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Abstract 

Muscle synergy extraction has been utilized to investigate muscle coordination in human 

movement, namely in sports field. However, there is a lack of information regarding 

strength training complex motor tasks. Thus, the aim of this thesis was to ensure that this 

procedure is reliable within- and between-days, and to compare neural strategies adopted 

by two populations with different levels of expertise. Twelve unexperienced participants 

and 7 weightlifters performed sets of power cleans, and muscle synergies were extracted 

from electromyography (EMG) data of 16 muscles. First, we analyzed muscle synergies 

reliability within the untrained subjects. Then, we compared them with the weightlifters 

to look for different coordination strategies. We observed that synergistic organization of 

muscle coordination during power clean remained stable across repetitions, sets and days 

in unexperienced subjects with slight time adjustments and muscle weightings variations 

within each synergy. In the other hand, although the same number of synergies has been 

extracted, all synergies presented slight time shifts between groups, and muscle 

weightings within each synergy were highly variable. Therefore, these results point to an 

interventional approach to identify how unexperienced subjects modify coordination over 

time. 

Keywords: 1. muscle synergies; 2. electromyography; 3. muscle coordination; 4. power 

clean; 5. strength training; 6. reliability; 7. expertise; 8. nonnegative matrix factorization; 

9. olympic weightlifting; 10. muscle patterns 
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Resumo 

As sinergias neuromusculares têm sido investigadas para uma melhor compreensão do 

movimento humano, nomeadamente, no ramo do desporto. No entanto, existe pouca 

informação relativa a tarefas complexas no âmbito do treino de força. Deste modo, o 

objetivo desta tese foi, em primeiro lugar, assegurar a reprodutibilidade do procedimento, 

e em segundo, comparar as estratégias neurais adotadas por duas populações com níveis 

de desempenho diferenciados. Doze sujeitos destreinados e sete halterofilistas realizaram 

séries de power cleans, e as sinergias foram extraídas de sinais eletromiográficos 

provenientes de dezasseis músculos. Por um lado, analisámos a reprodutibilidade das 

sinergias para cada sujeito destreinado, e por outro, comparámo-las com as de 

halterofilistas, com o intuito de encontrar diferentes estratégias coordenativas. 

Observámos que a organização sinérgica da coordenação muscular durante o power clean 

em sujeitos destreinados permaneceu estável entre repetições, séries e dias, apenas com 

pequenos ajustes temporais e espaciais. Por sua vez, entre grupos, embora o mesmo 

número de sinergias tenha sido extraído, todas apresentaram desfasamentos na sua 

ativação, tendo sido também encontradas diferenças ao nível da sua composição. Deste 

modo, os resultados apontam para a estruturação de uma intervenção para identificar 

como é que sujeitos destreinados modificam as estratégias coordenativas ao longo do 

tempo. 

Palavras-chave: 1. sinergias neuromusculares; 2. eletromiografia; 3. coordenação; 4. 

power clean; 5. treino de força; 6. reprodutibilidade; 7. expertise; 8. factorização não-

negativa de matrizes; 9. halterofilismo; 10. padrões de ativação 
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A – Structure of the thesis 

The present thesis has the major topic the motor control of human movement, particularly 

in sports science field. We generally aimed to understand how motor systems behave in 

different populations, ensuring in first place the reliability of the data collection and the 

processing methodology in subjects that could be submitted to a training process. 

The present document is organized according the following structure: 

Chapter B is dedicated to the presentation of the state of art, focusing in three principal 

aspects: Olympic Weightlifting; Neuromuscular adaptations to training; Muscle 

Synergies.  

In Chapter C are described the objectives of each study. 

Chapter D regards to general aspects of the methodological procedures. 

Chapter E and F are dedicated to the presentation of each study in a journal article 

format. The specific topic of each study is introduced, and the methodology will be 

described, presenting redundant information previously described in Chapter D. 

Furthermore, results are presented and discussed. Each of these chapters has also their 

own and specific reference list. 

Chapter G corresponds to general considerations, regarding limitations, general 

conclusions, perspectives and practical applications. 

Chapter H regards to the references used in Chapter B and G. Note that references list 

for Chapter E and F are independent for this section and are presented at the end of each 

of the aforementioned chapters. 
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B – Review of Literature 

 

1. OLYMPIC WEIGHTLIFTING CONSIDERATIONS 

1.1. Strength Training and Olympic Weightlifting 

Strength and power play a key role in sports performance, and the training of these 

physical qualities has become more relevant among trainers and physical coaches. 

Maximal strength is a physical quality associated to the maximal capacity in an isometric 

contraction independently the time, while power regards to the capacity of force 

production in a fast way. Both are related to the neuromuscular output and appear to 

promote specific benefits in performance parameters while complementing the main 

purpose of a particular sport. Nevertheless, this association is more evident in sports such 

as athletic throws or Olympic weightlifting (OWL). Thus, strength training effects, which 

include gains in muscle mass, increases in strength and power or better posture and 

balance, have been linked to the optimization of specific sport valences, not only being 

possible predictors of success in professional sports, but also preventing injuries and 

rehabilitating athletes so they can return to competition. 

With the intention of developing strength, power, speed and agility, OWL movements 

have been used in the practice of strength training. The introduction of OWL movements 

in training protocols developed to increase muscle strength and power in other sports 

besides OWL is becoming increasingly popular. This evidence is mainly due to the 

relationship between OWL movements performance and other performance variables that 

may predict success in sports (like power, speed or agility). OWL movements promote 

an whole-body muscles recruitment at high speeds, while lifting high loads, which might 

explain why weightlifters present greater rate of force development and higher power 

outputs, when compared for example, with sprinters and powerlifters (Mcbride, Triplett-

Mcbride, Davie, & Newton, 1999). 

The effects of power training incorporating OWL movements in some performance 

parameters, namely the association with vertical jump height and force production, have 

been studied. The incorporation of this kind of exercises during 10 weeks of off-season 

of football players combined with sprint and agility training has demonstrated efficiency 
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to improve some physical abilities (Hoffman, Cooper, Wendell & Kang, 2004). In this 

study, the group who performed OWL (against the group performing powerlifting) in 

training showed greater improvement in sprint and vertical jump, being this probably 

associated with the mechanical similarities of the pulling action with vertical jumps, 

reflecting the triple extension of lower-limbs. Besides, the power output gains were 

higher, which is possibly related to the high rate of force development and improved 

contractile speed when training with high loads (>80%RM) at high speeds, reflecting 

specificity in the adaptations. 

When comparing recreational athletes either performing OWL movements or vertical 

jump exercises, both groups had significant increases in peak power during jump testing 

and in the first 10m of a 20m sprint test, which resulted in better sprint test times, not 

existing, however, significant differences between groups (Teo, Newton, Newton, 

Dempsey & Fairchild, 2016). Also, in high school boys, an OWL movements program of 

8 weeks showed no significant differences in vertical jump height when compared to a 

powerlift program (Channell & Barfield, 2008). 

The incorporation of OWL movements in child (between 10 and 12 years-old) training 

programs has been also studied, and either Olympic weightlifting or plyometric training 

showed to be equal or more effective to traditional resistance training for enhancing 

performance after a 12-week training period. These types of training involve explosive 

contractions (high contraction speed and consequently increases in neural component 

demands commonly associated with strength gains in children) and have higher balance 

demands (Chaouachi et al., 2014). 

On the other hand, not every study has found advantages when applying OWL programs. 

An OWL program of 8 weeks showed to be ineffective to increase muscle power of lower 

limbs in vertical jump when compared with a free weight strength and power training, 

and motorized strength and power training in hockey, volleyball and badminton players 

(Helland et al., 2017). However, in this particular study, the OWL program included just 

OWL exercises, not integrating other nuclear exercises such as squats. Furthermore, the 

almost inexistent eccentric phase in all exercises can lead to lower volume and lower 

muscle recruitment. Nevertheless, another possibility to justify these findings concerns 

the technical level and the initial strength levels of the athletes performing OWL 

movements (James et al., 2018), since technique is an important prerequisite and OWL 
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can be more relevant for athletes with higher values of maximal strength when performing 

training protocols developed to improve muscle power and speed of lower-limbs (Helland 

et al., 2017). 

Finally, concluding with the results from two meta-analyses describing the effects of 

OWL and plyometric training (Hackett, Davies, Soomro & Halaki, 2016; Berton, 

Lixandrão, Pinto & Tricoli, 2018), some studies have demonstrated that we can expect 

adaptation in some performance parameters, namely vertical jumps, when performing a 

training protocol that includes OWL movements. OWL training can induce 3,5 times 

greater CMJ improvement in comparison to traditional resistance training probably 

because of the specificity of the movement (triple extension of lower-limbs) and greater 

power outputs produced. When comparing OWL to plyometric training, the gains in 

vertical jumps were equally effective, and it is verified that the enhancement after OWL 

training can be associated with increased muscular power capacity whilst the 

enhancement due to plyometric training can be associated with improvement in stretch-

shortening cycle efficiency. However, when applying this kind of protocols using OWL 

movements, it is essential to ensure the technical proficiency of the athletes and initial 

levels of maximal strength, considering the specificity of the sport in question.  

1.2. Power clean 

The power clean is a derivative exercise of the full clean and one of the most used 

exercises in strength and power training in sports. 

Power clean starts with the bar above the anterior third of the foot, gripping the barbell 

with the palm of the hand downwards and adopting a slightly lordotic posture of the spine. 

The first phase of the exercise, known as first pull, regards to the moment when the athlete 

applies force against the floor and consequently the bar starts rising. The knees are 

extended and moved backwards so the barbell may pass while the hip and the shoulder 

rise keeping the same vertical distance (Pires & Mendonça, 2015). The second pull begins 

as the barbell reaches near mid-thigh position, and the barbell should reach the highest 

velocity (Winchester, Erickson, Blaak & McBride, 2005), which means that the 

acceleration of the barbell during the second pull should be higher than in the first pull 

and this plays a key role in the success of the movement. The forward displacements of 

the barbell should be minimized, and the athletes should generate a more backward-

directed force during the second pull (Kipp & Meinerz, 2017). During the second pull, 
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the center of pressure moves from the heel to the toes. Figure 1 illustrates first and second 

pulls of power clean. 

 

Figure 1 - First and second pull 

After, the barbell continues to rise, and the lifter performs a triple extension of the lower-

limbs and the elbows and fists begin to flex – third pull. When the barbell reaches the 

highest position the catch phase begins and the lifter should transition the body under the 

barbell, holding it in the anterior region of the shoulders, with the elbows in maximal 

flexion and pointed forward. The exercise ends when the lifter extends the knees and 

stands with the barbell. Figure 2 illustrates third pull and catch of power clean. 

 

Figure 2 - Third pull and catch 

The main difference between this exercise and the full clean is the front squat during the 

catch phase. In power clean the hip and knee joints do not reach maximum flexion angles 

as in full clean. Therefore, the catch phase during the power clean is performed at a higher 

height than the clean, which means that the barbell must have a greater rise requiring 

more vertical velocity, and does not allow to use loads as heavy as in the clean (Storey & 

Smith, 2012). 

OWL movements are beneficial to many athletes considering biomechanical profiles of 

the exercises involving triple extension of the hip, knee and ankle. The clean exercises 

are associated with high force generation and muscle power output. Thus, neuromuscular 

adaptations, such as increased recruitment of high-threshold motor units, may accompany 

a training program incorporating these exercises. The power output obtained during OWL 

movements is influenced by the rate of force development (RFD), and when comparing 
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to vertical jumps, the power clean at 70% 1RM presented a greater RFD, suggesting that 

the increase of jumping height after an OWL program may be associated with gains in 

explosive strength (MacKenzie, Lavers & Wallace, 2014). The approximate relative 

intensity that elicits peak power among experienced subjects in power clean is around 

80% 1RM, and this marker can be used as an optimal relative intensity in weightlifting 

exercises to enhance muscle power (Caldwell, 2015). The relationship between power 

clean (with the 1RM normalized to bodyweight) and other exercises with pulling actions 

of the ground, namely the squat and vertical jumps, present Pearson’s correlations of r = 

0.88 and r = 0.75 (Channel & Barfield, 2008), and significant relations with sprinting and 

agility tests were also found (Storey & Smith, 2012). 

However, not all studies suggest similarities between vertical jumps and power clean. 

Mackenzie and colleagues (2014) measured electromyographic signals of lower-limb 

muscles and verified that during power clean the knee extensors (vastus medialis and 

rectus femoris) presented less activation in the first half of the movement than the vertical 

jumps. Moreover, it was demonstrated a substantial increase corresponding to the triple 

extension in the later phase of power clean. In the same phase of the movement, gluteus 

medius and medial gastrocnemius showed an activation peak, both significantly later than 

in the jumps. The activation of the biceps femoris was not significantly different in power 

clean and loaded jumps, and differences were found when comparing to vertical jumps 

not loaded, revealing a later activation during the power clean. Considering the kinematic 

parameters, differences were also found in knee and ankle displacement between the two 

exercises. In the first half of the ascendant phase the knee and ankle showed significantly 

more extension, and in the beginning of the second half the two joints showed a flexion 

period before the complete extension of the lower-limbs. Regarding the hip joint, the 

extension occurred later in power clean. Thus, vertical jumps and power clean ascendant 

phase are not similar in what concerns kinematic and electromyographic parameters, 

considering that differences in lower-limb joints angular displacement and in activation 

timings of muscles were demonstrated (MacKenzie et al., 2014). At different phases of 

the power clean the rectus abdominis and obliquus internus showed generally little 

activation, while the transversus abdominis was clearly targeted during the lift, showing 

increased activation in the highest positions of the barbell. By contrast the erector spinae 

was more active in the lower positions of the barbell (Eriksson Crommert, Ekblom & 

Thorstensson, 2014). 
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2. NEUROMUSCULOSKELETAL SYSTEM CONTROL AND ADAPTATIONS 

2.1. Neuromuscular adaptations to strength training 

Regular practice of strength training is associated to increases in maximal strength, 

changes in neuromuscular function and muscle morphology. When submitted to strength 

training, previously untrained subjects tend to augment significantly the maximum 

amount of force they can produce, and to increase substantially the size of skeletal muscle 

(Ahtiainen, 2006). 

The morphological adaptations that result from strength training involve increases in the 

cross-sectional area of the muscle, mainly through the hypertrophy of muscle fibers 

(increase in myofibrillar size and number). This phenomenon is associated with 

proliferation and fusion of satellite cells with existing fibers which consequently increase 

in numerical density of myonuclei. Other morphological adaptations, such as changes in 

muscle architecture (namely in pennation angle) and fascicle length, in fiber type and in 

tendons structure may occur (Folland & Williams, 2007). Particularly, weightlifters 

showed greater pennation angles of vastus lateralis than resistance trained adults while 

no significant differences in anatomical and physiological muscle thickness existed 

between groups. Nonetheless, the former group presented greater ability to generate and 

sustain peak force of isometric contractions (Storey, Wong, Smith & Marshall, 2012). 

Regarding the muscle fiber type, weightlifting performance is not dependent on type IIX 

fibers. These athletes exhibit high percentages of vastus lateralis’ type IIA muscle fibers 

instead, reflecting myosin heavy chain IIa isoform (Fry et al., 2003; Storey & Smith, 

2012). The percentage of type II fibers appears to be no different from untrained 

individuals. However, the cross-sectional area of these fibers is considerably larger. A 

positive relation between IIA fibers and snatch performance and a negative relation 

between IIX fibers and clean & jerk performance were found (Fry et al., 2003). 

On the other hand, there is evidence that neural adaptations to strength training occur 

earlier than muscle adaptations, which reflects that the initial gains in strength that are not 

accompanied by increase in muscle size. Besides, learning and changes in coordination 

emerging from the specificity of training and the cross-training effect are other indirect 

evidences of neurological adaptations. Changes in the neural drive to the muscle have 

been inferred from surface electromyography (EMG) studies that show increases in EMG 

signal of the agonist muscle during first weeks of training (Folland & Williams, 2007; 
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Sale, 1988; Sale, 2003; Moritani & DeVries, 1979; Duchateau, Semmler & Enoka, 2006). 

This increase in EMG reflects increases in fiber recruitment or firing frequency, and is 

sensitive to changes in synchronization (Folland & Williams, 2007). It appears that motor 

unit recruitment thresholds are reduced in response to training (Griffin and Cafarelli, 

2005; Folland & Williams, 2007; Sale, 2003). Cortical adaptations, like primary motor 

cortex changes in movement representation and increased corticospinal excitability, nerve 

conduction velocity, reflex function and motoneuron excitability may be other 

neurological adaptations promoted by strength training (Griffin & Cafarelli, 2005; Sale, 

2003). 

In an initial phase of the training process the nervous system has to adapt itself to the 

specific required movements and it involves the ability to develop qualitative changes in 

coordinative patterns of muscle activation, being the optimization of coordination 

between agonists, antagonists and synergists essential to produce the desired movement 

output, in what concerns to angular amplitudes and velocities of the joints (Sale, 2003; 

Pezarat-Correia, 2012). For example, six weeks of different multi-finger training 

programs promoted increased pressing strength, decreased force errors regarding a target 

force value (20% maximal voluntary contraction) and decreased independence of the 

fingers that resulted from neuromuscular adaptations specific of the training protocol 

(Shim, Hsu, Karol, & Hurley, 2008). In order to promote gains in strength performance 

three mechanisms are described regarding neural adaptations in intermuscular 

coordination: increased activation of agonists, decreased activation of antagonists and 

activation of synergists.  

Training also allows recruitment of fast-twitch muscle fibers innervated by higher 

threshold motoneurons (type II fibers) which results in a increase in motor unit firing 

rates, particularly at the onset of ballistic contractions, which promotes greater rate of 

force development. The activation of antagonists depends on muscle group, velocity, type 

of muscle contraction, intensity and joint angle, opposing the torque developed by the 

agonists. Nevertheless, antagonist activation is an important mechanism to maintain joint 

stability, stop and bring precision to movement. The antagonist muscles appear to reduce 

their activation at the same force production after training, causing a decrease in 

antagonist/agonist activation ratio, which is observed in older individuals (Häkkinen et 

al., 1998). These changes may be related with the ability to focus motor command to the 

main muscles involved in the task and inhibiting antagonists (Duchateau et al., 2006). 
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Finally, for the optimization of movement it is required that all muscle involved, including 

fixators to achieve postural requirements of the task, activate with the right intensity and 

in the exact timing for the performed action (Rutherford & Jones, 1986). The coordination 

of all muscles would allow to produce the required joint moments in the intended 

direction to perform specific movements, promoting specific strength gains (Sale, 2003; 

Folland & Williams, 2007; Duchateau et al., 2006; Griffin & Cafarelli, 2005).  

