
Université de Montréal 

 

 

 

Effects of overground walking with a robotic exoskeleton on lower 

limb muscle synergies 

 

 

Par 

Manuel Jose Escalona Castillo 

 

 

Sciences de la réadaptation, École de réadaptation  

Faculté de Médecine 

 

Thèse présentée  

en vue de l’obtention du grade de Philosophiae Doctor (PhD) 

en Sciences de la réadaptation 

 

Novembre, 2019 

 

© Manuel J. Escalona, 2019 





Université de Montréal 

École de réadaptation, Faculté de Médecine 

 

 

Cette thèse intitulée 

 

Effects of overground walking with a robotic exoskeleton on lower limb muscle synergies 

 

 

Présenté par 

Manuel José Escalona Castillo 

 

 

A été évaluée par un jury composé des personnes suivantes 

 

Joseph-Omer Dyer 
Président-rapporteur 

 
Dany H. Gagnon 

Directeur de recherche 
 

Cyril Duclos 
Codirecteur 

 
Marina Martinez 
Membre du jury 

 
Edward Lemaire 

Examinateur externe   
 

Pierre A. Mathieu 
Représentant du Doyen 

 





Résumé 

Les exosquelettes robotisés de marche (ERM) représentent une intervention prometteuse dans 

le domaine de la réadaptation locomotrice. Sur le plan clinique, les ERM facilitent la mise en 

application de principes de neuroplasticité. Jusqu'à présent, la majorité des études analysant les 

effets de l’ERM a été menée avec des ERM fournissant une assistance robotique complète le long 

d’une trajectoire de mouvements prédéfinie des membres inférieurs (MI) de façon à reproduire 

la marche de façon quasi parfaite à très basse vitesse. La nouvelle génération d’ERM, maintenant 

disponible sur le marché, propose de nouveaux modes de contrôles qui permettent, entre autres, 

une liberté de mouvement accrue aux MIs (c.-à-d. trajectoire non imposée) et une possibilité 

d’offrir une assistance ou résistance aux mouvements de différentes intensités surtout pendant 

la phase d’oscillation du cycle de marche. Cependant, les effets de ces modes de contrôles sur la 

coordination musculaire des MI pendant la marche au sol avec l’ERM, caractérisé via l’extraction 

de synergies musculaires (SM), restent méconnus. Cette thèse mesure et compare les 

caractéristiques des SM (c.-à-d. nombre, profils d’activation, composition musculaire et 

contribution relative des muscles) pendant la la marche au sol sans ou avec un ERM paramétré 

avec six différents modes de contrôle chez des individus en bonne santé (articles #1 et #2) et 

d’autres ayant une lésion médullaire incomplète (LMI) (article #3). Les signaux 

électromyographiques (EMG) des différents muscles clés des MI, enregistrés lors de la marche, 

ont été utilisés afin d’extraire les SM avec un algorithme de factorisation matricielle non négative. 
La similarité des cosinus et les coefficients de corrélation ont caractérisé les similitudes entre les 

caractéristiques des SM. Les résultats montrent que: 1) les profils d'activation temporelle et le 

nombre de SM sont modifiés en fonction de la vitesse de marche avec, entre autres une 

augmentation de la vitesse de marche entrainant une fusion de SM, chez les individus en bonne 

santé marchant sans ERM ; 2) lorsque ces derniers marchent avec un ERM, les différents modes 

de contrôle testés ne dupliquent pas adéquatement les SM retrouvées lors de la marche sans 

ERM. En fait, uniquement le mode de contrôle libérant la contrainte de trajectoire de 

mouvements des MIs dans le plan sagittal lors de la phase d’oscillation reproduit les principales 

caractéristiques des SM retrouvées pendant la marche sans ERM ; 3) le nombre et la composition 
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musculaire des SM sont modifiés pendant la marche sans ERM chez les personnes ayant une LMI. 

Cependant, parmi tous les modes de contrôle étudiés, seul le mode de contrôle libérant le 

contrôle de la trajectoire de mouvements des MI et assistant l’oscillation du MIs  (c.-à-d. HASSIST) 

permets l’extraction de SM similaire à celles observées chez des individus en santé lors d'une 

marche sans ERM. Dans l’ensemble, cette thèse a mis en évidence le fait que différentes 

demandes biomécaniques liées à la marche (c.-à-d. vitesse de marche, modes de contrôle de 

l’ERM) modifient le nombre et les caractéristiques de SM chez les personnes en santé. Cette thèse 

a également confirmé que la coordination musculaire, mise en évidence via l’analyse de SM, est 

altérée chez les personnes ayant une LMI et a tendance à se normaliser lors de la marche avec 

l’ERM paramétré dans le mode de HASSIST. Les nouvelles preuves appuieront les professionnels 

de la réadaptation dans le processus de prise de décision concernant la sélection du mode de 

contrôle des MIs lors de l’entrainement locomoteur utilisant avec un ERM. 

Mots-clés : Coordination musculaire, lésion de la moelle épinière, marche, réadaptation, 

technologie. 



Abstract 

Wearable robotic exoskeletons (WRE) represent a promising rehabilitation intervention for 

locomotor rehabilitation training that aligns with activity-based neuroplasticity principles in terms 

of optimal sensory input, massed repetition, and proper kinematics. Thus far, most studies that 

investigated the effects of WRE have used WRE that provide full robotic assistance and fixed 

trajectory guidance to the lower extremity (L/E) to generate close-to-normal walking kinematics, 

usually at very slow speeds.  Based on clinicians’ feedback, current commercially-available WRE 

have additional control options to be able to integrate these devices into the recovery process of 

individuals who have maintained some ability to walk after an injury to the central nervous 

system. In this context, WRE now offer additional degrees of movements for the L/E to move 

freely and different strategies to assist or resist movement, particularly during the gait cycle’s 

swing phase. However, the extent that these additional WRE control options affect L/E 

neuromuscular control during walking, typically characterized using muscle synergies (MSs), 

remains unknown. This thesis measures and compares MSs characteristics (i.e., number, 

temporal activation profile, and muscles contributing to a specific synergy [weightings]) during 

typical overground walking, with and without a WRE, in six different control modes, in abled-

bodied individuals (Articles #1 and #2) and individuals with incomplete spinal cord injury (iSCI; 

Article #3). Surface EMG of key L/E muscles were recorded while walking and used to extract MSs 

using a non-negative matrix factorization algorithm. Cosine similarity and correlation coefficients 

characterized, grouped, and indicated similarities between MS characteristics. Results 

demonstrated that: 1) the number of MSs and MS temporal activation profiles in able-bodied 

individuals walking without WRE are modified by walking speed and that, as speed increased, 

specific MSs were fused or merged compared to MSs at slow speeds; 2) In able-bodied individuals 

walking with WRE, few WRE control modes maintained the typical MSs characteristics that were 

found during overground walking without WRE. Moreover, freeing the L/E swing trajectory 

imposed by the WRE best reproduced those MSs characteristics during overground walking 

without the WRE; and 3) After an iSCI, alterations to the number and the composition of MSs 

were observed during walking without WRE. However, of all WRE control modes that were 
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investigated, only HASSIST (i.e., freeing WRE control over L/E swing trajectory while assisting the 

user’s self-selected trajectory) reproduced the number and composition of MSs found in abled-

bodied individuals during overground walking without WRE. Altogether, the results of this thesis 

demonstrated that different walking-related biomechanical demands (i.e., walking speed) and 

most of the WRE control modes can alter some MSs, and their characteristics, in able-bodied 

individuals. This research also confirmed that impaired muscle coordination, assessed via MSs, 

can adapt when walking with a WRE set with specific control options (e.g., HASSIST). These MS 

adaptations mimicked typical MS characteristics extracted during overground walking. The 

evidence generated by this thesis will support the decision-making process when selecting 

specific L/E control options during WRE walking, allowing rehabilitation professionals to refine 

WRE locomotor training protocols. 

