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Abstract 

Causes of transtibial (below knee) amputation vary from traumatic events such as 

accidents to vascular and circulatory disorders. Following amputation, the individual is 

fitted with a prosthetic device in order to regain mobility. However, the extent of 

recovery depends on factors such as prosthetic socket fit, functionality of the prosthetic 

device, the type of amputation and the individual’s health. Prior research was 

undertaken to study the asymmetry in gait, energy consumption and muscle activity in 

intact muscles of traditional amputees. Recently, research into residual muscle activity 

and residuum socket interface force in amputees with transtibial osteomyoplastic 

amputation has been undertaken. However, very little research has been undertaken to 

compare the residual muscle activation in unilateral transtibial traditional amputees and 

in those with unilateral transtibial osteomyoplastic amputation. Furthermore, the 

correlation between residual muscle activation, residuum socket interface force and the 

type of gait in individuals with unilateral transtibial osteomyoplastic amputation has 

never been studied. Study of residuum socket interface forces and residual muscle 

activity is important because these two parameters have been linked to factors that 

increase the risk of injury to the residual limb. Furthermore, study of residuum socket 

interface force helps a prosthetist better understand the loading in the prosthetic socket 

during gait and helps in achieving better prosthetic socket fit. Study of residual muscle 

activity patterns also helps in determining the effect of amputation on residual muscles 

and in turn on the health of the individual. Transtibial osteomyoplastic amputation is 

known to provide the amputees with distal end weight bearing and restoring the length 

tension relationship in the residual muscles and has been verified in the previous 
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studies. However, a comparison between results observed after transtibial traditional 

amputation and transtibial osteomyoplastic amputation have never been studied. Such 

comparative studies provides insight into the type of prosthetic design that best suits 

each type of amputation and also provides a better understanding of advantages and 

disadvantages of each type of amputation. 

Gait is an important factor that affects residuum socket interface force and residual 

muscle activation. Study of the dependence of both these factors on the type of gait is of 

importance to develop better rehabilitation techniques and improve the performance of 

prosthetic devices.  

In this thesis, the residual muscle activation in transtibial osteomyoplastic amputees and 

transtibial traditional amputees is looked at. For this purpose, 10 transtibial 

osteomyoplastic amputees and 4 transtibial traditional amputees were recruited for the 

study. This would help in realizing the effect of amputation on residual muscle activity 

and lays the foundation for understanding the effect of amputation on residual limb 

health. We expect to see considerable residual muscle activity in the transtibial 

osteomyoplastic amputees and minimal or random muscle activity in transtibial 

traditional amputation. Furthermore, the co-relation between residuum socket interface 

(RSI) force and EMG to the type of gait is studied in transtibial osteomyoplastic 

amputees. For this purpose, 10 transtibial osteomyoplastic amputees were recruited for 

this study. We expect to see increasing RSI force and EMG activity while comparing 

self-selected gait, brisk gait and weight carry gait. This would help establish a co-

relation between RSI force and EMG activity laying foundation in developing better 

rehabilitation techniques and prosthetic devices.



1 

Chapter 1: Introduction 

1.1 Motivation and problem statement 

Amputation of the lower extremities of an individual is usually prescribed as a result of 

traumatic injuries or to address complications arising from vascular disorders. 

Following the amputation, the individual is fit with a prosthetic limb and then 

undergoes rehabilitation. Unfortunately, in spite of advances in medicine and 

technology, many of these individuals regain only limited mobility and endure years of 

pain and complications arising from the use of prosthetic limb. An estimated 1.6 million 

people are living with a limb loss in the United States alone as of 2005 [1]. Some 

studies have estimated that about 185,000 people are undergoing amputation in either 

lower limb or upper limb every year [2], and if left unchecked this total number is 

expected to double to 3.6 million by 2050 [1]. Transtibial amputation, commonly 

known as ‘below knee’ amputation, is one of the most frequently performed procedure 

among all major limb amputations [3]. Studies of wounded servicemen have shown that 

one of the leading causes of amputation of lower limbs is trauma arising from accidents. 

In such cases, 41.8% of those sustaining lower limb injuries undergo amputation below 

the knee, while 35.4% undergo transfemoral or above knee amputation [4]. 

Irrespective of the cause, loss of a limb to amputation is a life altering condition. After 

amputation, the individual is fitted with a prosthetic limb and undergoes rehabilitation 

and physical therapy. The prosthetic limb comprises of three major parts namely, 

socket, foot, and connecting pylon or shaft. The socket is designed to snugly fit the 

residual part of the amputated limb and helps transfer the individual’s weight to the 

prosthetic foot during locomotion. Depending on the mechanism for the transfer of 
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weight, these sockets are classified as Patellar Tendon Bearing (PTB) socket or Total 

Surface Bearing (TSB) socket. The PTB socket is designed such that the majority of the 

individual’s weight is transferred through the Patellar Tendon and muscle tissue in the 

popliteal area of the residual limb. This design restricts the weight transfer through 

muscles and soft tissues that are pressure tolerant. In contrast, the TSB socket is 

designed to enable the individual’s weight to be transferred evenly over the entire 

surface of the residual limb. A socket liner is usually worn by the individual to improve 

the fit of the socket and cushion the residual limb. In case of TSB socket, a gel liner 

with a protruding pin at the distal end is employed with the pin being used to lock the 

liner with the socket. The foot typically consists of an ankle and a keel for balance and 

weight bearing during gait. The foot used can be broadly classified into three types 

namely, conventional feet, dynamic response or energy storage feet, and computer 

controlled feet depending on its construction. The foot is attached to the socket by a 

shank or a pylon.  

Amputation is a traumatic event and has a significant impact on the life of the 

individual. In order to regain healthy, active lifestyle and promote limb health, it is 

important for the artificial limb to function as close to normal human limb as possible. 

Unfortunately, most the prostheses on the market are passive and designed primarily for 

weight bearing and not for regaining mobility. Further, due to the difference in the 

performance of artificial and natural limb, amputees tend to prefer their intact limb 

during gait leading to asymmetry in gait [5-6] and increased strain on the intact limb [7-

8]. This tendency to favor intact limb during locomotion can lead to degenerative 

changes such as osteoarthritis of the knee and/or the hip joints of the intact limb. The 
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asymmetry in gait can also lead to osteopenia, i.e. bone loss, and secondary 

osteoporosis - a condition in which bones tend to become weaker and brittle [9]. 

Transtibial amputees often experience chronic back pain as a result of improper 

prosthetic fit. Apart from musculoskeletal damages, improper prosthetic fit can also 

lead to skin problems such as irritant contact dermatitis and pressure sores on residual 

limbs [10].  

In addition to the performance of the prosthetic limb, the fit and comfort of the socket 

also play a significant role in the ability of the individual to regain normal gait. 

Incorrect or improper fit of the socket can result in excessive pain as well as chaffing 

and sores in the residual limb of the individual. These effects can lead to secondary 

problems over time, especially in individuals with diabetes or vascular disorders. 

Reduced mobility in these individuals can lead to obesity and other health 

complications further affecting their quality of life.  

Previous studies reported in literature have indicated that even though most of the 

amputees use some form of prosthetic device, a majority of the users are not satisfied 

with the fit and comfort of the prosthetic socket and experience phantom pain and skin 

problems in the residual limb [11]. Several researchers have studied the asymmetry in 

gait between the intact limb and the residual limb of amputees, and the effect of 

different components on the performance of amputees [5-6, 12-14]. In recent years, 

manufacturers have also developed bionic feet such as Proprio foot [15] and BIOM [16] 

to enable the amputee to regain gait that is close to human gait. However, the effect of 

these devices on the gait of the individual and the long term benefit to health are unclear 

and the subject of ongoing research. Such research focuses on the extraction and 
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examination of gait parameters such as temporal-spatial parameters (TSP’s), gait 

kinematics, kinetic measurements, muscular measurements, and energy expenditure. 

Research at the University of Oklahoma [17, 18] has also demonstrated the importance 

of studying the residual socket interface (RSI) forces and electromyographic (EMG) 

signals representing muscle activity in the residual limb during gait to determine the 

functional ability of amputees during locomotion. This research has demonstrated the 

importance of studying both the gait parameters as well as RSI and EMG data to 

adequately evaluate the ability of below-knee amputees to carry out normal work-

related activities. 

1.2 Scope of this thesis 

This thesis aims to collect and analyze gait parameters as well as residual muscle 

activity and residual socket interface force in order to study the gait of people with 

amputation of their lower extremity. Three different gaits, self-selected pace, brisk, and 

weight carrying, that are commonly observed during normal work activities are 

considered and these parameters are collected from research participants over a period 

of two years. The collected data is studied to determine the dependence of these 

parameters on the selected gait of the individual. Further, changes observed over time in 

the collected data are studied to identify any changes in limb health. The following are 

the key steps in the process adopted for this thesis 

• The prosthetic socket used by individuals who have undergone unilateral 

transtibial osteomyoplastic amputation will be instrumented with sensors and will be 

used in conjunction with a prosthetic activity monitor developed at the University of 

Oklahoma (OU-PAM) to collect gait data during work related activities. Algorithms 
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will be developed to analyze the collected data and determine the dependence of the gait 

parameters of the selected gait.  

• EMG data collected during different types of gait will be used to study the effect 

of type of amputation on the residual muscle activity in a transtibial amputee. Results of 

this study will be used to lay the foundation for further investigations into the effect of 

muscle activity on the health of the residual limb. 