During whole-body and power movements, like in OWL, the level of activation of 

antagonists may be greater as compared with less complex movements. Therefore, in this 

case it is essential that the nervous system is able to control unwarranted co-contraction 

between agonists and antagonists, that may possibly reduce power output (Arabatzi & 

Kellis, 2012; Folland & Williams, 2007). A study regarding an 8-week OWL training 

program showed differences in activation patterns of knee muscles, promoting higher 

vertical jumps when compared to a traditional resistance training group. It would be 

expected that OWL could improve motor unit recruitment in agonists inhibiting at the 

same time the antagonist muscle action. In this particular study, a reduction of the 

antagonist/agonist ratio was observed in the OWL, possibly indicating increases in knee 

extension torque at propulsion in vertical jumps, in contrast to the traditional resistance 

training group, which exhibited a higher ratio of activation (Arabatzi & Kellis, 2012).  

Regarding the described mechanisms of neuromuscular adaptations to strength training, 

it is plausible to conclude that morphological adaptations become the dominant factor in 

the late stage of the training program, mainly after the first month. The neural factors are 

determinant in the initial voluntary strength increment, considering intermuscular and 

intramuscular adaptations to training (Moritani & DeVries, 1979; Sale, 1988). Strength 

gains in advanced training stages are associated to continued muscle adaptations. Figure 

3 illustrates the timings of muscular and neural adaptations to strength training. However, 

regarding to complex movements expertise, the role of training in the refinement of these 

tasks and the possible timings of skill acquisition are issues that remain unexplored. 
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Figure 3 - The relative roles of neural and muscular adaptation to strength training. In the early phase of 

training neural adaptation predominates. This phase also encompasses most training studies. In intermediate 

and advanced training, progress is limited to the extent of muscular adaptation that can be achieved, notably 

hypertrophy – hence the temptation to use anabolic steroids when it becomes difficult to induce hypertrophy 

by training alone (reprinted from Sale, 1988). 

 

2.2. Muscle coordination 

The control of movement that enables the performance of coordinated actions implies the 

existence of functional relations between all the components of the system, i.e., muscles 

and other structures organize themselves in order to perform movement and complete a 

desired task. However, there is more than one way that the CNS can adopt to perform 

some motor task, and this redundancy associated to motor control refers to the degrees of 

freedom problem, proposed by Bernstein (1967). The musculoskeletal system has infinite 

solutions to perform an action, regarding how the elements of the system interact with 

each other. Also, it has been demonstrated that the human body has more elements than 

it should be necessary to perform a particular motor task (Latash, Scholz, & Schöner, 

2007).  

Thus, according to Bernstein (1967), when learning some new skill, the neuromuscular 

system adapts to the motor possibilities manipulating the degrees of freedom (DOF) and 

promoting an approach that leads to an optimal solution constructed to minimize the cost 

to the CNS (Hirashima & Oya, 2016). During skill acquisition an intermittent reduction 

and release of DOF may be observed. In early stages of this process the CNS will reduce 

the number of DOF, stiffening the movement but controlling the excess of DOF that could 
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possibly add to much variability to the system. With practice, some of these DOF are 

released, smoothing the movement and increasing it efficiency (Latash et al., 2007; 

Passos & Barreiros, 2013). 

The abundance of DOF allows to the neuromuscular system to ensure stability of 

important performance variables and flexibility to adapt to internal and external changes 

of the environment, and the redundancy of DOF may be used to compensate errors that 

arise from unpredictable acting forces (Latash et al., 2007; Latash, Krishnamoorthy, 

Scholz, & Zatsiorsky, 2005; Latash, 2015; Oliveira & Shim, 2008). In other words, the 

permanent elimination of DOF does not occur. Instead, those alternative DOF are used to 

minimize changes of the movement and to promote a functional adapted motor control.  

According to the previous statements, we can assume that coordination regards to the 

interaction between all the components of neuromusculoskeletal system, and it is though 

that each one can be controlled individually (Bernstein, 1967; Passos & Barreiros, 2013). 

Thus, the control of locomotive system is achieved through the refinement of redundant 

DOF that group themselves and allow the system to perform coordinated movements. In 

response to practicing and training many elements of the nervous system may adapt and 

therefore produce specific muscle patterns of muscle recruitment. Particularly and in the 

vast majority of cases, strength training is implemented in order to optimize how the CNS 

recruit muscles so the performance levels in some tasks may be increased.  

It should be noted that strength training induces some supraspinal adaptations, which 

ensure that the task is performed in the most efficient way possible. For example, a 

reduction in cortical activation and therefore a decrease in the interference of other areas 

of the brain with the execution of movement will be observed. With the increase of force 

production capacity of muscles fewer descending fibers will be activated for a given task, 

controlling the muscle in a more effective way. In other words, with training the relation 

between brain activity and force production will change resulting in less brain activity 

being necessary for the same kinetic output (Carson, 2006). During skill acquisition, 

neural connections between primary motor cortex and other areas (long term potentiation 

of synapses), and between cortico-spinal cells and motoneurons will be altered (Carroll, 

Riek, & Carson, 2001; Carson, 2006).  

The choice and adjustment of DOF by the CNS, the combination of joint angles to 

produce the required movement or the selection of individual motor units and the 
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consequent muscular output, are problems referring fewer constraints than elements, 

helping to reduce DOF that the nervous system must control (Bernstein, 1967; Latash et 

al., 2005). Thus, it appears the concept of functional synergies, ensembles of elements 

forming coordinative structures that allow the performance of coordinated movements 

(Passos & Barreiros, 2013; Latash et al., 2007). 

 

3. MUSCLE SYNERGIES 

3.1. Muscle Synergies for motor control 

Muscle synergies represent a mechanism organizing a system with high number of 

elements, reducing the cost for the CNS and simplifying motor control (Figure 4). Thus, 

the coordination of different elements of musculoskeletal system, i.e., various muscles, 

can be recruited by a single neural command, representing just one variable that may be 

controlled. The contribution of various elements to each synergy reveals its sharing 

character and ensure that one alteration in the function of one element will be 

compensated by other, which means that synergies adapt themselves to different tasks 

even when recruiting the same elements (Latash, 2008). The combination of recruitment 

of multiple synergies will result in the production of a wide range of possible complex 

movements, that is, specific tasks can be achieved by modulating neural commands 

specifying spatiotemporal patterns of muscle activation that can produce natural motor 

behaviors (Safavynia, Torres-Oviedo, & Ting, 2011; Ting & McKay, 2007).  

 

Figure 4 - Synergy Model (reprinted from Hirashima & Oya, 2016) 
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Muscle patterns of activation are the result of simultaneous and independent recruitment 

of muscle synergies, that are combined, scaled in amplitude and shifted in time (d’Avella, 

Saltiel, & Bizzi, 2003).  The simplification of motor control is related to shared muscle 

synergies across tasks. In other words, a variety of motor behaviors may be achieved 

through combination of small number of the same low-level discrete elements, being 

them explicative of a large fraction of the variation of data (d'Avella & Bizzi, 2005; Bizzi 

& Cheung, 2013; Prevete, Donnarumma, d’Avella, & Pezzulo, 2018). Namely, freely 

moving frogs presented small number of synchronous and time-varying muscle synergies 

that represented the variation across swimming, jumping and walking tasks, reflecting the 

inherent shared structure of neural modulation, and implementing behavior specific 

modules to efficiently achieve the biomechanical requirements of the task (d'Avella et al., 

2003; d'Avella & Bizzi, 2005). It is important to emphasize that synergies may be 

synchronous, representing fixed spatial relation of muscle activation in a given time, or 

time-varying, denoting stereotypical temporal activation profiles shared across muscles 

during the whole movement. The combination of these two types of low-level circuits 

that implement descending motor commands and reflex contributions, construct 

coordinated muscle activity and release the higher structures of the CNS, namely in the 

brain, to operate on other specific variables of the task (Delis, Hilt, Pozzo, Panzeri, & 

Berret, 2018). The spatial synergies will be considered in this thesis (Figure 5), and these 

basic temporal pattern synergies have a fixed base represented by the weightings of the 

muscles. The timing of activation of the muscles’ synchronous recruitment made by the 

synergy is variable.  

 

Figure 5 - Low dimensional spatiotemporal structure of muscle synergies basic activation patterns 

(temporal structure) with distribution weights (spatial structure) (reprinted from Aoi & Funato, 2016). 
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3.2. Origin of Muscle Synergies 

Muscle synergies origin has been suggested as being neural, recruited by functional units 

of spinal interneurons that request specific activation of muscles and a consequent motor 

output. The combination of these motor modules allows the performance of an unlimited 

number of movements (Bizzi & Cheung, 2013). 

Chemical and electric stimulation in several vertebral species have been the main 

approaches to study the representation of muscle synergies in spinal cord (Bizzi & 

Cheung, 2013). The simultaneous electrical stimulation of two sites of the spinal cord in 

frogs resulted in equivalent generated forces when compared to the summation of each of 

the two sites stimulated separately (Mussa-Ivaldi, Giszter, & Bizzi, 1994). Neuronal 

discharges in the spinal cord gray of frogs at the L2/L3 zone activated motor primitives 

rather than individual muscles (Hart & Giszter, 2010). Premotor interneurons in the 

primate cervical spinal cord showed spatiotemporal properties correlated with muscle 

synergies during voluntary hand movements (Takei, Confais, Tomatsu, Oya, & Seki, 

2017). Chemical stimulation with N-methyl-D-aspartate (NMDA) glutamate excitatory 

receptors, by application of iontophoresis in the interneuronal regions of the lumbar spinal 

cord of frogs, elicited EMG patterns that revealed to be grouped in muscle synergies 

(Saltiel, Wyler-Duda, D’Avella, Tresch, & Bizzi, 2001). In cats, muscle synergies 

identified by cluster analysis were the same before and after spinal transection, revealing, 

however, differences in timing of certain synergies and suggesting the importance of 

afferent inputs for the expression of some muscle synergies (Desrochers, Harnie, 

Doelman, Hurteau, & Frigon, 2019). Intra-cortical microstimulation applied to motor 

cortical areas of macaques evoked hand movements, revealing muscular activations 

reducible to summations of few basic patterns representing muscle synergies (Overduin, 

d’Avella, Carmena, & Bizzi, 2012), and similar synergistic organization of the brain was 

verified for grasping different objects (Hao et al., 2017). 

Regarding the studies mentioned above, muscle synergies have been proposed to be 

structured in brainstem and spinal cord (Bizzi & Cheung, 2013; Bruton & O’Dwyer, 

2018), activated through supraspinal commands that control activity in spinal circuits and 

regulated by sensory feedback being an important mechanism to refine the pattern of 

locomotor output (Grillner & Jessell, 2009). As such, muscle synergies are commonly 

associated with central pattern generators (CPG), ensembles of oscillatory neurons that 
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produce rhythmic motor patterns (Zehr, 2005). These modules remain similar in frogs 

during swimming and jumping before and after deafferentation, altering, however, the 

amplitude and temporal patterns of muscle synergies and suggesting that sensory 

feedback regarding the specificity of the task may modulate the activation of centrally 

organized synergies (D’Avella & Bizzi, 2005). The absence of sensory and/or descending 

modulation during fictive locomotion in neonates results in lack of specific activation 

pattern on foot contact (Dominici et al., 2011). In adult humans, some studies suggest the 

conclusions enumerated before. For instance, the composition of synergies of the 

unaffected and affected arm of mildly to-moderately impaired stroke survivors with 

lesions in motor cortical areas were similar, despite differences in motor output, which 

can be due faulty activation of spinal modules by altered descending commands (Cheung 

et al., 2009), and merging of unaffected arm muscle synergies correlated with the severity 

of motor impairment (Cheung et al., 2012).  

The main approach to study muscle synergies suggesting indirectly evidence of neural 

control in humans is to measure EMG from a large number of muscles and to apply 

statistical analyses to group the activation of muscles (Tresch & Jarc, 2009). This topic 

will be detailed later in this document. However, not all studies suggested muscle 

synergies as having a neural origin, proposing in contrast that muscle synergies appear to 

reflect task-related biomechanical constraints, and a model predicting musculotendon 

length changes on estimating muscle activity (through EMG records) could control 

feedback-related synergies, even though this model in not currently feasible yet (Kutch 

& Valero-Cuevas, 2012). For example, these authors attribute the results reported by 

Cheung and colleagues (2009) as being consequent of similar task constraints and upper-

limbs biomechanical structure (Kutch & Valero-Cuevas, 2012). Furthermore, addition of 

new muscle patterns of activation from neonates to toddlers reveals the importance of 

neural adaptation to biomechanical changes, incorporating information about 

biomechanical properties in the characteristics of motor modules activation and imposing 

specific highly calibrated motor performance (Dominici et al., 2011; Bizzi & Cheung, 

2013). Thus, origin of muscle synergies remains a controversial topic. Nevertheless, the 

concept of a neural origin of muscle synergies is not incompatible with the idea that 

biomechanical properties of the limb are incorporated in their structure (Bizzi & Cheng, 

2013). 
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3.3. Electromyography (EMG) and Nonnegative matrix factorization (NMF) 

Muscle coordination can be studied from electromyography and force patterns of 

muscles. Although resultant joint torques can be reliably estimated through inverse 

dynamics analysis, there are not valid experimental methods that allow to estimate 

individualized muscle forces. As such, and considering its inability to measure deep 

muscles, the main methodology used to study muscle coordination is surface 

electromyography (Erdemir, McLean, Herzog, & van den Bogert, 2007). Considering the 

study of muscle synergies and knowing that it is not certain that EMG can provide 

information about neural strategies for movement control (namely regarding to 

drawbacks in EMG technique – amplitude cancellation, crosstalk or spatial variability of 

muscle activity – and processing methods – smoothing or amplitude normalization), we 

will assume that surface EMG reflects the muscle coordination (Hug, 2011). 

For the study of muscle coordination, we can process the EMG signals in three ways 

(Hug, 2011): 1) defining the EMG profile in a certain task, performing a rectification, 

smoothing and amplitude normalization. To get information about muscle function, we 

should consider the onset and offset of muscle activation during the recorded period, and 

then average the linear envelopes. When studying muscle coordination in movements 

with consecutive repetitions, it is required a time normalization that allows locating the 

EMG patterns along the cycles. Between 20 and 40 cycles are usually used (Hug, 2011); 

2) extracting muscle synergies, allowing us to understand the behavior of a combination 

of muscles that present common activity in the movement (muscles with similar EMG 

profiles that are activated in synchrony). The muscle synergies extraction reveals two 

components: muscle synergy vectors (fixed component) and synergy activation 

coefficients (time-varying component); 3) processing the signal in the frequency domain, 

discussed elsewhere.  

The computational procedure utilized to extract muscle synergies from multiple EMG 

signals is the nonnegative matrix factorization (NMF), proposed by Lee & Seung (1999, 

2001). NMF is a method that allows to decompose a principal matrix into a product of 

two smaller matrices, extracting time-invariant synergies, i.e., synergies whose muscles 

are activated synchronously reflecting spatially fixed regularities while using 

multiplicative update rules that allow to converge to a locally optimal matrix factorization 

(Lee & Seung, 1999, 2001; Bizzi & Cheung, 2013; Hirashima & Oya, 2016). The 
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particularity of this method is the use of nonnegativity constraints that will lead to a parts-

based analysis only with addictive combinations (Lee & Seung, 1999). Besides muscle 

synergy extraction, NMF is used in other biological data, like gene expression 

(Devarajan, 2008). 

Besides NMF, there are other types of matrix decomposition, like Vector Quantization 

(VQ), Principal Component Analysis (PCA) or Independent Component Analysis (ICA). 

From the referenced algorithms, NMF responds to the nonnegative values of muscle 

activation measured by processed EMG. NMF allows to each muscle to be part of various 

synergies and to coactivate synergies, in contrast with VQ, that allows only one synergy 

at a time, and PCA, where all muscles are part of all synergies assuming sometimes 

negative values and hampering interpretation (Lee & Seung, 1999). As result, one cannot 

compare studies with synergies extracted by PCA and studies with synergies extracted by 

NMF (Lambert-Shirzad & Van der Loos, 2017). However, NMF makes no further 

assumptions about the statistical dependencies of synergies (Lee & Seung, 1999). When 

comparing these algorithms, NMF appeared to perform better than PCA in identifying 

muscle synergies (Tresch, Cheung, & d’Avella, 2006), and outperformed ICA (Lambert-

Shirzad & Van der Loos, 2017). The procedures of NMF are schematized in Figure 6. 

 

Figure 6 - Procedure to extract muscle synergies from the NMF multiplicative method. Muscle vectors (W) 

are extracted from EMG data and then fixed in the algorithm while activation coefficients (C) are estimated 

and newly estimated though an iterative process that allow to converge to a locally optimal matrix 

factorization (Cnew) (reprinted from Singh, Iqbal, White, & Hutchinson, 2018). 
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For the extraction of muscle synergies, Steele and colleagues (2013) recommended to 

select dominant muscles in the movement (identified from musculoskeletal simulation). 

They selected a subset of 5 to 29 muscles and compared the similarity of the synergies 

calculated from each subset to a master set of synergies calculated from all muscles. The 

choice of dominant muscles or muscles with the largest isometric force appeared to better 

represent the master set with all muscles, and more than 10 muscles improved similarity 

above 0.8 (Steele, Tresch, & Perreault, 2013). 

3.4. Muscle synergies in sports-related tasks 

Muscle synergies have shown to be related to neurophysiological interpretations in the 

construction of movements. The promising results of the reliability of muscle synergy 

extraction may allow this statistical procedure to be seen as an useful tool concerning the 

representation of low-level control of muscles. In daily life activities, namely walking, 

stepping, running, ascending and descending stairs, the EMG reconstruction was found 

to be excellently reliable, although some individual muscles just presented a fair local 

reconstruction (Taborri, Palermo, Del Prete, & Rossi, 2018). Walking was the least 

reliable motor tasks. The authors justified with the less variability of the other tasks, 

caused by external constraints. In another study regarding the bench press reliability of 

muscle synergies, between-day analysis showed that general structure of muscle 

coordination was present across days (Kristiansen, Samani, Madeleine, & Hansen, 

2016b). Additionally, those two studies similarly concluded that although muscle synergy 

vectors and synergy activation coefficients are both reliable, the muscle vectors 

representing the weightings of each muscle in the synergies are more variable than the 

timings of activation of synergies (Kristiansen et al., 2016b; Taborri, Palermo, et al., 

2018). 