 

Keywords: gait, muscle coordination, rehabilitation, spinal cord injury, technology. 
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CHAPTER 1 – INTRODUCTION 

Walking is a complex task requiring the appropriate activation and coordination of several 

central nervous system (CNS) structures, and particularly the spinal cord, to generate walking-

related muscle activations, and joint and limb movements to facilitate optimal locomotor 

adaptations to the environment. The disruption of sensory and motor signals across a lesion 

affecting the spinal cord, referred to as a spinal cord injury (SCI), constitutes a life-disrupting 

condition after which functional abilities, particularly walking and walking-related abilities (e.g., 

sit-to-stand transitions, ascending and descending stairs), are generally reduced (Behrman, 

Ardolino, & Harkema, 2017). After SCI, these impairments and disabilities often result in 

devastating consequences to social participation and life satisfaction (Ditunno, Patrick, Stineman, 

& Ditunno, 2008; Organization & Society, 2013). 

Approximately 86 000 people live with an SCI across Canada, with approximately 4 300 

new SCI cases each year. The cost associated with living with an SCI is substantial, with estimates 

of the average lifetime cost of direct care ranging from 1.5 to 3 million CAD. The estimated cost 

(including health care, equipment, and modifications) for traumatic SCI for newly injured 

Canadians is over 2.7 billion per year (Rick Hansen Institute, 2018). In Quebec, the incidence of 

new cases of SCI in 2018 was 1 035, with over 20 690 individuals living with an SCI that year alone. 

Moreover, those living with an SCI are 2 to 5 times more likely to die prematurely than those 

without SCI. Among SCIs, partial spinal cord lesions make up 72% of cases and complete lesions 

constitute 28% (Rick Hansen Institute, 2018). This higher proportion of incomplete SCI (iSCI) has 

important significance in the rehabilitation field, as the incompleteness of the lesion is associated 

with a better prognosis for walking, especially if the Lower Extremity Motor Score is greater than 

20/50 (Waters, Adkins, Yakura, & Sie, 1994).  

For many years, locomotor training approaches to restoring walking after an iSCI have 

focused on adapting or creating movement strategies based on assistive devices (i.e. walkers, 

canes or crutches), neglecting potential neural mechanisms for recovery. For example, use of a 

walker requires forward trunk flexion and arm use, thereby reducing lower extremity (L/E) 



26 

loading. However, this compensatory posture constrains hip extension during gait and therefore 

alters key sensory input needed from hip receptors for stance-swing gait phase transitions 

(Grillner & Rossignol, 1978). In other words, a compensatory-based rehabilitation approach for 

functional gains has been favored over a neurorecovery-based rehabilitation approach. However, 

recent progression in understanding how the CNS compensates and recovers from injury has 

created a paradigm shift in rehabilitation towards a restorative approach in recovering function 

through meaningful neurological change (Dietz, 2012; Hubli & Dietz, 2013).  

In recent years, robotic-assisted walking with an exoskeleton has developed substantially, 

progressively transitioning from research laboratories to clinical practice. Most currently available 

wearable robotic exoskeletons (WREs) generate flexion and extension at the hips and knees via 

electrically actuated motors, while the ankles are controlled with a non-motorized dynamic 

orthosis or passive spring joints. A first-generation of robotic assisted walking devices was initially 

developed for treadmill walking, offering fully motorized control of the L/E (Wirz, Bastiaenen, de 

Bie, & Dietz, 2011). However, the fully motorized control often lead to participants becoming 

rapidly accustomed to assisted walking, resulting in a very limited active engagement or 

participation from the user and reduced movement variability (Morawietz & Moffat, 2013). The 

emergence of a second generation of WREs now allow users to perform overground walking and 

offer a wider range of L/E control modes (Kolakowsky-Hayner, Crew, Moran, & Shah, 2013; Mekki, 

Delgado, Fry, Putrino, & Huang, 2018). For example, it is now possible to reduce or completely 

remove the fully motorized control and allow the user to voluntary select L/E trajectory. This 

feature would in turn allow an active participation of the user during assisted walking and allows 

for step-to-step variability (Figure 1). The self-selection of L/E trajectories feature of this 

generation of WREs translates to the ability to assist or resist the hip or knee joints across a large 

range of forces during the swing phase of walking. These recent advancements are intended to 

allow rehabilitation professionals to offer the best and most effective locomotor training program 

to individuals who have sustained a neurological injury (e.g., SCI, stroke). This type of training is 

ideal for those who have minimally or partially recovered their ability to walk or perform walking-

related activities (e.g., sit-to-stand transfers). 
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Although WRE with these features represents a promising neurorehabilitation 

intervention, the effects of these recent features offered by the second generation of WRE on the 

effectiveness of rehabilitation practices is unknown. Indeed, it is unclear how to prioritize features 

when developing a locomotor training program with a WRE (Figure 1). 

 

Figure 1. –  Main features of the first and second generation of wearable robotic exoskeletons. 

 

While the effectiveness of rehabilitation using WRE has predominantly been assessed 

using performance-based measures during clinical practice (i.e. walking speed, step length) 

(Bolliger et al., 2018), this approach does not allow rehabilitation professionals to adequately 

distinguish actual neuromuscular recovery. This is important because after an CNS lesion, changes 

to walking performance can be achieved by adopting various compensatory strategies that 

maintain abnormal patterns of muscle coordination (Maegele et al., 2002). However, these 

potential compensatory strategies are often neglected by therapists.  
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Within this context, this thesis explored the effects of various WRE control modes on L/E 

muscle coordination during walking using surface electromyographic (sEMG) analysis, both with 

and without a WRE, in able bodied adults and individuals with iSCI. Moreover, as a reference, 

different walking speeds without WRE in able-bodied individuals were also investigated as 

walking speeds are drastically reduced when walking with a WRE (Gagnon, Da Cunha, Boyer-

Delestre, Bosquet, & Duclos, 2017). Finally, recruitment and synergy of specific L/E muscles were 

investigated using sEMG and muscle synergies (MSs), considered the basic neural control for 

muscle coordination. Through assessment of MSs, clinicians can determine whether specific 

motor subtasks are accessible and properly modulated by the CNS with an iSCI. The results of this 

work offer the first evidence of the effects of various control modes that comprise the second 

generation of WRE, providing a first step towards enriching the clinical decision-making process 

for rehabilitation professionals who use WRE for locomotor training. 

 

 



CHAPTER 2 – LITERATURE REVIEW 

2.1 Neural control of locomotion 

Walking, while appearing to be an easy task, is the expression of a specific series of cyclical 

and sequential motor actions that require coordinated muscle activation patterns. Due to is 

cyclical nature, walking can be analyzed using the gait cycle. A gait cycle, defined as the time 

between two successive contacts of the same foot, can be subdivided into the stance and swing 

phases. When a gait cycle is time-normalized (i.e. from 0 to 100%), the stance phase is the period 

between 0% (i.e., foot contact) and 60% (i.e., toe-off of the same foot) (Winter, 2009). Stance 

phase represents the period where the limb is in contact with the ground, supporting the body’s 

weight and propelling the body forward. At the end of stance, the limb is lifted from the ground 

(toe-off at 60% of the gait cycle), swung forward using hip flexion, and finally is again placed upon 

the ground (100% of the gait cycle). This period is called the swing phase and represents 40% of 

a gait cycle (Winter, 2009). 

Walking is a result of intricate and dynamic interactions between a central program (i.e. 

from the brain and spinal cord) and peripheral feedback mechanisms. The feedback to generate 

and adapt locomotion to the environment originates from muscle and skin afferents as well as 

from primary sensory organs (i.e. visual, auditory, vestibular) and supraspinal sensory integration 

areas and is modulated by a central spinal program to adapt the locomotor pattern to the 

environmental requirements (Rossignol, Dubuc, & Gossard, 2006). The study of each of these 

components reveals the autonomy and the interdependence of the various control parts that 

contribute to the understanding of recovery after disruptions at the central nervous system (CNS).  