• Finally, the dependence of activity in residual and intact muscles on the gait 

activity will be studied. Furthermore, the relationship between the Prosthetic Socket 

Interface (PSI) force and the type of gait will also be studied. 

This thesis is presented in three parts. Below-knee amputation procedures and types of 

prosthetic feet and gait monitoring devices that are available in the market are covered 

in the first part of the thesis. In the second part, a comparative study on the effects of the 

type of amputation on the residual muscle activity will be presented. In the third part of 

the thesis, the relationship between the residual muscle activity and PSI force in TOA 

subjects with respect to gait will be investigated. Hypothesis tests will be carried out to 

further validate the results of the study. Furthermore, changes in residual muscle 

activity and distal loading in the residual limb in TOA subjects over a period of time 

will be investigated. It is anticipated that the results of this investigation will help in 

identifying the benefits of TOA amputation in the long run and aid in building 

prosthesis with better performance compared to those available in the market. 

1.3 Anticipated contributions of the thesis 

Verification of previous findings on results of TOA amputation on residual muscle 

activity. 
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In this thesis, the previous findings on residual muscle activity in TOA subjects 

will be verified. The co-contraction of Tibialis anterior (TA) and Gastrocnemius (GA) 

in TOA subjects during gait will be verified. The finding on distal loading of the 

residual limb in the socket will be verified. 

b) Better understanding of the effects of type of amputation on residual muscle 

activity.  

There are different methods of transtibial amputation that a surgeon can use 

during the surgical process. However, the effects of surgery on the residual muscle 

activity has been rarely looked at. In this thesis, the effect of amputation procedure on 

the residual muscle activity will be investigated. By performing a comparative study we 

hope to ascertain the advantages and disadvantages in terms of residual muscle activity 

and lay foundations for further study of residual muscle health as a result of different 

amputation procedures. 

c) Identify the correlation between residual muscle activity and PSI force as a 

function of gait activities 

Different gait activities cause muscles to fire at different instants and at different 

magnitudes. This holds true for residual muscles after amputation as well. PSI force in 

amputees is an additional measurement for the subjects compared to an intact subject 

and provides us a unique insight into the effectiveness of the socket interface and the 

prosthesis itself. In this thesis, relationships between residual muscle activity and PSI 

force with respect to gait will be established. 

1.4 Organization of the thesis 

The thesis is organized as follows.  
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• Chapter 2 contains background research undertaken for this thesis. It includes 

human gait cycle, types of amputations and prosthesis, gait analysis, electromyography 

measurements, residual socket interface force, residual muscle contractions, prosthetic 

activity monitors etc. Furthermore, criteria for subject selection and protocol for the 

study are described in this chapter. 

• In Chapter 3, Residual muscle activation in subjects with TOA and CA 

amputations is described. Furthermore, previous findings regarding the muscle 

activation in TOA subjects is also verified. 

• Chapter 4 discusses the relationships between residual muscle activity and type 

of gait and PSI force and type of gait. The consequences of these relationships are also 

further discussed in this chapter. 

• Finally, in Chapter 5, conclusions and scope of future work are covered. 
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Chapter 2: Post-Amputation Rehabilitation and Gait Analysis 

Gait analysis is an important tool in assessing the recovery and rehabilitation of the 

individual after amputation of lower extremities. In this thesis, only unilateral 

amputation of the leg below the knee is considered. Two commonly used amputation 

procedures and their effect on the function of the residual limb is studied. Post-surgical 

fitting of prosthetic foot and rehabilitation are discussed. Typical equipment used to 

study gait is presented and the use of these equipment’s in evaluating the gait of the 

amputees is discussed. 

2.1 Amputation techniques 

The purpose of amputation has changed over time, from being a procedure to remove a 

damaged or diseased part of the anatomy to a reconstructive procedure aimed at 

restoring maximum functionality of the individual. While surgical techniques are being 

developed to aid the process of restoring full functionality [19, 20], it is equally 

important to verify the effectiveness of the surgery. Transtibial amputation is by far the 

most common among major limb amputations. Causes for lower limb amputation vary 

from peripheral vascular disease (PVD), trauma, tumors, infections and congenital limb 

deficiency [21].  There are different types of surgical techniques used for transtibial 

amputation. Based on the procedure and the desired outcome, these techniques can be 

classified as follows [22]: 

1. Closed amputations, 

2. End weight bearing amputations, and  

3. Open amputations. 



9 

Closed amputations are the most common form of transtibial amputations. There are 

many different techniques that fall under this category. Long Posterior 

Myofasciocutaneous flap, Equal Anterior and Posterior flaps, Equal Medial and Lateral 

(Sagital) flaps are examples of closed amputations. For the sake of convenience, all the 

closed amputations are lumped together as Traditional Transtibial Amputation (TTA). 

In traditional transtibial amputation, the cut ends of the tibia and the fibula bones are 

left exposed and these two bones are stabilized by a screw. Furthermore, the residual 

muscles (tibialis anterior and gastrocnemius) are left disconnected at the distal end of 

the limb resulting in a loss of length-tension relationship in these muscles which in turn 

leads to decreased muscle contraction, blood circulation and gait performance [22]. The 

open end of the tibia and the fibula prevent any weight bearing at the distal end of the 

residual limb.  

In an end bearing amputation, the amputation is performed in such a way that the distal 

end of the residual limb can bear weight without causing pain. Ertl Osteomyoplastic 

amputation, Singer procedure are examples of end bearing amputations. Our primary 

focus in this thesis is the Transtibial Osteomyoplastic amputation (TOA) (Ertl 

Osteomyoplastic amputation). This procedure was initially designed as a revision 

procedure for the war wounded [23]. In this type of amputation, two osteoperiosteal 

sleeves from the tibia are sewn to the fibula forming a tube-like structure between the 

two bones at the distal end. This structure ossifies to form the bony bridge between the 

two bones creating a surface for end weight bearing. Furthermore, the residual muscles 

are sutured to each other and reattached to the bony foundation restoring the length 

tension relationship in the muscles [23]. Apart from being able to support part of the 



10 

body weight at the distal residuum, the bony bridge also functions to stabilize the 

anatomy of the lower limb [24]. Figure 2.1 shows a radiograph of the residual limb of 

an amputee that underwent the TOA procedure. 

 

Figure 2.1 Radiograph of the residual limb of a transtibial osteomyoplastic 

amputation [17]. 

 

After traditional transtibial amputation, individuals are fitted with a patellar tendon 

bearing (PTB) socket, in which the weight loading is concentrated at the anterior area 

under the knee cap. This concentrated loading results in the formation of sores and pain 

in the knee and hip joints. On the other hand in TOA, the amputees have end weight 

bearing capabilities and thus are fitted with Total surface bearing (TSB) sockets, where 

the loading is evenly distributed at the distal end mitigating the problems faced with 

PTB sockets. Previous studies have shown the TOA procedure to cause a reduction in 

the incidence of sores seen with PTB sockets [25]. Research has also been undertaken 

in recent years to validate the effectiveness of the TOA procedure [17-18, 26-27]. 
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However, a comparative study of the outcomes of the TOA procedure and traditional 

transtibial amputation techniques is yet to be undertaken. Furthermore, no research has 

been undertaken in order to find out whether the benefits of the TOA procedure are 

long-lasting or if there are any significant changes in the residual and intact limbs over 

time. 

2.2 Prosthesis, prosthetic socket, and prosthetic feet 

Lower limb prostheses have come a long way from wooden legs and prosthetic limbs 

today are intelligent and can adapt to gait. However, even with the current development, 

they are nowhere close to replicating a fully functional limb. The lower limb prosthesis 

contains three main parts, namely prosthetic socket, shank and the foot. Prosthetic feet 

can be classified into three categories: conventional feet, dynamic response feet (energy 

storage feet), and microprocessor/computer controlled feet [28]. Solid Ankle Cushioned 

Heel or SACH foot, Single axis foot and multi-axial foot (Figure 2.2) are some of the 

widely used foot designs. These feet are designed to primarily support body weight and 

have minimal functionality. The SACH foot, for example, consists of a rubber cushion 

and foam instead of an ankle. This restricts the function of the foot to supporting the 

weight of the individual. The single axis foot, on the other hand, has an ankle joint that 

is limited to movement in the vertical direction. Multi-axial feet provide movement in 

both the horizontal and vertical directions making them the most flexible among the 

conventional feet. However, this foot doesn’t store and return energy during gait, 

thereby increasing the effort required by the user during normal gait. Though limited in 

functionality these conventional feet are widely used in rural areas and third world 

countries on account of their low cost and easy maintenance. 
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Figure 2.2 a) SACH foot; b) Single axis foot; c) Multi- axial foot [29]. 

 

Dynamic response feet or energy storage and return feet (ESR) (Figure 2.3) were 

developed to store energy like a spring. These feet store energy during the loading 

response phase of the gait cycle and release the energy during the preswing period thus 

helping to propel the individual forward. While the design of ESR would suggest a 

reduction in energy usage, research into the energy advantage of these feet has been 

inconclusive. Some studies have shown that ESR does provide a substantial 

improvement in terms of energy expenditure [30-31], while others contend that ESR 

does not provide any significant improvement over SACH foot [32, 33]. 