Recent reviews have emphasized muscle synergy theory outcomes in clinics, robotics, 

and sports (Singh et al., 2018; Taborri, Agostini, et al., 2018). Table 1, 2 and 3 show 

sports- and exercise-related studies with extraction of muscle synergies. Those tables 

comprise adapted information provided by Taborri and colleagues (Taborri, Agostini, et 

al., 2018) and incorporate other relevant studies in the field. 

Some studies have characterized muscle synergies during human postural responses to 

unexpected perturbations. EMG variability in tasks where platforms move in an 

unexpected direction may be explained by spatial fixed muscle synergies (Safavynia & 
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Ting, 2012), being the spatial and temporal components similar among subjects (Torres-

Oviedo & Ting, 2007). A study focusing in the comparison of highly trained female ice 

hockey players with non-athletes concluded that, during this kind of tasks, hockey players 

have shorter recovery periods in the center of mass stabilization and present less 

coactivation of muscle synergies (Kim, Kim, Kim, & Yoon, 2018). 

Regarding locomotion tasks, various studies verified the displacement speed during 

walking and running. Motor modules have been identified during walking at different 

speeds (Gui & Zhang, 2016) and recording of surface and intramuscular EMG had no 

significant differences on PCA waveforms, in spite of the presence of some different 

components in intramuscular EMG of sartorius and tensor fascia latae (Ivanenko, 

Poppele, & Lacquaniti, 2004). Moreover, high similarity of muscle synergies was 

obtained while walking at different speeds and slopes, despite the existence of differences 

in kinematics in children (Rozumalski, Steele, & Schwartz, 2017). In adults, the same 

results were found in another study (Saito, Tomita, Ando, Watanabe, & Akima, 2018) 

that comprised a higher number of muscles in synergy extraction (Steele et al., 2013), 

showing, however, a specific adaptation of the synergy that included mainly rectus 

femoris activation. Muscle synergies were also shared across linear and curvilinear 

trajectories of walking, being those synergies associated to biomechanical walking phases 

and adapting its timings of activation to the type of trajectory (Chia Bejarano et al., 2017). 

Muscle patterns were also shared between walking and running, being the transition in 

the two locomotion paths defined by timing activation of muscle synergies (Cappellini, 

Ivanenko, Poppele, & Lacquaniti, 2006). However, after 10 minutes of running, one 

muscle synergy that had been activated during stance and comprised trunk muscles, 

engaged muscles around the pelvis, being activated after landing, showing that after a 

relatively low level of fatigue induction, the muscle recruitment in posture control 

changes from the trunk muscles to lower-limb muscles (Matsunaga, Imai, & Kaneoka, 

2017). During hands- and knees- crawling, synergies showed to be stable in intralimb 

coordination and to be consistent during speeds, despite some timing adjustments (Chen, 

Niu, Wu, Yu, & Zhang, 2017). 
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Table 1 – Posture and locomotion studies using muscle synergy analysis 

 

Reference Exercise Aim Subjects Tasks Muscles LPF Synergies 

Torres-Oviedo & Ting, 

2007 

Posture 

tasks 

Characterize human postural 

responses 
9 subjects 

Maintain posture during 

platform perturbations 

16 (trunk and 

lower limb) 

40Hz, 3rd 

order 
<6 

Safavynia & Ting, 

2012 

Posture 

tasks 

Characterize human postural 

responses 
8 subjects 

Maintain posture during 

platform perturbations 

16 (trunk and 

lower limb) 
40Hz <7 

Kim et al., 2018 
Ice 

Hockey 

Compare postural responses in 

trained and untrained subjects 

7 hockey 

players; 7 

non-athletes 

Maintain posture during 

platform perturbations 

16 (trunk and 

lower limb) 

40Hz, 3rd 

order 

5-6 initial 

phase; 6-7 

reversal 

phase 

Ivanenko et al., 2004 Walking 
Characterize human locomotion 

during walking at different speeds 
6 subjects 

Walking at different speeds 

with external loads 

12-16 (trunk 

and lower 

limb) 

15Hz 5 

Cappellini et al., 2006 

Walking 

and 

running 

Characterize human locomotion 

during walking at different speeds 
8 subjects Walking at different speeds 

32 (both 

sides) 
10Hz 5 

Rozumalski et al., 

2017 
Walking 

Characterize children locomotion 

during walking at different speeds 
16 children 

Walking at different speeds 

and slopes 
5 (lower limb) 10Hz 3 

Chia Bejarano et al., 

2017 
Walking 

Compare walking in rectilinear and 

curvilinear trajectories 
13 subjects 

Walking in different 

directions 

13 (back and 

lower limb) 

5Hz, 3rd 

order 
4 
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Table 1 – Continued 

 

Reference Exercise Aim Subjects Tasks Muscles LPF Synergies 

Saito et al., 2018 Walking 

Compare human locomotion during 

walking at different speeds and 

slopes 

12 subjects 
Walking at different speeds 

and slopes 

10 (lower 

limb) 

9Hz, 4th 

order 
<4 

Gui & Zhang, 2016 Walking 
Characterize muscle synergies 

during walking at different speeds 
8 subjects Walking at different speeds 8 (lower limb) 

5th, 2nd 

order 
4 

Chen et al., 2017 

Hands- 

and Knee-

crawling 

Assess intra- and inter-limb 

coordination in crawling 
20 adults Crawling at different speeds 

32 (both 

sides) 
15Hz 2 

Matsunaga et al., 2017 Running 
Compare muscle synergies before 

and after running 
8 subjects 

10-min running at 

70%VO2max 

15 (trunk and 

lower limb) 
- 4 
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In what concerns specific sports, some cyclic tasks (cycling, rowing and breaststroke 

swimming) and some specific techniques of certain sports (gymnastics, athletics, 

badminton, american football and golf) have been studied through extraction of muscle 

synergies. The study of different biomechanical constraints and expertise effect have been 

the two main topics in the research about muscle synergies in sports. 

While the number of synergies remained similar, interindividual variability in highly 

trained cyclists showed to be linked to muscle synergy vectors rather than activation 

coefficients, that is, between subjects the main differences were associated with muscle 

weightings in each synergy more than temporal patterns of synergies (Hug, Turpin, 

Guével, & Dorel, 2010). However, between untrained subjects, the muscle vectors during 

cycling remained highly similar, while most of the variability in force profile and EMG 

patterns was found in variability of activation coefficients. In other words, the main 

difference was verified in temporal patterns of synergies (De Marchis, Schmid, Bibbo, 

Bernabucci, & Conforto, 2013). Muscle synergies in cycling were also studied regarding 

different biomechanical constraints, namely, consistency in muscle synergies between 

tasks differing in speed or power output and position (seated or standing) has been 

verified (Hug, Turpin, Couturier, & Dorel, 2011; Turpin, Costes, Moretto, & Watier, 

2017). To maintain cadence while incrementing power output, no different timings of 

muscle activation were verified, although different timings of knee and ankle extensors 

between seated and standing position were found (Turpin et al, 2017). In what concerns 

to speed changes in isokinetic cycling, muscle vectors remained the same between 

conditions and activation coefficients across torques and postures showed timing 

adaptations (Hug et al., 2011). This study had an interesting particularity related with the 

smoothing of the EMG: for different speeds, different low-pass filters (LPF) have been 

used, namely, with speed increment higher cut-off values of LPF were applied (Hug, 

2011; Hug, Turpin, Dorel, & Guével, 2012). 

In rowing, similar muscle synergies were extracted, implying that training does not 

promote a different dimension of movement control in tasks regarding mean power of a 

2000m test and an incremental VO2max test (Turpin, Guével, Durand, & Hug, 2011c; 

Shaharudin & Agrawal, 2016). Muscle synergies and individual muscle patterns remained 

stable across different power outputs, being the performance differences explained by 

increases in EMG activity levels (Turpin, Guével, Durand, & Hug, 2011a). When a 

fatigue protocol was applied, muscle synergies remained the same, and EMG profiles, 
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vectors and activation coefficients suffered only slight modifications. However, increased 

muscle activity was verified in some muscles (biceps femoris, gluteus maximus, 

semitendinosus, trapezius medius and vastus medialis) and decreased muscle activity was 

shown to one muscle: longissimus (Turpin, Guével, Durand, & Hug, 2011b). Comparing 

different rowing ergometers, the modular organization remained the same, being the slide 

ergometer more solicitor of biarticular muscles (Shaharudin, Zanotto, & Agrawal, 2014). 

In breaststroke swimming, a more complex task than rowing, muscle synergies were not 

profoundly affected when comparing experts and novices, although differences in timing 

of activation of a synergy encompassing upper-limb muscles and individual EMG profiles 

of biceps brachii, pectoralis major, rectus femoris and tibialis anterior were found (Vaz 

et al., 2016). Between highly trained gymnasts, muscle synergy structure was not 

profoundly altered, despite some variability in the muscle synergy related with grip and 

hip extension has been verified (Frère & Hug, 2012). In highly trained pole vaulters, some 

variability in EMG profiles has been found, but two modules shared time characteristics, 

even though muscle vectors of each module were also different between-subjects (Frère, 

Göpfert, Hug, Slawinski, & Tourny-Chollet, 2012). However, some accentuated 

differences between-subjects and between differently leveled groups have been found: 

one of the synergies defined by VAF showed extreme intragroup differences in novice 

and advanced badminton players, that is, this synergy was a neural strategy of each 

individual in a smash shot task; while one synergy between the advanced and novice 

players remained consistent between groups (regarding trunk rotation), other synergy 

(comprising forearm flexor muscles at impact) was found just in advanced players, 

revealing that enhanced performance in badminton smash shots may be related with 

neural strategies developed by training (Matsunaga & Kaneoka, 2018). 
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Table 2 – Sports studies using muscle synergy analysis 

Reference Sport Aim Subjects Tasks Muscles LPF Synergies 

Turpin et al., 2017 Cycling 
Compare standing vs seated 

position 
17 untrained 

Cycling at different power-

outputs in standing and 

seated position 

9 (lower limb) 9Hz, 2nd 4 

Hug et al., 2010 Cycling Assess inter-individual variability 9 cyclists 
Pedaling at 80% maximal 

power in incremental test 

10 (lower 

limb) 
5Hz 3 

Hug et al., 2011 Cycling 

Verify consistency of muscle 

synergies at different power-

outputs 

11 cyclists 

Pedaling at different 

isokinetic velocities seated 

and standing 

11 (lower 

limb) 

Adapted to 

pedaling 

rate 

3 

De Marchis et al., 

2013 
Cycling Assess inter-individual variability 9 untrained 

2min of submaximal 

pedaling 
8 (lower limb) 4Hz, 3rd 4 

Turpin et al., 2011a Rowing 
Verify the power-output effect in 

muscle synergies 

7 rowers; 8 

untrained 

Rowing at different power-

outputs 
23 (full-body) 8Hz 3 

Turpin et al., 2011b Rowing 
Verify the fatigue effect in muscle 

synergies 
9 subjects 

Rowing at 2000m test mean 

power until fatigue 
23 (full-body) 9Hz 3 

Turpin et al., 2011c Rowing 
Verify the expertise effect in 

muscle synergies 

7 rowers; 8 

untrained 

Rowing at 2000m test mean 

power 
23 (full-body) 8Hz 3 

Shaharudin et al., 2014 Rowing 
Verify ergometer differences in 

muscle synergies 

9 physically 

active 

6-min test in two in slides 

and in fixed ergometer 

16 (both 

sides) 
8Hz 3 

Shaharudin & 

Agrawal, 2016 
Rowing 

Verify the expertise effect in 

muscle synergies 

10 rowers; 

10 untrained 
Incremental VO2max test 16 (full-body) 9Hz 3 
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Table 2 – Continued 

Reference Sport Aim Subjects Tasks Muscles LPF Synergies 

Vaz et al., 2016 
Breaststroke 

swimming 

Verify the expertise effect in 

muscle synergies 

8 swimmers; 

8 beginners 
25m maximal effort 

8 (upper and 

lower limb) 

12Hz, 4th 

order 
3 

Frère & Hug, 2012 Gymnastic Assess between-subject variability 9 gymnasts 
2x11 backward giant 

swings on the high bar 
12 (full-body) 

9Hz, 2nd 

order 
3 

Frère et al., 2012 Athletics 
Characterize coordination in pole 

vaulting catapult effect 
7 athletes 

5-10 jumps at 90% of 

personal record 

10 (upper 

limb) 

5Hz, 4th 

order 
3 

Matsunaga & 

Kaneoka, 2018 
Badminton 

Verify the expertise effect in 

muscle synergies 

7 advanced; 

6 novices 
3 successful smash shots 

8 (trunk both 

sides); 5 

(upper limb) 

- 

2 in 

beginners; 3 

in advanced  

Cruz Ruiz, Pontonnier, 

Sorel, & Dumont, 

2015 

American 

Football 
Characterize muscular activity 1 footballer 

8 hand throws to a 4m 

target 

16 (right arm 

and trunk) 

6Hz, 4th 

order 
3 
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Recently, muscle synergy extraction regarding strength training tasks has been 

performed. A study evaluating muscle synergies in a drop-landing task showed that 

similar muscle synergies explain variance in boys and girls (Kipp et al., 2014). However, 

weightings of muscles in each synergy are different, namely girls present greater medial 

hamstring activation in pre-landing and touchdown associated muscle synergies, while 

boys showed greater activity of vastus medialis in post-landing associated synergy. Still 

concerning drop-landing, a recent longitudinal study encompassing 4 weeks of wobble 

board sensorimotor training concluded that, after training, the experimental group 

presented modified modular organization in the early landing phase, with separation of 

the synergy that comprised plantar flexors and ankle evertors, which was accompanied 

with a reduction in secondary muscle activation (Silva, Oliveira, Mrachacz-Kersting, & 

Kersting, 2018). 

Considering loaded exercises, the effect of fatigue in muscle synergies in one-legged and 

two-legged squat was observed. Three synergies were extracted for two-legged squat, 

while four synergies were extracted for single-legged squat. Two-legged squats did not 

suffer significant differences with fatigue, whereas in single-legged squat one synergy 

with general coactivation became a predominantly knee extensor synergy after fatigue 

(Smale, Shourijeh, & Benoit, 2016). In bench press at different velocities, trained subjects 

showed similar temporal patterns of muscle activation, although individual weightings of 

each muscle in synergies have been shown (Samani & Kristiansen, 2018). Across 

conditions, the synergy associated to eccentric phase showed a muscle vector with more 

intra-subject than inter-subject similarity for slow velocity, being more individualized 

across conditions than shared across subjects when performed slowly. However, 

regarding concentric phase synergy, the activation coefficient presented more inter-

subject similarity at fast velocity than intra-subject similarity across conditions, i.e., 

synergy timing varied more between conditions than between subjects when performed 

quickly (Samani & Kristiansen, 2018). Between powerlifters and untrained subjects, the 

powerlifters showed larger inter-subject variability in concentric phase activation 

coefficient, while the weightings of each muscle within the synergies were less variable 

in powerlifters (Kristiansen, Madeleine, Hansen, & Samani, 2015). Applying a five-week 

bench press training to untrained subjects, it was demonstrated that post-training muscle 

synergy vectors were significantly different from pre-training, corroborating the results 

from the previous study (Kristiansen, Samani, Madeleine, & Hansen, 2016a). 
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Table 3 – Strength training related tasks studies using muscle synergy analysis 

Reference Exercise Aim Subjects Tasks Muscles LPF Synergies 

Smale et al., 2016 Squat 
Verify the fatigue effect in muscle 

synergies 
9 subjects 

Double-legged squats until 

exhaustion 

12 (lower 

limb) 

5Hz, 4th 

order 

3 in double-

legged; 4 in 

one-legged 

Kipp et al., 2014 Landing 
Assess sexual dimorphism in 

single-leg drop-landing  

11 boys; 16 

girls 
5 trials of jump landing 6 (lower limb) 

6Hz, 4th 

order 
3 

Silva et al., 2018 Landing 
Verify the training effect in muscle 

synergies 

9 control; 11 

training 

4 weeks of wobble board 

training  

12 (lower 

limb) 
20Hz 6-7 

Kristiansen et al., 2015 Bench Press 
Verify the expertise effect in 

muscle synergies 

10 

powerlifters; 

9 untrained 

3x8 repetitions with 60% 

3RM 
9 (full-body) 

5Hz, 4th 

order 
2 

Samani & Kristiansen, 

2018 
Bench Press 

Verify the speed effect in muscle 

synergies 
13 trained 

Bench pressing at two 

different speeds 
13 (full-body) 

5Hz, 4th 

order 
2 

Kristiansen et al., 

2016a 
Bench Press 

Verify the training effect in muscle 

synergies 

13 control; 

17 training 

5 weeks of bench press 

training 
13 (full-body) 

5Hz, 4th 

order 
2 
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C – Objectives 

 

The general purpose of this thesis is to characterize motor control in human movement 

regarding strength training tasks. We generally aimed to understand if muscle 

coordination through extraction of muscle synergies is a reliable measure and if there are 

different neuromuscular strategies of motor control in a complex strength training task 

between populations with different levels of expertise. The chosen exercise, the power 

clean, is a variation of OWL exercises and the high barbell velocities and loads, 

concerning to great power outputs, demand a coordinative strategy well defined by the 

practitioners. 

Thus, we intend to answer the following questions: which are the characteristics of power 

clean exercise in unexperienced and experienced subjects, considering EMG profiles?; is 

there reliability of muscle synergies extracted by NMF within and between sessions in 

unexperienced subjects in a complex motor task associated to strength training?; what is 

the role of expertise in EMG profiles, muscle synergy vectors and synergy activation 

coefficients while executing an exercise with high number of DOF?; are neural 

adaptations in intermuscular coordination task-specific or does each subject adapt through 

subject-specific neural strategies? 

Study 1 – Within and between day reliability of muscle synergies in power clean 

It is intended to determine if EMG reconstruction is reliable between sets of the exercise 

and between days. We hypothesize that EMG profiles, muscle synergy vectors and 

synergy activation coefficients are reliable, assuming that muscle coordination and the 

consequently extracted muscle synergies are not significantly modified across sets and 

days. 

