity. As discussed in this study, 

patients with OA exhibit higher gluteal activity on the affected limb, while those with 

FAI show a lower level of gluteal activity on the affected limb. These factors cause an 

inability to stabilize the pelvis properly, which results in altered gait patterns.  Higher 

abductor activity in an osteoarthritic hip can increase the compressive forces on the hip 

joint, thus increasing the rate of wear on the articulating surfaces [18].  

In a hip with FAI, the imbalanced gluteal muscles and the compensatory gait 

alterations can contribute to additional forces on the labrum, which is seen to be 

commonly torn in subjects with FAI [19]. To avoid further pain and injury to the joint in 

subjects with FAI or OA, rehabilitation of the muscles, specifically the gluteal muscles, 

can be beneficial. For patients with FAI, rehabilitation can possibly prevent tear of the 

labrum and help avoid the development of OA in the joint. This could eliminate or lessen 

the need for hip arthroscopic surgery. For subjects with OA, rehabilitation can provide 

the stability in the pelvis to avoid further damage to the joint and thus decrease pain -- 

diminishing the need for total hip replacement surgery. The proposed mechanism in this 
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study shows promise in its ability to rehabilitate the muscles to reach closer to equal 

levels of activity in both the affected and unaffected limb.  
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FUTURE STUDIES 

To investigate the benefits of the hip brace mechanism proposed in this study, 

further studies would need to be conducted on a larger pool of subjects. Additionally, 

after studying this design, some ideas for a redesign have come to light.  The combination 

of the spiral springs and the tension bands seems redundant. A proposed redesign idea is 

the use of a bi-directional spiral spring or spring-loaded pulley system with non-elastic 

bands attaching from this mechanism to the brace. Another idea would be the use of just 

tension bands alone. To determine which design fits the goal best, this study (with more 

subjects) on each design idea would be done and then compared to one another. 

Eventually, once the optimal mechanism design is determined, studies can be done to 

track a subject’s rehabilitation progress over time to confirm the proposed benefits of the 

mechanism.  
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APPENDICES 

Appendix A 

K-Constant Testing Procedure 

1. Clamp the part to test into the table vice as displayed in Figure 32.  

 

 

Figure 32. Left: tension band test set-up, right: spiral torsion spring test set-up 
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2. For the tension band test, tape the ruler under the table vice and mark where the 

black rubber end part of the tension band lines up with the ruler. For the spiral 

torsional spring test, mark a line across the center of the spring assembly where it 

lines up with the arm of the spring. Using a protractor phone application by Smart 

Tools Co. and named Smart Protractor, establish this line as 0o. 

3. Five different weights were applied to each part: 0.5 lb, 1 lb, 2.25 lbs, 5.25 lbs, 

and 7.5 lbs. The larger weights that could not be clamped into the alligator clip 

were wrapped into a machine shop apron to be able to be hung by the apron strap 

in the alligator clip. The weight of the apron and alligator clip was negligible. 

4. Hang the weight to the part and measure the displacement. For the tension band, 

measure again where the black rubber ending lines up on the ruler and subtract 

this from where the original mark was in step 2. For the spiral torsional spring, 

line the protractor up with the original 0o line and then measure the angle to where 

the spring arm has bent. Figure 33 shows the stretched band and spiral torsional 

spring.  
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Figure 33. Left: weight applied to tension band, right: weight applied to spiral torsional spring.  

 

 

5. Repeat the procedure for all five weights and for each part.  
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Appendix B 

Electromyographic (EMG) Procedure 

The following procedure was used to collect EMG data on our subject and will be used in 

the collection of preliminary and post-orthotic EMG data of future pediatric patients. 

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

patient’s normal walking speed on 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 [25]: 

a. Gluteus medius - Located halfway from the iliac crest to the greater 

trochanter of the femur. 

b. Gluteus maximus – Located halfway between the sacral vertebrae and 

greater trochanter. 

c. Biceps femoris - Located halfway between the ischial tuberosity and 

lateral epicondyle of the tibia. 

d. Rectus femoris - Located halfway between the ASIS and superior aspect 

of the patella. 

e. Adductor magnus -  Located at the proximal one-third distance between 

the inferior pubic ramus and medial femoral condyle. 
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6. Place the surface EMG sensors. (Note: first set of five is the right side, second five is the 

left side).  