2.1.1 Spinal circuits for locomotion 

The central program for walking relies on a genetically determined spinal neural network 

capable of generating much of the basic timing and pattern of complex, coordinated muscle 

activities required during walking (Rossignol and Frigon, 2011). For locomotion, the “central 

pattern generator” (CPG) indicates a set of neurons whose properties and connectivity are 
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hypothesized to give rise to these rhythmic motor patterns. Almost four decades ago, Grillner 

proposed that the mammalian locomotor CPG is composed of interconnected modules that 

coordinate activity around specific joints (Grillner, 1981). This unit of modules may or may not be 

dissociated from the rhythm-generating circuitry and a multilayered spinal locomotor CPG, in 

which rhythm-generation and pattern formation are functionally separated, has been proposed 

(McCrea and Rybak, 2008). Therefore, in this two-level CPG, the rhythm generator controls 

rhythm features (i.e., cycle period, phase durations and transitions) and projects to the pattern-

formation level, which coordinates and distributes activity to individual or group of motor pools.  

The CPG represents a central concept over which we construct and assess models of 

plasticity, such as those that would aid recovery after a spinal lesion. For instance, animals and 

humans share locomotor control mechanisms, such as the spinal CPG, that are reproducible 

across species (Côté, Murray, & Knikou, 2018; Grillner & El Manira, 2019). The spinal CPG is at the 

core of the locomotor control system and it can be altered or modulated by sensory inputs (e.g. 

propiospinal and/or cutaneous) and descending signals from supraspinal structures (i.e. cortical 

or subcortical) that can modulate, trigger, stop, and steer locomotion (Rossignol and Frigon, 

2011). CPGs, sensory inputs and supraspinal structures are in constant interaction to drive the 

appropriate commands to specific muscles to adapt locomotion to external situations. 

Furthermore, interneurons within the spinal cord could potentially participate in this modulation, 

before the command reaches its respective motoneurons that results and the intended 

coordinated activation of muscles to achieve walking (Figure 2). In sum, these neural networks 

for walking are modulated by both afferent and descending pathways.  
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Figure 2. –  Neural control of locomotion. The spinal CPG generates the rhythm and pattern 
commands for locomotion and is modulated by both sensory and supraspinal inputs. 

 

2.1.2 Afferent inputs 

 The most relevant sensory feedback inputs for walking arise from afferents signaling hip 

position and from load-sensitive mechanoreceptors located in extensor muscles and skin 

afferents in the foot (Hubli & Dietz, 2013). Hip joint and L/E afferent inputs that signal load during 

stance are essential for activating spinal neuronal circuits underlying locomotion (V. Dietz, 2012), 

leading to appropriate L/E activation and amplitude of extensor muscles (Hubli & Dietz, 2013). 

For instance, studies in humans have shown that generating locomotor-like movements of the 

L/E by manual assistance were not sufficient to generate leg muscle activation in able-bodied 

individuals or individuals with spinal cord injury ( Harkema et al., 1997; V. Dietz & Harkema, 2004). 

However, when load is added to the leg, mimicking the load-bearing function of stance phase, 

manually-assisted leg movements lead to an appropriate leg stepping pattern activation (Dietz & 
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Harkema, 2004). Furthermore, the amplitude of leg muscle activation is directly related to the 

level of loading during stepping on a treadmill, demonstrating the importance of load-bearing  

during the stance phase to walking pattern generation (Harkema et al., 1997; Sinkjær, Andersen, 

Ladouceur, Christensen, & Nielsen, 2000). Based on experiments of unilateral hip obstruction 

during walking, afferent input from hip joints initiates the transition from stance to swing phase 

(V. Dietz & Harkema, 2004). For instance, when one hip’s movement is obstructed, it completely 

suppresses the rhythmicity of the L/E of the same side, while the other L/E continues to be 

rhythmically active (Grillner and Rossignol, 1978). Other studies have demonstrated that in 

chronic spinalized cats as well as in pre-walking human infants, preventing hip extension impedes 

the initiation of the swing phase by inhibiting the activity of the flexor muscles during stance 

phase (Pang & Yang, 2000; Van de Crommert, Mulder, & Duysens, 1998). These studies have 

presented evidence reflecting the importance of sensory inputs, especially during stance phase, 

in the modulation of efferent outputs during the generation of human and animal locomotion. 

2.1.3 Supraspinal control of locomotion 

Supraspinal control of locomotion can be viewed as initiation of locomotion by structures 

in the brain stem (Shik, Severin et al., 1966) or the control of posture and corrections to the 

walking pattern to adapt to the environment. Several spinal structures, including reticulospinal, 

corticospinal and vestibulospinal pathways, are capable of influencing locomotor neural circuits 

within the spinal cord (Drew, Jiang et al., 2002a). For example, the reticulospinal and 

vestibulospinal pathways are implicated in producing the requisite muscle tone necessary to 

support the body during walking, ensuring lateral stability, and producing step by step regulation 

in muscle activity. Furthermore, recordings of motor cortex cells and their projections to the 

spinal cord through corticospinal pathways are strongly modulated during precision walking, 

playing a key role in adaptations of the limb trajectory to more difficult locomotor tasks, such as 

obstacle avoidance and uneven terrain (Beloozerova & Sirota, 1993; Drew & Marigold, 2015). In 

humans, electrophysiological and imaging studies have demonstrated the importance of the 

motor cortex and supraspinal pathways during walking. For instance, studies involving 

transcranial magnetic stimulation (TMS) have indicated that corticospinal pathways are most 

active for flexor muscle control during steady-state walking. However, during walking tasks 
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requiring an increased attentional demand to the level of motor activity, corticospinal pathways 

are equally active for both flexor and extensor muscles throughout the entire gait cycle (Capaday, 

Lavoie, Barbeau, Schneider, & Bonnard, 1999). Moreover, low intensity TMS which activates 

intracortical inhibitory circuits, can suppress L/E muscle activation during walking (Petersen et al., 

2001) demonstrating the importance of supraspinal structures in the control of both flexor and 

extensor muscle activation during locomotion.  

2.2 Spinal cord injury 

2.2.1 Symptoms and classification 

Disruption of spinal cord function after an iSCI would highly impair the dynamic 

interactions between a central program for walking and both peripheral and supraspinal feedback 

mechanisms (Rossignol, Dubuc, & Gossard, 2006). This disruption would then lead to a decline in 

supraspinal command transmission to L/E motoneurons and impaired processing of afferent 

input by the spinal locomotor networks responsible for locomotion. Consequently, symptoms 

after a SCI are highly variable among individuals and depend on the severity of injury and its 

location within the spinal cord.  

An SCI can arise from traumatic (e.g. physical injury) or non-traumatic causes (e.g 

infection, disease, cancer/tumor) or from degenerative musculoskeletal diseases, (e.g. 

osteoarthritis, congenital conditions) (Organization & Society, 2013). SCI can cause partial or 

complete loss of sensory or motor function of upper extremities, lower extremities and/or trunk, 

as well as the autonomic regulation of heart rate, blood pressure, bowel and bladder control, and 

sexual function (Stahel, 2013). In general, the higher the lesion’s location within the spinal cord, 

the greater the sensorimotor impairments of the trunk and extremities. Thus, after a cervical level 

lesion, sensorimotor impairments affect the trunk and all four extremities, a condition known as 

tetraplegia, while sensorimotor impairments secondary to damage at thoracic, lumbar or sacral 

segments of the spinal cord will affect the trunk and L/E, sparing the upper extremities  (Stahel, 

2013).   
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The extent of impairments after a SCI not only depend on the lesion level but also on 

whether the lesion is “complete” or “incomplete”. This criteria is scored according to whether 

there is any sensory or motor preservation below the level of the lesion. The most common SCI 

reporting and classification method is the American Spinal Injury Association (ASIA) Impairment 

Scale (AIS) (Table 1). Injuries are classified as neurologically “complete” (cSCI) or “incomplete” 

(iSCI) based upon the sacral motor and sensory sparing definition. For instance, ASIA A and B are 

defined as no preservation of sensory function in the sacral segments. For grades C or D (i.e., 

motor incomplete), the individual must have either voluntary anal sphincter contraction or sacral 

sensory sparing (i.e. preserved sensation when applying deep anal pressure) with sparing of 

motor function below the level of the lesion. The ASIA lower extremity muscle score (LEMS) is 

commonly used to manually evaluate muscle strength by evaluating five lower extremity muscle 

groups representing each neurological level from lumbar to sacral spinal segments. Thus, both 

sensory and motor sparing and muscle strength are used together to classify SCI. 