Study 2 – Muscle synergies during power clean in Olympic weightlifters and untrained 

individuals: assessment of intra and intergroup variability 

Our aim is to compare muscle coordination strategies in untrained subjects and 

weightlifters. We hypothesize that EMG profiles present some time-shifts, and that 

synergistic organization may present slight differences when comparing the two groups. 

We also pretend to verify if weightlifters present variability regarding subject-specific 

adaptations. 
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D – General Methodology 

 

This chapter will provide general information about the adopted methods in Study 1 and 

2. Information regarding participants, experimental setup and common data processing 

will be presented. 

 

1. PARTICIPANTS 

Unexperienced participants (UNE) and experienced weightlifters (EXP) relevant 

information of Study 1 and Study 2 is overviewed in Tables 1 and 2, respectively. Specific 

information is provided in chapters E and F of this document. 

 N Age (years) Height (cm) Weight (kg) 5RM (kg) 

Day 1 12 
24.5 ± 2.3 171.4 ± 4.4 68.2 ± 6.5 

53.3 ± 9.8 

Day 2 11 53.2 ± 11.5 

Table 1 – Study 1 participants information 

 

 N Age (years) Height (cm) Weight (kg) 5RM (kg) 

UNE 10 24.8 ± 2.0 173.0 ± 4.3 68.0 ± 5.5 53.0 ± 8.4 

EXP 7 30.7 ± 9.3 177.6 ± 6.0 85.9 ± 9.0 102.1 ± 9.6 

Table 2 – Study 2 participants information 

 

2. TEST SESSION DATA COLLECTION AND MATERIALS 

After the warm-up, participants were tested in 5RM power clean. The lifted load in each 

set was increased by 2.5-5kg until the 5RM load was determined. The participants had 

four minutes rest between sets, and after the 5RM was found, they had approximately one 

hour to recover while we placed the electrodes and reflexive markers.  

An eight-camera system (Qualisys, Gothenburg, Sweden) was used and placed around 

the space where the exercise was performed. Three markers were attached to each side of 

the barbell to measure its displacement. Movement data were sampled at 200 samples/s. 
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The data collection of myoelectrical signals was recorded on sixteen muscles of the right 

side of the body (Figure 1): upper trapezius (TS), pectoralis major (PM), biceps brachii 

(BB), triceps brachii lateral head (TB), flexor digitorum superficialis (FDS), extensor 

digitorum communis (EDC), latissimus dorsi (LD), erector spinae (ES), rectus abdominis 

(RA), external oblique (OE), gluteus maximus (Gmax), vastus lateralis of quadriceps 

(VL), biceps femoris long head (BF), semitendinosus (ST), lateral gastrocnemius (GL) 

and tibialis anterior (TA). The muscles were selected so we could assess to trunk, lower 

and upper limb agonist-antagonist muscles. Due to the exercise limitations, we were not 

able to place electrodes on anterior deltoideus and rectus femoris of quadriceps. The 

electrodes were placed according to SENIAM (Surface EMG for Non-Invasive 

Assessment of Muscles), with exception of FDS, EDC, LD, PM, RA and OE: FDS and 

EDC were placed as recommended by Zipp (1982); LD was positioned according to de 

Sèze and Cazalets (2008); PM was placed medially to the anterior axillary border; RA 

and OE were located 3 and 15cm laterally from the umbilicus, respectively. Before the 

placement of the electrodes, the skin was shaved and cleaned with alcohol to minimize 

skin impedance.  

 

Figure 1 - Electrodes placement 

Surface EMG was acquired using sixteen bipolar surface electrodes (EMG Delsys, 

TrignoTM), fixed with specially designed adhesive interface, aligned with the muscle 
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fibers (Hermens et al., 2000), and then additionally fixed with tape to avoid movement 

artefacts. EMG signals were preamplified and band-pass filtered between 20 and 450Hz, 

while digitized at 1000 samples/s. 

Participants performed one set of three repetitions with 90% of the 5RM. Since the 

amplitude normalization procedure in studies with extraction of muscle synergies is still 

debatable, we used this set for task-specific submaximal dynamic normalization 

(Kristiansen et al., 2015). Then, we instructed the participants to perform four sets of eight 

repetitions with 70% of the 5RM. In these sets they should do touch-and-go on the floor 

between repetitions, performing the ascendant phase in the most explosive way possible 

and the descendant phase in a controlled way. The beginning of the ascendant phase was 

defined at the lowest position of the barbell (when the discs are in contact with the ground) 

and the end in the highest position of the barbell. The beginning and the ending of the 

descendant phase were defined in the opposite way. Each phase was time normalized to 

100%, since different individuals may not have the same relative time phases, and the bar 

displacement was smoothed with a low-pass filter (8Hz, 4th order Butterworth). The first 

and last repetitions of all sets were excluded. 

 

3. DATA PROCESSING 

Raw EMG signals were band-pass filtered (20-490Hz), rectified, smoothed with a low-

pass filter (12Hz, 4th order Butterworth) and normalized to the average value of the 100ms 

across the EMG peak of the set of 3 repetition with 90% of the 5RM. After a visual 

inspection of the EMG signals, some repetitions and some individual muscles were 

excluded due to signal artefacts. For each set, at least 4 repetitions were considered (mean: 

5.9 ± 0.6, range: 4-8), and the number of muscles used for extracting muscle synergies 

was 15.7 ± 0.6 (range: 13-16). The linear envelopes of each phase were interpolated to 

100 points, since it was not our aim to analyze the degree of muscle activation (Hug, 

2011).  

Extraction of muscle synergies has been done through NMF, implementing the algorithm 

proposed by Lee and Seung (2001). Matrix factorization minimizes the residual Frobenius 

norm between the initial matrix and its decomposition, given as: 
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E = WC + e 

        W ≥ 0 min ||E – WC||FRO  

                                                  C ≥ 0  

where E is a p-by-n matrix (p = number of muscles; n = number of time points), W is a p-

by-s (s = number of synergies), C is an s-by-n matrix and e is a p-by-n matrix. || ||FRO 

establishes the Frobenius norm and e is the residual error matrix. Therefore, the two 

multiplication matrices in which the initial matrix is decomposed, represent two 

components: the muscle synergy vectors (W), regarding the relative weighting of each 

muscle within each synergy and, the synergy activation coefficient (C), regarding the 

relative activation time of the muscle synergies during the power clean. The algorithm 

was repeated 100 times. 

Each set consisted in 4 to 8 repetitions. Thus, E was a 16 row by 800 to 1600 columns 

matrix.  The analysis was iterated by varying the number of synergies between 1 and 16. 

The number of muscle synergies selected was dependent on variance accounted for 

(VAF). Therefore, the number of muscle synergies was the smallest number that defined 

90% of VAF, considering that each synergy should represent at least 5% of VAF. The 

application of the NMF does not sort the muscle synergies in the same way for all sets of 

the participants which required that the muscle synergies had been previously sorted.  

Specific statistical analysis of each study will be detailed later, in methods of chapters E 

and F of this document. 

 

Figure 2 - Research route of the thesis (adapted from Chen et al., 2017) 
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E – Study 1 

 

 

 

 

 

 

WITHIN AND BETWEEN DAY RELIABILITY OF MUSCLE SYNERGIES IN 

POWER CLEAN 

 

Authors: Paulo Guia dos Santos, João Rocha Vaz, Paulo Freitas Correia, Maria João 

Valamatos, António Prieto Veloso, Pedro Pezarat-Correia 

 

 

 

 

 

 

 

 



E - Reliability of Muscle Synergies (Study 1) 

 
34 

 

1.INTRODUCTION 

When performing a motor task, the Central Nervous System (CNS) has to control the 

biomechanical redundancy established by infinite neuromuscular interactions, in a way 

that all muscles involved can lead to the desired joint moments and assure that the task is 

successfully performed (Bernstein, 1967). The complexity of the CNS control of all the 

involved elements is not completely understood yet. It has been suggested that there might 

be a mechanism that deals with the many degrees of freedom available in the 

neuromusculoskeletal system. Such mechanism would consist in a low-dimensional 

elements that decrease the computational burden and, hence, would allow a more efficient 

control from the CNS (Hirashima and Oya, 2016). Thus, these low-dimensional elements, 

also known as muscle synergies, allow the CNS to control smaller number of variables, 

simplifying the construction of motor behaviors (Tresch and Jarc, 2009; Safavynia et al., 

2011; d’Avella et al., 2003). Recent research in this field suggest that muscle synergies 

represent motor modules controlled by motor cortical areas and integrating sensory 

information that activate groups of muscles to generate a specific motor output (Bizzi and 

Cheung, 2013; Bruton and O’Dwyer 2018). Despite the origin of muscle synergies is still 

a debatable issue, considering that studies suggest that muscle synergies reflect 

biomechanical constraints (Kutch & Valero-Cuevas, 2012), other studies defend that 

these coordinative primitives have a neural origin and are structured in the brainstem or 

spinal cord (Bizzi and Cheung, 2013; Hart and Giszter 2010; Takei et al. 2017).  

Muscle synergies are extracted from surface electromyographic signals (EMG) of 

multiple muscles and, ultimately, reflect muscle coordination strategies (Hug, 2011). The 

study of muscle synergies has shown to be relevant in neurorehabilitation (Safavynia et 

al., 2011), robotics and sports (Singh et al. 2018; Taborri et al. 2018). In 

neurorehabilitation, muscle synergy extraction has provided an improving neuromuscular 

diagnosis and rehabilitation assessment on poststroke patients, spinal cord injuries, 

Parkinson’s disease and cerebral palsy. In robotics the utilization of Muscle Synergy 

hypothesis has been used in the construction of artificial limbs, mainly robotic arms. In 

sports field, the low-level control of complex movements has provided useful information 

to improve athlete performance and training. Generally, the extraction of muscle 

synergies may provide information about how the CNS recruits muscles during motor 

tasks, reducing the dimensionality of muscle control (Taborri et al., 2018). 
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The production of voluntary movement in humans has been studied regarding this 

procedure in crawling (Chen et al. 2017) walking and running (Cappellini et al. 2006), 

postural control tasks in response to unexpected external perturbations (Kim et al. 2018), 

pedaling (Hug et al., 2010, 2011), rowing (Turpin et al. 2011), backward giant swing 

(Frère and Hug 2012), breaststroke swimming (Vaz et al., 2016) and bench press 

(Kristiansen et al. 2015).  

A necessary next step in this field of research is the deeper understanding of the effect of 

training in these muscle coordination strategies assessed through muscle synergy 

analysis. Recently, Kristiansen et al. (2015) showed that experienced powerlifters 

exhibited larger inter-subject variability in the muscle vectors (i.e. individual contribution 

of each muscle to each synergy) compared to untrained individuals. Interestingly, a 

follow-up study from this group revealed that after a 5-week training protocol, the training 

group exhibited a larger inter-subject variability compared to baseline regarding the 

observed decreases in intra-group correlation-values (Kristiansen et al., 2016a). 

Furthermore, a recent study found that individuals that participated in a 4-weeks 

proprioceptive training (wobble board) altered the modular organization of the synergies 

in the early phase of a single-leg drop-landing task (Silva et al., 2018). The authors 

propose that this change was caused by the emerging of a new synergy composed by the 

plantarflexors and ankle evertors muscles. The findings from the Kristiansen et al.’s 

studies are not very surprising because the mechanical degrees of freedom of a bench 

press task is small. Therefore, a crucial step in the study of the effect of strength training 

in muscle synergies requires a whole-body task that involves more joints from both the 

upper and lower limb muscles.  

The power clean exercise, for example, is a derivative exercise of the full clean (first 

movement of the Clean & Jerk lift) and one of the most utilized exercises in strength and 

power training in sports. This exercise encompasses movement at high angular velocities 

in upper- and lower-limb joints, while the trunk stabilization is a key point to the task 

success. Thereby, the exercise complexity demands a more accurate motor control of 

broader degrees of freedom than bench press that promotes movement on only two joints.  

Thus, before conducting an intervention study to explore the effect of strength training in 

this complex task, a reliability study is required to better interpret possible results from a 

training protocol. Therefore, the aim of the present study was to investigate the intra- and 
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inter-day reliability of the muscle synergies and the individual EMG signals during the 

power clean exercise in untrained individuals. Based on previous research (Taborri, 

Palermo, Del Prete, & Rossi, 2018; Kristiansen et al., 2016b), we hypothesized that the 

synergistic organization of motor control would remain the same, while muscle synergies 

components and individual EMG would exhibit moderate-to-high values of intra- and 

inter-day reliability. 

 

2.METHODS 

Participants 

Twelve male subjects (age 24.5 ± 2.3 years, height 171.4 ± 4.4 cm, body mass 68.2 ± 6.5 

kg) with five repetition maximum (5RM) in power clean of 53.3 ± 9.8 kg and 53.2 ± 11.5 

kg at first and second session, respectively, participated in this study. The inclusion 

criterion encompassed healthy subjects (Physical Education students) without prior 

knowledge about the critical points of the exercise. Two subjects were excluded by failing 

to meet the critical points of the exercise, which could compromise their physical safety. 

The subjects were informed to abstain from any physical activity in the day before the 

evaluation sessions. All participants provided informed written consent. This study was 

approved by the Faculty’s Ethics Committee (CEFMH 4/2018) and all procedures 

adhered to the Declaration of Helsinki. 

Experimental Approach 

Aiming to assess the reliability of extracted muscle synergies in a complex strength 

training task in unexperienced subjects, the participants performed the power clean. This 

exercise is commonly used for training and assessment of physical capacities and it has 

been previously shown to be a reliable indicator of performance in experienced (Comfort, 

2013), unexperienced (Comfort & McMahon, 2015) and adolescent athletes (Faigenbaum 

et al., 2012). Each participant performed three sessions, with exception of one participant 

that did not realize the last one. The first session had the purpose of familiarize the 

participants with the task and with the laboratory equipment. In this familiarization all 

participants had one-hour session of technical learning of the movement, with video 

demonstration and a first experience performing the exercise. The two subsequent 

sessions, approximately one week after the familiarization, were performed to investigate 
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the within and between session reliability of muscle synergies in power clean. These two 

sessions were separated by three to seven days.  

Test session data collection and materials 

After the warm-up, participants were tested in power clean 5RM. The lifted load in each 

set was increased by 2.5-5kg until the 5RM load was determined. The participants had 

four minutes rest between sets, and after the 5RM was found, they had approximately one 

hour to recover while we placed the electrodes.  

An eight-camera system (Qualisys, Gothenburg, Sweden) was used and placed around 

the space where the exercise was performed. Three markers were attached to each side of 

the barbell to measure its displacement. Movement data were sampled at 200 samples/s. 

The data collection of myoelectrical signals was recorded on sixteen muscles of the right 

side of the body: upper trapezius (TS), pectoralis major (PM), biceps brachii (BB), 

triceps brachii lateral head (TB), flexor digitorum superficialis (FDS), extensor 

digitorum communis (EDC), latissimus dorsi (LD), erector spinae (ES), rectus abdominis 

(RA), external oblique (OE), gluteus maximus (Gmax), vastus lateralis of quadriceps 

(VL), biceps femoris long head (BF), semitendinosus (ST), lateral gastrocnemius (GL) 

and tibialis anterior (TA). The muscles were selected so we could assess to trunk, lower 

and upper limb agonist-antagonist muscles. Due to the exercise limitations we were not 

able to place electrodes on anterior deltoideus and rectus femoris of quadriceps. The 

electrodes were placed according to SENIAM (Surface EMG for Non-Invasive 

Assessment of Muscles), with exception of FDS, EDC, LD, PM, RA and OE: FDS and 

EDC were placed as recommended by Zipp (1982); LD was positioned according to de 

Sèze and Cazalets (2008); PM was placed medially to the anterior axillary border; RA 

and OE were located 3 and 15cm laterally from the umbilicus, respectively. Before the 

placement of the electrodes, the skin was shaved and cleaned with alcohol to minimize 

impedance. Surface EMG was acquired using sixteen bipolar surface electrodes (EMG 

Delsys, TrignoTM), fixed with specially designed adhesive interface, aligned with the 

muscle fibers (Hermens et al., 2000) and then additionally fixed with tape to avoid 

movement artefacts. EMG signals were preamplified and band-pass filtered between 20 

and 450Hz, while digitized at 1000 samples/s. 

Participants performed one set of three repetitions with 90% of the 5RM. Since the 

amplitude normalization procedure in studies with extraction of muscle synergies is still 



E - Reliability of Muscle Synergies (Study 1) 

 
38 

 

debatable, we used this set for task-specific submaximal dynamic normalization 

(Kristiansen et al., 2015). Then, we instructed the participants to perform four sets of eight 

repetitions with 70% of the 5RM. In these sets they should do touch-and-go on the floor 

between repetitions, performing the ascendant phase the most explosive way possible and 

the descendant phase in a controlled way. The beginning of the ascendant phase was 

defined in the lowest position of the barbell (when the discs are in contact with the 

ground) and the end in the highest position of the barbell. The beginning and ending of 

the descendant phase were defined in the opposite way (Figure 1). Each phase was time 

normalized to 100%, since different individual may not have the same relative time 

phases, and the barbell displacement was smoothed with a low-pass filter (8Hz, 4th order 

Butterworth). The first and last repetitions of all sets were excluded. 

 

Figure 1 - Cycle segmentation in ascendant (0→100%) and descendant phases (100→0%). The thick 

black line represents the bar displacement along the cycle and the vertical black line represents the 

highest height attained by the barbell. The figures are illustrating the movement progression. 

Data processing 

Raw EMG signals were band-pass filtered (20-490Hz), rectified, smoothed with a low-

pass filter (12Hz, 4th order Butterworth) and normalized to the average value of the 

100ms across the EMG peak of the set of 3 repetition with 90% of the 5RM. After a visual 

inspection of the EMG signals, some repetitions and some individual muscles were 

excluded due to movement artefacts. For each set at least 4 repetitions were considered 

(mean: 5.9 ± 0.6, range: 4-8), and the number of muscles used for extracting muscle 

synergies was 15.7 ± 0.6 (range: 13-16). The linear envelopes of each phase were 
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interpolated to 100 points, since it is not our aim to analyze the degree of muscle 

activation (Hug, 2011).  