Advanced prosthesis such as microcontroller/computer-controlled prosthetic feet 

(Figure 2.4) have been developed in recent years to help the foot adapt to different gaits 

and terrains. These devices either use pneumatic actuators or electric actuators to 

generate the torque required for propulsion and ankle movement. Some of the major 

drawbacks include daily charging of the built-in battery, increased cost and increased 

the weight of the prosthesis. Studies have shown that despite the increase in weight of 

the powered prosthesis compared to ESR these prosthetic foot lead to lower metabolic 

energy expenditure by the user [34]. 
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Figure 2.3 a) Ossur® Variflex XC Rotate [35] b) ERS foot [29] 

 

Studies have also reported finding improved gait performance in users while using 

powered prosthesis [36-37]. Several researchers are also looking into improving bionic 

feet in terms of ankle movement and push-off power during gait. Few prototypes of 

such research include SPARKy [38] and PPAMs [39]. 

                   

Figure 2.4 a) Eraize foot [40] b) ProPrio foot [15] c) emPOWER foot [16] 

 

Prosthetic feet play a key role in gait performance of an amputee. Thus, it is important 

to undertake research to determine the effects of prosthetic feet in gait performance of 

an amputee. Previous studies on prosthetic feet varied from energy expenditure of an 

individual with different feet [34] to effects of different feet on residuum socket 

interface force of an amputee [41]. In the next section, a brief description of the 
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anatomy of the lower human body and its impact on the gait is provided. Later, the 

changes seen as a result of transtibial amputation and their impact on gait is presented. 

2.3 Anatomy of the lower human body 

Human gait is powered by the firing of the lower limb muscles. Thus the study of 

muscle activation is an important part of gait analysis. The lower body muscle anatomy 

of human beings is shown in Figure 2.5 [42]. For this study, only 3 muscles are of 

interest namely, Tibialis Anterior, Gastrocnemius and Rectus Femoris. The tibialis 

anterior is present along the anterior side of the lower leg along the tibia (shin bone). 

The gastrocnemius is also called the calf muscle and is on the posterior side of the lower 

limb below the knee joint. Finally, the Rectus Femoris is a part of the Quadriceps 

muscle group (Thigh muscles group) and is found on the anterior side of the upper leg. 

The activation of these muscles during gait is discussed in the next section. 

 

Figure 2.5 Lower body muscle anatomy [42]. 
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2.4 Human gait cycle 

Bipedalism is a highly complex form of locomotion that has evolved in several stages 

and is unique to hominins [43]. Any locomotion that requires periodic loading and 

unloading of limbs for movement can be called a gait. Thus, gait as a broad term 

encompasses walking, running, skipping etc. Walking is by far the most frequently used 

gait and will be the focus of this thesis. Furthermore, in this thesis, the word gait will 

only refer to walking, and variations in the gait will be labeled appropriately. A typical 

human gait cycle is shown in Figure 2.6 [44]. The cycle can be divided into two main 

parts the ‘Stance Phase’ and the ‘Swing Phase’ [45]. 

 

Figure 2.6 Human gait cycle [44] 

 

A typical gait cycle starts with initial contact (Heel strike) (0%) of one foot and ends at 

the next contact of the ipsilateral foot (same foot) (100%) which would also be the 

initial contact for the next cycle. It can be seen from Figure 2.6 that stance phase of the 

gait cycle is approximately 60% of the whole cycle. This phase can be further divided 

into five sub-phases namely, Initial contact, Loading response, Mid-stance, Terminal 

stance, and Preswing. The swing phase constitutes of the remainder of the gait cycle and 
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can be further divided into two -phases namely, Initial and Mid-swing, and Terminal 

swing. 

The Initial contact is the point in which the heel of the leading foot come into contact 

with the ground, hence the name heel strike. This phase is also called the double support 

phase and constitutes 10% of the gait cycle. During this period, both the feet are in 

contact with the ground. This action is accompanied by a shift in body weight from the 

contralateral foot (other foot) to the leading foot and the activation of Gluteus maximus 

and Tibialis anterior muscles. The initial contact is accompanied by the loading 

response (Foot flat) in which the whole weight transfer is completed to the ipsilateral 

foot and the foot is in complete contact with the ground while the Contralateral foot 

proceeds with toe off during this period. The Quadriceps femoris (Quads) are active 

during this period. The mid stance period quickly follows the loading response wherein 

the contralateral foot proceed with the swing. This period ends when the contralateral 

foot is aligned with the ipsilateral foot. During this period the triceps muscle group 

remains active. The terminal stance period (a.k.a. heel off) is when the heel of the 

ipsilateral foot comes out of contact in preparation for the second weight transfer to the 

contralateral foot. This period is accompanied by sustained activity from triceps muscle 

group from the mid stance phase. The three phases, loading response, Midstance, 

Terminal Stance, combined together are known as Single support phase and comprise 

40% of the gait cycle. As the name suggests during this period only the ipsilateral foot 

is in contact with the ground. The final period of the Stance phase is the Preswing 

period during which the ipsilateral foot is ready for toe off and the contralateral foot is 

at the initial contact stage leading to the weight transfer from the ipsilateral to the 
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contralateral foot. This period again is a double support period during which both the 

feet stay on the ground and contribute to 10% of the gait cycle. The Rectus Femoris 

(Part of Quad muscle groups) remains active during this period.  

The swing phase of the cycle starts with the end of the Preswing period with the 

ipsilateral foot is off the ground and the weight transfer is completed to the contralateral 

foot. This period is known as the Initial and mid-swing period. During this period the 

Rectus Femoris and the contralateral abductors of the hip remain active. This period is 

followed by the Terminal swing during which the ipsilateral foot is about to come into 

contact with the ground and ends when the ipsilateral foot makes initial contact leading 

to the next gait cycle. During this phase the Quads, Hamstrings and the Tibialis anterior 

muscle are active. This period is also as Single support phase as only the contralateral 

foot is in contact with the ground during the whole period. 

2.5 Gait analysis 

Gait analysis can be defined as the study of locomotion of legged organism. Previous 

study recommended that gait analysis be used to detect abnormalities in gait and aid in 

the rehabilitation of people with disabilities [46]. Based on the methods used, gait 

analysis can be classified as: 

1. Qualitative analysis, and 

2. Quantitative analysis. 

Qualitative analysis:  This type of analysis is based on visual or qualitative 

interpretation of gait and is often unreliable [47]. However, qualitative analysis may 

serve as a preliminary guide for selecting the type of quantitative analysis to be 

performed. 
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Quantitative analysis: This type of analysis is an objective assessment wherein, certain 

quantities are measured with the help of sensors and Data Acquisition Systems 

(DAQ’s), and an assessment is made. Quantitative measurement involves one or more 

of the following parameters. 

• Temporal-Spatial parameters: Temporal-spatial parameters consist of speed and 

time measurements of gait. These parameters are measured with the help of foot 

switches, stopwatch, pressure mats etc. The most common parameters are step length, 

stride length, cadence, walking speed and double support. These parameters are the 

most commonly used parameters in the study of the gait of an individual. 

• Kinematic parameters: Kinematic parameters include analysis of gait in terms of 

joint displacements, velocities accelerations of joints and body segments. Data is 

captured using cameras and the joints are identified with the help of markers. Kinematic 

gait measurements can be done in 2 dimensions or 3 dimensions depending on the 

equipment available and the requirement of the study. Traditionally, these kind of 

measurements are performed on able-bodied persons, but some research in amputee gait 

has also been performed by studying these parameters [32, 48]. These kind of 

measurements provide only a partial insight into the gait of the amputee as the cameras 

do not have the capabilities to record the activity inside a prosthetic socket. Thus extra 

DAQ’s are required to capture the activity inside the prosthetic socket so as to 

completely analyze the gait of an amputee. 

• Kinetic Gait measurements parameters: In these measurements, actual forces 

involved in the gait are measured. These include Ground reaction Force (GRF), Joint 

moments, Plantar Pressure measurements, and muscle activations. These measurements 
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are obtained using force plates, pressure sensors, accelerometers, and Electromyography 

(EMG) electrodes. For Intact individual forces are measured at the bottom of their feet 

while for an amputee forces are also measured inside the prosthetic socket. These 

measurements are useful in identifying the source of abnormalities in the gait of an 

individual. 

• Energy Expenditure:  Energy expenditure refers to the energy spent by an 

individual during ambulation. This measurement plays an important role in the analysis 

of an amputee as energy consumption plays a crucial role in the performance of the 

prosthesis. Thus many research studies have used the measurement to compare the 

efficiency of ambulation using different prosthetic feet [34, 49-50]. It should be noted 

that this measurement, however, does not provide any particular insight into gait 

abnormalities if present. 

For this thesis, kinetic gait parameters i.e. Residuum socket interface forces and EMG 

signals, of Transtibial amputees are studied. These measurements are recorded using a 

Prosthetic activity monitor (PAM) and few commercially available PAM’s are 

discussed in Section 2.7. 

2.6 Gait analysis for people with transtibial amputation 

Gait analysis provides insight into the characteristics of locomotion and the 

performance of joints and muscles during gait. Depending on the parameters of interest 

different gait monitoring devices can be used to collect parameters such as temporal-

spatial parameters, kinematic gait measurements, kinetic gait measurements and energy 

expenditure. Gait analysis of intact individuals helps with the betterment of prosthesis 

[51].  Gait analysis has been used in previous studies to investigate the effects of 
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amputation such as asymmetry in gait to higher energy expenditure [52]. Unlike the 

case of intact individuals, extra parameters such as residuum socket interface forces and 

residual muscle activity need to be studied under gait analysis. These parameters of the 

amputee subjects are compared to those of intact individuals to better understand the 

consequences of amputation on gait of an individual [53]. Furthermore, different 

parameters such as the type of prosthetic feet, fit of the prosthetic socket, and the type 

of amputation undertaken have an effect on gait. Some studies have looked at the 

effects of prosthetic feet on gait [41, 50] while others have looked at residual muscle 

activity and RSI force [18, 27]. Further study down this line will aid in better 

rehabilitation techniques for amputees and development of better prosthetics. 