 

Table 1. –  ASIA classification of spinal cord injury. 

A = Complete. No sensory or motor function is preserved in the sacral segments S4-S5. 

B = Sensory incomplete. Sensory but not motor function is preserved below the neurological level 

of injury (NLI) and includes the sacral segments S4-S5, AND no motor function is preserved more 

than three levels below the motor level on either side of the body. 

C = Motor incomplete. Motor function is preserved below the neurological level, and more than 

half of key muscle functions below the single NLI have a muscle grade less than 3 (Grades 0–2). 

D = Motor incomplete. Motor function is preserved below the neurological level, and at least half 

(half or more) of key muscle functions below the NLI have a muscle grade >3. 

E = Normal. If sensation and motor function as tested with the International Standards for 

Neurological Classification of Spinal Cord Injury (ISNSCI) are graded as normal in all segments, and 

the patient had prior deficits, then the AIS grade is E. Someone without a SCI does not receive an 

AIS grade. 
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This thesis recruited individuals with chronic paraplegic iSCI (i.e., ASIA motor incomplete 

C or D) with lesions occurring more than 12 months previously. While spontaneous recovery of 

motor function in patients with cSCI is limited, iSCI patients present the highest probability of 

recovery and improvement in locomotion through the use of rehabilitation tools or experimental 

therapies (Fawcett et al., 2007). Compared to individuals with acute iSCI, chronic iSCI participants 

present with the least amount of change in functional capacity one year after their injury and 

provide a stable baseline for assessing therapeutic interventions and distinguishing neurological 

improvement from spontaneous recovery (J. Ditunno, Little, Tessler, & Burns, 2004).  

2.3 Changes to neural mechanisms after iSCI  

2.3.1 Spinal changes after iSCI 

Although the underlying mechanisms for spinal changes after SCI are still unclear, the 

chronic deprivation of supraspinal influence to spinal neurons and inappropriate peripheral 

inputs after SCI give rise to progressive neuronal excitatory function degradation of the spinal 

cord (Dietz, 2010). This leads to an imbalance and a shift towards more centrally controlled 

inhibitory signaling to the locomotor CPGs (Dietz, 2010). In both animals and humans, this 

inhibitory signaling to the spinal CPG after a SCI has been associated with the facilitation of long-

latency reflex pathways. In turn, this facilitation results in the inhibition of the normal early spinal 

reflex component, an increase in the late spinal reflex component, and a reduction in 

electromyographic (EMG) amplitude after SCI (Frigon & Rossignol, 2006; Hubli, Bolliger, & Dietz, 

2011). The hypothesis that changes in locomotion and spinal reflex components are due to a 

predominant inhibition, and not purely due to a progressive degeneration of neuronal circuits 

after a SCI, is based on locomotor networks continuing to function many years after a SCI, and 

the dominance of the early over the late spinal reflex component in iSCI individuals who are able 

to perform stepping exercises (Smith & Knikou, 2016). 

In humans, chronic degradation and inhibitory signaling to spinal circuits are also reflected 

by a phenomenon called EMG exhaustion, known as a decline to nearly EMG noise level amplitude 
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after approximately five minutes of assisted locomotion. This phenomenon is thought to originate 

from a pre-motoneuronal (i.e., spinal level) as motoneurons can still be strongly activated when 

muscle spasms occurred (Dietz, 2010). Furthermore, EMG exhaustion is observed in the presence 

of long-term L/E immobility, regardless of SCI completeness. However, iSCI individuals who 

regularly perform stepping movements do not show EMG exhaustion, and the inhibitory control 

over spinal circuits is decreased (Smith & Knikou, 2016). This lack of degradation for individuals 

performing regular stepping indicates the importance of locomotor training for individuals with 

iSCI.  

2.3.2 Supraspinal changes after SCI 

After an SCI, cortical neuronal activity, while partially deprived of inputs from their target 

spinal neurons, undergoes adaptive changes. These changes to supraspinal pathways after SCI 

include an increase in cortical activity as a result of a shift from stereotypical gait movements, 

towards more skilled, but dysfunctional, L/E movements (Dobkin, 2000). Animal models have 

demonstrated that after an iSCI, spared axons, especially those from the corticospinal and 

reticulospinal tracts, can bypass the injury site via new collaterals, and innervate previously 

inaccessible spinal targets (Brus-Ramer, Carmel, Chakrabarty, & Martin, 2007; May et al., 2017; 

Wiessner et al., 2003). Cortical reorganization characterized by expanded territories of the leg or 

hindlimb cortical representations after an SCI have also been observed in rats and humans 

(Bruehlmeier et al., 1998; Endo, Spenger, Tominaga, Brene, & Olson, 2007).  

2.3.3 Neuromuscular deficits after iSCI 

To achieve an efficient walking pattern, a healthy motor system has the ability to 

coordinate many muscles crossing multiple joints to. However, motor command disruptions to 

the spinal cord after an iSCI limits this appropriate muscle coordination during overground 

walking, translating into the observed clinical deficits (Gorassini, Norton, Nevett-Duchcherer, Roy, 

& Yang, 2009; Maegele, Müller, Wernig, Edgerton, & Harkema, 2002). These deficits vary widely 

among iSCI participants and depend, among other factors, on the severity, level of injury, and the 

disrupted spinal pathways that in turn make each iSCI individual unique in their motor deficits. 

However, individuals with iSCI will present with some common motor impairments characterized 
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by an incapacity to adjust to environmental perturbation, and therefore experience a greater 

prevalence of falls than those without an SCI(Brotherton, Krause, & Nietert, 2007). Single-joint 

movements can be limited in individuals with SCI, providing a clear indication of the limited 

capacity of the supraspinal commands to access specific muscles, leading to impaired muscle 

coordination. Individuals with SCI may adopt compensatory strategies to overcome single-joint 

movements by instead employing multijoint flexion or extension movements or co-contractions 

of the entire limb (Maegele et al., 2002). Importantly, these compensations cause reductions in 

walking abilities such a decrease in walking speed (Dobkin, 2003) and walking related abilities 

(Figure 3).  

 

Figure 3. –  Neuromuscular deficits after iSCI. Supraspinal and sensory disruption after an iSCI 

lead to impaired muscle coordination.   

2.4 Locomotor training and rehabilitation principles  

Neuroplasticity, whereby “neuronal circuits can be modified by experience, learning or 

injury” (R. Nudo, 2003), provides the underlying framework for neurologically based 

rehabilitation. First, it must be understood how the neural element constituting locomotion can 

be accessed and changed and second, how the ability to make use of the interactions between 

spinal, supraspinal, and sensory interactions can be best used to promote recovery after an iSCI. 



38 

The appropriate integration of spinal, supraspinal, and sensory aspects are of critical importance 

for recovery, since the loss of motor capacity after SCI could become greater if spinal circuits are 

not activated by functional inputs (V Dietz & Harkema, 2004). 

2.4.1 Neurophysiological basis for locomotor training  

Locomotor training is based on the principle that, by increasing functional sensory afferent 

and supraspinal inputs, a particular therapy could benefit from nervous system flexibility and 

plasticity to recover gait function (Harkema et al., 2012). Animal models have demonstrated that 

locomotor training can induce functional changes within the spinal cord by altering locomotor 

circuit excitability and configuration (Rossignol et al., 2015). For instance, Martinez et al. (2013) 

observed that after hemisection of the spinal cord, cats were able to be re-trained until motor 

recovery of walking. After a second, and now complete section of the spinal cord was performed 

below the first hemisection, all trained cats could walk at high speeds after 24 hours, a process 

that typically takes weeks to appear. This early re-expression of locomotion demonstrated that 

training helped maintain the spinal circuits in an active functional state after hemisection. The 

changes observed after repetitive locomotor training were likely related to the movement-related 

activation of sensory afferents that can participate in the regulation of muscle discharge 

amplitude and the control of step cycle characteristics (i.e. onset and offset of swing and stance) 

(Martinez, Delivet-Mongrain, & Rossignol, 2013). In humans, locomotor training after an iSCI can 

be attributed to enhanced L/E muscle activity, which was closely correlated to improved 

locomotor function (V Dietz & Harkema, 2004).  