Extraction of muscle synergies has been done through NMF, implementing the algorithm 

proposed by Lee and Seung (2001). Matrix factorization minimizes the residual Frobenius 

norm between the initial matrix and its decomposition, given as: 

  E = WC + e 

        W ≥ 0 min ||E – WC||FRO  

                                                  C ≥ 0  

where E is a p-by-n matrix (p = number of muscles; n = number of time points), W is a p-

by-s (s = number of synergies), C is an s-by-n matrix and e is a p-by-n matrix. || ||FRO 

establishes the Frobenius norm and e is the residual error matrix. Therefore, the two 

multiplication matrices in which the initial matrix is decomposed, represent two 

components: the muscle synergy vectors (W), regarding the relative weighting of each 

muscle within each synergy, considering that a 0.3 threshold defined if muscles were 

considered active in the synergy (Xiong et al., 2018), and the synergy activation 

coefficient (C), regarding the relative activation time of the muscle synergies across the 

power clean. The algorithm was repeated 100 times. 

Each set consisted in 4 to 8 repetitions. Thus, E was a 16 row by 800 to 1600 columns 

matrix.  The analysis was iterated by varying the number of synergies between 1 and 16. 

The number of muscle synergies selected was dependent on variance accounted for 

(VAF). Therefore, the number of muscle synergies was the smaller number that defined 

90% of VAF if each synergy represented at least 5% of VAF. Also, VAF for each muscle 

(VAFmuscle) was calculated, guarantying that the extracted muscle synergies accounted 

their activity pattern. A VAFmuscle higher than 75% was considered satisfying (Frère & 

Hug, 2012). The application of the NMF does not sort the muscle synergies in the same 

way for all sets of the participants which required that the muscle synergies had been 

previously sorted. 

Statistical analysis  

To assess the intraday reliability of muscle synergies, we used a two-way mixed-effects 

intraclass correlation, ICC (3,4), with 95% confidence interval (CI), measuring the 

relative reliability of VAF and VAFmuscle. The mean value of the four sets is considered 
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when applying average ICC. Values of ICC were categorized as follows: 0.9 - 1.00, 

excellent; 0.75 - 0.9, high; 0.5 - 0.75, moderate; < 0.5, poor (Koo & Li, 2016). Standard 

error of measurement (SEM) was calculated to measure absolute reliability of VAF and 

VAFmuscle (Weir, 2005). 

To compare the muscle synergy vectors across the four sets Pearson’s correlation 

coefficient (r) were calculated. Thus, the r of each muscle synergy vector represents the 

average of the correlation coefficients between each pair of sets (6 values). The synergy 

activation coefficients and individual EMG patterns were assessed through the maximum 

cross-correlation function (rmax), being an indicator of the waveform similarity, and the 

lag time, obtained using the Matlab 2015a (Mathworks Inc., Natick MA, USA) xcorr 

function for centered data (option “coeff”). The lag time is determined at the maximum 

cross correlation function and enables the assessment of differences in timing of 

activation. This analysis was made in two dimensions: first, by averaging the rmax and 

lag time-values of each pair of repetitions (i.e., for each set); second, by averaging the 

rmax and lag time-values of each pair of sets (i.e., for each day). R-values were 

categorized as follows: 0.7 - 1.0, strong correlation; 0.3 - 0.7, moderate correlation; < 0.3, 

weak correlation (Sheskin, 2011).  

The differences in the lag time between repetitions and sets were evaluated performing a 

sample Student’s t-test with zero as reference value and the Cohen’s d as measure of 

effect size. We verified normality through the Shapiro-Wilk test (SPSS version 25.0, 

SPSS Inc., Chicago, IL, USA) using a significance level of p < 0.05. If normality was not 

assumed, one-sample Wilcoxon signed rank test was used. 

Interday reliability of VAF and VAFmuscle was assessed by using single measure ICC 

(3,1) for the average of the four sets of each day. ICC (3,1) was also used to measure 

interday reliability of the 5RM power clean test. Regarding muscle synergy vectors and 

synergy activation coefficients we compared each set of the first day with each set of the 

second day. Then, the reliability analysis was similar to the described for intraclass 

analysis. We calculated for each subject the average of the sixteen values of r for each 

muscle synergy vector and the average of the sixteen values of rmax for each synergy 

activation coefficient and individual EMG patterns (rmax and lag times). The differences 

in the lag time between days were evaluated performing a sample Student’s t-test with 

zero as reference value or one-sample Wilcoxon signed rank test when normality was not 
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assumed. To justify possible weaker correlations of muscle vectors between days, we 

realized a posterior cluster analysis dividing the subjects in two groups: one with anterior 

background in general strength training (CST) and the other without that experience 

(CUE). Normality was tested and t-test for independent samples was performed to assess 

significative differences in r-values. 

 

3.RESULTS 

Using the described criteria to identify the number of muscle synergies, three muscle 

synergies were identified in the first day for all subjects. In the second day for one subject, 

the third muscle synergy did not account 5% of VAF, while the other subjects presented 

three muscle synergies too. Three muscle synergies were extracted for all subjects to 

facilitate the comparison. The muscle synergy #1 mainly represented the back and hip 

extension (LD, ES, Gmax, BF, ST) and the plantarflexion (GL), presenting two peaks, 

one in the ascendant and other in the descendant phase. The muscle synergy #2 involved 

the upper-limb muscles (TS, BB, TB, FDS, EDC) and the muscle synergy #3 represented 

the final of the ascendant phase and mainly involved the core muscles (RA, OE, ES) the 

PM, VL and TA. 

Intra-day reliability 

The three muscle synergies represented 86.6 ± 1.6% and 87.3 ± 1.8% of VAF in first and 

second day, respectively (Figure 2 and 3). An excellent reliability was shown for the three 

extracted synergies in both days (ICC (3,4)-values ranging from 0.92 to 0.98) and a high 

to excellent reliability was shown for VAFmuscle (0.80 - 0.98) with exception of OE in 

day 1 that presented only moderate values of ICC (0.65). The reliability-values are 

presented in Table 1. 
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Figure 2 - Mean values of variance accounted for (VAF) relatively to the original extraction iteration of 

sixteen muscle synergies for day one and two. 

 

Figure 3 - Mean values of variance accounted for each muscle (VAFmuscle) regarding a three synergy-

model for day one and two. The dashed black line represents 75% defined threshold (Torres-Oviedo & 

Ting, 2007).
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Table 1 – ICC, SEM and Confidence Interval (CI(95%)) for of intra (day 1 and 2) and interday reliability analysis of VAF and VAFmuscle 

 
VAF VAF muscle 

#1 #2 #3 TS PM BB TB FDS EDC LD ES RA TA Gmax VL BF ST GL OE 

Intra-day 1 

ICC (3,4) 0.95 0.94 0.92 0.92 0.91 0.82 0.89 0.91 0.97 0.94 0.80 0.89 0.84 0.97 0.84 0.94 0.89 0.92 0.65 

SEM 0.02 0.01 0.01 0.03 0.08 0.03 0.05 0.05 0.03 0.07 0.06 0.14 0.09 0.03 0.10 0.03 0.04 0.05 0.10 

CI (95%) 

0.87 

0.98 

0.84 

0.98 

0.81 

0.97 

0.82 

0.98 

0.78 

0.97 

0.56 

0.94 

0.74 

0.97 

0.77 

0.97 

0.91 

0.99 

0.87 

0.98 

0.52 

0.94 

0.70 

0.97 

0.60 

0.95 

0.92 

0.99 

0.60 

0.95 

0.85 

0.98 

0.72 

0.97 

0.82 

0.98 

0.13 

0.90 

Intra-day 2 

ICC (3,4) 0.98 0.97 0.92 0.98 0.97 0.94 0.97 0.95 0.97 0.95 0.94 0.92 0.93 0.95 0.88 0.88 0.81 0.95 0.89 

SEM 0.01 0.01 0.00 0.02 0.03 0.02 0.03 0.03 0.05 0.06 0.03 0.07 0.07 0.03 0.04 0.02 0.05 0.04 0.05 

CI (95%) 

0.95 

0.99 

0.93 

0.99 

0.81 

0.98 

0.95 

0.99 

0.91 

0.99 

0.84 

0.94 

0.92 

0.99 

0.88 

0.99 

0.91 

0.99 

0.87 

0.99 

0.84 

0.98 

0.76 

0.98 

0.81 

0.98 

0.87 

0.98 

0.70 

0.96 

0.69 

0.96 

0.52 

0.94 

0.87 

0.99 

0.70 

0.97 

Inter-day 

ICC (3,1) 0.66 0.62 0.54 0.09 0.43 0.48 0.83 0.24 0.13 0* 0.09 0.42 0.30 0.63 0.29 0* 0.26 0.38 0.19 

SEM 0.03 0.02 0.01 0.07 0.10 0.03 0.04 0.09 0.15 0.20 0.08 0.18 0.11 0.06 0.08 0.07 0.07 0.09 0.09 

CI (95%) 

0.14 

0.90 

0.07 

0.88 

0.06 

0.85 

-0.52 

0.63 

-0.19 

0.81 

-0.13 

0.83 

0.49 

0.95 

-0.39 

0.72 

-0.51 

0.68 

-0.69 

0.44 

-0.51 

0.64 

-0.24 

0.82 

-0.34 

0.75 

0.08 

0.88 

-0.34 

0.74 

-0.72 

0.38 

-0.37 

0.73 

-0.25 

0.79 

-0.43 

0.69 

(*) Negative-values of ICC are usually taken to be zero reliability (Bartko, 1976) 
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Regarding muscle synergy vectors in the first day, we verified strong correlations (0.84, 

0.85 and 0.74 for vector 1, 2 and 3, respectively). Also, in second day, all muscle synergy 

vectors have shown strong correlations (0.83, 0.87 and 0.86 for vectors 1, 2 and 3, 

respectively). Synergy activation coefficients showed strong correlations between sets of 

day 1 and day 2 (0.93 - 0.97). However, lag time showed to be significantly different of 

0 between sets for synergy #2 in day 1. Vectors and coefficients are depicted in Figure 4 

and 5, and the correlation-values are presented in Table 2 and 4. The individual EMG 

profiles showed a very strong correlation across sets in both days, presenting rmax-values 

ranging from 0.89 to 0.99 (Table 2). However, significant lag times were verified for TS, 

PM, BF and ST in both days, for GL in day 1 and for BB in day two. 

Considering the inter-repetition analysis, synergy activation coefficients were strongly 

correlated (0.89 – 0.92) in both days, with relative time shifts for synergy #2. For 

individual EMG patterns the correlations were strong in both days, ranging between 0.86 

and 0.95, and slight shifts were found in particular sets (Day1 → Set 3: GL; Set 4: BB, 

TB, FDS, LD, ES, Gmax, VL, BF, OE; Day 2 → Set 1: RA; Set 3: PM, EDC, LD, RA; 

Set 4: EDC). 

Inter-day reliability 

Between days, the 5RM power clean test used to determine the lifted weight by each 

participant showed an excellent reliability (0.97), and the SEM was 2.82. 

VAF for the three synergies had moderate ICC (3,1)-values (0.66, 0,62 and 0,54 for 

synergy #1, #2 and #3, respectively). For VAFmuscle, ICC assumed generally poor-

values, excepting Gmax and TB that had moderate (0.63) and high (0.83) reliability 

values, respectively. 

Synergy activation coefficients showed no differences in lag time and appeared to be 

strongly correlated (0.87 - 0.90) across days. However, muscle synergy vectors presented 

moderate-values of correlation (0.56, 0.59 and 0.50 for synergy #1, #2 and #3, 

respectively). Correlation-values are presented in Table 3 and 4. The cluster analysis 

showed significantly higher values of correlation in synergy #2 for the CST (Figure 6). 

Individual EMG profiles presented strong correlation-values (0.89 – 0.97) and did not 

present any time shifts between days. 
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Figure 4 - Synergy activation coefficients (UA) across subjects in each day. Day 1 is represented in left side plots, while day 2 plots are in right side. Top panel regards to 

synergy #1, central panel to synergy #2 and bottom panel to synergy #3.  The thick black line represents the group mean, while the thin colored lines represent individual 

synergy activation coefficients.
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Figure 5 – Muscle synergy vectors (UA) across subjects in each day. Day 1 is represented in left side plots, while day 2 plots are in right side. Top panel regards to synergy 

#1, central panel to synergy #2 and bottom panel to synergy #3.  The dashed black line represents the 0.3, which defines if muscles are considered active in the synergy 

(Xiong et al., 2018), the red line represents the group mean for each muscle, and the colored bars represent individual muscle synergy vectors. 
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Table 2 – Between repetition and between set similarity values (rmax) and lag times (% of the power clean cycle) of synergy activation coefficients and individual EMG 

profiles. Bold values represent significantly differences from zero and Cohen’s d above 0.8. 

 

Inter-repetition Inter-set 

Day 1 Day 2 Day 1 Day 2 

lag (%) rmax lag (%) rmax 
lag 

rmax 
lag 

rmax 
% p d % p d 

Individual EMG Profiles 

TS -0.08 ± 0.75 0.93 ± 0.02 -0.16 ± 0.77 0.94 ± 0.02 -0.22 ± 0.46 0.05 -0.58 0.98 ± 0.01 -0.33 ± 0.47 0.04 -0.61 0.98 ± 0.01 

PM -0.10 ± 1.61 0.88 ± 0.05 -0.25 ± 0.56 0.90 ± 0.03 -0.19 ± 0.33 0.03 -0.63 0.96 ± 0.03 -0.21 ± 0.30 0.04 -0.61 0.98 ± 0.01 

BB -0.01 ± 1.03 0.94 ± 0.02 -0.11 ± 0.81 0.95 ± 0.02 -0.30 ± 0.45 0.05 -0.63 0.98 ± 0.00 -0.37 ± 0.40 0.02 -0.88 0.99 ± 0.01 

TB -0.43 ± 0.77 0.92 ± 0.04 -0.40 ± 1.05 0.93 ± 0.03 -0.18 ± 0.48 0.24 -0.36 0.98 ± 0.01 -0.22 ± 0.42 0.13 -0.50 0.98 ± 0.01 

FDS -0.31 ± 1.02 0.93 ± 0.03 -0.39 ± 1.04 0.92 ± 0.03 -0.18 ± 0.45 0.21 -0.39 0.98 ± 0.01 -0.33 ± 0.60 0.12 -0.52 0.98 ± 0.02  

EDC -0.29 ± 0.83 0.94 ± 0.03 -0.42 ± 0.72 0.94 ± 0.03 -0.19 ± 0.38 0.21 -0.40 0.98 ± 0.01 -0.07 ± 0.30 0.53 -0.20 0.97 ± 0.02 

LD -0.15 ± 1.42 0.88 ± 0.05 -0.34 ± 1.47 0.88 ± 0.06 -0.01 ± 0.02 0.32 -0.29 0.96 ± 0.02 -0.06 ± 0.15 0.18 -0.40 0.96 ± 0.02 

ES -0.07 ± 0.53 0.93 ± 0.03 -0.07 ± 0.46 0.93 ± 0.03 0.00 ± 0.00 1.00 0.00 0.98 ± 0.01 0.00 ± 0.00 1.00 0.00 0.98 ± 0.01 

RA -0.08 ± 2.29 0.86 ± 0.06 -0.82 ± 1.81 0.88 ± 0.05 -0.30 ± 0.53 0.13 -0.49 0.95 ± 0.02 -0.02 ± 0.23 0.84 -0.06 0.96 ± 0.02 

TA -0.10 ± 1.72 0.87 ± 0.04 -0.94 ± 2.18 0.87 ± 0.03 -0.15 ± 0.76 0.54 -0.18 0.97 ± 0.01 -0.20 ± 040 0.15 -0.47 0.96 ± 0.01 

Gmax -0.14 ± 0.91 0.93 ± 0.02 0.00 ± 0.84 0.93 ± 0.02 -0.06 ± 0.35 0.56 -0.17 0.98 ± 0.01 -0.08 ± 0.29 0.67 -0.13 0.98 ± 0.01 

VL -0.18 ± 0.58 0.94 ± 0.02 -0.13 ± 0.55 0.94 ± 0.02 -0.03 ± 0.17 0.71 -0.11 0.99 ± 0.00 -0.07 ± 0.13 0.11 -0.48 0.99 ± 0.00 

BF -0.04 ± 0.93 0.92 ± 0.04 -0.12 ± 0.64 0.94 ± 0.02 -6.87 ± 3.27 <0.001 -2.01 0.92 ± 0.03 -8.80 ± 3.48 <0.001 -0.86 0.93 ± 0.02  

ST -0.11 ± 0.53 0.93 ± 0.04 -0.08 ± 0.60 0.93 ± 0.04 -0.77 ± 0.94 0.03 -0.75 0.94 ± 0.02 -0.62 ± 0.71 0.02 -0.83 0.94 ± 0.03 

GL 0.26 ± 1.62 0.88 ± 0.04 -0.03 ± 1.30 0.89 ± 0.05 -6.45 ± 8.81 0.03 -0.61 0.89 ± 0.01 -5.16 ± 8.01 0.07 -0.61 0.89 ± 0.02 

OE -0.66 ± 2.04 0.87 ± 0.05 -0.11 ± 1.39 0.88 ± 0.04 -0.15 ± 0.43 0.29 -0.32 0.97 ± 0.01 -0.06 ± 0.21 0.42 -0.26 0.97 ± 0.01 

Synergy Activation Coefficients 

#1 -2.40 ± 8.06 0.89 ± 0.04 -0.15 ± 4.75 0.91 ± 0.04  -0.30 ± 0.85 0.11 -0.46 0.97 ± 0.03 0.28 ± 1.45 0.71 -0.11 0.95 ± 0.05 

#2 -4.27 ± 3.07 0.91 ± 0.04 -0.86 ± 2.68 0.92 ± 0.03 0.74 ± 4.35 0.05 -0.58 0.97 ± 0.02 -0.37 ± 0.78 0.17 -0.45 0.97 ± 0.02 

#3 2.29 ± 6.48 0.89 ± 0.06 1.59 ± 7.30 0.91 ± 0.04 -1.53 ± 4.76 0.37 -0.26 0.93 ± 0.05 -1.56 ± 3.26 0.08 -0.54 0.96 ± 0.04 
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Table 3 – Between day similarity values (rmax) and lag times (%) of synergy activation coefficients and individual EMG profiles. Bold values represent significantly 

differences from zero and Cohen’s d above 0.8. 