2.7 Prosthetic activity monitors (PAM’s) 

Several prosthetic activity monitors are commercially available for use in gait analysis. 

These devices capture steps and energy expenditure in a subject (both amputee and 

intact). For example, Ossur® [54] developed a PAM called patient monitoring device 

which could track the position of an amputee 1000 times per second with the help of 

combination of sensors. This device can measure step length, maximum speed, distance 

traveled, average speed, active time, and inactive time. The device also generates an 

activity index that can aid clinicians in comparing the performance of different 

individuals.  

Another example of a prosthetic activity monitor is the StepWatch Activity Monitor 

(SAM) developed by Orthocare Innovations™ [55]. It is used to for long term 

assessment of gait of an amputee. The device records the number of steps taken over a 

period of two months. The company also markets other PAM’s such as Galileo that uses 
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the step watch technology to collect data of an amputee’s activity and displays it on a 

smartphone via the Galileo app. The app provides insight into the amputee’s activity by 

providing statistical analysis of the data collected. The company also developed a 

device for measuring socket reaction forces called Smart Pyramid. This device helps in 

assessing the performance of the prosthesis over time. Previous studies have either 

looked into the validity of SAM [56, 57] while others used it in their studies to acquire 

data [58, 59]. 

               
Figure 2.7 a) SAM [60] b) Smart Pyramid [61] 

 

For the research undertaken in this thesis, two PAM’s were used. The first one is the 

Minisun™ IDEAA (Intelligent Device for Energy Expenditure and Physical Activity) 

[62]. This device records temporal-spatial parameters (Step length, Stride length, Stance 

time, Gait duration, Cadence etc.) with the help of foot switches and accelerometers. It 

comes with a software package that analyses the data collected and estimates the gait 

activity that was undertaken and the energy expenditure of the subject during the gait 

activity. It also provides a detailed summary of the activities undertaken to give the user 

a choice to choose between a single activity and multiple activities during the gait 
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period. It also provides EMG recording capability, which is not used for this study on 

this device. 

 

Figure 2.8 MiniSun IDEAA [62-63] 

The second PAM used for data collection in this thesis is the OU-PAM (University of 

Oklahoma Prosthetic activity monitor) [64]. OU-Pam is used to capture Residuum 

socket interface (RSI) force and EMG from muscles of the amputee’s. It consists of 

signal conditioning and Data acquisition board along with two tubes which carry the 

cables that connect to the sensors inside the prosthetic socket. An Atmel® development 

board STK525 (8-bit microcontroller AT90USBxxxx) forms the core of the OU-PAM 

[65]. The Atmel® Extension board ATEVK525 that houses an SD-Card slot is used for 

writing data into the SD-Card for data storage [65]. The OU PAM has a data acquisition 

rate of 1000Hz which is sufficient to capture variations in EMG signals in real time. 

Furthermore, OU-PAM can capture data from up to 16 channels. 10 of these channels 

are used for capturing RSI force data and the rest are used to capture EMG data. All the 

three boards and the power source are enclosed in a box that can be strapped on as a 

backpack by the amputee thereby not hindering his motion during gait. Thus the data 

acquired using this PAM is not in a laboratory setting but rather in regular conditions. 
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Figure 2.9 OU PAM [63] 

 

2.8 Measurement of RSI Forces 

RSI force measurement plays a crucial role in the analysis of the prosthesis fit and 

functionality. Previous studies have shown that the factors that lead to increasing the 

risk of biomechanical residuum injury have also been linked to weight bearing forces at 

the distal end of the residuum prosthetic socket [66]. The residuum socket force is 

measured using the Flexiforce® A201 Piezo-resistive sensor [67]. Table 2.1 shows the 

electrical properties of the sensors [67]. The sensors are secured inside the prosthetic 

socket with the help of adhesive tape at specific locations inside the socket (Figure 

2.10(a)). The sensors are <0.05mm thin and do not result in any discomfort or change in 

the prosthetic fit. The sensors are calibrated each time before use. The force detected by 

the sensor is converted to voltage with the help of amplifying circuit shown in Figure 

2.10 (b). 
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Table 2.1 Performance parameters of the force sensors [67]. 

 

(a) 

 

(b) 

Figure 2.10 a) Placement of Force sensors inside the socket b) Amplifier circuit for 

the force signal [63] 
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2.9 Measurement of EMG 

An Electromyogram is an electrical activity generated by the summation of many 

muscle unit activation potentials (MUAP’s) from all the motor units active at a given 

time. These signals can be picked up either by the use of disposable surface stimulating 

and recording electrodes or by percutaneous fine needle electrodes inserted into the 

muscle belly [68]. Previous studies have shown that the residual muscle activity during 

active prosthetic used is linked to the factors that increase the risk of biomechanical 

residuum injury [66, 69]. Furthermore, the study of EMG signals can provide insight 

into how the muscular systems generate joint moments and stabilize limbs in both 

normal gait and pathological gait [45, 70]. Lastly, the study of EMG signals of residual 

muscle has been shown to have great potential in gait recognition and prosthetic 

development [71]. Thus studying changes in muscle activity and especially residual 

muscle activity is crucial. However until recently, studies have focused on the 

contraction of intact muscles in amputees as the study of residual muscles requires 

sensors with high sensitivity and with minimal thickness to enable placement inside the 

socket. Recently, with the change in the purpose of amputation from removal of injured 

body parts to a reconstructive procedure, a few studies have looked at the recovery of 

the residual muscles after amputation [72] and their functionality during gait [73-74]. 

For this thesis, disposable surface stimulating and recording Ag/AgCl electrodes with a 

sensing area of 1.44cm2 are used [75]. These electrodes are placed on the muscle belly 

of the targeted muscles 2.5 cm apart longitudinally along the muscle (Figure 2.11). At 

the location of interest, the skin is prepped by shaving the area followed by cleaning 
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with alcohol and application of the conducting gel before the placement of Surface 

EMG (SEMG) electrodes. 

 

Figure 2.3 SEMG Placement along the residual muscle of an amputee [63] 

 

The magnitude of the signal picked up by the SEMG electrodes is small because of the 

low magnitude of the electrical activity of muscle activation and is of the order of 1mv. 

In order to capture and study these signals, an amplifier is used to amplify the 

magnitude of the signal [76-77]. The amplification circuit used in the OUPAM for this 

thesis is shown in Figure 2.12. 

 

Figure 2.4 SEMG Amplification circuit [63]. 
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2.10 Framework for experimental gait study used in this thesis 

In this thesis, we try to address some of the shortcomings stated in the previous 

sections. The details of the experimental setup such as criteria for subject selection and 

protocol is discussed below in the subsections. 

2.10.1 Criteria for subject selection 

All the subjects for this study have been recruited from the unilateral transtibial 

amputee population residing in the state of Oklahoma. The amputees are required to 

have undergone the amputation procedure at least 6 months prior to the day of 

participation in the study. The subject age group varied from 18 to 64-year-olds. 

Furthermore, the study limits itself to the study of the male population. All the subjects 

are capable of walking independently without any help from assistive devices except 

their own prosthesis. The subjects are also required to healthy i.e. free from all medical 

conditions such as diabetes, peripheral vascular, neuromuscular, inflammation, cardio-

respiratory disorders. The subjects recruited needed to be English speaking and are 

capable of independently giving written consent to the participation in the study. Intact 

individuals were also recruited for this study to serve as a control group. 

2.10.2 Protocol for Clinical Study 

The protocols used in this study have been approved by the Institutional review board at 

the University of Oklahoma Health Science Center (OUHSC) for the protection of 

human subjects [78, 79]. All the subjects used their own prosthesis during the period of 

the study so that the data collected would be representative of their daily usage. A 

certified prosthetist was available on site for the whole duration of the study to ensure 

socket alignment and fit. Furthermore, data on heart rate, pulse, blood oxygen levels, 



28 

and the Borg index of participants was collected by the personnel’s from the College of 

Allied Health, OUHSC.     

The next two chapters will discuss the design and results of the individual experimental 

studies undertaken in this thesis. Each chapter is structured as follows 

• Background: This part identifies the need for each study and states the 

motivation for the study. 

• Objectives: This part discusses the objectives of the thesis and the hypothesis 

framed based on these objectives. 

• Methods: This part includes information on subjects, protocol, and data analysis. 

