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Abstract 

Introduction  

Increased pelvic drop has been linked to a range of musculoskeletal running injuries and may 

be linked to atypical activation pattern of the muscles surrounding the pelvis. However, to 

date, previous research investigating pelvic drop has focused on the abductor group, with 

minimal focus on the adductor group. Importantly, the over-activation of the adductor 

muscles could increase the adduction movement at the hip and therefore increase pelvic drop. 

However, this has not yet been investigated. Therefore, the studies within this thesis aimed to 

develop a valid and reliable protocol for measuring the activity of the adductor muscles and 

to investigate the association between adductor activation patterns and pelvic drop. 

Methods 

Ethical approvals were obtained from the University of Salford. Study 1 quantified the 

relative movement of the adductor muscles under the skin at different hip joint angles and 

during incremental isometric contraction. In addition, it explored the relationship between 

adductor torque and the corresponding EMG amplitudes during ramped isometric contraction 

in 10 participants. Study 2 investigated the between-day reliability for EMG measurements 

for the adductor muscles collected during both walking and running in 10 healthy runners. 

Study 3 described the EMG profile and the inter-subject variability for the adductor muscles 

during running in 25 runners. Study 4 investigated the association between the frontal pelvic 

plane movement and the adductor activation pattern during the early stance phase of running 

in 25 runners. 
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Results 

The results of Study 1 suggested that placing the surface electrodes centrally over the 

adductor muscles ensure that the adductor muscles remain within the EMG electrode 

detection volume. Study 2 showed good to high between days reliability in both walking and 

running for the EMG that was developed for measuring adductor muscles activity. Study 3 

suggested that the adductor magnus and gracilis muscles activate at the foot strike while the 

adductor longus activates at toe off. Study 4 showed that there was a significant strong 

positive correlation between the degree of adductor magnus activity and the pelvic drop 

angle. 

Conclusions  

The thesis establishes a robust and reliable method for measuring the activity of the adductor 

muscles using surface EMG electrodes in walking and running. Importantly, runners who 

exhibit increased pelvic drop also appear to demonstrate increased activity of adductor 

magnus during early stance phase. This finding motivates future clinical trials which could 

focus on muscle coordination retraining in order to improve kinematic patterns which have 

been linked to running-related injuries. 
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Chapter 1: Overview and scope of the thesis 

1.1 Architecture of adductor muscles  

The adductor muscle group is consisted of five separate muscles: the adductor magnus (AM), 

adductor longus (AL), adductor brevis, pectineus, and gracilis (Gr). As a group, the hip 

adductors make up 22.5% of the total muscle mass of the lower limb (Ito, 1996). This 

compares to a figure of 18.4% for the flexors, 14.9% for the abductors and 12.8% for the 

gluteus maximus (GMax) (Figure 1- 1). Similarly, the AM appears to have one of the largest 

physiological cross-sectional area (PCSA) of all lower extremity muscles, second only to the 

GMax (Ward, Eng, Smallwood, & Lieber, 2009). Additionally, the adductor group appears to 

have the second heaviest percentage (13.36%) of the total lower limb weight in the thigh 

region second only to the quadriceps group (21.19%) and larger than the hamstring group 

(9.59%) (Ito, Moriyama, Inokuchi, & Goto, 2003). Given the relative size of these muscles 

and corresponding capacity for generating muscle forces, it would seem intuitive that this 

muscle group plays an important role in human ambulation. 

 

Figure 1- 1: The percent of mass of different hip muscle groups. Flexor group: sartorius, rectus femoris, 

iliopsoas. Extensor group: gluteus maximus, biceps femoris, semitendinosus, semimembranosus. Adductor 

group: gracilis, pectineus, adductor longus, adductor brevis, adductor magnus. Abductor: piriformis, gluteus 

medius, gluteus minimus. Rotator: quadratus femoris, obturatorius externus, gemellus, obturatorius 

internus. 
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The ómoment armô of a muscle determines the direction and size of the moment that it can 

exert at a given joint (Levangie, 2011). Although all of the hip adductors exhibit relatively 

large moment arms for frontal plane moments, different hip adductors also exhibit moment 

arms of varying magnitudes in the sagittal plane. For example, the AM muscle is actually a 

very important hip extensor when the hip is in the flexed position. This is because the AM, at 

90o hip flexion, has a longer moment arm for hip extension compared the main hip extensor 

muscle (Nemeth & Ohlsen, 1985). Similarly, the AL acts to produce hip flexion during 

certain sagittal plane angles (Dostal, Soderberg, & Andrews, 1986). The variations in muscle 

moment arm length can reflect the muscleôs capacity to generate force. For instance, the force 

generated by the AM is approximately 70% of that produced by the GMax. Also, it represents 

about 83% of the force produced by the hip abductors (Arnold, Ward, Lieber, & Delp, 2010).  

Taken together, these anatomical studies demonstrate that the adductor muscles have the 

capacity to produce large joint moments in both the frontal and sagittal planes. Given this 

capacity, it is important to understand the precise function of the adductor muscles during 

human gait and whether dysfunction of these muscles could be associated with gait 

dysfunction and/or musculoskeletal pathology. 

1.2 The lack of research measuring adductors in walking and 

running  

In order to understand the breadth of previous research investigating the function of the 

adductors, a systematic search of the literature was performed. The search strategy focused 

on electromyography (EMG), the primary technique used for measuring muscle function. The 

precise search strategy is documented in Appendix I and the results shown in Figure 1- 2). 

Approximately 70 papers were identified and retrieved for further analysis. This number of 

studies is quite small when compared with those addressing other muscles. For example, for 
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the hip extensor, a quick search was made and identified approximately a thousand articles. 

Among these 70 articles, only 11 papers investigated EMG activity for the adductor muscles 

during gait. In addition, only eight articles exploring the EMG activity for adductor muscles 

in musculoskeletal disorders were identified. These articles will be discussed in more detail in 

the following paragraphs. 

 

Figure 1- 2: Diagram of paper identification strategy. 
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A small number of studies have explored EMG activity for the adductor muscles during gait, 

including three studies of walking and four of running. In the walking articles, Bogey and 

Barnes (2016) proposed that the hip adductors did not act as a single synergistic group. The 

AM synergistically assisted other hip extensors and produced forces that were out-of-phase 

with the other hip adductor forces. Moreover, Lee and Hidler (2008) reported higher activity 

of the AL in the early and mid-swing phases of overground walking compared to their 

activity during treadmill walking. Similarly, an increased level of activity for the AL was 

observed as walking speed increased (Hu et al., 2010). These studies used an invasive 

approach, fine wire technique (Bogey & Barnes, 2016), did not specify the recording method 

(Lee & Hidler, 2008), or only mentioned a method of application which is not exist for this 

group of muscles such as the Surface Electromyography for the Non-Invasive Assessment of 

Muscles (SENIAM) recommendations (Hu et al., 2010). 

Similarly, four studies investigated the activity of the adductor muscles during running. 

Montgomery, Pink, and Perry (1994) proposed that the AM muscle afforded pelvic 

stabilisation and assisted the main hip extensors in the early stance phase. Three studies 

investigated the effect of specific exercise programmes on EMG activity of the adductor 

muscles. For example, a higher EMG activity for the AL was reported during deep water 

running compared to level and water walking (Kaneda, Sato, Wakabayashi, & Nomura, 

2009). Similarly, an increased EMG amplitude of the adductor muscle during the preparatory 

phase of landing during running tasks was reported after a period of plyometric training 

(Chimera, Swanik, Swanik, & Straub, 2004). Finally, the level of EMG adductor activity was 

shown to be influenced by the percentage of body weight support while running on a 

positive-pressure treadmill (Hunter, Seeley, Hopkins, Carr, & Franson, 2014). Again, these 

studies used either fine wire (Montgomery et al., 1994), which may not be appropriate for the 

adductor muscles, especially during dynamic tasks, or a placed surface EMG electrodes using 
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a manual palpation technique (Chimera et al., 2004; Hunter et al., 2014; Kaneda et al., 2009) 

in order to locate this group of muscles. The palpation manual technique of application could 

result in the inappropriate placement of electrodes. Accordingly, it could lead to crosstalk 

especially in this relatively small area. 

Finally, four articles investigated the EMG activity of the adductor muscles during both 

walking and running activities. Mann, Moran, and Dougherty (1986) proposed that the AL 

was silent in the stance phase of walking, jogging, and running, and was active in the late toe-

off only. In addition, the activity of the hip adductor muscles was similar between genders 

during walk and run conditions (Chumanov, Wall-Scheffler, & Heiderscheit, 2008). 