 

Inter-day 

lag 
rmax 

% p d 

Individual EMG Profiles 

TS -0.22 ± 0.64 0.30 -0.33 0.94 ± 0.02 

PM -0.21 ± 0.63 0.21 -0.38 0.90 ± 0.08 

BB 0.09 ± 0.61 0.65 0.14 0.95 ± 0.04 

TB 0.29 ± 0.76 0.26 0.36 0.95 ± 0.02 

FDS -0.59 ± 1.65 0.44 -0.23 0.93 ± 0.05 

EDC 4.43 ± 9.05 0.05 0.58 0.92 ± 0.04 

LD 1.86 ± 5.05 0.14 0.45 0.89 ± 0.08 

ES 5.43 ± 17.16 0.32 0.30 0.96 ± 0.03 

RA 7.30 ± 17.72 0.11 0.48 0.92 ± 0.04 

TA 0.88 ± 1.74 0.14 0.48 0.93 ± 0.03 

Gmax 0.05 ± 0.83 0.84 0.06 0.94 ± 0.05 

VL 2.63 ± 8.67 0.89 -0.04 0.97 ± 0.01 

BF -0.12 ± 0.48 0.44 -0.24 0.96 ± 0.02 

ST 1.87 ± 5.74 0.80 0.08 0.95 ± 0.04 

GL 1.22 ± 2.80 0.20 0.39 0.93 ± 0.05 

OE 4.82 ± 14.15 0.12 0.47 0.93 ± 0.04 

Synergy Activation Coefficients 

#1 0.07 ± 1.12 0.69 -0.12 0.87 ± 0.08 

#2 -0.92 ± 2.26 0.07 -0.54 0.90 ± 0.06 

#3 -1.32 ± 16.92 0.14 -0.45 0.87 ± 0.08 
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Table 4 – Between set and between day similarity values (r) of muscle synergy vectors. 

 

 

 

Figure 6 - Muscle synergy vectors comparison between CST and CUE clusters. (*) represents 

significative differences between the two clusters 

 

 

 

 

 

 

 

 

Inter-set Inter-day 

Day 1 Day 2 

Muscle Synergy Vectors 

#1 0.84 ± 0.19 0.83 ± 0.24 0.56 ± 0.27 

#2 0.85 ± 0.20 0.87 ± 0.13 0.59 ± 0.25 

#3 0.74 ± 0.24 0.86 ± 0.20 0.50 ± 0.27 
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4.DISCUSSION 

The aim of this study was to evaluate within- and between-day reliability of muscle 

synergies extracted by NMF algorithm to sixteen EMG signals collected in whole-body 

muscles in a complex task regarding strength training, namely the power clean exercise. 

We hypothesized that muscle synergies would be reliable within- and between-days. 

Despite some minor differences in the timing of activation of some muscles in muscle 

synergy components, our hypothesis was globally verified. 

First and foremost, we ensured the reliability of the test used to prescribe the loads defined 

in the protocol and individualized to each subject. The 5RM test showed an excellent 

reliability with a near 1 ICC-value and a low SEM-value. This result is in line with 

previous studies that reported that multiple repetition maximum tests of traditional 

strength training exercises are reliable in recreational athletes (Gail & Künzell, 2014; 

Taylor & Fletcher, 2011). 

VAF and VAFmuscle 

Although three synergies justified less than the 90% target defined for synergy extraction, 

a three-synergy model was chosen because the fourth synergy explained less than 5% of 

variance across sets. The total VAF-values defined for the chosen synergy model 

explaining less than the 90% target may be related with the complexity of motor control 

when performing the exercise, considering the variability between individuals that 

showed slight differences in the variance explained by each synergy (Frère & Hug, 2012). 

The same number of synergies defined with the same criteria was extracted in other 

complex tasks like rowing (Turpin et al., 2011), breaststroke swimming (Vaz et al., 2016) 

or backward giant swing (Frère & Hug, 2012). However, regarding strength training, the 

bench press synergy analysis showed that just two synergies related with the concentric 

and eccentric phases, respectively, explained >90% of total VAF, given that for some 

subjects just one synergy was sufficient to represent this target value (Kristiansen et al., 

2015; Kristiansen et al., 2016b). This difference can be explained by the number of 

degrees of freedom available at a certain task (Frère & Hug, 2012). However, it is 

important to note that this comparison should be carefully made due to the potential effect 

of different filtering techniques prior to the extraction of muscle synergies (Hug, Turpin, 

Dorel & Guével, 2012). 
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The intra-day reliability of total VAF, using ICC (3,4), was excellent for the three 

extracted muscle synergies in both days, revealing that across sets subjects utilized the 

same synergistic organization while performing power clean. VAFmuscle ICC-values 

were high to excellent between sets, with exception of OE in first day, meaning that a 

three synergy-model just explained moderately the variance of the muscle. This may be 

related with the complex anatomy of the abdominal region and adipose tissue around the 

abdominal muscles that would affect signal integrity (Marshall & Murphy, 2003). 

However, in second day all muscles showed high to excellent VAFmuscle ICC-values. 

Between-days the reliability of the three muscle synergies was moderate, using ICC (3,1), 

although slight differences in the values of the VAF were observed. The SEM-value 

ranged between 0.01 and 0.03 when comparing both days, similarly to the comparison 

made between sets where SEM varied between 0.01 and 0.02. Thus, although ICC-values 

for inter-day reliability analysis are just moderate, the low SEM-values associated with 

absolute reliability represent a 0.01-0.03 of scatter in VAF-values around the actual score 

(Weir, 2005). Also between days, besides TB and Gmax, all muscles presented poor-

values of VAFmuscle ICC. Although the mean values of the sets for each day were quite 

similar for all muscles and with exception of EDC, LD, RA and TA, SEM values were 

low (Crouzier et al., 2018), ranging between 0.03 and 0.10. RA presents the same 

limitations of OE, mainly regarding the adipose tissue of the abdominal region (Marshall 

& Murphy, 2003). The other three muscles lack of reliability may be associated with 

EMG technique limitations in dynamic tasks, namely crosstalk with other muscles. LD 

EMG signal may be overestimated, reflecting crosstalk of the ES (Ginn & Halaki, 2015), 

EDC EMG signal may vary regarding the crosstalk with other forearm muscles (Leijnse, 

Carter, Gupta, & McCabe, 2008), and TA may reflect crosstalk with gastrocnemius 

muscles (De Luca, Kuznetsov, Gilmore, & Roy, 2012). However, for both days, almost 

every muscle accounted for >75% of VAFmuscle (Torres-Oviedo & Ting, 2007), with 

exception of RA and TA that showed low-values of VAFmuscle, meaning that three 

synergies did not account the defined 75% threshold and the variability in the dataset is 

not accounted adequately by the two muscles. The lower reliability-values of VAFmuscle 

compared with total VAF are in line with the results of Kristiansen et al. (2016b) and 

Taborri, Palermo et al. (2018). 
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Individual EMG patterns 

Individual EMG patterns for untrained individual were highly correlated across sets and 

days (0.89<rmax<0.99), revealing similar patterns for all muscles, with some shifts that 

may be associated with the low proficiency of the subjects in the task. Namely, shifts in 

upper-limb muscles (TS, PM and BB) and lower-limb extensors (BF, ST and GL) were 

observed between-sets, reflecting for untrained subjects an inter-set variability in the 

activation of muscles during the pull, looking for better strategies to perform the lift. 

Although shifts in the main upper-limb muscles do not present real differences in 

activation timings (shifts < 1%), in the BF and in the GL larger adjustments are presented, 

probably related with variations of the lower-limbs joint angles in the starting position of 

the ascendant phase. Interestingly, between-days no shifts were found, and this may be 

caused by the averaging of the paired sets correlations that canceled eventually the higher 

and lower-values of between-day sets comparison. 

The slight shifts observed between repetitions may be difficult to interpret due to the 

randomness of the muscles presenting timing differences. Muscles that encompass, 

mainly, each of the three extracted synergies presented some time shifts. However, with 

exception of RA in second day, all the shifts were observed in the last two sets. This may 

be associated with some induced fatigue of the evaluation protocol that may have caused 

a more varied activation of some muscles to eventually compensate other muscles 

reduced capacity to maintain performance. However, fatigue was not measured in this 

study. Despite this, it should be noted that although variability of muscle patterns between 

repetitions has existed, all these significative shifts represented less than 2% of time 

variation for each set. 

Synergy activation coefficients and muscle synergy vectors 

The muscle synergy vectors and the synergy activation coefficients had strong correlation 

between-sets. Synergy activation coefficients had rmax values above 0.93 and 0.89, for 

inter-set and inter-repetition analysis, respectively, suggesting that basic temporal 

activations are consistent within-day. However, for synergy #2 in day one, a significant 

shift was found in inter-repetition and inter-set analysis, maybe revealing that untrained 

participants with low refinement in the task may look for different adjustments in muscle 

activation when performing the power clean. However, we should note that the shift 

represents a small variation and the statistical differences between set are due to one 
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particular subject that presented a considerable shift. This statistical difference in time 

shift was not observed in day two, which suggest that the referred subject stabilized the 

movement technique in what concerns to the upper-limb synergy.  

Muscle synergy vectors had strong correlation across sets, presenting however slightly 

lower values of r between sets than synergy activation coefficients, revealing that the 

weighting of muscles in synergies, mainly in synergy #3 in day one, may suffer small 

variations across the sets. Synergy 3# regards to the final of the ascendant phase, 

involving the core muscles stabilizing the trunk, the PM, the TA and the VL near the 

higher position of the bar. The vectors of this synergy had higher values of correlation in 

the second day, in line with the presented information regarding VAFmuscle intra-day 

reliability. 

Between-days, synergy activation coefficients were strongly correlated and did not 

present any significative shift in time, i.e., subjects presented generally the same synergy 

activation timings across days. However, muscle synergy vectors just had moderate 

correlation between first and second session, which may reflect variations of the relative 

weighting of each muscle within each synergy. These findings are in line with the results 

presented by Kristiansen and colleagues (2016b) regarding reliability of muscle synergies 

in bench press. The first obvious explanation may be related with EMG electrodes 

placements across sessions, considering that slight deviations in position and orientation 

to the muscle fibers may cause modifications of the EMG signal. Also, as suggested by 

Kristiansen and colleagues (2016b), the lower correlation of muscle vectors may be due 

to the number of points utilized in the compared time series (equal to the number of 

muscles = 16) that are considerably less than the 200 time points utilized in activation 

coefficients comparison. Besides, a learning effect may be present from the first to the 

second session, in which the redundancy of the musculoskeletal system and the 

optimization process minimizing motor effort cost may cause one altered recruitment 

option (Hirashima & Oya, 2016; Latash, Scholz & Schöner, 2007). Considering that 

muscle synergies can be recruited by single neural commands, representing just one 

variable that may be controlled (Bizzi & Cheung, 2013; Latash et al., 2007), the temporal 

activation of those commands will be consistent when performing a task (Taborri, 

Palermo et al., 2018), and consequently the synergy activation coefficients reliability will 

be stronger than the reliability of muscle synergy vectors (Kristiansen et al., 2016b). The 

moderate reliability of muscle vectors in a complex task may also be associated to the 



E - Reliability of Muscle Synergies (Study 1) 

 
54 

 

different levels of learning of the individuals and with the training background of each 

one. Namely, with a cluster analysis dividing the untrained subjects in groups with 

anterior background in general strength training and without that experience, we observed 

that generally the muscle vectors of the CST were more reliable than the muscle vectors 

of the other group for the three synergies, even having the muscle vector #2 of CST passed 

from moderate to strong correlation. Thus, we expect that strength training may create 

adaptations that provide a greater capacity to adapt and to stabilize quickly in different 

demanding tasks for the neuromusculoskeletal system. This ‘transfer of learning’ may 

occur in a positive way when training of one task, or in this case a number of various 

strength training traditional exercises, contribute to an increase in motor performance 

during a subsequent task, the power clean (Carroll, Riek & Carson, 2001). This suggests 

that previous developed coordination strategies shared with other acquired tasks may 

ensure that muscle synergies composition be flexibly exploited by individuals during skill 

acquisition (Carson & Riek, 2001).  

Limitations  

As suggested by Kristiansen and colleagues (2016b), bilateral recording of EMG could 

support the study conclusions. Moreover, kinematic data could provide information 

regarding the muscle activation and the contribute of each muscle synergy during the 

movement, which could possibly relate the contribute of muscles along time and their 

impact in changes of kinematic variables, like joint angles and velocities. It is important 

to understand that although support of muscle synergies as neural low-dimensional 

modules exists and the applied methodology and its theoretical background is well-

founded (d'Avella & Bizzi, 2005; Bizzi & Cheung, 2013), there is evidence that task 

constraints may influence the extracted muscle synergies by mathematic procedures 

(Hirashima & Oya, 2016; Kutch & Valero-Cuevas, 2012). When comparing with other 

studies caution should be taken because it may differ the synergy extraction methodology 

(Lambert-Shirzad & Van der Loos, 2017), VAF definition criteria (Frère & Hug, 2012), 

low-pass filtering (Hug et al., 2012) and chosen muscles (Steele, Tresch & Perreault, 

2013).  
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Conclusion and Perspective 

This study provided information about muscle synergy extraction with NMF within- and 

between-day reliability during power clean, a strength training complex exercise. 

Although the subjects presented low-level of expertise in the movement, the synergistic 

organization of movement remained the same between sets and days. Also, the synergy 

components revealed to have strong correlation-values between sets, although a slight lag 

times may have been observed. Between days, the synergy activation coefficients were 

strongly correlated without significative lag times. The vectors were moderately 

correlated between-days, which may suggest small variations in the relative weighting of 

each muscle in the synergies (Kristiansen et al., 2016b). The general structure of muscle 

coordination was maintained between repetitions, sets and days, which was reflected by 

regular number of extracted synergies and similar muscle synergy components and EMG 

profiles. This information may reveal the robustness of muscle synergy extraction 

procedure, establishing relation between the mathematical output with the 

neurophysiological organization and adaptation of motor control. Thus, further 

investigation regarding strength and power training whole-body exercises, namely the 

power clean, should be done providing information about untrained individuals and 

weightlifters in order to compare coordination strategies inherent to highly trained 

subjects, and if these subjects present individual neural strategies of motor control. 
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1.INTRODUCTION 

Regular practice of strength training is associated to increases in maximal strength, 

changes in neuromuscular function and muscle morphology. Neural adaptations to 

strength training occur earlier than muscle adaptations and the initial gains in strength are 

not accompanied by increase in muscle size. Furthermore, changes in neural drive to the 

muscle have been inferred from surface electromyography (EMG) studies that show 

increases in EMG of the agonist muscle during first weeks of training (Folland & 

Williams, 2007; Sale, 1988; Sale, 2003; Moritani & DeVries, 1979; Duchateau, Semmler 

& Enoka, 2006). This increase in EMG reflects increases in fiber recruitment or firing 

frequency, being also sensitive to changes in synchronization (Folland & Williams, 

2007). Additionally, motor unit recruitment thresholds are reduced in response to training 

(Griffin and Cafarelli, 2005; Folland & Williams, 2007; Sale, 2003). Regarding neural 

adaptations in intermuscular coordination, three mechanisms are described to promote 

gains in strength performance: increased activation of agonists, decreased activation of 

antagonists and activation of synergists. Thus, the coordination of all muscles would 

allow to produce the required joint moments in the intended direction to perform specific 

movements (Häkkinen et al., 1998; Sale, 2003; Folland & Williams, 2007; Duchateau et 

al., 2006; Griffin & Cafarelli, 2005).  

During whole-body and power movements, like in Olympic Weightlifting (OWL) the 

level of activation of antagonists may be greater as compared with less complex 

movements, and it is essential that the nervous system can control unwarranted co-

contraction of the antagonists, which may possibly result in a reduced power output 

(Arabatzi & Kellis, 2012; Folland & Williams, 2007). However, after training, a reduced 

antagonist/agonist ratio of the knee was observed in subjects submitted to an OWL 

protocol, when compared to traditional resistance training, possibly indicating increases 

in knee extension torque at propulsion in vertical jumps, in contrast to the traditional 

resistance training group that exhibited a higher ratio of activation (Arabatzi & Kellis, 

2012). 

The coordination of muscles has been studied through the decomposition of surface EMG 

recordings into muscle synergies. Each synergy integrates the combination of multiple 

muscles, and the combination of recruitment of multiple synergies will result in the 

production of a wide range of possible complex movements. Thus, specific tasks can be 
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achieved by modulating neural commands that specify patterns of muscle activation, 

resulting in the production of natural motor behaviors (Safavynia, Torres-Oviedo, & Ting, 

2011; Ting & McKay, 2007). The synergies are extracted through Nonnegative Matrix 

Factorization (NMF) and two components are provided, setting information about timing 

of activation and the weight of each muscle in each synergy during movements (Hug, 

2011; Bizzi and Cheung, 2013). When applied to sports-related tasks, muscle synergies 

have been studied in walking and running (Cappellini et al. 2006), postural control tasks 

in response to unexpected external perturbations (Kim et al. 2018), pedaling (Hug et al., 

2010, 2011), rowing (Turpin et al. 2011), backward giant swing (Frère and Hug 2012), 

breaststroke swimming (Vaz et al., 2016) and bench press (Kristiansen et al. 2015). 

Particularly, Kristiansen and colleagues (2015) have investigated muscle coordination in 

power lifters and untrained subjects, showing that powerlifters exhibited larger inter-

subject variability in muscle vectors of concentric phase of bench press when compared 

to untrained subjects, corroborating these results with a five-week training protocol of 

untrained individuals (Kristiansen et al., 2016). Also, four weeks of wobble board training 

appeared to modify modular organization in the early landing phase of a single-leg drop-

landing with separation of the synergy comprising plantar flexors and ankle evertors 

while the activation of secondary muscles was reduced (Silva et al., 2018).  

Strength gains in advanced training stages are associated to continued muscle adaptations. 