• Results and conclusion: Results from the study and the inference and 

conclusions drawn from those results are discussed in this part. 
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Chapter 3: Residuum Muscle Activity in Transtibial Osteomyoplastic 

Amputation and Traditional Amputees 

The relationship between the activity of the muscles in the lower extremity and the 

health of an individual has been widely studied [80, 25]. In addition to their effect on 

the gait of the individual, the elongation and contraction of these muscles play an 

important role in pumping blood back to the heart and in the overall health of the 

vascular system. Following the amputation of the lower limb, the tibialis anterior and 

the gastrocnemius muscles are trimmed and left unattached in the residuum. As a result, 

the length-tension relationship in these muscles are lost and the functioning of these 

muscles is compromised. TOA procedure aims to rectify this by attaching the 

gastrocnemius and the tibialis anterior muscles together at the distal end of the limb to 

retain the length-tension relationship. However, the functioning of these muscles in both 

TTA and TOA amputees has not been extensively studied in the literature. In this 

chapter, the activity of residual muscles in individuals with osteomyoplastic amputation 

and traditional transtibial amputation will be investigated. Electromyographic (EMG) 

signals obtained using surface EMG electrodes are used to monitor the muscle activity 

and correlate these with the gait of the individual. A total of 14 subjects were used in 

the study reported in this Chapter with four of the subjects having undergone traditional 

amputation and the rest having undergone osteomyoplastic amputation. The activity of 

the residual muscles, i.e. tibialis anterior and gastrocnemius, is captured and compared 

to that of the corresponding muscles of the intact limb for both the subject groups.  In 

order to determine the effect of the amputation procedure and gait in the functioning of 

these muscles. 
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3.1 Introduction 

Electromyographic (EMG) signals obtained using surface or needle electrodes have 

been extensively used to study the activity patterns of TA and GA muscles during 

dorsiflexion and plantarflexion of ankle joint in intact individuals [81, 82]. The 

normalized mean EMG signal and the envelope of EMG values within ± 1 standard 

deviation of the mean for both the TA and GA muscles over a gait cycle is shown in 

Figure 3.1. 

 

HS - Heel Strike, FF- Foot Flat, HO – Heel Off, TO - Toe Off. 

Figure 3.5 Normalized Tibialis Anterior and Gastrocnemius muscle activity in 

intact individuals (reproduced using data in Table 5.22 and Table 5.24 from the 

Appendix in Winter [81]). 
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It can be seen that TA is most active during the initial phase of the gait cycle i.e. from 

Heel Strike (Initial Contact) to Foot Flat (i.e. during the Loading Response phase of the 

gait) and again during the swing phase. On the other hand, GA is active during the mid-

stance period, peaking at Heel Off, and then decreasing rapidly till Toe Off. GA is 

inactive from the beginning of the swing phase to the mid stance of the following gait 

cycle. This activation pattern is also reported in Kirtley [82] (p 149-150).  

In Traditional transtibial amputation, the TA and GA muscles are severed and are 

allowed to retract or are limited to reattachment of a single muscle.  In the TOA 

procedure, the length-tension relationship is restored resulting in activation of muscles 

and better blood circulation [23]. It has been shown in previous studies that there is 

considerable muscle activity in the residual limb following the TOA procedure [18]. 

The study, however, did not address whether the muscle activity was unique to TOA 

subjects or whether significant muscle activity was observed in TTA subjects as well.  

This study is aimed at investigating the muscle activity in TOA and TTA subjects to 

determine whether 1) such activity significantly differs and 2) the activity is related to 

the gait. Healthy, able-bodied men are considered in this study and muscle activity in 

the residual limb is investigated during three types of gait, namely walking at a self-

selected pace, walking at a brisk pace, and walking while carrying a load, encountered 

during normal daily activities. In both TOA and TTA populations, the EMG signal from 

the residual limb is compared with the corresponding values from the intact limb to 

determine if the muscle activity has altered as a result of the amputation procedure. The 

following two research questions are posed for the study. 
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a) Is there significant TA and GA muscle activity in TOA subjects? If significant, 

is the muscle activity related to gait? 

b) Is there significant TA and GA muscle activity in TTA subjects? If significant, 

is the muscle activity related to gait? 

3.2 Methods 

3.2.1 Subjects 

The experimental protocol adopted for this study was approved by the Institutional 

Review Board at the University of Oklahoma Health Sciences Center. Ten men with 

TOA and four men with TTA consented to participate in this study. The inclusion 

criteria for the study was that the subject had to be healthy, English-speaking, and 

capable of walking independently without any assistance or assistive devices. The 

demographics of the subjects are tabulated in Table 3.1. All the subjects used their own 

prosthetic legs during the test to ensure that the EMG values are representative of the 

values seen during their normal daily activities. A certified prosthetist was on hand to 

ensure socket fit. 

 

Table 3.1 Demographics of the subjects; L- Left, R-Right 
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3.3 Experimental procedure 

The data for the study was collected using University of Oklahoma Prosthetic Activity 

Monitor (OU-PAM) [35]. The OU-PAM is equipped with an STK525 development 

board (consisting of the 8-bit AT90USB647 microcontroller) and an ATEVK525 

extension board with an SD memory card [65]. The OU-PAM operates at 1 KHz 

frequency and captures analog signals on 16 different channels. Ten of the sixteen 

channels were used to capture force data inside the prosthetic socket and the remaining 

six channels were used to capture EMG data from three specific muscle groups (TA, 

GA and Rectus Femoris (not used in this study)) on both the intact limb and the residual 

limb. The force data was collected using FlexiForce® A201 piezoresistive sensor 

(Tekscan Inc, South Boston, MA) [67]. The EMG activities were recorded using 

disposable surface stimulating and recording Ag/AgCl electrodes [75]. The subjects 

were also equipped with a gait monitoring device called Intelligent Device for Energy 

Expenditure and Physical Activity (IDEEA® by MiniSun™ (Frenso,CA)) [62]. The 

force data was used to determine gait events and to synchronize EMG signals with 

respect to these events. The force signal was also used to validate experimental data 

with the data observed from the IDEEA® system. 

3.3.1 Gait activities 

During the test, each subject was asked to perform three tasks that are typically 

encountered during everyday activities. These tasks include: 

a) Walking at self-selected pace for a duration of 2 minutes (SG) 

b) Walking at brisk pace for a duration of 2 minutes (BG)  
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c) Walking for a distance of 25 feet while carrying a load (LG). (The load is 

selected such that it does not cause undue exertion on the part of the individual.) 

3.3.2 Data analysis 

EMG signals have been widely used to study muscle activity in transtibial amputees 

during gait. EMG data collected during this study was processed according to the 

procedure specified in winter [70]. The EMG signal was rectified using a full wave 

rectifier and then filtered using a low-pass filter with 8Hz cutoff frequency. A 

symmetric moving window of 150 milliseconds duration was used to determine the 

Root Mean Square value of the EMG signal (ERMS). The gait cycle was normalized to 

100 data points and ten uniform intervals (10 data points each) were selected to 

represent the entire cycle [83]. The mean value of ERMS (𝐸𝑅𝑀𝑆) on each interval was 

determined and used as an indicator of the muscle activity for that interval of the gait 

cycle. The maximum and minimum value of ERMS (𝐸𝑅𝑀𝑆𝑀𝑖𝑛 ,𝐸𝑅𝑀𝑆𝑀𝑎𝑥) were also 

computed. 

3.3.3 Hypothesis tests 

Statistical tests were performed to determine any significant difference between  

𝐸𝑅𝑀𝑆𝑀𝑎𝑥  and 𝐸𝑅𝑀𝑆𝑀𝑖𝑛 during the gait of the individual. A significant difference in these 

values would indicate significant muscle activity at the location. Two sample t-tests 

(two-tailed, paired, unequal variance, alpha = 0.05) were used to validate the following 

hypotheses. 

H1: 𝐸𝑅𝑀𝑆𝑀𝑎𝑥  equals 𝐸𝑅𝑀𝑆𝑀𝑖𝑛 in residual TA for TOA subjects. 

H2: 𝐸𝑅𝑀𝑆𝑀𝑎𝑥  equals 𝐸𝑅𝑀𝑆𝑀𝑖𝑛 in residual GA for TOA subjects. 

H3: 𝐸𝑅𝑀𝑆𝑀𝑎𝑥  equals 𝐸𝑅𝑀𝑆𝑀𝑖𝑛 in residual TA for TTA subjects 
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H4: 𝐸𝑅𝑀𝑆𝑀𝑎𝑥  equals 𝐸𝑅𝑀𝑆𝑀𝑖𝑛 in residual GA for TTA subjects 

In these tests, an ‘H’ value of zero indicates that the NULL hypothesis is accepted. On 

the other hand, H=1 indicates that the NULL hypothesis is rejected in favor of the 

alternate hypothesis, i.e., 𝐸𝑅𝑀𝑆𝑀𝑎𝑥  is not equal to 𝐸𝑅𝑀𝑆𝑀𝑖𝑛. Similarly, a p-value less than 

0.05 will indicate that the corresponding muscle activity occurs with a confidence 

interval of 95%. On the other hand, a p-value > 0.05 will indicate a lack of appreciable 

muscle activity. 

All the data analysis and hypothesis testing reported in this paper were done using 

routines implemented in MATLAB® (The MathWorks Inc, Natick, MA) [84]. 

3.4 Results and discussions 

3.4.1 Residual muscle activation in TOA subjects 

The average normalized EMG signals of all four muscle groups, namely TA and GA 

from both intact and residual limbs, for each gait activity, are shown in Figure 3.2. The 

signals were normalized with respect to the maximum EMG value observed among 

these four signals for each gait activity of a subject. The EMG signals in Figure 3.2 

indicate that both the TA and GA muscles in the residual limb are active during all three 

gaits reported in this study. This finding is in agreement with previous studies which 

have shown that there is residual muscle activity in TOA subjects [85-86].  It can also 

be seen that TA is active during the loading phase (0-10% of the gait cycle) and during 

the swing phase for all three gait types considered in this study. While the GA muscles 

are active, the activation is different from that observed in the GA in the intact limb. 
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Further, EMG data indicates that the TA and GA muscles in the residual limb are active 

at the same time, thus supporting an earlier finding of co-contraction of these muscles 

as a result of the TOA procedure [18].  