Moreover, Wall-Scheffler, Chumanov, Steudel-Numbers, and Heiderscheit (2010) concluded 

that the adductor muscle is speed dependent (i.e. as the speed increases the muscle activity 

increases). In contrast, Tsuji, Ishida, Oba, Ueki, and Fujihashi (2015) found that the activities 

of the hip adductors did not significantly differ among all speeds. There is minimal 

information on the biomechanical function of the adductor muscle groups during gait. As 

explained earlier, the adductor muscles have capacity to generate joint moments in both the 

sagittal and frontal plane. However, it is not clear when, and to what degree, these muscles 

are active during walking and running and how such action may contribute to sagittal and 

frontal joint moments during gait. Muscle function may also be characterised by maximal 

force testing (e.g. isometric, isokinetic) and this may provide further insight into the force 

generating capacity of these muscles during gait. Given this lack of understanding, 

considerably more research is needed to understand the role of this group of muscles during 

human gait. 
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1.3 Adductor activity in musculoskeletal disorders 

It has been suggested that altered frontal plane motion of the pelvis could be associated with 

gait dysfunction, poor gait stability during walking, and hip and knee pathology during 

running (Dean, Alexander, & Kuo, 2007; McAndrew, Wilken, & Dingwell, 2011). However, 

there is minimal understanding of the links between abnormal pelvic motions and abnormal 

adductor coordination. Moreover, there have been only a small number of studies 

investigating adductor EMG patterns in musculoskeletal conditions and the majority of  these 

studies have focused on the effects of an intervention (i.e. they aim to explore the effect of 

certain variables on this group) (Aminaka, Pietrosimone, Armstrong, Meszaros, & Gribble, 

2011; Brandt et al., 2013; Cerny, 1995; Dwyer, Lewis, Hanmer, & McCarthy, 2016; Glaviano 

& Saliba, 2016; Krebs, Robbins, Lavine, & Mann, 1998; Morrissey et al., 2012; Solomonow-

Avnon et al., 2016). For instance, neither the exercise programme nor patellar tapping 

influenced the level of activity for the AM muscle in patellofemoral pain (PFP) patients 

(Cerny, 1995). Similarly, there was no significant difference in AL activity during ascending 

and descending phases of lounge exercise in patients with acetabular labral tears. Compared 

to asymptomatic participants, subjects with PFP displayed an earlier onset and longer 

activation of the AL during stair-climbing activity (Aminaka et al., 2011). To date, it is 

unclear exactly how this group of muscles behaves during gait in participants with 

musculoskeletal disorders. 

1.4 Difficulties in measuring adductor muscles activity  

It is possible that the paucity of research investigating the function of the adductors during 

walking and running is due to the difficulties in measuring this muscle group. For example, 

there are no clear guidelines for surface EMG electrode placement for the adductor muscle 

group. Moreover, the adductor muscles are very close to each other at the upper medial side 
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of the thigh. Thus, small errors in electrode placement using manual palpation, for example, 

could increase the possibility of cross talk (Watanabe, Katayama, Ishida, & Akima, 2009). 

Some researchers have attempted to use fine wire electrodes, which are inserted directly into 

the muscle. (Mann et al., 1986; Montgomery et al., 1994). However, this invasive technique 

may not be appropriate for the adductor muscles, especially during dynamic tasks.  

Although the adductor muscles are some of the largest muscles in the lower limbs and have a 

large capacity for generating moments in both the sagittal and frontal planes, there has been 

very little study into the biomechanical function of this group. Consequently, little is known 

about the precise role of the adductors during gait. Therefore, the aim of this thesis is to 

develop a standard and reliable method for measuring this group and to understand typical 

activation patterns during running gait. With this methodology and understanding of function, 

it was then sought to explore how patterns of frontal plane motions in running, previously 

linked to pathology, could be related to adductor function. 

Specifically, the aims of this project were to:  

Chapter 3: 

i. Establish a standardised method to measure the activity of the adductor muscles 

activity using surface EMG electrodes. This was achieved by answering the 

following research questions:  

¶ Experiment 1: Is the position of the adductor muscles, relative to the skin, 

similar at various hip joint angles in standing position? 

¶ Experiment 2: Is the position of the adductor muscles, relative to the skin, 

similar while performing ramped isometric contraction? 
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¶ Experiment 3: Is there a relationship between torque produced by adductor 

muscles and the magnitude of the corresponding EMG signal during 

isometric contraction? 

Chapter 4: 

ii.  Investigate the degree of consistency between EMG measurements from the 

adductor muscles during both overground walking and running activities. This was 

achieved answering the following research questions:  

¶ Do healthy subjects demonstrate consistent EMG patterns during walking in 

repeated sessions, separated by approximately 1 week? 

¶ Do healthy subjects demonstrate consistent EMG patterns during running in 

repeated sessions, separated by approximately 1 week? 

 

Chapter 5: 

iii.  Describe the typical EMG profile for the adductor muscles during running as well as 

the inter-subject variability.  

iv. Describe the typical EMG profile for the major lower limb muscles collected during 

running as well as the associated inter-subject variability. 

Chapter 6: 

v. Investigate the association between the frontal plane movement and the EMG 

activity of the hip adductor muscles at specific point of the stance phase of running. 

This was achieved by answering the following research question: 

¶ Do EMG measures of adductor function associate with lower limb frontal 

plane kinematics during the early stance phase of running. 
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Chapter 2: Literature review   

This chapter presents a review of the available literature on the adductor muscles. Firstly, the 

functional anatomy of this group will be explained. Secondly, the basics of EMG 

measurements and the factors that can influence their validity and how the previous studies 

processed and normalised EMG signals will be described. Additionally, an overview of 

reliability studies on walking and running were presented. Furthermore, the typical profile for 

the adductor muscles presented in the previous literature will be discussed. Finally, the issue 

of their abnormal activation patterns and how this could lead to running related injuries will 

be addressed. 

2.1 Anatomy and architecture of adductor muscles  

2.1.1 Functional anatomy of the adductor muscles 

The most important function of the hip muscles appears during weight-bearing activities. In 

weight-bearing activities, the muscles function to move or support the head, arm, and trunk 

(approximately two-thirds of the body weight) (Levangie, 2011). Consequently, the hip 

muscles acclimatise their structure to the required role. In addition, the alignment of the hip 

joint muscles and the large range of motion offered by the hip joint means that the muscles 

have a role in more than one movement plane. For example, the adductor muscles may act as 

hip flexors in the neutral hip joint but as hip extensors when the hip joint is already flexed 

(Basmajian & De Luca, 1985). This example explains how the adductor muscles function not 

only in the frontal plane but also in other movement planes. 

2.1.1.1 Anatomy of the adductor group 

The hip adductor muscle group generally consists of five muscles: the pectineus, adductor 

brevis, AL, AM, and Gr muscles. The hip adductor muscles are situated in the anteromedial 

aspect of the thigh. The adductor brevis, AL, and AM muscles originate from the inferior 
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ramus of the pubis and insert along the linea aspera of the femur. The Gr muscle is the only 

two-joint muscle in the adductor group. It originates on the symphysis pubis and pubic arch 

and inserts on the upper medial surface of the shaft of the tibia. The contribution of the 

adductor muscles to hip joint function is a major point of debate. With excessive femoral 

anteversion, the moment arms of the adductor brevis, pectineus, and the middle fibres of AM 

muscles switched from medial rotational to lateral rotational lines of pull. After examining 

the changes in the moment arms with femoral anteversion or combined hip medial rotation 

and knee flexion, Arnold and Delp (2001) concluded that the adductors were unlikely to have 

a strong influence on the medially rotated hip position during the gait cycle. 

The AM muscle is the biggest member of the hip adductor group in terms of muscle mass. It 

is a large triangular muscle, situated on the medial side of the thigh. The AM is split into four 

parts based on courses of the corresponding perforating arteries from the deep femoral artery 

(Figure 2- 1). The first portion of the adductor magnus (AM1) is the part of the muscle 

proximal to the first perforating artery and next to it, the second portion (AM2) is located. 

Distal to AM2, the third portion, AM3, is situated but proximal and lateral to the adductor 

hiatus. The final portion, AM4, is located distal and medial to the adductor hiatus. The AM is 

divided into a hamstrings part and adductor part. The hamstrings part corresponds to AM4 

that attaches to the adductor tubercle at the distal end of the femur, while the adductor part 

corresponds to the remaining three portions attached to the linea aspera of the femur. The 

AM1 portion is designed for stabilising the hip joint. Because of the presence of longer 

muscle fibres than the AM1, the other three portions function as displacers for moving the 

thigh through a large range of motion. Each portion of the AM may have its own role 

depending on its dynamic circumstances (Takizawa, Suzuki, Ito, Fujimiya, & Uchiyama, 

2014). Although the role of the adductor muscles may be less clear than that of other hip 

muscle groups, the relative importance of the adductors should not be underestimated. 
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Figure 2- 1: Posterior view the four portions of the adductor magnus (AM1-AM4) based on courses of the 

corresponding perforating arteries from the deep femoral artery (Arnold et al., 2010). 

 

2.1.1.2 Anatomy of the hip flexor group 

Nine muscles have action lines crossing the hip joint anteriorly. Of these, the primary hip 

flexors are the iliopsoas, rectus femoris (RF), tensor fascia lata, and sartorius. The iliopsoas 

muscle is considered the main hip flexor. It comprises of two separate muscles, the iliacus 

muscle and the psoas major muscle, both are attached to the femur by a common tendon. The 

primary function of the hip flexors during gait is to move the swinging limb forward. In 

addition, they withstand the strong hip extension forces that occur during the early stance. 

The secondary hip flexors, the pectineus, AL, AM, and the Gr muscles, are mainly adductors 

of the hip joint (Figure 2- 2). Each, however, is capable of contributing to hip joint flexion 

during gait, but that contribution is dependent on hip joint position (Levangie, 2011).  
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Figure 2- 2: Timing of various lower limb muscles during running activity and sagittal plan hip kinematics. 

Image adopted and amended from (Kamen & Gabriel, 2010; Novacheck, 1998). 