However, regarding to complex movements expertise, the role of training in the 

refinement of these tasks and the possible timings of skill acquisition are issues that 

remain unexplored (Sale, 1988). Considering that Kristiansen and colleagues (2015, 

2016) provided the only study associating the extraction of muscle synergies and the 

neural strategies developed in a strength training process, our aim is to study a more 

complex task with more degrees of freedom regarding strength training, the power clean 

exercise. We intend to identify differences in neural strategies between populations with 

different levels of expertise, and this information may provide an important contribution 

to research in neuromuscular adaptations to strength training. The power clean is a 

variation of OWL exercises and the high barbell velocities and loads, concerning to great 

power outputs, demand a coordinative strategy well defined by the practitioners. We 

hypothesize that EMG profiles present some time-shifts, and that synergistic organization 

may present slight differences when comparing the two groups. We also pretend to verify 

if weightlifters present variability regarding subject-specific adaptations.  
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2.METHODS 

Participants 

Seventeen male subjects, 10 unexperienced (UNE, age 24.8 ± 2.0 years, height 173.2 ± 

4.3 cm, body mass 68.6 ± 6.3 kg) and 7 weightlifters (EXP, age 30.7 ± 9.3 years, height 

177.6 ± 6.0 cm, body mass 85.9 ± 9.0 kg) with five repetition maximum (5RM) in power 

clean of 53.3 ± 9.8 kg and 102.1 ± 9.6 kg, respectively, participated in this study. 

Untrained subjects were healthy Physical Education students without prior knowledge 

about the critical points of the exercise, while weightlifters were practitioners with at least 

two years of experience and training at least 4 times per week. All participants provided 

informed written consent. This study was approved by the Faculty’s Ethics Committee 

(CEFMH 4/2018) and all procedures adhered to the Declaration of Helsinki. 

Experimental Approach 

Aiming to assess the differences between groups in the extracted muscle synergies in a 

complex task regarding strength training, participants performed the power clean. This 

exercise is commonly used for training and assessment of physical capacities and it has 

been previously shown to be a reliable indicator of performance in experienced (Comfort, 

2013), inexperienced (Comfort and McMahon, 2015) and adolescent athletes 

(Faigenbaum, 2012). Each untrained participant performed two sessions. The first session 

had the purpose of familiarize the participants with the task and with the laboratory 

equipment. In this familiarization all untrained participants had one-hour session of 

technical learning of the movement, with video demonstration and a first experience 

performing the exercise. The subsequent session for untrained participants 

(approximately one week after the familiarization), and the only one performed by 

weightlifters, was performed to evaluate the neural strategies associated to a complex 

strength training exercise and to assess intra and intergroup variability of muscle 

synergies in untrained and trained subjects. 

Test session data collection and materials 

After the warm-up, participants were tested in 5RM power clean. The lifted load in each 

set was increased by 2.5-5kg until the 5RM load was determined. The participants had 

four minutes rest between sets, and after the 5RM was found, they had approximately one 

hour to recover while we placed the electrodes and reflexive markers.  
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An eight-camera system (Qualisys, Gothenburg, Sweden) was used and placed around 

the space where the exercise was performed. Three markers were attached to each side of 

the barbell to measure its displacement. Movement data were sampled at 200 samples/s. 

The data collection of myoelectrical signals was recorded on sixteen muscles of the right 

side of the body: upper trapezius (TS), pectoralis major (PM), biceps brachii (BB), 

triceps brachii lateral head (TB), flexor digitorum superficialis (FDS), extensor 

digitorum communis (EDC), latissimus dorsi (LD), erector spinae (ES), rectus abdominis 

(RA), external oblique (OE), gluteus maximus (Gmax), vastus lateralis of quadriceps 

(VL), biceps femoris long head (BF), semitendinosus (ST), lateral gastrocnemius (GL) 

and tibialis anterior (TA). The muscles were selected so we could assess to trunk, lower 

and upper limb agonist-antagonist muscles. Due to the exercise limitations, we were not 

able to place electrodes on anterior deltoideus and rectus femoris of quadriceps. The 

electrodes were placed according to SENIAM (Surface EMG for Non-Invasive 

Assessment of Muscles), with exception of FDS, EDC, LD, PM, RA and OE: FDS and 

EDC were placed as recommended by Zipp (1982); LD was positioned according to de 

Sèze and Cazalets (2008); PM was placed medially to the anterior axillary border; RA 

and OE were located 3 and 15cm laterally from the umbilicus, respectively. Before the 

placement of the electrodes, the skin was shaved and cleaned with alcohol to minimize 

skin impedance. Surface EMG was acquired using sixteen bipolar surface electrodes 

(EMG Delsys, TrignoTM), fixed with specially designed adhesive interface, aligned with 

the muscle fibers (Hermens et al., 2000) and then additionally fixed with tape to avoid 

movement artefacts. EMG signals were preamplified and band-pass filtered between 20 

and 450Hz, while digitized at 1000 samples/s. 

Participants performed one set of three repetitions with 90% of the 5RM. Since the 

amplitude normalization procedure in studies with extraction of muscle synergies 

debatable, we used this set for task-specific submaximal dynamic normalization 

(Kristiansen et al., 2015). Then, we instructed the participants to perform four sets of eight 

repetitions with 70% of the 5RM. In these sets they should do touch-and-go on the floor 

between repetitions, performing the ascendant phase in the most explosive way possible 

and the descendant phase in a controlled way. The beginning of the ascendant phase was 

defined at the lowest position of the bar (when the discs are in contact with the ground) 

and the end at the highest position of the bar. The beginning and the ending of the 

descendant phase were defined in the opposite way.  Each phase was time normalized to 
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100%, since different individuals may not have the same relative time phases, and the bar 

displacement was smoothed with a low-pass filter (8Hz, 4th order Butterworth). The first 

and last repetitions of all sets were excluded. 

Data processing 

Raw EMG signals were band-pass filtered (20-490Hz), rectified, smoothed with a low-

pass filter (12Hz, 4th order Butterworth) and normalized to the average value of the 

100ms across the EMG peak of the set of 3 repetition with 90% of the 5RM. The linear 

envelopes of each phase were interpolated to 100 points, since it was not our aim to 

analyze the degree of muscle activation (Hug, 2011).  

Extraction of muscle synergies has been done through NMF, implementing the algorithm 

proposed by Lee and Seung (2001). Matrix factorization minimizes the residual Frobenius 

norm between the initial matrix and its decomposition, given as: 

  E = WC + e 

        W ≥ 0 min ||E – WC||FRO  

                                                  C ≥ 0  

where E is a p-by-n matrix (p = number of muscles; n = number of time points), W is a p-

by-s (s = number of synergies), C is an s-by-n matrix and e is a p-by-n matrix. || ||FRO 

establishes the Frobenius norm and e is the residual error matrix. Therefore, the two 

multiplication matrices in which the initial matrix is decomposed, represent two 

components: the muscle synergy vectors (W), regarding the relative weighting of each 

muscle within each synergy and, the synergy activation coefficient (C), regarding the 

relative activation time of the muscle synergies across the power clean. The algorithm 

was repeated 100 times. 

Three sets of each subject were analyzed, and each set consisted in 4 to 8 repetitions. 

Thus, E was a 16 row by 800 to 1600 columns matrix.  The analysis was iterated by 

varying the number of synergies between 1 and 16. The number of muscle synergies 

selected was dependent on variance accounted for (VAF). Therefore, the number of 

muscle synergies was the smallest number that defined 90% of VAF, considering that 

each synergy should represent at least 5% of VAF. Also, VAF for each muscle 

(VAFmuscle) was calculated, guarantying that the extracted muscle synergies accounted 

their activity pattern. A VAFmuscle higher than 75% was considered satisfying (Frère & 
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Hug, 2012). The application of the NMF does not sort the muscle synergies in the same 

way for all sets of the participants which required that the muscle synergies had been 

previously sorted. 

Assessment of within- and between-group similarity 

Differences in synergy activation coefficients and individual EMG patterns were assessed 

through the maximum cross-correlation function (rmax), being an indicator of the 

waveform similarity, and the lag time, obtained using the Matlab 2015a (Mathworks Inc., 

Natick MA, USA) xcorr function for centered data (option “coeff”). The lag time is 

determined at the maximum cross correlation function and enables the assessment of 

differences in timing of activation. The lag time and rmax were calculated for each pair 

of subjects, as well as the r-values of the muscle synergy vectors.  

The indexes of intra and intergroup variability were assessed by averaging the rmax-

values of all the intra and intergroups pairwise (70 untrained-weightlifters pairs [7 

weightlifters x 10 untrained], 45 untrained pairs [each of the 10 subjects compared with 

each of the other 9] and 21 weightlifters pairs [each of the 7 subjects compared with each 

of the other 6]). These indexes are indicators of the waveform consistency within and 

between populations (Turpin et al., 2011; Vaz et al., 2016). Similarly, also muscle synergy 

vectors were compared across subjects (r-values). 

Statistical analysis 

We verified normality through the Shapiro-Wilk test (SPSS version 25.0, SPSS Inc., 

Chicago, IL, USA) using a significance level of p < 0.05. The differences in the lag time 

within and between groups were evaluated performing a sample Student’s t-test with zero 

as reference value. When normality was not assumed, one-sample Wilcoxon signed rank 

test was used. VAF, VAFmuscle, r- and rmax-values were compared between groups 

using a sample Student’s t-test. The Cohen’s d was reported as measure of effect size.  

When normality was not assumed, a Mann-Whitney U-test was used. 
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3.RESULTS 

Regarding the participants characteristics, no significative differences were shown 

between groups for age (p = 0.173) and height (p = 0.120), although significative 

differences were found for weight (p = 0.001) and 5RM load (p < 0.001). 

Muscle Synergies 

Using the described criteria to identify the number of muscle synergies, three muscle 

synergies were identified for all subjects of UNE and EXP groups. The three-extracted 

muscle synergies accounted for a similar VAF between weightlifters (85.5 ± 0.7%) and 

unexperienced subjects (86.6 ± 1.5%). No statistical differences were found for the three 

extracted muscle synergies between groups (p = 0.133; d = 0.01). For both groups, TA 

accounted for less than 75% of VAFmuscle, as well as PM, FDS, RA and OE for EXP 

and LD for UNE. Significant differences in VAFmuscle of BB (p = 0.011; d = 0.30) and 

FDS (p = 0.014; d = 0.244) were found between groups. VAF and VAFmuscle are 

depicted in Figure 1 and 2. 

For UNE group muscle synergy #1 mainly represented the back and hip extension (TS, 

LD, ES, Gmax, BF, ST) and the plantarflexion (GL). The muscle synergy #2 mainly 

involved the upper-limb muscles (TS, BB, TB, FDS, EDC) and the muscle synergy #3 

represented the final of the ascendant phase and involved mainly the core muscles (RA, 

OE, ES) the PM, VL and TA. For the EXP group, although the general composition of 

each synergy was similar, some differences were found. In synergy #1 the LD and ES 

presented a lower weighting than for UNE, while VL was encompassed mainly in this 

synergy. Synergy #2 showed to be composed by the same group of muscles in both 

groups. Finally, in synergy #3, the main muscles were ES and LD, while TA and VL did 

not present such relevance.  

For each group, inter-subject variability was assessed. Regarding the synergy’s 

synchrony, i.e. the lag time, no significative shifts were found in both groups, and all 

rmax-values had a strong correlation (range: 0.77 - 0.87) showing higher similarity 

indexes. However, for muscle synergy vectors just moderate values of correlation were 

found in both groups (range: 0.34 – 0.52). 
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Figure 1 - Mean values of variance accounted for (VAF) relatively to the original extraction iteration of 

sixteen muscle synergies for UNE and EXP. 

 

 

Figure 2 - Mean values of variance accounted for each muscle (VAFmuscle) regarding a three synergy-

model for day one and two. The dashed line represents the 75% defined threshold. 
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Comparing both groups inter-subject variability, in synergy #1 and #2 no differences were 

found in r and rmax-values corresponding to muscle synergy vectors and synergy 

activation coefficients, respectively. However, for synergy #3 a significant difference in 

rmax-values was found (p = 0.001; d = 1.36), presenting the UNE group a higher 

correlation value. The inter-subject variability of this synergy is depicted in Figure 3. 

Regarding the intergroup analysis, significant shifts were found in the three extracted 

synergies, with synergy #1 (p < 0.001; d = -0.55) and #2 (p < 0.001; d = -0.66) activating 

earlier for UNE, and synergy #3 (p = 0.005; d = 0.34) activating earlier for EXP (Figure 

4). The similarity indexes of the synergy activation coefficients were high, presenting 

strong correlations (0.78, 0.88 and 0.76 for synergy #1, #2 and #3, respectively). 

However, muscle synergy vectors presented weak to moderate correlations (0.31, 0.53 

and 0.10 for synergy #1, #2 and #3, respectively). The correlation-values are presented in 

Table 1 and 2, while Figure 3 and 4 represent the averaged values for each group. 

Individual EMG 

For each group, individual EMG patterns were strongly correlated (0.73 < rmax < 0.92). 

However, for UNE, shifts were found in PM (p = 0.03; d = -0.32) and TA (p = 0.01; d = 

0.39), and for EXP, shifts were found also in PM (p = 0.01; d =-0.31), EDC (p = 0.01; d 

= 0.39) and VL (p = 0.02; d = -0.28).  

Between groups, despite the correlation-values were still strong (0.82 < rmax < 0.91), 

more temporal adjustments were found. TS (p < 0.001; d = -0.95), BB (p < 0.001; d = -

0.52), EDC (p < 0.001; d = -0.74), Gmax (p < 0.001; d = -0.82), BF (p < 0.001; d = -

0.72), ST (p < 0.001; d = -0.74), GL (p < 0.001; d = -0.77) and OE (p < 0.001; d = -0.54) 

presented significant backward shifts for the UNE. However, VL shift was statistically 

significant (p = 0.01; d = 0.30), presenting a delayed activation for the UNE. Individual 

EMG are depicted in Figure 6, and correlation and shift-values are presented in Table 2. 
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Figure 3 – Inter-individual variability of Synergy #3 activation coefficients. Top panel corresponds to EXP while bottom panel regards to UNE. The thick black line 

represents the group mean, while the thin colored lines represent individual synergy activation coefficients. 
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Figure 4 – Averaged synergy activation coefficients of EXP and UNE. Left panel regards to Synergy #1, central panel to Synergy #2 and right panel to Synergy #3. The right 

hemisphere of the graphs corresponds to the ascendant phase (0-100% of the power clean cycle), while the left hemisphere corresponds to descendant phase (100-0% of the 

power clean cycle).
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Figure 5 – Averaged muscle synergy vectors of EXP and UNE. Top panel regards to Synergy #1, central 

panel to Synergy #2 and bottom panel to Synergy #3.   

 

Table 1 – Intra-group and inter-group similarity values (r) of muscle synergy vectors. 

 Intra-group 
Inter-group 

UNE EXP 

Muscle Synergy Vectors 

#1 0.52 ± 0.22 0.40 ± 0.27 0.31 ± 0.30 

#2 0.51 ± 0.23 0.52 ± 0.13 0.53 ± 0.18 

#3 0.34 ± 0.23 0.47 ± 0.34 0.10 ± 0.26 
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Figure 6 – Averaged EMG envelopes (UA) from 16 muscles obtained in 7 EXP and 10 UNE during 

power clean cycle (200 time points).  
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Table 2 – Intra-group and inter-group similarity values (rmax) and lag times (%) of synergy activation coefficients and individual EMG profiles. Bold values represent statistical differences 

from zero and Cohen’s d above 0.8.

 

Intra-group 
Inter-group 

UNE EXP 

lag 
rmax 

lag 
rmax 

lag 
rmax 

% p d % p d % p d 

Individual EMG Profiles 

TS -0.03 ± 1.60 0.53 -0.09 0.88 ± 0.05 1.26 ± 3.15 0.17 0.17 0.89 ± 0.05 -2.60 ± 2.73 <0.001 -0.95 0.86 ± 0.06 

PM -2.63 ± 7.73 0.03 -0.32 0.86 ± 0.06 2.29 ± 3.26 0.01 0.31 0.87 ± 0.04 0.79 ± 7.13 0.88 0.02 0.85 ± 0.06 

BB 0.29 ± 5.56 0.29 0.16 0.89 ± 0.07 1.62 ± 3.63 0.06 0.25 0.92 ± 0.04 -3.94 ± 6.49 <0.001 -0.52 0.86 ± 0.04 

TB -0.49 ± 8.87 0.68 -0.06 0.89 ± 0.04 0.69 ± 2.20 0.26 0.14 0.91 ± 0.04 0.20 ± 6.94 0.36 -0.11 0.88 ± 0.05 

FDS 0.86 ± 8.26 0.24 0.18 0.86 ± 0.05 -0.95± 2.08 0.06 -0.23 0.82 ± 0.07 0.08 ± 9.35 0.72 -0.04 0.84 ± 0.06 

EDC -0.19 ± 2.96 0.70 -0.06 0.88 ± 0.04 3.74 ± 5.24 0.01 0.39 0.85 ± 0.06 -6.47 ± 6.57 <0.001 -0.74 0.86 ± 0.06 

LD 0.00 ± 0.00 1.00 0.00 0.82 ± 0.08 -4.03 ± 15.1 0.47 -0.09 0.73 ± 0.12 0.27 ± 11.43 0.38 -0.10 0.76 ± 0.09 

ES 0.00 ± 0.00 1.00 0.00 0.91 ± 0.03 0.13 ± 0.50 0.32 0.12 0.91 ± 0.03 -0.16 ± 1.51 0.66 -0.05 0.89 ± 0.05 

RA -4.07 ± 10.2 0.26 -0.33 0.84 ± 0.07 -2.57 ± 4.49 0.05 -0.26 0.83 ± 0.09 3.39 ± 11.51 0.28 0.13 0.84 ± 0.08 

TA 1.41 ± 3.57 0.01 0.39 0.89 ± 0.05 1.21 ± 4.00 0.19 0.17 0.89 ± 0.05 -0.77 ± 3.79 0.09 -0.20 0.87 ± 0.07 

Gmax 0.29 ± 3.22 0.55 0.09 0.88 ± 0.06 -5.10 ± 14.5 0.14 -0.18 0.83 ± 0.11 -8.83 ± 13.8 <0.001 -0.82 0.83 ± 0.08 

VL -0.40 ± 5.06 0.25 0.17 0.91 ± 0.05 -0.36 ± 0.64 0.02 -0.28 0.89 ± 0.04 2.29 ± 6.16 0.01 0.30 0.84 ± 0.07 

BF 0.11 ± 0.87 0.31 0.15 0.89 ± 0.04 -0.21 ± 1.15 0.48 -0.09 0.89 ± 0.04 -3.01 ± 2.86 <0.001 -0.72 0.87 ± 0.05 

ST -0.09 ± 0.83 0.33 -0.15 0.90 ± 0.05 0.24 ± 1.82 1.00 0.00 0.86 ± 0.06 -3.31 ± 2.73 <0.001 -0.74 0.83 ± 0.05 

GL -0.49 ± 11.2 0.14 -0.22 0.83 ± 0.08 -0.12 ± 2.56 0.08 -0.22 0.88 ± 0.05 -5.74 ± 3.57 <0.001 -0.77 0.82 ± 0.06 

OE 0.28 ± 5.13 0.72 0.05 0.85 ± 0.05 -4.67 ± 12.8 0.31 -0.13 0.86 ± 0.06 -6.94 ± 10.9 <0.001 -0.54 0.85 ± 0.06 

Synergy Activation Coefficients 

#1 0.06 ± 0.91 0.72 0.05 0.86 ± 0.07  3.21 ± 8.09 0.11 0.35 0.86 ± 0.06 -2.46 ± 18.7  <0.001 -0.55 0.78 ± 0.08 

#2 0.79 ± 7.87 0.29 0.16 0.87 ± 0.06 0.57 ± 3.56 0.48 0.16 0.89 ±0.06 -4.60 ± 5.71 <0.001 -0.66 0.88 ± 0.07 

#3 -2.51 ± 17.2 0.68 -0.06 0.86 ± 0.08 0.45 ± 14.25 0.55 -0.13 0.77 ± 0.10 1.86 ± 17.39 0.01 0.34 0.76 ± 0.11 
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4.DISCUSSION 

The aim of this study was to evaluate inter-subject variability in muscle coordination 

during power clean, in EXP and UNE, and to assess muscle coordination differences 

between both groups. While the shape of activation patterns of synergies presented strong 

correlations across subjects of each group, the weightings of each muscle within the 

synergies were more variable. Comparing groups, the synergistic organization of muscle 

coordination was not profoundly affected by expertise. However, the three extracted 

synergies were shifted in time, with the UNE group anticipating synergy #1 and #2 and 

delaying synergy #3. Even so, the synergies presented similar shapes between groups, 

unlike muscle synergy vectors that were rather more variable, even existing changes in 

composition of synergy #1 and #3. 