The results from the Hypothesis tests are tabulated in Table 3.2 and Table 3.3. The 

mean values of the minimum and maximum 𝐸𝑅𝑀𝑆 are indicated in the tables along with 

their standard deviations for all ten TOA subjects used in the hypothesis testing. Since 

H = 1 (Table 3.2), the hypothesis H1 is rejected in favor of the alternate hypothesis, i.e., 

𝐸𝑅𝑀𝑆𝑀𝑎𝑥    ≠ 𝐸𝑅𝑀𝑆𝑀𝑖𝑛    and it can be concluded that significant activity occurs in the TA 

muscle in the residual limb.  Further, p < 0.05 indicates that the alternate hypothesis is 

accepted with a 95 % confidence interval. Similarly, from Table 3.3, it can be 

concluded hypothesis H2 is rejected and it is concluded that significant activity occurs 

in the GA muscle in the residual limb.  Further, p < 0.05 indicates that the alternate 

hypothesis is accepted with a 95 % confidence interval. 

GAIT TYPE 𝑬𝑹𝑴𝑺𝒎𝒊𝒏
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  𝑬𝑹𝑴𝑺𝒎𝒂𝒙

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ H  p  

Self-Selected (SG) 0.1042 ± 0.0926 0.3431 ± 0.2778 1 0.003578 

Brisk (BG) 0.1866 ± 0.1470 0.5329 ± 0.2962 1 0.000161 

Load Carrying (LG) 0.1343 ± 0.0640 0.5018 ± 0.3837 1 0.008337 

Table 3.2 𝑬𝑹𝑴𝑺̅̅ ̅̅ ̅̅ ̅for Tibialis Anterior in TOA subjects during selected gait activities 

 

GAIT TYPE 𝑬𝑹𝑴𝑺𝒎𝒊𝒏
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  𝑬𝑹𝑴𝑺𝒎𝒂𝒙

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ H  p  

Self-Selected (SG) 0.1256 ± 0.1342 0.3413 ± 0.2715 1 0.003038 

Brisk (BG) 0.1809 ± 0.1421 0.5823 ± 0.4189 1 0.002975 

Load Carrying (LG) 0.1172 ± 0.1355 0.4759 ± 0.3523 1 0.001102 

Table 3.3 𝑬𝑹𝑴𝑺̅̅ ̅̅ ̅̅ ̅ for Gastrocnemius in TOA subjects during selected gait activities 
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3.4.2 Residual muscle activation in TTA subjects 

The average normalized EMG signals of all four muscle groups in subjects with 

traditional transtibial amputation are shown in Figure 3.3. The signals were normalized 

similarly to the approach described for TOA subjects. The results from the Hypothesis 

tests are tabulated in Table 3.4 and Table 3.5.  Unlike TOA subjects, TTA subjects did 

not show any appreciable activity in the TA muscles in the residual limb for all three 

gait types considered in this study. While the GA muscles are active, the activation is 

different from that observed in the GA in the intact limb. 

The results from the Hypothesis tests are tabulated in Table 3.4 and Table 3.5. Since H 

= 0 (Table 3.4), hypothesis H3 is accepted over the alternate hypothesis, i.e.,  𝐸𝑅𝑀𝑆𝑀𝑎𝑥   

=  𝐸𝑅𝑀𝑆𝑀𝑖𝑛   and it is concluded that there is no appreciable activity in the TA muscle in 

the residual limb of a TTA subject. Similarly from Table 3.5, hypothesis H4 is not 

accepted and it is concluded that significant activity occurs in the GA muscle in the 

residual limb during self-selected gait and brisk gait.  Further, p < 0.05 indicates that the 

alternate hypothesis is accepted with a 95 % confidence interval. 

GAIT 𝑬𝑹𝑴𝑺𝒎𝒊𝒏
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  𝑬𝑹𝑴𝑺𝒎𝒂𝒙

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ H  p 

Self-Selected (SG) 0.0110 ± 0.0121 0.0570 ± 0.0548 0 0.2081 

Brisk (BG) 0.0130 ± 0.0107 0.0868 ± 0.0841 0 0.1552 

Load Carrying (LG) 0.0182 ± 0.0184 0.0475 ± 0.0440 0 0.1419 

Table 3.4 𝑬𝑹𝑴𝑺̅̅ ̅̅ ̅̅ ̅ for Tibialis Anterior in TTA subjects during selected gait activities 

 

GAIT 𝑬𝑹𝑴𝑺𝒎𝒊𝒏
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  𝑬𝑹𝑴𝑺𝒎𝒂𝒙

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ H  p 

Self-Selected (SG) 0.0587 ± 0.0569 0.3209 ± 0.0310 1 0.0015 

Brisk (BG) 0.1426 ± 0.0966 0.4720 ± 0.2221 1 0.0140 

Load carrying (LG) 0.1704 ± 0.0796 0.2590 ± 0.2117 0 0.0615 

Table 3.5 𝑬𝑹𝑴𝑺̅̅ ̅̅ ̅̅ ̅ for Gastrocnemius in TTA subjects during selected gait activities 
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The activity of the residual GA muscle differs considerably in comparison to the GA 

muscle in the intact limb (Figure 3.1). GA in TTA subjects is more active during the 

early stance phase and end of swing phase. The authors believe that this discrepancy is 

due to the fact that the residual muscle no longer retains the same relationship to gait 

cycle, but rather fires in order to stabilize the residual limb during gait. 

3.4.3 Special case 

Among the four traditional transtibial amputees, one of the subjects was a “Natural 

Bridge amputee.” This subject underwent a traditional or traditional transtibial 

amputation procedure, but over a period of time, the subject’s anatomy adapted itself to 

form a bony bridge between tibia and fibula resulting in a structure similar to that of the 

TOA subjects. The muscle activity of the subject is shown in Figure 3.4. It can be 

clearly seen that there is a substantial muscle activity in the residual TA which is in 

contrast to the rest of the subjects in the study. The activity pattern of the residual TA 

and GA muscles is similar to that of TOA subjects with the exception of the magnitude 

of the activity in the residual TA muscle. The authors hypothesize that this is due to the 

fact that the bony bridge is providing enough support during gait and thereby altering 

the effort required of the residual muscles to stabilize the gait. However, further study is 

required to validate any such conclusions. 
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3.5 Limitation of the study 

This study was limited to healthy, male subjects with unilateral TOA and Traditional 

transtibial amputation. The dependence of the measured EMG values on gender or 

others causes was not considered. Furthermore, the study looked at ten subjects with 

TOA and four subjects with traditional transtibial amputation. A larger set of subjects 

has to be studied before generalizations can be made. Further, natural bridge amputees 

also have to be studied in order to ascertain the impact of the residual anatomy on the 

muscle activities in such subjects. 

3.6 Conclusion 

This study compared the contraction of residual muscles in subjects with Transtibial 

Osteomyoplastic Amputation (TOA) and Traditional Transtibial Amputation (TTA) 

during different gaits encountered during daily activities. Analysis of the data confirmed 

residual muscle activity in both the muscle groups in all TOA subjects during the three 

gait activities considered in this study. However, no appreciable muscle activity was 

recorded in residual Tibialis Anterior of TTA subjects during any of the gaits. While the 

TA and GA muscles in the residual limb were active during gait, their activation pattern 

was different from that of intact limb. Similar to results already reported in the 

literature, co-contraction between the residual tibialis anterior and gastrocnemius 

muscles was observed in all the TOA subjects. In the case of TTA subjects, no 

appreciable activity of the residual TA muscles was observed. The residual GA muscle, 

on the other hand, was active but primarily during the initial stance and late swing phase 

of the gait.  The study also shows that the activity of the muscles in the intact limb is 

affected by the amputation procedure. It was also observed that changes in the anatomy 
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of the residual limb can impact the activity of the muscles in the residual limb. The 

results of this study lay the foundation for understanding the effect of amputation 

procedure on the muscle activity as well as the health of the residual limb. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



44 

Chapter 4: Relationship between Gait Related Activity in Residual and 

Intact muscles and RSI Force 

The relationship between gait related activity in the residual and intact muscles and the 

forces measured at the residuum-socket interface are of particular interest as they are 

indicators of muscle health and can provide insight into the effectiveness of gait. This 

can be particularly useful for the development of smart prosthetic devices that can adapt 

to variations in gait. Study of RSI forces also allows the prosthetist to evaluate the 

maximum loading and distribution of forces inside the prosthesis during varied walking 

tasks instead of just during normal gait. Such information can be used to improve the 

socket design for end bearing and for improved comfort for the user and thereby 

positively impact the health of the amputee. The study reported in this Chapter was 

aimed at addressing these issues in individuals who have undergone TOA procedure. 

4.1 Introduction 

The TOA procedure is performed on an amputee in order to achieve distal end weight 

bearing. During this procedure, the residual Tibialis Anterior (TA) and Gastrocnemius 

(GA) muscles are attached to the bony foundation resulting in the restoration of the 

length-tension relationship. The activation pattern of these muscles has been reported in 

previous studies [35]. Similarly, the RSI force at the distal end of the residuum was 

verified by previous studies [34, 35]. However, the relationship between the residual 

and intact muscle activation with respect to gait, and the relationship between RSI force 

and the type of gait has not been studied to the best of our knowledge. This chapter 

serves two purposes. The first objective is to study the relationship between the muscle 

activity and type of gait and between RSI force and type of gait. The second objective 

of the study reported in this chapter is to verify the results regarding the RSI force and 
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muscle activity found in the previous studies [34, 35]. The muscle contraction profile of 

an intact muscle is shown in Figure 4.1. 