 

2.1.1.3 Anatomy of the hip extensor group 

The GMax and the hamstring muscle group are function primarily as hip extensors. The 

GMax is a one-joint muscle that originates from the posterior sacrum, dorsal sacroiliac 

ligaments, sacrotuberous ligament, and a small portion of the ilium. Its superior fibres insert 

into the iliotibial band while its inferior fibres insert into the gluteal tuberosity. The maximus 

activates primarily against a resistance greater than the limb weight. In addition, the posterior 

fibres of the gluteus medius (GMed), the posterior portion of the AM muscle, and the 

piriformis muscle may assist the maximus in its function. The other primary hip extensor, the 

hamstring, comprises of three two-joint extensor muscles: the long head of the biceps 

femoris, the semitendinosus, and the semimembranosus muscles. Each of these muscles 
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originate from the ischial tuberosity. The biceps femoris moves across the posterior aspect of 

the femur to insert into the fibular head and lateral aspect of the lateral tibial condyle. The 

other two hamstrings insert into the medial aspect of the tibia. All three parts of the hamstring 

muscles support the extension of the hip in the early stance as well as serve as the main knee 

flexors (Levangie, 2011). 

2.1.1.4 Anatomy of the hip abductor group 

The GMed and the gluteus minimus muscles are function primarily to abduct the hip joint. 

The GMed originates from the lateral surface of the ilium and inserts into the greater 

trochanter, beneath the GMax (Robertson et al., 2008). It has three parts (anterior, middle, 

and posterior) that function asynchronously during movement at the hip (Soderberg & Dostal, 

1978). The superior fibres of the GMax and the sartorius muscles may help the abduction of 

the hip against the strong resistance. The tensor fascia lata muscle is given variable credit for 

its contribution and may be effective as an abductor only during simultaneous hip flexion. 

The GMed and gluteus minimus muscles function together either to abduct the femur (as in 

open kinetic chain movement i.e. the distal lever moves in space) or, more importantly, to 

stabilise the pelvis and superimposed head, arm and trunk (HAT) in unilateral stance against 

the effects of gravity. Consequently, the gluteus minimus and GMed muscles will offset the 

gravitation adduction torque on the pelvis (pelvis drop) around the weight-bearing hip in 

unilateral stance (Levangie, 2011). 

This anatomical background demonstrates that the hip muscles are integrated muscle groups 

and they may function together in certain situations. In addition, the adductor muscles are 

important members in hip musculature and they have the capacity to play a role in the frontal 

and other movement planes. Compared to other hip muscles, the role of the adductor muscles 

may be unclear during gait and has not previously been investigated in detail. Therefore, it is 
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important to understand the precise function of the adductor muscles during human 

ambulation  

2.1.2 Morphological structure of the adductor muscles  

Muscle architecture is a primary determinant of muscle function. In addition, architectural 

differences between muscles are the best predictors of force generation capacity (Lieber & 

Fridén, 2000). Therefore, understanding this structureïfunction relationship is of great 

importance. Among the hip muscles, the hip adductor group contributes to 22.5% of the total 

muscle mass of the lower extremity (Ito, 1996). Moreover, they take up 27% of the mass of 

the thigh musculature (Takizawa et al., 2014). Although the AM is considered to have the 

second largest PCSA among the lower limb muscles, it has the capacity to generate extension 

force equal to the force produced by the GMax (Ito et al., 2003). Similarly, the summation of 

PCSA for the adductor muscles is larger than the PCSA of the GMed muscle (Williams, 

Wilson, Daynes, Peckham, & Payne, 2008). However, although they have a large muscle 

mass of the lower limb, the contribution of the adductor muscles during gait still unclear. 

2.1.3 Factors affecting the force generation of the adductor muscles  

Many factors influence the capacity of a muscle to generate forces. Among these factors, 

muscle architecture appears to be a critical factor (Lieber & Fridén, 2000). The common 

parameters included in an architectural analysis are PCSA and pennation angle. PCSA is a 

measure of the muscle cross section perpendicular to the fibres, while pennation angle is the 

fibre angle in relation to the force-generating axis. In addition, the PCSA is influenced by the 

angle of pennation of the muscle fibre while, the pennation angle is affect by the range of 

motion. Thus, the capacity to generate force is influenced by the PCSA and angle of 

pennation (Williams et al., 2008). Despite the fact that the pennation angles of the adductor 

muscles are smaller than those of the GMax and GMed, they are capable of generating a 
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higher force than these two muscles (Arnold et al., 2010; Ward et al., 2009). In addition, the 

dynamic role of the limb can be deeply understood by obtaining measures of muscle moment 

arms. Moment arms can transform the linear forces developed by the muscles into rotational 

moments that result in joint movements (Williams et al., 2008). 

The flexion-extension moment arms of the major pelvic muscles at the hip have been 

estimated in previous studies using a modelling approach (Arnold et al., 2010; Dostal et al., 

1986; Nemeth & Ohlsen, 1985; Ward, Winters, & Blemker, 2010). Moment arms were scaled 

by segment length and presented as muscles acting to extend or flex the hip joint. For 

example, the moment arm length of the AM muscle is twice that of GMax at 90o of hip 

flexion but it decreases in the anatomical position (at 0° hip angle) (Nemeth & Ohlsen, 1985). 

This makes the hamstrings and GMax more effective hip extensors than the AM when the hip 

is extended, as observed in the anatomical position (Dostal et al., 1986; Nemeth & Ohlsen, 

1985). Despite the fact that GMax has a larger PCSA, similar maximum extension torques 

have been recorded for the GMax and AM in the sagittal plane (Ward et al., 2010).This is due 

to the fact that the AM has a larger hip extension moment arm when the hip is flexed. 

However, the AL produces hip flexion with a moment arm length nearly equal to that of the 

sartorius and RF and longer than that of the iliopsoas (Dostal et al., 1986). Changes in the 

moment arm length can influence the force produced by the muscles. The AM produces a 

force of about 70% of that of the GMax, and the hip adductor muscles produce a force of 

about 83% of that of the hip abductors (Arnold et al., 2010). Consequently, the adductor 

muscles can produce significant joint moments both in the frontal and sagittal planes.  

The morphological structure of the adductor muscles reveals that a huge muscle mass 

occupies the whole medial aspect of thigh. In addition, they have a large PCSA and relatively 

small pennation angle as compared to the other lower limb muscles. Furthermore, they have 



16 
 

the capacity to produce a force that is higher than that produced by the other hip 

musculatures. Therefore, further research is required to understand the role the adductors play 

during ambulation and whether dysfunction of these muscles could play a role in gait 

dysfunction and/or musculoskeletal pathology. Accordingly, kinesiological EMG can give us 

a better understanding of how this group of muscles behaves during human gait. Therefore, in 

the following section, the background of EMG, how the signals originate and propagate will 

be discussed. In addition, the process of collecting high-quality signals and processing and 

normalising the acquired data will be explained. Finally, the limitations of EMG 

measurement will be highlighted.  

2.2 EMG measurement of skeletal muscle 

2.2.1 Background and history of EMG. 

Electromyography is an electrodiagnostic method interested in developing, recording, and 

analysis of myoelectric signals (Kamen, 2004). Such signals are created by physiological 

differences in the state of muscle fibre membranes (Basmajian & De Luca, 1985). Unlike the 

classical neurological EMG, where an artificial muscle response due to external electrical 

stimulation is analysed in static conditions, the focus of kinesiological EMG on studying of 

the voluntary neuromuscular activation of muscles within postural tasks, functional 

movements, work conditions, and treatment/training regimes. Nowadays, it remains one of 

the only direct windows into the neural codes that produce muscular contraction, force, and 

movement.  

2.2.2 Motor unit action potential 

The origin of the EMG signals 

Understanding EMG signal generation in human muscles is helpful for understanding the 

principles of obtaining a valid measurement. The motor unit is considered as the smallest 

single functional unit that can describe neural control of muscle contraction. The term unit 
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expresses the behaviour that all muscle fibres of a given motor unit act ñas oneò within the 

innervation process. The single motor unit includes one anterior horn cell, one axon, its 

neuromuscular junctions, and all the muscle fibres innervated by this axon (Figure 2-3) 

(Enoka, 2015; O'Sullivan, Schmitz, & Fulk, 2013). Once activated, the motor neuron spreads 

the action potential (MUAP) along its axons. When the MUAP accomplishes a synaptic end 

bulb, it activates a sequence of electrochemical events to release the neurotransmitter. This 

chemical transmitter moves from the synaptic cleft to bind with the receptors located in the 

motor end plate of the muscle, which consists of neurotransmitter receptors (Konrad, 2005). 

Activation of these receptors results in an influx of sodium ions into the cell membrane of the 

muscle and efflux of potassium ions out of the cell membrane leading to a depolarisation of 

the postsynaptic membrane, causing an action potential (Figure 2-4). 

 
Figure 2-3: Motor unit structure (Konrad, 2005). 