Spared pathways originating from propriospinal structures (i.e., interneurons 

interconnecting various levels within the spinal cord) can play an active role in recovery and in 

restoring some voluntary L/E control (Rossignol, Dubuc et al., 2006). However, descending 

pathway compensations may take different forms. While damaged pathways may regenerate, 

undamaged pathways may sprout or change their transmission efficacy (Rossignol and Frigon, 

2011). In doing so, new circuits could result either from new anatomical connections or from 

enhanced connectivity of existing circuits (Rossignol and Frigon, 2011). 
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The importance of supraspinal inputs in locomotion recovery by increasing voluntary 

movements is highlighted by cortical changes and locomotor improvements after locomotor 

training. Functional magnetic resonance imaging (MRI) analysis in individuals with iSCI, 

demonstrated that while both voluntary and passive forefoot flexion movement training 

expanded cortical areas representing the L/E, voluntary training induced larger cortical area 

expansions, including changes in premotor and supplementary motor areas (Dobkin, 2000). 

Furthermore, a study that aimed to increase iSCI supraspinal activity by concentrating on 

voluntary activation of the lower limbs during treadmill training, demonstrated that overground 

walking function improved after a three to five month treadmill training therapy (Thomas & 

Gorassini, 2005).  

Although mechanisms for recovery are present in spinal, sensory, and supraspinal aspects 

of locomotion, to exploit neural plasticity and generate functional and meaningful recovery, these 

circuits must be trained in a relevant manner. Universally accepted principles among 

rehabilitation researchers and professionals stipulate that, to generate neuroplasticity and to 

optimize meaningful gains in walking ability and walking-related abilities, any locomotor training 

must (Behrman et al., 2005; Forrest et al., 2008; Harkema, 2001; Harkema et al., 2012; Shea & 

Kohl, 1990): 

 Provide an appropriate afferent input (i.e. task-specificity); 

 Provide the possibility of massed repetition of a relevant task; 

 Allow task variability and an increased voluntary engagement; 

 Be performed over time. 

2.4.2 Rehabilitation principles applied to iSCI locomotor training 

2.4.2.1 Adequate afferent inputs and task-specificity 

The adequate afferent inputs principle of rehabilitation dictates that iSCI locomotor 

training should aim to activate spinal locomotor circuitry by providing appropriate afferent 

feedback, both involving the facilitation and assistance of L/E stepping-like movements and body 

weight support (V. Dietz, 2012). These aspects represent key components for locomotor recovery 
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since spinal circuit plasticity is both task- and use-dependent. This has been demonstrated in 

animal experiments where, after a complete SCI, cats trained only to stand regained the ability to 

support their body weight but were not capable of stepping (De Leon, Hodgson, Roy, & Edgerton, 

1998). This evidence demonstrates that a particular task could be successfully learned and 

executed after SCI if that particular task was specifically practiced.  

Considering that the most important afferent inputs for walking arise from the stretch- 

and load-receptors, efficient therapies for walking must increase hip and load receptor activity. 

Hubli et al. (2013) observed that only after training unsupported stepping movements could 

individuals with iSCI show gait improvements during overground walking. These findings confirm 

the importance of extensor muscle loading for recovery of walking. Furthermore, studies have 

also demonstrated that decreased L/E unloading is positively correlated with flexor and extensor 

muscle EMG signals, regardless of the presence or absence of injury (i.e., more unloading, greater 

EMG amplitude) (Gorassini et al., 2009). Thus, the amount of appropriate or inappropriate 

sensory inputs are a key component for locomotor recovery (V. Dietz, 2012). 

2.4.2.2 High repetition 

To induce structural neurological changes after a CNS lesion, a high number of repetitions 

of appropriate task-specific afferent inputs during locomotor training must be included. For gait-

specific training, studies in animals have demonstrated that approximately 1000 to 2000 steps 

per training session are required to improve lower limb coordination and step quality. A study of 

a locomotor training program in rats demonstrated that only the group that trained 1000 steps 

per session, compared to 100 steps per session, significantly improved step quality and the ability 

to adjust to different load and treadmill speed-related conditions (Cha et al., 2007). However, 

whether automatic and consistent repetition requires more active cognitive processing to induce 

neuroplasticity and motor learning is still under debate. For example, a study of individuals with 

stroke compared two groups performing a finger-tracking task (Carey et al., 2007). While one 

group performed an easier task, requiring only repetition, the other group performed a more 

difficult cognitive processing task requiring visuospatial tracking. Although both groups improved 

finger-tracking performance, only the group with the easier task performed better on functional 

testing. It was hypothesized that even though both groups performed the same task, the group 
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performing the easier task performed actually more repetitions than the group who was 

challenged by the cognitive task, leading to an improvement in performance (Carey et al., 2007). 

Contrary to these results, increased cognitive function during more complex locomotor training 

tasks may also induce neuroplasticity. Animal studies have demonstrated that, after a cortical 

lesion, fewer repetitions (i.e. 400-600) were required when they included a challenging motor 

task (i.e. fine-motor grasping) to induce changes in cortical hand representation (R. J. Nudo, 

Milliken, Jenkins, & Merzenich, 1996). Despite these differences in related to task difficulty, it is 

clear that more repetitions leads to improved function.  

2.4.2.3 Variability and increased voluntary control  

Although repetitive sensory information during locomotor training represents a favorable 

outcome for motor learning and function improvement, excessive movement variability (i.e., 

inconsistency or inappropriate intralimb kinematics) would diminish gains in muscle coordination 

and create step to step instability that could lead to increased risk of falling (Lewek et al., 2009). 

However, in a context when adequate limb kinematics with appropriate and repetitive sensory 

inputs is provided, allowing some variability during locomotor training may represent a key 

feature for gait improvements (Shea & Kohl, 1990). Natural variability is observed during both 

steady-state and more complex gait tasks (i.e. obstacle avoidance, steering), even in able-bodied 

individuals. Moreover, variability facilitates retention during motor learning as voluntary 

participation is expected to increase (Shea & Kohl, 1990). Compared to fixed, rigid limb guidance 

training, variability in training would allow the CNS to fully explore distinct movement options, 

inducing the most appropriate adaption to different environmental conditions (Cai et al., 2006; 

Lewek et al., 2009; Lotze, Braun, Birbaumer, Anders, & Cohen, 2003).  

In the context of variability, increased exploration during specific motor task learning leads 

to more generalizable responses that can be transferred to other tasks (Shea & Kohl, 1990). Thus, 

in rehabilitation, one of the main goals should be to aim to induce sufficient functional changes 

so that locomotor function gains can be translated into more varied environmental conditions, as 

often found in the community. This ability would allow the CNS to access the proper tool or skills 

learned during locomotor training to successfully adapt to external conditions. Hence, allowing 

variability during locomotor training provides a wider range of motor schemes for individuals to 
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perform novel task variations of the learned tasked. For example, a study compared two trained 

groups during force production throughout visual-motor tracking tasks, where the group that 

experienced errors induced during the task had higher task retention than the group that 

repeated the same pattern without any induced error. However, variability alone without a 

proper task criterion (i.e., a specific task to follow) would not lead to improvements in task 

retention and adaptability (Heitman, Pugh, Kovaleski, Norell, & Vicory, 2005). Studies that have 

compared performance of the task alone and performance of highly variable movement have 

demonstrated that only the group that performs the task that is tested had task retention gains 

(Heitman, Pugh, Kovaleski, Norell, & Vicory, 2005). 