 

HS - Heel Strike, FF- Foot Flat, HO – Heel Off, TO - Toe Off. 

Figure 4.1 Normalized Tibialis Anterior, Gastrocnemius and Rectus Femoris 

muscle activity in intact individuals (reproduced using data in Table 5.22 and 

Table 5.24 from the Appendix in Winter [81]). 

 

From Figure 4.1, it can be seen that the Tibialis Anterior (TA) and Rectus Femoris (RF) 

muscle groups are active during the initial period of the stance phase. The muscles start 

to activate once again during the beginning of the stance phase and keep increasing into 

the late stance phase. The TA reached the peak muscle activity during foot flat of the 

ipsilateral foot during the Loading response period while the RF muscle reaches peak 

activity after the foot flat during the loading response period of the ipsilateral foot. It 

can also be observed that the TA and RF muscle activation patterns are quite similar to 

each other but, the TA muscle activity curve leads the RF curve by a small fraction. The 

Gastrocnemius (GA) on the other hand is inactive during the beginning of the gait cycle 
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and the end of the gait cycle and becomes active during the mid- period of the gait 

cycle. The GA reaches peak activity at the Heel off of the ipsilateral foot during the 

terminal stance period. 

4.2 Objective and Hypothesis   

This study aims to infer a relationship between the muscle activity (both intact and 

residual) and the type of gait undertaken by the amputee. The study also looks at the 

relationship between the peak distal residuum force and the type of gait. The objective 

of this study is divided into three parts and corresponding hypothesis to verify these 

objectives were developed. 

Objective 4a: To investigate the relationship between peak muscle activity in the 

residual limb and gait. 

Hypothesis H4a1: Peak muscle activity for residual TA will occur in increasing 

magnitude during the self-selected walk, brisk walk and weight carry walk. 

Hypothesis H4a2: Peak muscle activity for residual GA will occur in increasing 

magnitude during the self-selected walk, brisk walk and weight carry walk. 

Hypothesis H4a3: Peak muscle activity for RF on amputated side will occur in 

increasing magnitude during the self-selected walk, brisk walk and weight carry 

walk. 

Objective 4b: To investigate the relationship between the peak muscle activity in the 

intact limb and gait. 

Hypothesis H4b1: Peak muscle activity for Intact TA will occur in increasing 

magnitude during the self-selected walk, brisk walk and weight carry walk. 
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Hypothesis H4b2: Peak muscle activity for Intact GA will occur in increasing 

magnitude during the self-selected walk, brisk walk and weight carry walk. 

Hypothesis H4b3: Peak muscle activity for Intact RF will occur in increasing 

magnitude during the self-selected walk, brisk walk and weight carry walk. 

Objective 4c: To investigate the relationship between the peak distal force exerted by 

the residual limb inside the prosthetic socket. 

Hypothesis H4c1: Peak distal force will be greater during a brisk walk when 

compared to self-selected walk. 

Hypothesis H4c2: Peak distal force will be greater during weight carry when 

compared to a brisk walk.  

4.3 Methods: 

4.3.1. Subjects:  

Ten healthy subjects with unilateral Transtibial Osteomyoplastic amputation were 

chosen for this study. The experimental protocol was approved by the Institutional 

review board at University of Oklahoma Health Science’s Center for the protection of 

Human subjects. All the subjects used their own prosthesis for the whole duration of the 

experiment to ensure that the data collected is representative of daily usage of the 

prosthesis. A certified prosthetist was available on site to ensure the fit and alignment of 

the Prosthetic socket. Table 4.1 shows the demographics of the subjects that took part in 

the study. 
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Subject Amputation 

Type 

Amputation 

side 

Age 

(Years) 

Height 

(in) 

Weight 

(lbs) 

Length of 

Residual 

Limb (cm) 

S1 TOA L 50 72 270 18 

S2 TOA L 32 72 207 17 

S3 TOA R 27 72 200 19.5 

S4 TOA L 30 74 207 24 

S5 TOA L 53 69 160 16 

S6  TOA R 50 71 245 18 

S7 TOA L 38 72 175 16 

S8 TOA R 25 75 215 19 

S9 TOA R 45 67 198 27 

S10 TOA R 28 74 175 12 

Table 4.1 Demographics of the subjects L- Left, R- Right 

 

4.3.2. Protocol 

Gait: During the period of the experiment the subjects were asked to perform three 

different walking tasks viz. 

 Self-Selected gait: Walking at a self-selected pace for the duration of 2 minutes. 

 Brisk walk: Walking at a fast pace for the duration of 2 minutes. 

Weight carry walk: Walking for a distance of 25 feet with while carrying a box 

with weights filled to capacity. 

These walks were chosen among different types of gait as the best representative of the 

daily activities the subject needs to be able to perform independently. There were onsite 

Physical Therapists that would make the call on the maximum capacity to be carried by 

the subject. These calls are made based on the postural changes in the subject while 

carrying the loaded box. 

RSI Force measurement: The residuum socket interface force was measured using the 

FlexiForce® A201 piezo resistive sensors (Section 2.6). The sensors were placed at the 
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distal location of the socket at four specific locations viz. anterior, medial, posterior and 

lateral. Image 4.1 a shows the location of the force sensors inside the prosthetic socket. 

Placement and calibration of these sensors were discussed in section 2.6. These sensors 

were used to capture the distal forces and confirm end weight bearing in the TOA 

amputees.  

Electromyography: Muscle activity from the Tibialis anterior, Gastrocnemius and 

Rectus Femoris muscles from both the residual limb and the intact limb was captures 

using disposable surface stimulating and recording Ag/AgCl electrodes [75]. A pair of 

electrodes is placed on the target muscle group as shown in figure 4.1 b as described in 

section 2.7.  

Both the RSI force signals and the EMG signals were captured using the gait 

monitoring device OUPAM (section 2.5) at a rate of 1 KHz. For the duration of the 

whole experiment, the subjects also wore an Intelligent Device for Energy Expenditure 

and Physical Activity (IDEEA®) by MiniSun™ ( section 2.5) [62]. The stance and the 

swing phases of the gait detected using the RSI force measurements was validated by 

the data captured using the IDEEA® system. 

        

(a)                                                                   (b) 
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Figure 4.2 a) Placement of the distal force sensors inside the prosthetic socket b) 

Placement of the surface EMG electrodes along the residual TA muscles. 

 

4.3.3 Data Analysis 

Distal RSI Force processing: The change in resistance of the force sensors is 

converted into a voltage by passing it through the circuit shown in figure 2.9 (b). Then it 

is filtered using a low pass filter of 3Hz to eliminate high-frequency noises. The force 

sensor readings are substantial only during the stance phase of the gait cycle when the 

leg is in contact with the ground. During the swing phase, the leg is in the air and the 

readings from the force sensors are negligible. Thus only the reading during the stance 

phase is used in this study. 10 representative steps are extracted from all the curves and 

a mean curve is found out for each sensor. This mean curve is normalized to get 120 

data points representing 60% of the gait cycle. The total Distal RSI force was obtained 

by adding up all the four distal force sensors normalized mean curves i.e. anterior, 

posterior, lateral and medial. Once the distal force curve was obtained for each type of 

gait the maximum value of the distal force curve was recorded. This value is the peak 

distal loading observed during that particular gait. 

Electromyography: Each EMG signal from the individual muscles was processed 

using a linear envelope. The linear envelope consists of a full wave rectifier and a low-

pass filter with a cutoff frequency of 8 Hz [70]. A symmetric moving window average 

of 150 ms wide (±75ms) was used to calculate the Root Mean Square curve, ERMS, of 

the filtered signals. Unlike the force signal the EMG signals show substantial activity in 

the swing phase of the gait, thus the EMG signal representing the whole gait cycle was 

used. The ERMS curve was then normalized to 100 data points representing the 100% 
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gait cycle. The peak values of this ERMS signals for each muscle during each gait was 

recorded. 

Statistical Analysis:  For hypothesis H4a1, H4a2, H4a3, H4b1, H4b2, H4b3 will be 

verified by two two-sample t-tests (one-tailed, paired, alpha=0.05) which look for the 

significant difference between the two maximum ERMS values from two gaits. The first 

t-test will be carried out for the forward walk and the brisk- walk and the second will be 

for the brisk walk and the weight carry walk. Hypothesis H4c1 and H4c2 are verified 

using two sample t-test (one-tailed, paired, alpha=0.05) which looks for the significant 

difference between the maximum distal loading between the two gaits. 

4.4 Results 

4.4.1 The relationship between muscle activity and gait in the amputated limb  

Figure 4.2 shows the normalized EMG muscle activity from both the amputated and 

intact limb. The curves were normalized to the maximum value of all the six sensors for 

a particular gait. Table 4.2 shows the result of the hypothesis tests H4a1, H4a2, and 

H4a3. 