 

Two voltage-gated channels play a role in the action potential process. Initially, the voltage-

gated sodium ion channels open to allow the influx of the sodium ion inside the membrane, 

causing membrane depolarisation. In this stage, the negative membrane potential changes 

into positive (up to +30 mV) for about 2 ms. Thereafter, the potassium gates open to permit 

the efflux of potassium ions. In a few milliseconds, the membrane permeability is revered to 
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restore the resting membrane condition in a process called repolarisation (Tortora & 

Derrickson, 2008). In the resting status, the ionic balance is kept by an active sodium-

potassium pump, forming a resting potential of approximately -80 to -90 mV (Tortora & 

Derrickson, 2008). When the action potential is generated, there is a transient negative shift 

from the original resting membrane potential, and this is referred to as the after-

hyperpolarisation stage (Villalobos, Foehring, Lee, & Andrade, 2011). 

 

Figure 2-4: Depolarisation/repolarisation process within the excitable membrane (Konrad, 2005). 

 

The action potential travels along the length of the muscle fibre at a speed of between 2 and 6 

m.s-1 (Baker, 2013). Although this takes a few milliseconds, it is not likely that any other 

action potential occurs. The generated action potential propagates along the muscle fibre 

membrane and provokes the release of calcium ions into the sarcoplasm. Thereafter, the 

calcium ions attach to the actin myofilaments (contractile elements of skeletal muscle), 

causing a sliding of these myofilaments, and, finally, the whole muscle shortens. The sliding 

of the myofilaments is energised by ATP. The longer axon of the motor neurons may need a 

longer time for activation. The aforementioned mechanism occurs in any type of muscle 
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contraction in healthy individuals (Tortora & Derrickson, 2008). This type of potential is 

influenced by the type of training and the type of muscle fibre: slow or fast-twitch fibres 

(Hammelsbeck & Rathmayer, 1989; Kamen & Gabriel, 2010; Moss, Raven, Knochel, 

Peckham, & Blachley, 1983). All these variations in membrane potential, depolarisation, 

overshoot, repolarisation, and after-hyperpolarisation, are known to as the action potential 

(AP) process (Figure 2-5). 

 
Figure 2-5: Generation of action potential. 

 

Motor unit action potential  

The term innervation ratio is used to express the number of muscle fibres innervated by a 

motor neuron (Kamen, 2004). The motor unit action potential (MUAP) is the summation of 

the electrical activity of all muscle fibres activated within the motor unit, which is 

proportional to the innervation ratio (Henneman, Somjen, & Carpenter, 1965). Therefore, as 

the number of recruited motor units increases, the strength of the contraction increases. 

Furthermore, a higher activation frequency produces a higher muscular force (Robertson, 
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2014). A force-time response to an action potential is a twitch. It is relatively common for a 

motor unit to receive a number of action potentials, resulting in overlapping twitches (Enoka, 

2015). This may lead to oscillating forces when it is insufficient to initiate an action potential. 

Moreover, doublets (two short bursts of motor unit activation) and synchronisation (more 

than one motor unit fires at the same time) are important processes that can alter the muscular 

force (Clamann & Schelhorn, 1988). In summary, the EMG signal is the electrical summation 

of the activity of all active motor units in the detecting volume. These signals consist of the 

amplitude of both negative and positive components. This amplitude reflects the intensity of 

the muscular contraction; however, the relationship between amplitude and muscular force is 

frequently non-linear (Solomonow, Baratta, Shoji, & D'Ambrosia, 1990). 

2.2.3 Factors that influence the validity of EMG measurement  

A number of factors have an impact on the quality of the EMG signals. Farina, Merletti, and 

Enoka (2004) categorised and summarised these factors into two main groups: 

nonphysiological and physiological (Table 2- 1). Some of these effects are not intuitive and 

differ with experimental conditions. Nonetheless, useful information can be gained from the 

surface EMG, especially when the experimental protocol minimise the effect of these factors 

. Proper electrode placement could help in reducing of some of these factors. On the other 

hand, there are some other factors which could influence the EMG signal quality which need 

to be considered carefully during measurement of the adductor muscles. These factors 

include soft tissue characteristics and muscle movement in relation to the skin, during either 

dynamic movement or muscle contraction and crosstalk. These factors are integrated and 

could lead to inaccuracy of the EMG measurement. Moreover, these factors can greatly differ 

from individual to individual (and even within individual) and prohibit a direct quantitative 

comparison of EMG amplitude parameters calculated using unprocessed EMG signals. 
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Table 2- 1: Factors influencing the surface EMG signals 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Soft tissue characteristics 

The magnitude of the EMG signal recorded at the surface of the skin is strongly influenced 

by the electrical conductivity of the tissues between the muscle and the electrode. A fatty 

layer between the electrode and the muscle can be the cause of inaccuracy in the results of the 

measurement obtained with the application of surface EMG (Farina & Mesin, 2005; 

Nordander et al., 2003). Kuiken, Lowery, and Stoykov (2003) state that an increase in the 

subcutaneous fatty layer leads to a decrease in the EMG signal amplitude and an increase in 
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the likelihood of crosstalk from the adjacent muscles. Similarly, Farina and Rainoldi (1999) 

suggest that the subcutaneous tissue layers attenuate the potential distribution present at the 

muscle surface. The percentage of fat tissue layer could be a problem especially in the inner 

thigh region and could influence the amplitude of the EMG signals. 

The reason behind the decrease in EMG amplitude is that the presence of subcutaneous fatty 

tissues reduces the spectrum of the EMG signal. The detection volume for the surface EMG 

electrodes is within 10ï20 mm from the surface layer, i.e. the skin (Barkhaus & Nandedkar, 

1994; Fuglevand, Winter, Patla, & Stashuk, 1992; Winter, Fuglevand, & Archer, 1994). The 

anatomical dissimilarities such as the percentage of subcutaneous fat mislead the data 

interpretation, particularly when comparing among individuals. In addition, skinfold 

thickness is negatively correlated with motor unit yields during voluntary contractions 

(Zaheer, Roy, & De Luca, 2012). Therefore, the subcutaneous tissue between the muscle and 

electrode must be taken into consideration during EMG measurements (De la Barrera & 

Milner, 1994; Herda et al., 2010; Petrofsky, 2008).  

Muscle movement in relation to the skin during dynamic tasks 

The relative motion of muscles under the skin can affect the process of EMG measurement. 

For example, Enoka (2015) stated that the muscles move slightly as they contract as a result 

of changes in the joint angle. The contraction of contractile elements of a muscle causes a 

transverse displacement of its fibres (i.e. the fibres move parallel to the skin) in relation to the 

overlying skin. This displacement occurs as a result of muscle shortening during contraction. 

Therefore, any significant difference in the muscle dimensions will affect the relative 

electrode location and, as a result, the detection volume of the EMG electrode changes. 

However, there is no study quantifying the adductor muscles movement relative to the skin at 

different hip joint angles. 
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Muscle movement in relation to the skin during contraction 

Similar to muscle movement during a dynamic task, muscles move in relation to the 

overlying skin as a result of muscle contraction. Delaney, Worsley, Warner, Taylor, and 

Stokes (2010) examined the contractile capacity of the quadriceps muscle using ultrasound 

imaging technique during submaximal and maximal voluntary contractions. They found 

significant changes in the width of the RF (total distance between muscle borders) during 

incremental muscle contraction of the quadriceps muscle. Likewise, Rainoldi et al. (2000) 

assessed the geometrical artefacts on the EMG signals for the vastus medialis obliques and 

vastus lateralis obliques (VMO and VLO) and RF during ramped isometric contractions (0, 

50, and 70% MVC). They found that the muscle slide with respect to the skin showed an 

approximately 10 mm shift for the VMO and VLO. However, no study has investigated the 

effect of muscle contraction on the position of adductor muscles or how this could affect 

EMG electrode positioning relative to the muscle position. 

Physiological crosstalk 

It is important to recognise that bipolar surface EMG is not always a true representation of 

the electrical activity of a single muscle directly underlying the recording electrodes. With 

smaller or close muscles, the electrodes may pick up the electrical activity of one or more 

neighbouring muscles and their signals may become contaminated (known as crosstalk) with 

the surface EMG from the desired muscle (Figure 2- 6) (Winter et al., 1994). For example, 

the adductor muscles are close together, so crosstalk poses a considerable problem for this 

muscle group. While signal sources close to the electrode will dominate the recorded surface 

EMG signal, distant sources from other muscles may create crosstalk (Gerdle, Karlsson, Day, 

& Djupsjöbacka, 1999). The distance for effective EMG measurement is the radius about the 

electrode where the amplitude of signal contributions is larger than the standard deviation of 

the signal noise (Gerdle et al., 1999). The amplitude of the bipolar surface EMG signal 
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decays exponentially with increased distance from the recording electrode (Day, 1997). This 

is due to the fact that muscle fibres, subcutaneous fat, and the skin are anisotropic and act as a 

spatial filter with low pass frequency properties, where an increase in the distance between 

the muscle fibre and electrode increases the filtering effect (Solomonow et al., 1994). 

Effectively, this means that fewer signals can be measured from progressively more distant 

electrical sources; consequently, the frequency of surface EMG contributions becomes 

progressively lower (Lindstrom & Magnusson, 1977).  

 

Figure 2- 6: Muscle A (Ms A), muscle B (Ms B), and muscle C (Ms C) are shown here. There are 3 surface 

EMG electrodes placed over the skin surface. Electrode 1 will pick up the best signal from Muscle A, while 

Electrode 2 and Electrode 3 would pick up cross-talk from adjacent muscles. 