2.4.2.4 Maintained through time 

To preserve locomotor training benefits, locomotor activity must be maintained in the 

long term. Dietz and Harkema (2004) demonstrated that when locomotor training in individuals 

after SCI was maintained for several months, it led to a long-lasting increased capacity to generate 

coordinated stepping movements, increased leg extensor EMG activity, and improvements during 

overground walking. In contrast, EMG activity was significantly reduced in individuals with iSCI 

who stopped locomotor training, and locomotor task performance degraded. This same outcome 

also occurred in spinalized cats (Edgerton et al., 1997). 

2.5 Locomotor principles and clinical reality 

Despite advancements in understanding key neurophysiological aspects and principles to 

induce CNS plasticity, many of the locomotor training programs currently offered in publicly 

funded specialized SCI rehabilitation programs across Canada do not align with the 

aforementioned locomotor training principles. The barriers to the implementation of locomotor 

training programs in Canada include time and productivity constraints generally encountered in 

clinical practice, increased physical demand of physiotherapist to safely support individuals with 

trunk and L/E weakness while simultaneously assisting stepping during manual stepping 

therapies, limited availability of rehabilitation aids or technicians during locomotor training, and 

scarcity of equipment options for locomotor training (e.g., motorized treadmill, body weight 

support systems). A study of locomotor training in individuals with hemiparesis following a stroke 
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found that the number of repetitions performed during physiotherapy sessions did not approach 

the number of repetitions recommended to induce neuroplasticity to achieve meaningful 

recovery after neural injury (Kimberley, Samargia, Moore, Shakya, & Lang, 2010). Another study 

found that patients only received 40-60 repetitions per session, compared to the 400 to 600 

repetitions recommended to induce neural plasticity (R. J. Nudo, Milliken, Jenkins, & Merzenich, 

1996). Interestingly, the number of repetitions performed was strongly associated with therapist 

experience, with more experienced therapists allowing for more repetitions per session 

compared to inexperienced therapists. These aspects represent examples of the lack of 

consistency in rehabilitation therapy applications among clinicians as a consequence of 

standardized protocols for locomotor training (Kimberley, Samargia, Moore, Shakya, & Lang, 

2010).   

 New and promising locomotor training approaches may aid in overcoming clinical practice 

obstacles related to physical demand (for trunk support and manually assisted stepping) to be 

able to induce proper task specificity and adhere to massed practice recommendations. For 

instance, many mobility assistive technologies have been developed in recent years to enable 

individuals with various types of neurological injuries to ambulate overground. Robotic gait-

training devices, such as the powered lower extremity wearable exoskeletons investigated in this 

thesis, may provide a trainingalternative to overcome therapist limitations and to adhere to the 

locomotor training principles previously described. 
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2.5.1 Wearable robotic exoskeletons 

Wearable robotic exoskeletons (WRE) are attached to the individual’s trunk and lower 

extremities to provide constant or variable external mechanical assistance, unilaterally or 

bilaterally at the hip, knee, and/or ankle joints to enable standing, sit-to-stand transitions, and 

overground walking (Figure 4).  

 

Figure 4. –  The WRE enables standing, sit-to-stand transitions, and overground walking. 

WREs enable individuals with an iSCI to practice walking over longer periods of time in a 

safe manner, compared to conventional physiotherapy locomotor training approaches 

(Esquenazi, Talaty, Packel, & Saulino, 2012; Talaty, Esquenazi, & Briceno, 2013; Zeilig et al., 2012). 

Moreover, these devices provide repetitive walking patterns that supply the specific sensory 

inputs (i.e., the joint and limb trajectories mimic those of individuals without neurological injury) 

which, in theory, strengthen neural pathways by generating coordinated patterns for locomotion 

(Colombo, Joerg, Schreier, & Dietz, 2000; Hesse, Uhlenbrock, & Sarkodie-Gyan, 1999). At the same 

time, WREs can minimize the intensive and repetitive physical demands required of 

physiotherapists during locomotor training and, ultimately, work-related injury risk (Freivogel, 

Schmalohr, & Mehrholz, 2009). However, the limited and sometimes contradictory knowledge of 

the efficacy of WRE locomotor training programs constitutes a major barrier for clinical 

implementation.  
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The few pre-clinical and clinical exploratory studies of WRE locomotor training programs 

completed to date that have demonstrated promising outcomes, have also highlighted potential 

shortcomings. For instance, WRE locomotor training in individuals with iSCI increased overground 

walking speed and step length during clinical assessments (Arazpour et al., 2012; Esquenazi et al., 

2012; Zeilig et al., 2012). Furthermore, biomechanical assessments of walking while using WREs 

revealed ‘stereotypical’ and consistent gait movement patterns with reduced compensations 

(Arazpour et al., 2012; Talaty et al., 2013) and lower limb muscle activation patterns consistent 

with those expected during typical steady state walking (Hornby, Zemon, & Campbell, 2005; 

Nooijen, Ter Hoeve, & Field-Fote, 2009). From a clinical perspective, WREs can provide consistent 

support across locomotor training sessions, regardless of the attending physiotherapist (Galvez, 

Budovitch, Harkema, & Reinkensmeyer, 2011). However, given the mechanical assistance 

provided, WREs have been found to reduce the muscular, cardiorespiratory, and metabolic 

demands of walking (Kawashima, Sone, Nakazawa, Akai, & Yano, 2003). Walking with a WRE for 

individuals with a complete SCI is a moderate intensity exercise (Escalona et al., 2018), a level 

recommended to preserve physical fitness, with further potential positive effects on 

musculoskeletal and bone health when following a locomotor training program (Karelis, Carvalho, 

Castillo, Gagnon, & Aubertin-Leheudre, 2017). 

Despite these advantages and benefits, WRE locomotor training has not yet demonstrated 

superiority over conventional physiotherapy approaches to improve walking ability in individuals 

with iSCI (Swinnen, Duerinck, Baeyens, Meeusen, & Kerckhofs, 2010; Tefertiller, Pharo, Evans, & 

Winchester, 2011). Indeed, a systematic review comparing different locomotor training 

approaches, including body-weight–supported treadmill training (BWSTT), electrical stimulation, 

manual assistance, or conventional physiotherapy and BWSTT robotic gait training in iSCI 

populations concluded that even though all approaches clearly demonstrated improvement after 

training for walking capacity, velocity, and duration, and quality of gait, none were clearly superior 

(Morawietz & Moffat, 2013). However, most of the studies were performed using a first 

generation of WRE that offers fully motorized L/E controlled trajectories and robotic parameters 

set to 100% passive guidance. This mode of WRE assisted training “maintained homogeneity of 

the intervention parameters between participants” (Morawietz & Moffat, 2013). This passive 
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mode rapidly accustomed individuals with SCI to the task, resulting in locomotor training that 

wasunchallenging, effortless, and/or not specific enough for those individuals (Morawietz & 

Moffat, 2013). Moreover, locomotor training using a robotic device over a treadmill (i.e., Lokomat 

[Hocoma, Inc., Zurich, Switzerland]) also did not show improvement in intralimb coordination (i.e. 

consistency of hip and knee kinematic trajectories) in individuals with iSCI while therapist-assisted 

treadmill training demonstrated improvement of this same parameter. A lack of step variability 

provided by the passive and rigid guidance of the lower extremities of the robotic device may 

explain the lack of improvement in walking coordination with robotic gait assistance , further 

supporting the hypothesis that the increased stepping variability provided by the therapist 

assistance leads to the improvement in motor coordination after a CNS lesion (Lewek et al., 2009).  