EXP and UNE were generally similar in age. This is an important methodological 

consideration because an eventually different age group could compromise the data. For 

instance, junior and master weightlifters demonstrate a smaller ability to tolerate higher 

volumes of high-intensity loading when compared to seniors, which could possibly 

compromise weightlifting performance (Storey & Smith, 2012). Differences in group 

weights regard to the heavy weight classes of EXP participating in the study when 

compared with the UNE. Also, differences in the lifted load during the 5RM test were 

expected since the EXP were specialized in the task and currently training. 

Muscle Synergies 

For both groups, three muscle synergies were enough to accomplish the defined criteria 

for VAF. The synergistic organization of movement was the same and the three extracted 

synergies explained VAF similarly. Supporting these results, other studies showed that 

muscle synergies are consistent across expert cyclists (Hug et al., 2010), rowers (Turpin 

et al., 2011), gymnasts (Frère & Hug, 2012) and powerlifters (Kristiansen et al., 2015) as 

well as untrained subjects during rowing (Turpin et al., 2011), pedaling (De Marchis, 

Schmid, Bibbo, Bernabucci, & Conforto, 2013) and bench pressing (Kristiansen et al., 

2015). As mentioned in study 1, and considering the potential effect of different filtering 

techniques prior to the extraction of muscle synergies utilized across the studies (Hug, 

Turpin, Dorel & Guével, 2012), the same number of muscle synergies was defined in 

other complex motor tasks like rowing (Turpin et al., 2011), breaststroke swimming (Vaz 

et al., 2016) or backward giant swing (Frère & Hug, 2012). However, the only two 
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extracted muscle synergies in bench press (Kristiansen et al., 2015) may be viewed as 

result of the less complexity of the exercise (Frère & Hug, 2012).  

It is interesting to note that differences in VAFmuscle were found in two upper-limb 

muscles, the BB and the FDS. We may justify this mismatch of the variance explained by 

the BB, with the pull of the barbell by UNE that showed to present some variability in 

study 1. This may influence percentage of VAFmuscle defined by a three-synergy model. 

However, the mismatch in FDS VAFmuscle regards to lower-values of EXP group. 

Despite it may be an unexpected result, we can relate it with the unusual grip situation for 

the EXP. In normal training situation, EXP use lifting straps that allow them to concern 

only about the pull. To standardize the evaluation situation of both groups, all participants 

performed the power clean without lifting straps. This fact may be related with some 

variability at the grip level in EXP, which could possibly influence the VAFmuscle. 

Intra-group variability 

For each group we found generally similar values of correlation for the synergy temporal 

component. For UNE and EXP, the pairwise analysis did not reveal significantly different 

timing characteristics of the synergies. This means that between subjects of each group 

the three extracted synergies presented consistent activation timings during the task. Also, 

for each group, the shape of the synergies was generally similar, exhibiting little inter-

subject variability. However, significant differences between correlation values of 

synergy #3 were found between groups, revealing that UNE were less variable. This is in 

line with previous study of inter-individual variability in muscle synergies in bench press, 

having shown that powerlifters utilized specific motor strategies well adapted to 

individual anthropometry and muscle architecture, thereby promoting a better 

performance in the task (Kristiansen et al., 2015). Additionally, another study regarding 

rowing showed that although activation coefficients of two of the three extracted 

synergies in rowers were less variable than in untrained subjects, the third synergy of 

rowers presented great variability (Turpin et al., 2011). This may suggest that, in power 

clean, experts modulate and adapt the synergy #3 to their specific characteristics through 

training. It is also possible that the training method may influence this modulation. 

Regarding the spatial component of synergies, the muscle synergy vectors, more 

variability was found within each group. This supports the existing data of other tasks 

showing that muscle vectors are more variable than activation coefficients for EXP in 



F - Intra and Intergroup Variability (Study 2) 

 
77 

 

backward giant swing (Frère & Hug, 2012) and pole vaulting (Frère, Göpfert, Hug, 

Slawinski, & Tourny-Chollet, 2012), and for EXP and UNE in bench press (Kristiansen 

et al., 2015) and in rowing (Turpin et al., 2011). In both groups the correlation between 

muscle vectors was moderate for the three extracted synergies. This may represent the 

musculoskeletal redundancy of motor behavior, which allows the CNS to adopt infinite 

solutions to perform a task (Latash, Scholz, & Schöner, 2007), meaning that although the 

activation of the synergies is consistent in time, the muscle weightings may vary. The 

differences in correlations of both groups did not have statistical significance. However, 

muscle vector #1, regarding back and hip extension, was more variable in EXP. This may 

be justified by individualized positions to start the ascendant phase of the movement by 

the EXP, regarding knee and hip angular positions. Furthermore, this synergy in EXP 

incorporates VL, which may add some inter-subject variability adapted to individual 

characteristics, regarding the knee displacement during the pull. Additionally, and in 

contrast to synergy activation coefficients, the muscle vectors for synergy #3 varied more 

in UNE than in EXP. In EXP this synergy encompassed mainly LD and ES muscles. The 

LD in EXP presented more peak activation timings along the cycle, and the muscle pattern 

shows that EXP activate the muscle during the ascendant phase in contrast to UNE. The 

incorporation of core muscles (RA and OE) and TA in this synergy by the UNE may be 

associated with some variability, namely because the VAFmuscle for these muscles 

presents low-values regarding the defined threshold of 75%. In synergy #3, the higher 

correlation of the muscle vector when compared to activation coefficient for EXP means 

that although temporal pattern of synergy #3 may vary between EXP subjects more than 

for UNE, the UNE, on the other hand, present more variability in the muscle weightings 

of the synergy. Thus, although UNE are relying on intrinsic synergies used in similar 

motor tasks in what concerns to temporal parameters, they use a vaster number of 

strategies to control the DOF, considering the musculoskeletal redundancy whereby task 

performance may be achieved using multiple biomechanical solutions. 

Inter-group variability 

We observed that during power clean, the synergy #3 of EXP, subjects had two peaks, 

contrary to UNE’s synergy #3 that had only one peak. This difference may be related with 

the integration of synergy #1 and #3 of EXP in the final of descendant phase and in the 

beginning of ascendant phase. While in UNE, the synergy #3 probably regards only to 

the knee extension to the stand position, in EXP the third synergy pattern shows a second 
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increasing moment whose peak coincide with the beginning of activation of the first 

synergy. With the existence of this peak, synergies #1 and #3 for EXP present some level 

of coactivation, which is not observed for UNE. With this coactivation, the synergy #1 of 

UNE seems to be divided into the synergy #1 and the first peak of synergy #3 of EXP. 

This fractionation results into an incorporation of the VL for the EXP in synergy #1, while 

the ES and the LD compose mainly synergy #3. The fractionation of muscle synergies 

has been observed in stroke chronically-affected patients (Cheung et al., 2012). In this 

study, patients presented fractionations of some muscle synergies when comparing the 

affected with the unaffected-arm, and the fractionation was more evident in patients with 

longer post-stroke duration, which may have been an adaptive process triggered in 

response to the poststroke impairment. In our case, the fractionation observed in EXP 

when compared with UNE, may be related with an adaptation in intermuscular 

coordination developed through training. This adaptation may have provided a more 

flexible control, mainly, of the lower-limb and back muscles while preparing and starting 

the execution of the movement.  

As expected, muscle vectors presented low-values of correlation. With exception of 

synergy #2 that showed to be less variable in composition, synergy #1 and #3 presented 

weaker correlations. Regarding synergy #2, this possibly means that UNE are relying on 

intrinsic synergies already used in similar motor tasks, since the variation within both 

groups was approximately the same as between-groups. For synergy #1 and #3, the 

weaker correlations may be associated to modulation of muscle synergies by the EXP. 

This is in line with previous studies finding that specific strategies in response to 

unexpected external perturbations were developed by elite hockey players (Kim, Kim, 

Kim & Yoon, 2018), and that a new synergy was incorporated in elite badminton players 

during the smash shot (Matsunaga & Kaneoka, 2018). Also, after four weeks of 

sensorimotor training, untrained individuals modified modular organization during 

landing (Silva et al., 2018), while five weeks of bench press training provided a more 

individualized motor strategy to the individuals (Kristiansen et al., 2016). 

Regarding temporal parameters, the three extracted synergies revealed time shifts 

between both groups. Despite a strong correlation in activation coefficients observed 

between the two groups, synergy #1 and #2 exhibited a significant backward time shift in 

UNE. This result is accordance with previous study referring to breaststroke swimming, 

showing that one of the extracted synergies was anticipated in novices when compared to 
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experts (Vaz et al., 2016). The backward shift observed for synergy #1 is mainly related 

with the lower-limb muscles. The UNE showed to present some variability between sets 

in temporal parameters of the BF and GL. These muscles are represented in this synergy, 

and the time adjustments may be related with variations of the knee angle in the starting 

position of the ascendant phase, as suggested in study 1. Additionally, significant shifts 

were found for individual EMG patterns, which means that all the muscles that contribute 

to lower-limb triple extension (with exception of the VL) present a backward shift for 

UNE. Thus, UNE may anticipate the activation of the synergy to compensate the initial 

angular position of the hip, eventually more closed than for EXP (with less deeper squat 

position and with great trunk forward inclination for UNE). For synergy #2, it is observed 

the greater shift. UNE present an activation of synergy involving the upper-limb muscles 

anticipated in relation to EXP. These muscles present, generally, an earlier activation 

along the cycle for UNE, and it may be related with the early flexion of the upper-limbs 

when compared to EXP. Namely for the UNE, the scapular elevation and the forearm 

flexion, by TS and BB, respectively, while the lower-limbs are not completely extended 

may justify the anticipation of synergy #2. Nevertheless, it is interesting to note that this 

synergy presented the higher correlation value. This means that despite a considerable 

shift in time, the shape of the activation pattern does not vary between groups. Thus, 

previous coordination strategies utilized in other tasks may be shared between different 

behaviors (d'Avella & Bizzi, 2005), and this contribute may increase motor performance 

during a subsequent task, in this case the power clean. Relatively to synergy #3, the UNE 

delayed its activation. Despite the composition of this synergy between EXP and UNE be 

slightly different, UNE presented a forward shift regarding the final of the ascendant 

phase. This may be explained by the pattern of VL, that during triple extension of lower-

limbs presented a delayed activation. 

Limitations 

The main limitation of this study was the lack of kinematic data corroborating the EMG-

related results. Kinematic data would provide information about the muscle activation 

during the movement, relating some group-specific characteristics in EMG patterns with 

mechanical events. Other possible limitation is the different level of training background 

of the UNE. Despite they were not familiarized with the exercise, some of them referred 

an anterior practice of strength training, and this suggest that they may be able to adapt 

more easily to a new task, performed with external load. 
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Conclusion and Perspective 

In conclusion, the present study showed that the same number of muscle synergies was 

extracted for both groups during the power clean. Within-groups the components of 

muscle synergies just presented small variation between-subjects. However, when 

comparing both groups, synergy #1 of the UNE showed to be fractionated into synergy 

#1 and #3 of the EXP. Additionally, all synergies presented slight time shifts between 

groups, which was explained by adjustments in individual EMG patterns. Also, muscle 

weightings within each synergy were highly variable. A possible suggestion is that 

athletes in an initial phase of training should attempt to delay the hip extension, as well 

as the upper-limbs flexion.  

We verified some between-group differences in this study, and a randomized controlled 

study regarding strength training, including OWL exercises, would possibly assess how 

unexperienced subjects could modify coordination over time. Thus, submit subjects to a 

training protocol should demonstrate how these adaptations of neural strategies to 

perform complex movements tend to evolve, and what are the phases of the training 

process that should be considered when the objective is to promote intermuscular 

adaptations. 
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G – General Considerations 

 

1.LIMITATIONS 

Although specific limitations of each study are presented in the corresponding chapter, 

below we discuss the general limitations of the topic. 

Regarding data collection, we did not collect all the muscles initially proposed. Namely 

rectus femoris and anterior deltoideus electromyographic information was not assessed 

due to the exercise limitations. For experienced subjects, there was some physical 

limitations that possibly constrained the movement ecology, namely the non-utilization 

of lift straps, and it would be relevant to perform a first session to familiarize them with 

the laboratory equipment. For untrained subjects, the major limitation corresponded to 

different training backgrounds of other sport activities, and different learning capacity 

that dictated a worse or better performance of the task. Also, bilateral recording of EMG 

and the utilization of force platforms could support the study conclusions, helping to 

understand if each limb has a symmetric behavior in the different populations. This could 

possibly suggest an eventual risk of injury related with asymmetry for either group. 

Additionally, kinematic data could add an important contribution. Despite it was 

collected, we did not analyze it in this study. A future approach should be done regarding 

the analysis of this data and relating the kinematic variables with EMG and muscle 

synergies analysis. 

Regarding the data processing it is important to understand that although support of 

muscle synergies as neural low-dimensional modules exists and the applied methodology 

and its theoretical background is well-founded (d'Avella & Bizzi, 2005; Bizzi & Cheung, 

2013), there is evidence that task constraints may influence the extracted muscle synergies 

by mathematical procedures (Hirashima & Oya, 2016; Kutch & Valero-Cuevas, 2012). 

When comparing with other studies caution should be taken because it may differ the 

synergy extraction methodology (Lambert-Shirzad & Van der Loos, 2017), VAF 

definition criteria (Frère & Hug, 2012), low-pass filtering (Hug et al., 2012) and chosen 

muscles (Steele, Tresch & Perreault, 2013).  
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2.GENERAL CONCLUSION AND PERSPECTIVE 

We assessed within and between-day reliability of muscle synergies. We concluded that 

synergistic organization of movement remained the same across repetitions, sets and 

days. Slight adjustments in time were done within-day, while the spatial component of 

muscle synergies varied more between-day, which may suggest small variations in the 

relative weighting of each muscle in the synergies (Kristiansen et al., 2016b). The general 

structure of muscle coordination was maintained between repetitions, sets and days, and 

this information supports the robustness of muscle synergy extraction procedure, 

establishing relation between the mathematical output with the neurophysiological 

organization of motor control. 

Synergistic organization was also maintained across populations. Small variations were 

presented within groups, regarding temporal aspects of motor control. However, when 

comparing both groups, some synergies presented a different composition and significant 

shifts of the three synergies were found. This may indicate an adaptation in intermuscular 

coordination with training. A possible practical application of these results is that athletes 

in an initial phase of training should attempt to delay the hip extension, as well as the 

upper-limbs flexion. 

Thus, these two studies suggest, for one hand, the robustness of muscle synergies, and for 

the other hand, some differences in muscle coordination between groups of different 

levels of expertise. When combined, the results point to the realization of two different 

future studies: 

1) Comparison of the muscle synergies extracted from the ascendant phase of 

various exercises: i) for experienced subjects, comparing muscle synergies from 

power clean with another complex weightlifting task, the snatch. This would 

possibly reveal some shared patterns of muscle synergy activation between 

complex tasks, establishing relations between the two tasks in some basic aspects 

of motor control, and possibly providing basic aspects of intermuscular 

coordination, shared between movements, that could help trainers to optimize the 

training strategies; ii) for unexperienced subjects, comparing muscle synergies 

from vertical jumps and power clean. This would possibly help to justify if muscle 

synergies engaging lower-limbs in power clean are intrinsic and adapted from a 

natural motor behavior, the jump. 
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2) Realization of a randomized controlled study regarding strength training, 

including OWL exercises. This would possibly assess how unexperienced 

subjects could modify coordination over time. Knowing that there are differences 

between untrained subjects and weightlifters, it would be important to understand 

how these adaptations of neural strategies to perform complex movements tend to 

evolve, and what are the phases of the training process that should be considered 

when the objective is to promote intermuscular adaptations. Thus, a training 

intervention with at least 8-12 weeks of training, with multiple test sessions during 

the period, should be done to assess the timeframes of neural adaptations in 

intermuscular coordination and to relate the evolution with other specific 

adaptations, namely in muscle morphology, strength and movement quality. 

Additionally, it would be interesting to assess if specific training of one particular 

movement, for instance the power clean, could cause changes in the muscle 

synergies of other related task, such as snatch, and therefore evaluate how muscle 

synergies may possibly be easily modulated with training or if neural adaptations 

in intermuscular coordination are specific to the exercise. 
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