 

Crosstalk can be evaded by choosing proper-sized electrodes in terms of conductive area and 

appropriate inter-electrode distance (Mesin, Merletti, & Rainoldi, 2009). Decreasing the 

conductive area decreases the effective surface EMG measurement distance (i.e. depth). 

Similarly, reducing the inter-electrode distance decreases the effective recording distance and 

shifts the EMG bandwidth to higher frequencies (Lindstrom & Magnusson, 1977). The 

SENIAM guidelines suggested a procedure for electrode placement for different muscles and 

muscle areas (for more information see section 2.3 Experimental studies used to inform EMG 

measurement protocols). 
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2.2.4 EMG acquisition 

Electrode properties 

The recording of EMG signals depends greatly on the properties of electrodes. In general, the 

electrodes have two main types monopolar or bipolar. In a monopolar arrangement, the 

sensors are placed on the muscle belly and the electrical reference point is grounded. This 

type of electrode is more susceptible to movement artefacts (Robertson, 2014). In contrast, 

the bipolar method utilises three electrodes: two electrodes are placed over the muscle and the 

third one is placed on the bony prominence. The electrical difference between the two 

electrodes is amplified (Robertson, 2014). In any type of application, electrodes can be 

surface or fine-wire electrodes (Figure 2-7) (Basmajian & De Luca, 1985). Surface electrodes 

are commonly used in kinesiological studies. They provide an overall representation of 

muscle activity as they record the activity for many muscle fibres underlying the placement 

area (Soderberg & Knutson, 2000). Apart from the benefit of easy handling, the main 

limitation of a surface electrode is that only surface muscles can be targeted (Aagaard et al., 

2001; Jacobson, Gabel, & Brand, 1995). In contrast, fine wire electrodes are commonly used 

for deep muscles or small muscles where crosstalk is a potential problem (Jacobson et al., 

1995). 

 

Figure 2-7: Types of EMG electrodes: a) surface electrode, b) fine-wire electrode. 
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There is a special type of surface electrode known as array system electrode. It is a non-

invasive system and considered a promising tool for characterising muscle properties 

(Kallenberg, Preece, Nester, & Hermans, 2009). Surface array EMG is recorded by placing a 

1 or 2-D electrode array with closely spaced electrodes (<10 mm inter-electrode distance) on 

the skin overlying a muscle (Figure 2-8). With this type of application, information about 

motor unit (MU) anatomy (e.g. location of the innervation zone), MU size, and physiology 

(e.g. muscle fibre conduction velocity, recruitment strategy) can be obtained noninvasively 

(Drost, Stegeman, van Engelen, & Zwarts, 2006; Merletti, Farina, & Gazzoni, 2003; 

Thusneyapan & Zahalak, 1989). 

Inserted/indwelling electrodes are fine-wire and needle sensors requiring invasive 

procedures; therefore, they are not commonly used to record EMG amplitudes for the 

superficial muscles during walking and running activities. A fine-wire electrode comprises of 

two small isolated wires with bared tips. They are offered in two forms: single wire or two 

wires. These wires are passed through a hypodermic needle for insertion with back-bent tips 

to form a barb to hold the sensor in the muscle when the needle is withdrawn. The distance 

between the bared tips sets the detection volume. Indeed, this type of electrode is rarely used 

to measure the activity of the adductor muscles because it is more susceptible to movement 

artefacts during dynamic tasks. In addition, signals recorded from a small area may not reflect 

the activity of the whole muscle (Bogey, Perry, Bontrager, & Gronley, 2000). Consequently, 

the actual role of a muscle during the examined task cannot be fully recognised. Therefore, 

the work in this project will use surface EMG electrodes.  
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Figure 2-8: Example of a computer-generated motor unit action potential (MUAP) produced by a motor unit 

of three fibres (a, b, c). The MUAP is detected in differential mode from an array of 16 electrodes with an 

inter-electrode distance of 1 cm. Information on the innervation zone, fibre length, and conduction velocity 

of the MUAP can be obtained from the 15 signals. 

 
 

2.2.5 EMG signal processing 

The amplitude and frequency of the EMG signals are frequently investigated in a number of 

studies. Muscle activation occurs as a result of a number of active motor units and the 

frequency of activations. Therefore, a higher activation level will lead to an EMG signal with 

higher amplitude (number of motor units) and more frequent components (frequency of 

activation). Conventional EMG analysis, through the signal processing described below, 

combines these two features when determining the magnitude of the linear envelope. 
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Amplitude characteristics 

The amplitude of EMG signals can be described by identifying the following five major 

variables. Firstly, peak-to-peak amplitude is suitable when the signal is highly synchronous, 

i.e. including multiple simultaneously firing motor units (Robertson, 2014). Secondly, the 

average rectified amplitude is the average of the absolute alternating current as the EMG 

signal occurs as an interference pattern with a zero average. Thirdly, the root mean square 

amplitude calculates the square values; therefore, not need for signal rectification. Fourthly, 

the linear envelope represents an approximation of the volume of activity. The EMG signal is 

a full wave rectified before passing through a low-pass filter. Cut-off frequencies between 3 

Hz and 50 Hz have been proposed (Robertson, 2014). Additionally, 10 Hz displays a 

satisfactory waveform for short-duration activity (Robertson, 2014). As high-frequency 

waves are attenuated by the signal, the residual signal may be improper for the analysis of the 

onset-offset of the profile. Finally, integrated EMG is the summation of the accumulated 

activity over a period of time. 

Frequency characteristics 

The frequencies in EMG signal can be illustrated by turning points and zero crossing. The 

turning points method sums the number of peaks per unit of time in addition to the repetition 

in which the signal crosses the zero level. The repetition is interrelated with other frequency 

variables such as spectral analysis (Inbar, Paiss, Allin, & Kranz, 1986). The mean and median 

frequency or spectral analysis techniques are frequently used. A positive skewness with an 

estimated mean and median of 120 Hz and 100 Hz, respectively, is commonly reported in 

surface EMG measurements (Robertson, 2014). Alterations to the previous criteria can be 

used to specify the variations in the conduction property of the muscle fibres. Another 

frequently used technique is the onset-offset analysis. The onset-offset method locates the 

starting and ending points of muscle activation (Strazza et al., 2017; Sutherland, 2001). For 



29 
 

this purpose, the EMG signal should not be filtered or processed, as this may reduce high-

frequency waves. Moreover, several methods have been used to analyse the EMG signal for 

specific purposes such as recurrence quantification analysis (Filligoi & Felici, 1999), neural 

network classification (Liu, Herzog, & Savelberg, 1999), and wavelet analysis (Karlsson, Yu, 

& Akay, 1999).  

2.2.6 Limitations of EMG measurement 

Although EMG affords valuable information on the neural control of human movement, it 

has several limitations. A major limitation is that it does not give information about muscle 

force (Hug, Hodges, & Tucker, 2015). As the EMG method is the study of electrical and not 

mechanical activity, it does not present a direct measure of the force or torque being 

generated by the tested muscle (Winter, 2009). The physiological criteria of the human 

muscle can also affect the interpretation of EMG signals. For instance, at the same activation 

level, a given muscle can generate more force depending on its PCSA, optimal length, and 

the velocity of contraction (Hug et al., 2015). Another limitation associated with EMG 

recordings is the electromechanical delay between the muscle activation and the subsequent 

force production. The assumption of instantaneous mechanical effect of the muscle when a 

muscle is activated misleads the interpretation of EMG data. This delay must, therefore, be 

considered when attempting to identify muscle activation characteristics that support against 

external loads during dynamic tasks (Hug et al., 2015).  

Despite the limitations of EMG measurements, EMG is still an effective electrodiagnostic 

tool for characterising muscle activation. Two types of EMG electrodes are commonly used 

in order to detect the signal from muscles: surface and fine-wire electrodes. The surface 

electrode is the best electrode to record the activity of the adductor muscles as the application 

of fine-wire electrodes between the legs during gait is difficult. In addition, there is a lack of 
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guidelines for measuring the adductor muscles using surface electrodes, so there is a need to 

set a standard method for this purpose. Moreover, many issues in surface EMG measurement 

such as physiological crosstalk, soft tissue signal attenuation, and muscle movement relative 

to the skin can complicate the measurement of the EMG activity of the adductors.  

2.3 Experimental studies used to inform EMG measurement 

protocols  

Acquisition of EMG signals in dynamic conditions is influenced by physiological and non-

physiological factors that are common to all EMG data acquisition processes (Hermens, 

Freriks, Disselhorst-Klug, & Rau, 2000). These factors include subcutaneous tissue layers, 

muscle fibre conduction velocity, spread of the innervation zones (IZ) among motor units, 

crosstalk from nearby muscles, electrode size and shape, inter-electrode distance, and the 

location of the electrodes along the muscle (Farina et al., 2004). The latter affects the 

consistency of EMG measurements and interferes significantly in the statistical and spectral 

characteristics of the EMG. The failure to adhere to optimal electrode placement will result in 

erroneous interpretations of these signals (Farina et al., 2004; Farina, Merletti, Nazzaro, & 

Caruso, 2001; Merletti, Rainoldi, & Farina, 2001; Roy, De Luca, & Schneider, 1986). 

Given the potential difficulty with EMG measurement and the importance of positioning 

EMG electrodes in the correct position, a range of experimental techniques have been 

proposed to inform protocols on EMG data collection. Such techniques originated with the 

classical recommendation of electrode placement (Basmajian & De Luca, 1985). Thereafter, 

a project on sensor location, SENIAM guidelines, was developed. This was followed by a 

number of studies aimed at monitoring the shift of the IZ sites during dynamic conditions. 