From the table, it can be inferred that the max ERMS value of all the amputated 

muscles increased during a brisk walk when compared to the self-selected gait by a 

significant amount. This is represented by an h-value of 1 for this particular t-test. The p 

values of all the muscles are <0.05 and thus we can say with 95% confidence that the 

muscle activity increases from self-selected gait to Brisk gait. This validates part 1 of 

the hypothesis H4a1, H4a2, H4a3. However, when comparing brisk gait to weight walk 

gait there was no significant increase in the muscle activity as indicated by the h-value 
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of 0 for all three muscles. Thus the second part of the hypothesis H4a1, H4a2, H4a3 

was not validated. 

4.4.2 The relationship between muscle activity and gait in the intact limb   

Table 4.3 summarizes the results of Hypothesis tests H4b1, H4b2, H4b3. It can be seen 

from the table that for the intact limb as well there is an increase in muscle activity from 

self-selected gait to brisk gait which is represented by an h-value of 1 for all three 

muscles. The p-value is <0.05 indicating that at 95% confidence interval there is a 

substantial increase in muscle activity from self-selected gait to Brisk gait. This 

validates the first part of hypothesis H4b1, H4b2, H4b3. However, in the case of brisk 

gait to weight carry gait no substantial increase in muscle activity was noted. This is 

represented by an h-value of 0. Thus, the second part of the hypothesis H4b1, H4b2, 

H4b3 was not validated. 

4.4.3 The relationship between peak distal loading and gait 

Figure 4.3 shows the mean distal force inside the residuum socket for all three types of 

gait. Since substantial force is only observed during the stance period the mean force is 

plotted for that duration. Table 4.4 summarizes the results of hypothesis tests H4c1 and 

Table 4.5 summarizes results of hypothesis H4c2 along with Maximum Distal force 

values for the ten subjects. 
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Figure 4.4 Mean distal force for a TOA subject during all three gaits. 

 

Force sensors Peak Value for 

Forward Walk 

Peak Value for 

Brisk Walk 

h-value p-value 

Distal Force 5.3644±4.2481 5.0118±3.9075       0 0.8541124 

Table 4.4 Peak Distal force during Self-Selected and Brisk Gait 

 

From the table 4.4, it can be seen that there is no significant difference between the peak 

distal force values during the forward walk and brisk walk. Thus hypothesis H4c1 has 

not been validated. From table 4.5 it can be seen that there is a significant difference 

between the peak distal force observed during the brisk walk and weight carry walk. 

This represented by an h-value of 1 and a p-value <0.05. Thus Hypothesis H4c2 has 

been validated. 

Force sensors Peak Value for 

Brisk Walk 

Peak Value for 

Weight walk 

     h-value p-value 

Distal Force 5.0118±3.9075 10.0835±7.20489            1 0.013408 

Table 4.5 Peak Distal force during Brisk and Weight Carry gait. 
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4.5 Discussions 

4.5.1 Muscle contraction and activation profiles. 

The residual muscle contraction of TA and GA muscles is confirmed and is in 

agreement with the previous findings [18]. The activation profiles of these muscles are 

however different from the activation profile of the muscles in the intact limb. The 

author believes that this is due to the co-contraction of the muscles resulting from the 

myoplasty procedure. It is interesting to note that the intact RF muscles on the intact 

limb do not have a similar activation profile as shown in figure 4.1. This is due to the 

fact that amputees tend to favor their intact limb over their amputated side causing a 

change in their gait resulting in different activation profile of the RF muscles. In short, 

it can be explained as the effect of amputation on the activation profile of the intact 

muscles.  

4.5.2 Muscle activation and its relationship with type of gait 

From the tables 4.2 and 4.3, it can be inferred that residual and intact muscles, in 

general, show more muscle activity when the speed of the gait increases. This is in 

agreement with our prediction as to the relationship between gait and muscle activation. 

The claim is bolstered with the help of hypothesis tests H4a1 to H4b3 which have been 

validated for self-selected gait and brisk gait. We also expected to see an increase in 

muscle activation during the weight carry walk when compared to brisk walk due to the 

fact that walking with extra weight requires more effort. However, this turned out to be 

not true as shown in table 4.2 and 4.3. This is supported by the fact that part of 

hypothesis tests H4a1 to H4b3 for brisk and weight walk was not validated. This might 
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be due to the change in the step length and height while walking with a box filled with 

weight.  

4.5.3 Peak Distal Force and its relationship to gait 

Observation of distal force inside the residuum socket is in agreement with the findings 

from previous studies and verifies the expected outcome of the TOA procedure. The 

Peak Distal Force is expected to increase with an increase in the speed of gait. 

However, this was not found to be true as shown in Figure 4.3.  This is further 

supported by the fact that Hypothesis test H4c1 was not validated. This may be due to 

the fact that the difference in speed of walking in amputees is not significantly different 

as it is in the case of intact subjects. During weight carry walk an increase in distal 

loading was expected because of the extra weight to be carried during the walk. This 

was found true as shown in figure 4.3. This is further supported by the fact that 

hypothesis H4c2 was validated as shown in table 4.5. 

4.6 Conclusions 

In this chapter, the muscle activation profiles of the residual and intact muscles during 

work-related activities was studied. Residual TA and GA muscles showed signs of co-

contraction and deviation from the standard muscle activation patterns. The RF muscle 

on the intact limb showed deviation in activation pattern asserting the change in the 

biomechanics of gait after amputation. Furthermore, analysis to establish a relationship 

between the muscle activation and peak distal loading with respect to the type of gait 

was performed. The speed of gait and the magnitude of the muscle activation was found 

to be directly proportional. However, walking while carrying a weight did not result in 

an increase in the magnitude of muscle activation as expected. In contrast, Peak distal 
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loading was found to be independent of the speed of gait and showed a significant 

increase in magnitude while walking with a weight. Further research into this topic 

would be beneficial in designing better prosthetic sockets and aid in the rehabilitation of 

the amputees. 
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Chapter 5: Conclusions and Scope of Future Work  

5.1 Conclusions 

Residual muscle health in a below knee amputee is dependent on many factors. Two 

important factors that heavily influence the health of the residual limb in a healthy 

individual are the type of amputation and the fit of the prosthetic socket. Improper 

prosthetic socket fit can lead to musculoskeletal problems such as back pain and skin 

problems such as irritant contact dermatitis [10], while the type of amputation affects 

the activity in the residual muscles and the ability to bear weight at the end of the 

residual limb. The presence of muscle activity during gait prevents atrophy of muscles 

due to inactivity and end weight bearing allows an amputee to better balance their 

weight during gait preventing overloading of the intact limb. Thus, in this thesis, effects 

of the type of amputation on the residual muscle activity and the correlation of RSI 

force and muscle activity to gait are studied. 

TOA procedure is known to provide distal end weight bearing and restore the length 

tension relationship in the residual muscles. Previous studies have looked at verifying 

the outcomes of the TOA procedure [17, 18]. However, a comparative study between 

outcomes of TOA procedure and TTA procedure has never been investigated. In this 

thesis, a comparative study between the residual muscle activation in TOA and TTA 

subjects has been undertaken. It has been shown that in the case of TOA subjects there 

is considerable muscle activity in both the muscle groups (Tibialis Anterior and 

Gastrocnemius). Furthermore, even though the muscles were active during gait, the 

activation pattern differed from the standard activation pattern of an intact muscle 

indicating the effect of amputation on muscle activation. The activation pattern of the 
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residual muscles for TOA subjects was in agreement with the previous findings. In the 

case of TTA subjects, the residual Tibialis Anterior muscle was shown to be inactive 

during all three gaits while the residual Gastrocnemius was active during all the three 

gait activities. The research findings in this thesis have led to the coining of a new term 

‘Natural Bridge amputee’ wherein the amputated limb of the subject with TTA 

amputation adapted to form a natural bone bridge between the tibia and the fibula 

bones. The muscle activation pattern from this subject deviated from the rest of the 

TTA amputees indicating that changes in the anatomy of the subject have an impact on 

the muscle activity. 

In the literature, muscle activity during different gait was investigated by several 

researchers. However, the correlation between gait and muscle activity in TOA subjects 

was never determined. By establishing a correlation between muscle activity and RSI 

force to gait, one can predict the gait intent of the amputee and help in developing better 

prosthesis that can help improve the health of the amputee. In this thesis, effort has been 

made to study the correlation between gait and the two parameters that affect residual 

limb health. 

It has been shown that the residual muscle activity is positively correlated to the speed 

of gait, while no direct correlation between speed of gait and RSI force was found. 

However, RSI force was positively correlated with the weight of the upper body this 

was shown with an increase in peak distal force during the weight carry walk.     

5.2 Limitations and Scope of Future work  

Both the studies in this thesis were limited to healthy men with unilateral transtibial 

amputation. Thus these studies need to be extended to include healthy, working age 
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women in order to extend the results to a larger population. Further research needs to be 

carried out to include people with diabetes and other disorders in order to study the 

effects of the disorder on the gait performance of the amputees. The results of the 

studies reported in Chapters 3 and 4 are based on data from a small group of test 

subjects. While the results clearly demonstrated the benefits of the TOA procedure, 

research involving a larger population pool is necessary before any generalization can 

be made.   

Previous studies have validated the expected outcomes of the TOA amputation. 

However, the changes in the residual muscle activity and RSI force over time has not 

been addressed. Thus, future research along these lines can help assess whether residual 

muscle activity and RSI force can be used as a reliable source of control signals for 

controlling active prosthetic devices. The results reported in this thesis can also help 

assess the changes in the prosthetic socket fit over time and thereby provide data to the 

prosthetist for making modifications to the socket. Timely assessment of prosthetic 

socket can help avoid back pain and chronic skin problems in amputees. 
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