To some extent, the divergence in the efficacy of WRE training results may relate, to the 

control modes or settings used during locomotor training programs. Very few of these body 

weight support robot studies allowed for step-to-step variability or increased voluntary demand 

required for a repetitive, consistent, but flexible, movements to induce important changes to 

locomotor capacities. Several L/E control mode options have emerged to allow a more flexible 

stepping control by the user and increased perceived utility and acceptability of the WRE in the 

neurorehabilitation community. For instance, other than the fixed swinging L/E trajectory offered 

by the first generation of WREs, a new generation of recently developed WREs now offers control 

options where the motorized input to the L/E can be removed and the swing path is not pre-

programmed. In this modes of control, there would be no imposed trajectory during the swing 

phase. With these features, it is now possible to provide, different levels of assistance and 

resistance to individual users who can then self-select L/E motion during swing. To the best of our 

knowledge, no study has explored how these recently developed control modes affect L/E muscle 

neural control during walking. To achieve this goal, the concept of muscle synergies (MSs) was 

selected to quantify and describe neural changes to muscle control related to the adaptation of 

these additional WRE modes.  
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2.6 Muscle synergies 

An EMG signal represents the summation of multiple active motoneurons that give rise to 

a motor unit action potential, providing an indirect measure of the motoneuron activity in the 

spinal cord at a given time during gait (Grasso et al., 2004). Since muscle activation reflects 

nervous system output, muscle activation patterns may provide indication of the flexibility of 

neural mechanisms among different tasks, and the adaptability of the CNS to external constraints. 

Collecting EMG signals in able-bodied and sensorimotor impaired individuals is relatively 

uncomplicated, however it becomes problematic when collecting signals at or around assistive 

devices, as the device causes excessive noise that precludes muscle signal analysis.  

Human locomotion requires complex coordination and precise muscle control of a 

redundant musculoskeletal system to successfully adapt to specific environmental conditions. 

This redundancy in the musculoskeletal system originates from the large number of highly 

nonlinear muscles, complexity of dynamic coupling between body segments using biarticular 

muscles, and multiple joints with many degrees of freedom  (Haghpanah, Farahmand, & Zohoor, 

2017). Furthermore, this redundancy requires a high level of CNS control, increasing the 

probability of movement error. 

Instead of controlling thousands of motor units or multiple muscles individually, the CNS 

can produce a predetermined movement by grouping muscles into motor modules, and in doing 

so, control a smaller number of variables (Drew, Kalaska, & Krouchev, 2008; Lacquaniti, Ivanenko, 

& Zago, 2012; Singh, Iqbal, White, & Hutchinson, 2018; Tresch, Saltiel, & Bizzi, 1999). These motor 

modules are considered the basic neural control or “building blocks” for muscle coordination. This 

modular organization, also known as MSs, is hypothesized to simplify highly complex tasks both 

in terms of neural activation and biomechanical adaptation (Safavynia, Torres-Oviedo, & Ting, 

2011). Thus, a single supraspinal neural command (i.e., cortex, brain stem) could select, combine, 

and modulate the activation amplitude of a specific MS at a specific time within a spinal-level 

controller. Each of these synergies, or motor modules, contain a consistent ratio of muscle co-

activations to coordinate motor segments and accomplish a specific biomechanical task (Figure 

5) (Hayes, Chvatal et al. 2014; Bizzi & Cheung, 2013).  
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Evidence of this modular organization within the spinal cord, and the linear summation of 

motor commands represent the basis for MSs, originated from electrical stimulation of the spinal 

cord of spinalized frogs (Mussa-Ivaldi, Giszter, & Bizzi, 1994). Each stimulation resulted in a 

specific force fields (i.e., force vectors moving in a specific space location), and when two different 

locations were stimulated simultaneously, the resultant force field was a summation of each 

individual force field, creating a different and more complex motor output (Bizzi, Mussa-Ivaldi, & 

Giszter, 1991; Mussa-Ivaldi, Giszter, & Bizzi, 1994). These same principles can be applied to EMG 

activity analysis, where EMG physiologically corresponds to a summation of motor unit action 

potentials. The EMG signal is then used to extract muscle synergies by employing decomposition 

algorithms, which will be explained in this section. 

By using such a modular organization, the CNS can produce reproducible, simplified, and 

consistent movements that are shared across the gait cycle. Indeed, these synergistic movements 

have been shown to be consistent, both in terms of muscle timing and composition across a wide 

range of different locomotor and voluntary tasks (d'Avella, Saltiel, & Bizzi, 2003; Ivanenko, 

Cappellini, Dominici, Poppele, & Lacquaniti, 2005) including walking (Lacquaniti et al., 2012; Singh 

et al., 2018), reaching (d'Avella, Portone, Fernandez, & Lacquaniti, 2006), running (Cappellini, 

Ivanenko, Poppele, & Lacquaniti, 2006) and balance tasks (Chvatal & Ting, 2013). This consistency 

has been demonstrated regardless of the factorization algorithm used to identify MSs (Tresch, 

Cheung, & d'Avella, 2006). Such a consistency across tasks and across extraction methods further 

supports the hypothesis of a common neural modular control for locomotion.  

2.6.1 Extracting muscle synergies 

To understand the encoding mechanisms of control within the spinal cord, MSs must be 

extracted from the EMG signal as a linear combination of motor outputs (Singh et al., 2018). 

Several computational algorithms have been developed to reconstruct EMG activity output into 

a reduced number of MSs. Although there are many different algorithms available to extract MSs, 

such as the independent component analysis, factor analysis, and non-negative matrix 

factorization (NNMF), all these methods constitutes a dimensional reduction of EMG data to 

simplify large EMG data sets. Analysis of MSs depends on the number of muscles included, EMG 
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normalization, and algorithm type (Singh et al., 2018). The NNMF algorithm is widely used to 

linearly decompose and reconstruct EMG signals by combining parts of the original data set, 

providing an accurate reconstruction of muscle activity (d'Avella et al., 2003; Devarajan & Cheung, 

2014). Reconstructing the data is performed to validate that the extracted MSs accurately 

represent characteristics of the original EMG data. NNMF is based on the time-invariant 

characteristics of MSs, where synergies are considered to be spatially fixed or synchronized in a 

temporal pattern (Devarajan & Cheung, 2014). 

 2.6.2 Characteristics and flexibility of muscle synergies 

MSs can be described in terms of number, composition (i.e., number and relative 

weighting of active muscles per motor module), and activation (i.e., duration and amplitude) 

(Neptune, Clark, & Kautz, 2009; Pérez-Nombela et al., 2017b). For gait, a set of specific muscle 

synergies (typically four muscle synergies for walking tasks) are associated with a particular gait 

phase and muscle output related to leg stabilization, forward propulsion, swing initiation, and leg 

deceleration during swing to stance transitions (Neptune, Clark, & Kautz, 2009; Pérez-Nombela 

et al., 2017b; Torres-Oviedo, Macpherson, & Ting, 2006). Moreover, each MS represents a specific 

set of muscles related to a specific phase of the gait cycle (Figure 5). Overall, the number, 

composition and activation of MSs indicates whether specific motor subtasks are functional, 

accessible and properly modulated by the CNS (Safavynia, Torres-Oviedo, & Ting, 2011). 

Although the muscles composing each MSs are linked to a specific temporal activation 

phase during the gait cycle, MSs allow for dynamic and flexible adaptations to the environment 

or to a specific task. Thus, in able-bodied individuals, new or existing synergies can be activated 

in different proportions to allow for adaptation to specific environmental constraints (McGowan, 

Neptune, Clark, & Kautz, 2010). Indeed, a simulation study demonstrated that even though the 

number and characteristics of MSs were consistent, altering body weight resulted in a flexible 

modulation of the recruitment intensity of MSs as well as changes to the activity of main muscles 

within a specific synergy to adapt to a task (McGowan, Neptune, Clark, & Kautz, 2010). 

 



50 

 

Figure 5. –  Schematic representation of typical muscle synergies extracted during the gait 
cycle.  