These techniques will be discussed in the following paragraphs. 
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Since electrode placement determines the electrical view of a muscle, consistent placement of 

the electrodes is important for EMG measurements. In 2000, European concerted action in 

the Biomedical Health and Research Program of the European Union developed a project for 

sensor location called a SENIAM. This project aimed to guarantee the repeatability of EMG 

assessments and interpretations. The SENIAM recommendations for 22 different muscles 

were based on the results of an inventory, a workshop, and experimental studies performed 

by SENIAMôs members (Hermens et al., 1999). Sensor location referred to the position of the 

two bipolar sites overlying a muscle in relation to the line connecting two anatomical bony 

prominence (Hermens et al., 2000).  

The goal of sensor placement is to place the electrode in a good and stable location where the 

high-quality EMG signals can be gained. The location of sensors is based on the following 

principle: with respect to the longitudinal (in fibre direction) location of the sensor on the 

muscle, it is proposed to centrally place the sensor between the (most) distal motor endplate 

zone and the distal tendon. Additionally, in the term of the transversal location of the sensor 

on the muscle, it is suggested to place the sensor away from the muscle border so that the 

geometrical distance to other muscles is maximised (Day; Merletti, Hermens, & Kadefors, 

2001; Stegeman & Hermens, 2007). However, the SENIAM specifies the best locations for 

electrode placement for most of the lower limb muscles, but it did not take into account the 

IZ shift especially during the dynamic task. The variations in muscle length and joint angles 

during the ambulatory task will lead to a shift of the IZ, resulting in poor-quality EMG 

signals (Campanini et al., 2007; Farina et al., 2001; Nishihara, Kawai, Chiba, Kanemura, & 

Gomi, 2013). 

The linear-array electrode has been recommended as a technique to recognise the IZ locations 

along the muscle (Figure 2-9). This is achieved through several surface EMG signals 



32 
 

simultaneously propagated along a line (Figure 2-8) (Farina, Fortunato, & Merletti, 2000; 

Merletti et al., 2003; Nishihara, Kawai, Gomi, Terajima, & Chiba, 2008). With the linear 

array, surface EMG is recorded by placing a 1 or 2-D electrode array with closely spaced 

electrodes; this method is used to obtain high degree consistency of the EMG variables for 

muscle characterisation (Kallenberg et al., 2009; Rainoldi, Bullock-Saxton, Cavarretta, & 

Hogan, 2001; Rainoldi et al., 1999). However, with the linear-array electrodes, it can be hard 

to maintain constant interaction for the large number (64 to 121) of electrodes either due to 

bad electrodeïskin contact or short circuit between two or more surface electrodes (Marateb 

et al., 2011). In addition, the comparatively large size electrode makes them difficult  to use 

with small muscles. Therefore, the electrode most commonly used in the literature and 

recommended by the SENIAM is still the bipolar electrode. Consequently, developing a 

technique of bipolar electrode placement confirming its precise location during dynamic 

contractions (Rainoldi, Melchiorri, & Caruso, 2004) would be a contribution that is valuable 

with widespread benefit.  

 

Figure 2-9. Best electrode location over the skeletal muscle. 
 

In light of the diverse positioning of the electrode and importance of exact EMG electrode 

placement, many researchers used ultrasound imaging in order to determine the best locations 
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for surface and needle electrodes in humans. For decades, ultrasound imaging has been used 

to describe the structural and morphological changes in skeletal muscles. Recently, 

ultrasound imaging was used to measure subcutaneous adipose tissue covering the muscles 

(Wu, Delahunt, Ditroilo, Lowery, & De Vito, 2017). In addition, it is used as a tool to 

increase the accuracy and verify correct placement of needle electrodes (Corneil, 

Goonetilleke, Peel, Green, & Welch, 2012). For this technique, a standard ultrasound device 

with a linear probe is used to visualise the muscles. In this way, feedback about electrode 

placement is acquired during the produce, allowing correct placement of the needle in the 

selected muscle.  

A similar technique was introduced to locate the placement area for skin EMG electrodes, 

especially for the muscles that were not covered in the SENIAM guidelines. For example, 

Watanabe et al. (2009) used ultrasonography to define the structural properties of the 

superficial area of the hip adductor muscles to finally place the surface EMG electrode. Using 

the same technique, four hip adductor muscles (AL, AM, pectineus and Gr) were located via 

real-time ultrasonography in order to measure their EMG activity during six different 

examination tests (Lovell, Blanch, & Barnes, 2012). Using the ultrasound technique for 

detecting electrode placement, particularly for the adductor muscles, is a possible solution for 

a number of measurement problems that arise during dynamic tasks. The first problem is that 

there is no clear guideline on surface EMG electrode placement for the adductor muscles. 

Moreover, the individual hip adductor muscles are adjacent to each other at the upper medial 

aspect of the thigh (Watanabe et al., 2009). Thus, small errors in electrode placement could 

increase the possibility of crosstalk, defined as the picking up of signals from a nearby 

muscle rather than the muscle over which the electrode is placed. Another option is to use 

fine-wire electrodes which are inserted directly into the muscle under the direction of 



34 
 

ultrasound (Mann et al., 1986; Montgomery et al., 1994). However, this invasive technique 

may not be appropriate for the adductor muscles, especially during dynamic tasks.  

It is currently not clear how much movement of the adductor muscles occurs relative to the 

overlying skin during movements typical of gait. As the adductor muscles are closely located 

in an area on the inner side of the thigh, there is a high likelihood of picking EMG signals 

from the neighbouring muscles when using surface electrodes. By quantifying the adductor 

movement in different hip flexion/extension angles, it would be possible to understand the 

movement of the adductor muscles relative to the skin and therefore make an informed 

judgement on the possibility of crosstalk. Therefore, the main aim of the first part of this 

thesis was to obtain a standardised method for measuring this group of muscles in different 

lower limb positions, typical of walking and running. Three separate but complementary 

experiments were conducted in order to quantify adductor muscle movement relative to the 

skin to determine optimal EMG electrode placement. 

2.4 Force-EMG relationship  

The previous literature has shown that there is a relationship between the torque produced by 

muscle contraction and its corresponding EMG amplitudes (Billot, Simoneau, Van Hoecke, 

& Martin, 2010; Maganaris, Baltzopoulos, & Sargeant, 1999). In the skeletal muscles, this 

relation is based on motor unit recruitment, motor unit firing rate, crosstalk, differences in the 

location of the recording electrodes, and the participation of synergistic muscles in force 

generation (Kuriki et al., 2012; Solomonow et al., 1990). Under isometric contraction, 

incremental changes in muscle forces are linked with the changes in EMG amplitudes 

(Bouisset & Maton, 1972; Jacobs & van Ingen Schenau, 1992; Milner-Brown & Stein, 1975). 

In dynamic contractions, the relationship between EMG and force has a greater complexity 

due to experimental condition and the physiological characteristics of the tested muscles. 
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Nevertheless, dynamic investigation between force and EMG amplitude is very challenging 

and so it is first necessary to studies force-EMG relationships under dynamic conditions.  

The suitability of the new locations proposed to locate the adductor muscles in order to 

accurately place the surface EMG electrodes needs to be verified. Obtaining relation during a 

ramped isometric contraction is one of the methods to validate the EMG measurement. De 

Luca (1997) suggested that if the newly recruited motor unit is situated far away from the 

electrode, then the force will increase, but the amplitude of the EMG signal will not. This will 

result in poor or no correlation between the EMG amplitude and the force produced by the 

corresponding muscles. Therefore, the third experiment of the first study aimed at 

investigating the relationship between the torque produced by the adductor muscles and the 

magnitude of the corresponding EMG signal during isometric contraction. 

2.5 Normalisation and analysis of the EMG signal 

Normalisation is a critical step in processing the EMG signals. This process, the 

normalisation, allows the comparison of EMG signals of a certain muscle on different testing 

days or among different individuals. There are several ways to normalise the EMG signals. 

The following section focusses on exploring the different methods of normalisation. In 

addition, it highlights the advantages and disadvantages of each method and the most 

appropriate method that should be applied for the adductor muscles.  

2.5.1 Definition and importance of normalisation 

Normalisation of EMG signals is a procedure by which the electrical signal values of activity 

are expressed as a percentage of that muscleôs activity during a calibrated test contraction 

(Lehman & McGill, 1999). Normalisation is executed by dividing the EMG amplitudes 

gained from a specific task or event by the EMG amplitudes of a reference contraction of the 
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same muscle and this will be presented as a proportion or percentage (Burden, Trew, & 

Baltzopoulos, 2003). The process of normalisation is needed in order to enable a comparison 

among electrode sites on the same muscle or on two different muscles and for documenting 

variation over testing days. In fact, normalisation is necessary for any comparative analysis of 

EMG amplitudes (Mathiassen, Winkel, & Hägg, 1995). This thesis aimed to establish a new 

method for measuring the activity of the adductor muscle group and data from different 

subjects were collected. It was therefore necessary to identify the most appropriate method 

for normalising the EMG signals collected from this muscle group. 