● EMG 1 – Adductor magnus (R) 

● EMG 2 – Rectus femoris (R) 

● EMG 3 – Gluteus medius (R)  

● EMG 4 – Gluteus maximus (R) 

● EMG 5 – Biceps femoris (R) 

● EMG 6 – Adductor magnus (L) 

● EMG 7 – Rectus femoris (L) 

● EMG 8 – Gluteus medius (L) 

● EMG 9 – Gluteus maximus (L) 

● EMG 10 – Biceps femoris (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 upon the muscles by assigning EMG sensors 1-10 the 

corresponding muscles as described in step 6. 

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

11. Have the patient begin walking on the treadmill at the patient determined speed. 

12. 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 
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properly attached to the skin, no wires are loose, no sensors are touching, and no 

garments are in the way of the sensor. 

13. Record the patient walking for 10 seconds.  

14. Assure the data is free of interference. 

15. Perform signal processing on the obtained data by filtering the data with a bandpass filter 

from 50 to 500 Hz and smooth out the signal using RMS at 100 ms. Save the new data. 

16. Repeat the entire protocol for 3 cases (no brace, with brace, and with device) for each test 

subject.   
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Appendix C 

Two-Dimensional Gait Analysis Procedure 

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 for sagittal right view on the subject, assigning them colors based 

upon their location as described below and in Figure 35. 

o Shoulder, deltoid muscle → red marker 

o Hip, greater trochanter → blue marker 

o Knee, below the lateral femoral condyle → red marker 

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

o Forefoot, head of the fifth metatarsal → green marker 

 

 

 

Figure 34. LED marker placement for sagittal left and right views. 

 

4. Open Start Walking Measurement → 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. Additional calibration 

using the chess board calibration may be needed. 

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

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

9. Set the treadmill the patient’s predefined speed and allow the subject to get acclimated to 

the speed. 

10. Record the subject walking until at least three or four good gait cycles have been 

captured. 

11. Save the video. 

12. Configure the video by determining the five major points in the subject’s gait cycle: 

initial contact, loading response, terminal stance, initial swing and terminal swing. 

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

for calibration, and save the file. 

14. Move the camera to the opposite side and repeat steps 3-13 for the sagittal left predefined 

report (placement of LED markers are same as described in step 3 but on the left side). 

15. Move the camera to be facing the front of the treadmill and repeat steps 4-13 for the 

frontal (both sides) predefined report, using the following placement and color for the 

LED markers as seen in Figure 36. 

o Right ASIS, hip → red marker 

o Left ASIS, hip → blue marker 
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o Knee, in the middle of patella → red marker 

o Ankle, middle/end of tibia and fibula → blue marker 

o Upper edge of sternum → green marker 

 

 

 

Figure 35. Placement of LED markers for frontal view. 

 

 

16. Repeat the entire protocol for 3 cases (no brace, with brace, with device) for each test 

subject. 
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Appendix D 

K-Constant Test Raw Data 

The raw data for the k-constant test is displayed in Table 2. The angle displacement is 

measured for the spiral torsional springs, and δ is the amount the tension bands stretch with the 

weight.  

 

Table 2. Raw data for the k-constant test. 
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Appendix E  

Electromyographic Analysis Raw Data 

All the raw EMG data for each muscle studied is displayed in Table 3.  

Table 3. Raw data from the EMG test. 
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Appendix F 

Gait Analysis Raw Data 

Table 4 shows all the raw gait analysis data in the frontal plane.  

 

Table 4. Raw gait analysis data in the frontal plane (both sides). 
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Table 5 displays all the raw data from the sagittal plane gait analysis. (Note: right 

and left views are included together depending on the affected or unaffected side of the 

subject). 

Table 5. Raw gait analysis data in the sagittal plane. 
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Appendix G 

Institutional Review Board Forms 

Application document. 
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Approval letter. 
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Informed Consent. 
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