The basic idea of normalisation is to calibrate the microvolts value to a unique calibration 

unit with physiological relevance. For individuals with normal neuromuscular control, one of 

the most convenient references of normalisation is the EMG generated during the maximum 

voluntary effort. The outcome is then reported as percentage of maximum voluntary 

contraction (%MVC). The application of normalisation was undertaken to account for 

variability among recording factors (e.g. changes in skin-electrode impedance, subcutaneous 

tissue thickness, and variations in electrode placement) and to facilitate comparisons between 

individuals and muscles. It is preferable to use this technique in order to compare the effect of 

a certain intervention on the EMG activation pattern (Lehman & McGill, 1999). The outcome 

of normalisation approaches is that the influence of the given detection conditions is 

eliminated and data are rescaled from microvolt to percentage of the selected reference value. 

It is imperative to understand that amplitude normalisation does not change the shape of 

EMG curves, but only their Y-axis scaling. 

2.5.2 Different methods of normalisation 

As mentioned earlier, because of the natural variability of EMG signals, normalising the 

EMG signals is essential for physiological interpretation and comparison between muscles 
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and between individuals. Previous studies used a wide range of approaches to produce 

reference EMG values for normalisation purposes that can be duplicated across subjects and 

different testing days, including isometric, isokinetic, and dynamic muscle actions (Figure 2-

10). 

a) Isometric testing 

Maximum and submaximum isometric contraction 

Maximal isometric voluntary contraction (MVIC) is the normalisation method suggested by 

the SENIAM and Kinesiologyôs guidelines. It is the most broadly employed normalisation 

technique during which EMG amplitude is expressed as a percentage of the maximum neural 

activation of the desired muscle (Burden et al., 2003; De Luca, 1997). This strategy is 

considered a powerful approach for physiological interpretation of signals in a healthy 

population. However, generating the MVIC is not always possible, e.g. for older people or for 

patients with musculoskeletal disorders. Additionally, achieving the maximum force output 

does not mean acquisition of a maximal electrical activity for a given muscle (Lehman & 

McGill, 1999). Furthermore, the majority of studies have displayed poor EMG 

reproducibility both within and between participants and between days with this type of 

normalisation (Ball & Scurr, 2010; Bamman, Ingram, Caruso, & Greenisen, 1997; Heinonen 

et al., 1994; Yang & Winter, 1984). This could occur as a result of the onset of fatigue, 

synergistic contribution, and psychological factors (Enoka & Fuglevand, 1993; Miaki, 

Someya, & Tachino, 1999). 

The use of the MVIC as a method of normalisation is associated with several technical 

concerns. Such concerns could have an influence on the validity and repeatability of the 

normalisation procedure. These concerns are the inertial effects at the onset of the test, patient 

fatigue, position of subject during testing, and the kind of motivation used. Normalisation is 
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not a measure of muscular force, but it is a measure of muscular activation level relative to 

the maximum activity of the tested muscle obtained during MVIC (Soderberg, 1992). 

Therefore, the normalised EMG data obtained from the MVIC cannot reflect the maximum 

activation capacity of the muscle at lengths differ from those at which the MVIC was 

recorded or under non-isometric conditions. Accordingly, De Luca (1997) recommended the 

use of less than 80% of the MVIC in order to obtain normalised EMG amplitudes aiming to 

provide a suitable reference point. However, the study did not provide a sufficient detailed 

protocol on how the submaximal MVIC was calculated. Using sub-maximal load results in 

improvement of between day reliability as compared to when using maximal load for knee 

extensors and triceps (Rainoldi et al., 1999; Yang & Winter, 1984). However, MVIC is still 

the best method if an overall measure of the level of activation is required. 

 

 

Figure 2-10: Diagrammatic scheme represents the different EMG normalisation methods. 
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Reference voluntary contractions method (RVC) 

This technique is used for the clinical subjects who are incapable of performing maximal 

level of muscle contractions or who need an analogous controlled task for interpreting 

repeated tests. During this normalisation process, the participant assumes a specific posture 

and performs a specific task. All these procedures are repeated at every testing session. For 

instance, assuming a standing posture, the participant was instructed to hold up a precise 

weight (0.5 kg) in each hand with arms flexed (upper arms parallel to the floor, lower arms 

perpendicular) for 10 sec (Figure 2-11) (Lewis, Holmes, Woby, Hindle, & Fowler, 2012). 

With this approach, the external load is controlled and this is likely to minimise variations in 

myoelectric activity between testing days. While changes in raw EMG amplitude (non-

normalised) could results from any of the modulators and artefacts noted in the previous 

section, changes in the normalised EMG amplitude in the RVC indicate a true variation in the 

neural control pattern (Lehman & McGill, 1999). 

 

Figure 2-11: A subject performing a reference voluntary contraction (Lewis et al., 2012). 
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The main restraint of using the submaximal isometric contractions and the RVC is that 

comparing the activity levels between muscles and among individuals are not valid because 

the reference value measured in these methods is not relative to the maximum capacity of the 

muscle. For example, lifting an absolute weight such as 2 kg might necessitate a 20% of the 

maximum muscle capacity in a strong individual while in another subject who is not as fit 

may need a 50% of his maximum muscle capacity to lift the same load. Another limitation is 

that the neuromuscular control strategy may be vary between subjects or between sides 

within the same subject (Ounpuu & Winter, 1989). This factor does exist during the maximal 

contractions where all possible fibres are engaged to achieve maximum force generation. 

Therefore, these methods cannot improve the reliability of EMG measurements, as they do 

not allow for accurate comparisons between muscles or individuals. 

b) Isokinetic testing 

EMG signals from isokinetic muscle testing have been suggested as an alternative 

normalisation technique for EMG amplitudes. In this technique, an individual performs a 

maximum isokinetic contraction at a speed similar to the dynamic task under investigation 

(Mirka, 1991). The activation level versus the joint angle curve generated from the maximum 

dynamic contraction is then used to normalise the EMG data. This procedure allows the 

quantification of the joint angle, torques, and corresponding EMG amplitudes (Kellis & 

Baltzopoulos, 1996; Mirka, 1991). A good EMG reliability has been reported between trials 

with isokinetic exercises for the knee extensors and flexors (Finucane, Rafeei, Kues, Lamb, 

& Mayhew, 1998; Larsson, Karlsson, Eriksson, & Gerdle, 2003). In contrast, Ball and Scurr 

(2010) found a poor reliability between days and weeks of isokinetic testing of the triceps 

surae muscles. The results obtained using this technique for normalisation are less reliable 

than those obtained from other methods (Burden et al., 2003). 
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c) Dynamic testing 

Peak dynamic and mean dynamic methods 

These methods are commonly used in the investigation of dynamic tasks such as walking and 

running. For the peak dynamic technique, each point that constitutes the processed EMG is 

divided by the peak value acquired from the same EMG (Arendt-Nielsen, Graven-Nielsen, 

Svarrer, & Svensson, 1996; Van Hedel, Tomatis, & Müller, 2006). Alternatively, Albertus-

Kajee, Tucker, Derman, Lamberts, and Lambert (2011) calculated the peak amplitude 

obtained from a number of separate testing trials of a certain dynamic task performed with a 

maximum speed (e.g. sprint). This procedure was used as an alternative method for 

normalising the EMG amplitudes of the same dynamic task performed with a specific speed 

(e.g. running at 70% of the maximum speed). During this method, subjects performed two 

maximal 20m sprints. Then, the EMG from the fastest sprint was analysed by isolating three 

peak amplitude contractions from the middle of the recorded sprint. The resultant amplitudes 

were averaged and used for normalisation. This alternative method results in decreased inter-

individual variability.  

Similarly, Yang and Winter (1984) used a number of normalisation methods. The standard 

for choosing the best normalisation technique was highest reduction of the inter-subject 

variability of the EMG signal. The researchers pointed out that the peak and mean dynamic 

methods could reduce the effect of individual-specific and situation-specific conditions, 

which may give rise to signal variance. In addition, Ball and Scurr (2010) found that use of 

these normalisation methods provided reliable EMG amplitudes both between days and 

between weeks for the triceps surae muscles during sprint running. Normalising to the peak 

or mean amplitude during the activity of interest has been shown to reduce the variability 

between subjects relative to using raw EMG data or using amplitudes normalised to MVIC 
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(Allison, Marshall, & Singer, 1993; Chapman, Vicenzino, Blanch, Knox, & Hodges, 2010; 

Winter & Yack, 1987; Yang & Winter, 1984). However, the decrease in the variability 

between subjects by normalising to the peak or mean amplitude recorded during an activity is 

achieved by eliminating some biological variations (e.g. strength difference) between subjects 

(Allison et al., 1993; Knutson, Soderberg, Ballantyne, & Clarke, 1994). In addition, 

normalisation to peak or mean of the dynamic activity could remove information on the 

overall level of activation and therefore may hide actual differences between subjects.  

2.6 Repeatability of lower limb EMG measurement during 

walking and running  

This thesis aimed to develop a new method for locating the adductor muscles in order to 

record their EMG activity. As such, there was a need to quantify the repeatability of this 

method. Therefore, the following section focuses on the issue of EMG repeatability and its 

importance. Moreover, the relevant studies discussing the EMG repeatability during human 

ambulation, especially during walking and running tasks will be outlined. Finally, the factors 

that influence the repeatability of EMG measures will  be identified.  

2.6.1 Definition and importance of repeatability  

Repeatability is an imperative consideration when using gait analysis data as an adjunct to 

clinical decision-making. A repeatability study is conducted to assess the degree to which 

measurements vary when they are repeated on the same subject. Previous studies have shown 

that the reliability of measurements is better within a test session than between different test 

days (Kadaba, Wootten, Gainey, & Cochran, 1985; Kadaba et al., 1989). The reduced 

consistency has been attributed to the difficulty of replacing the electrode on different days, 

despite the exactness of the investigator (Kadaba et al., 1985). The study of muscle electrical 

activity and its reproducibility permits researchers to understand the neuromuscular 
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mechanisms controlling normal gait and to establish the normal EMG profile for use as a 

reference pattern in pathological conditions. For clinical applications, the repeatability of 

EMG signals is essential to evaluate and to categorise neuromuscular deficits. Therefore, 

assessment of the reliability of EMG variables is of considerable relevance to the clinical and 

experimental use of such a technique (Laplaud, Hug, & Grélot, 2006). 

2.6.2 Repeatability of EMG measurement during walking 

A limited number of studies have determined the repeatability of EMG measurement during 

walking tasks. Kadaba et al. (1989) found that repeatability within one particular day was 

slightly better than between test days for the GMax, GMed, AL, VLO, RF, VMO, lateral 

hamstrings (LHam), medial hamstrings (MHam), tibialis anterior (TA), and medial 

gastrocnemius (MGastro) muscles. The EMG amplitudes were normalised with respect to the 

maximum amplitude within each gait cycle. They calculated the Coefficient of Multiple 

Correlation (CMC) and found a high within-day and between-days reliability (>0.8, 0.7 

respectively) for all muscles, although this was lower for the AL (0.7, 0.6 respectively). 

Lyytinen et al. (2016) demonstrated that the VMO, TA, and biceps femoris exhibited a good 

between-day repeatability (ICC ranged from 0.77 to 0.84) in level walking when EMG was 

normalised to the activation estimate of the maximum EMG signal obtained during walking 

upstairs at 0.5 m.s-1. Murley, Menz, Landorf, and Bird (2010) concluded that the 

normalisation techniques have an impact on the within-session reliability of EMG parameters 

for the leg lower muscle muscles. The TA and MGastro displayed good to excellent 

reliability when normalised to sub-maximal voluntary contraction compared to normalisation 

to maximum voluntary contraction. The TA displayed moderate reliability when normalised 

to sub-maximal voluntary contraction (ICC: 0.34ï0.56) compared to good to moderate for 

MVIC normalised values (ICC: 0.56ï0.65). The MGastro displayed good to very good 
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reliability for MVIC normalised values (ICC: 0.61ï0.84) and poor reliability for sub-

maximum values (ICC: 0.08ï0.19). 

The reliability of EMG characteristics during walking has also been determined in patients 

with musculoskeletal conditions. Hubley-Kozey, Robbins, Rutherford, and Stanish (2013) 

found good to excellent ICC values (> 0.8) in patients with moderate knee OA for the lateral 

gastrocnemius (LGastro) and MGastro, VMO, VLO, RF, and MHam and LHam muscles. 

Similarly, the EMG profile of the MGastro exhibited excellent between-days repeatability 

during level walking for OA individuals (Lyytinen et al., 2016). In addition, the CMC values 

were higher in the shod condition than the barefoot condition in rheumatoid arthritis patients 

associated with pes planovalgus for TA, soleus, peroneus longus, and MGastro muscles 

(Barn, Rafferty, Turner, & Woodburn, 2012). However, no study has examined the reliability 

of EMG measurement for all three adductor muscles during walking for either healthy 

participants or people with musculoskeletal disorders. 

2.6.3 Repeatability of EMG measurement during running 

Similar to studies investigating the reliability of EMG measurement during walking, only a 

small number of studies have been carried out to detect the reliability of EMG measurement 

during running. These studies aimed to determine the reliability of EMG parameters during 

running within a single session. For example, Smoliga, Myers, Redfern, and Lephart (2010) 

recorded EMG from the legs (VLO, semimembranosus, GMax, and RF), torso, and arm 

muscles during running. They found good reliability (ICC > 0.80) for the parameters studied 

which included integrated EMG, root mean square EMG, maximum M-wave (defined as the 

maximum magnitude of the absolute value of the band-pass filtered time-domain EMG 

signal), and median power frequency. EMG repeatability has also been assessed during 

treadmill running at different velocities for five lower-extremity muscles (Karamanidis, 
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Arampatzis, & Bruggemann, 2004). These studies found that the reproducibility of the EMG 

data for the posterior leg muscles is better than for the anterior leg and thigh muscles (i.e. the 

MGastro and LGastro showed high reliability, while the VLO, hamstrings, and TA 

demonstrated low reliability). 

In the same context, Golhofer, Horstmann, Schmidtbleicher, and Schoenthal (1990) showed 

good intra-individual stability for the gastrocnemius and soleus during running. The activity 

of the VMO, VLO, RF, biceps femoris, and MGastro appears to be more repeatable when 

normalised to maximum voluntary contraction or peak running speed (ICC > 0.80), compared 

to normalisation to 70% peak running speed (Albertus-Kajee et al., 2011). The between-day 

repeatability of the EMG profile for the adductor muscles during running has not been 

discussed in the literature. Therefore, there is a need to understand the standard level of EMG 

repeatability for this group of muscles. 

2.6.4 Factors affecting the repeatability of EMG measurement 

The repeatability of EMG measurement during dynamic situations is influenced by many 

factors. These factors include body posture during the performed task, the method of 

normalisation, session-based testing, type of electrode used, familiarisation effect, and visual 

feedback (Dankaerts, O'Sullivan, Burnett, Straker, & Danneels, 2004). In terms of the method 

of normalisation, it has been found that sub-maximal voluntary isometric contractions 

(SVICs) are more reliable than maximum voluntary isometric contraction (MVICs) 

(Dankaerts et al., 2004; Ha, Cynn, Kwon, Park, & Kim, 2013; Kollmitzer, Ebenbichler, & 

Kopf, 1999). Additionally, the test-retest reliability for both MVICs and SVICs has high 

intra-session but only SVIC test-retest reliability was high inter-session  (Dankaerts et al., 

2004). For session-based testing, it appears that inter-session reliability is much worse than 

intra-session test-retest reliability (Dankaerts et al., 2004; Kollmitzer et al., 1999; Oskouei, 
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Paulin, & Carman, 2013). Moreover, surface electrodes tend to display slightly better 

reliability than fine wire electrodes (Burnett, Green, Netto, & Rodrigues, 2007). It has been 

proposed that a lack of familiarity may impede the test-retest reliability of MVICs (Ball & 

Scurr, 2013), while using a visual feedback for the level of activation being produced 

markedly increases the reliability of the SVIC condition (Burnett et al., 2007). In order to 

ensure that subjects reached the required level of the SVIC, a computer monitor, as a 

biofeedback method, was positioned in the subjectôs field of view in order to provide 

appropriate feedback. The SVIC level then was displayed on the computer screen as a solid 

line and each subject was asked to produce torque matched with his pre-determined SVIC 

level (Burnett et al., 2007). This technique improves the reproducibility of the SVIC and 

consequently enhances the reliability of the EMG signals. 

In summary, the reliability of surface EMG during walking and running has been established 

for healthy subjects. However, the previous studies were restricted to specific lower limb 

muscles and the adductor group was excluded from these studies. In addition, while the 

previous studies have demonstrated a good intra-session reliability, the reliability between 

different testing sessions is not explored. Accordingly, there is a need to demonstrate the 

acceptable standard for between-day EMG reliability for the adductor muscles and the major 

lower limb muscles during walking and running.  

2.7 EMG profile for the adductor muscles 

The previous sections focused on EMG measurement for the adductor muscles. In addition, 

the previous research attempted to address the difficulties encountered by the researcher 

when measuring the activity for this group of muscles. This section is an attempt to 

understand the normal function of the adductor muscles and how they behave during walking 

and running activities. This was achieved by reviewing the articles identified in the 
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systematic search strategy (see Chapter 1). Three articles for walking, four articles for 

running, four articles for both walking and running, and eight articles for the musculoskeletal 

disorders were identified (Figure 2-12). This number of articles is quite low compared to the 

number published for the other lower limb muscles, such as the hamstring or quadriceps. 

 

Figure 2-12: This diagram represents the walking, running, and musculoskeletal disorder articles 

identification by systematic search strategy for the adductor EMG activity. AL. adductor longus; AM. 

Adductor magnus; AB. Adductor brevis; Gr. Gracilis. Hip OA. Knee osteoarthritis; PFPS. Patellofemoral 

pain syndrome 

 

Averaged EMG profiles in walking and running at different speeds 

Only a small number of published studies describe typical EMG profiles for the hip adductor 

muscles. Such profiles were measured using either surface or fine electrodes. Winter and 

Yack (1987) proposed that during the stance phase of walking at, two adductor muscles (AL 

and AM) have a moderate activity in order to stabilise the hip joint against the action of the 

hip abductors. They reported peak activity of longus and magnus during the swing phase at a 

self-selected speed and suggested this functioned to control the lateral movement of the 

swinging limb (Figure 2-13). This peak occurs at approximately 70% and 80% of stride for 






































































































































































































































































































































































































































