 

A study exploring MSs composition during walking with a WRE and unassisted overground 

walking in able-bodied individuals demonstrated that the muscles composing each synergy may 

vary between tasks (Li, Liu, Yin, & Chen, 2018). Moreover, new synergies can form during motor 

skill acquisition or the motor learning process. For example, while performing balance tasks, a 

subpopulation of individuals differed from the majority in using a knee-bending strategy to 

accomplish the task. Although common synergies were identified across balance tasks, in this 

subpopulation, different MS specific to the knee-bending strategy were found, despite all 

participants accomplishing the balance task properly (Torres-Oviedo & Ting, 2007). Thus, 

although MSs represent common motor programs, flexible adaptations and modifications can 

occur through training. This is very important to the rehabilitation process, since even impaired 

synergies could be modified, with a proper training approach, to achieve normal activation and 
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muscle composition, leading to a regulation of atypical neural function and consequently a likely 

recovery of motor function.  

2.6.3 The arguments against muscle synergies 

Although MSs are reproducible among different tasks, alternative control mechanisms for 

muscle activation have been suggested. For example, finger muscle control varied across tasks, 

indicating that muscles were recruited in a flexible manner and adapted to a target movement, 

and does not support the hypothesis of synergistic muscle activation (Kutch, Kuo, Bloch, & Rymer, 

2008). Still, neural differences between fine movement control of the hands, which is more 

cortically controlled, and-rhythm control of distal structures such as L/E, which are more reliant 

on spinal structures, could explain different control mechanisms for muscle coordination. For 

instance, while most CNS motor control is accomplish by corticospinal pathways originating from 

premotor and motor cortical regions (Drew et al., 2008), hand control have monosynaptic 

connections projecting through ventral motor neurons on the spinal cord, providing more direct 

cortical control (Zinger, Harel, Gabler, Israel, & Prut, 2013). These arguments do not completely 

reject the muscle synergies concept because both fractionated control and MSs control of fine 

finger movements and gross hand and upper extremity limb movements exist together at the 

cortical level (Leo et al., 2016). More studies are needed to corroborate that multiple mechanisms 

of motor control are acting together to accomplish motor tasks, while also allowing for the 

flexibility needed to execute them.  

2.6.4 Muscle synergies after a CNS lesion 

After an iSCI, when motor commands are severely disrupted and limit the ability to 

coordinate multiple muscles during gait, evidence of alterations to MSs have been observed 

(Clark, Ting, Zajac, Neptune, & Kautz, 2010). Hence, the number, composition, and temporal 

aspects of different MSs utilized during a motor task, can shed light on whether motor subtasks 

are accessible and properly modulated by the nervous system. Indeed, reductions in the number 

of synergies have been associated with an inability to access a specific subtask, translating into 

motor deficits and abnormal motor outputs, thereby predicting the degree of impairment (Clark, 
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Ting, Zajac, Neptune, & Kautz, 2010; Hayes, Chvatal, French, Ting, & Trumbower, 2014; Singh et 

al., 2018).  

When comparing MSs between eight individuals with iSCI and eight able-bodied 

individuals, Hayes et al. (2014) found that the iSCI group presented with a reduced number of 

MSs and inappropriate muscle components on each synergy, reflecting the heterogeneity of 

deficits in this population. This alteration in MSs was evidenced by an increase in co-activation or 

muscles activation that belonged to other synergies. In contrast, the specific and distinctive MSs 

that were found in able-bodied individuals are an indication of differential muscle control and 

therefore, greater muscle control complexity. A more recent study of individuals with iSCI 

demonstrated that fewer MSs and a different composition of MSs were found on the most 

affected lower limb, when compared to the less affected limb, and compared to able-bodied 

individuals (Pérez-Nombela et al., 2017a). In the same study, the most affected MSs, found in the 

individuals with iSCI presenting the most gait deficiencies, were synergies composed of the rectus 

femoris and tibialis anterior muscles related to the toe-off phase of the gait cycle, and a synergy 

composed mainly of the gastrocnemius medialis, related to the push-off during the gait cycle. 

These deficits in specific synergies could explain important gait impairments observed in 

individuals with iSCI compared to the MSs characteristics of able-bodied individuals. Another 

study of individuals with hemiparesis following a stroke found that the inability to independently 

recruit MSs on the paretic limb, and the extensive co-contraction of antagonist muscles, results 

from a reduced number and merged versions of the typical MSs found in the non-paretic limb, 

resulting in decreased walking speeds, reduce propulsion, and increased gait asymmetry (Clark et 

al., 2010). This evidence suggests that the more severe the neural injury, the less complexity in 

terms of independent activation of muscle groups. This would result in a reduced number or 

merging of MSs and translate clinically into greater deficits during overground walking. Merging 

of MSs in adults with stroke have also been associated with poor improvements in muscles 

strength and restricted joint range of motion, indicating poor motor coordination (Israely, 

Leisman, & Carmeli, 2018). 

Although a reduced number of MSs is not always constant across subjects with similar 

injuries, Rouston et al. (2013) demonstrated an association between improvements in motor 
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function and the number and composition of MSs after a 12-week locomotor training program 

incorporating stepping on a treadmill (Routson, Clark, Bowden, Kautz, & Neptune, 2013). Hence, 

MSs could be used to understand the nature of locomotor impairments or motor compensations 

after a CNS injury and the degree of flexibility and adaptability of their motor patterns. Since MSs 

reflect the state of neural connectivity or CNS excitability, exploring new methods of 

rehabilitation using these changes to neural output may help inform the efficacy of a 

rehabilitation tool and guide therapeutic decisions.  

To summarize the information presented in this chapter, after an SCI, disruptions in 

supraspinal commands as well as deficient sensory inputs lead to impairments in muscle 

coordination. These impairments translate into observable functional disabilities, especially 

affecting locomotor and locomotor-related abilities. While locomotor training principles are 

based on the premise that the CNS has a high capacity for plasticity and recovery, several 

constrains impede the application of these principles in clinical practice. The emergence of WRE 

represent a promising rehabilitation intervention for locomotor training that aligns with activity-

based neuroplasticity principles in terms of specificity (e.g., optimal sensory input, proper 

movement patterns) and intensity (e.g., possibility to take > 1000 steps/session). The second 

generation of WRE offering different L/E control modes (e.g., assistance, adaptive, resistance) 

increase the perceived utility and acceptability of the WRE in the neurorehabilitation community. 

However, little is known about how these control modes affect L/E muscle neural control during 

walking. The heterogeneity of SCI, the pathways affected, the individual adaptations, and ensuing 

compensations demand subject-specific analysis of the neuromuscular mechanisms in the 

adaptation to these WRE control modes. This neural mechanisms of motor control could be 

unveiled through the study of MSs, a number of functional units responsible for a well-organized 

co-activation pattern of multiple L/E muscles associated to specific functions during the gait cycle. 

Understanding and quantifying the number, composition, and activation of these MSs during 

overground walking and walking with the WRE is vital for the evaluation of more targeted 

therapies for walking with an SCI. 
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CHAPTER 3 – OBJECTIVES 

3.1 General objective 

The general objective of the thesis is to evaluate how different WRE control modes that 

are acting mainly on the swing phase of the gait cycle, affect the neural control of L/E muscle 

coordination during overground walking with a WRE. This information is important when 

choosing a therapy targeted to a particular individual.  

To meet this general objective, three separate studies were completed around two main 

components: the effects of various overground walking speeds on L/E muscle synergies for able-

bodied individuals without a WRE and L/E muscle synergies in able-bodied and individuals with 

an iSCI during overground walking without and with a WRE.  

3.2 Specific objectives and hypotheses 

3.2.1. Study #1  

This first study investigated, in able-bodied individuals, the effects on the number, 

temporal profiles, and compositions of MSs of three walking speeds: predetermined slow with 

rhythmic auditory cueing (SLOW), self-selected comfortable natural (NAT), and self-selected fast 

(FAST). The hypotheses being tested are: 

 Temporal profiles, compositions, and number of MSs will remain similar between the 

NAT and FAST (Cappellini, Ivanenko, 2006).  

 For SLOW, temporal profile, composition, and number of MSs will differ from NAT and 

FAST because of reduced ground reaction forces, reduced lower extremity inertial 

effects, reduced lower extremity muscular demand. 

This project is relevant since one of the most important biomechanical constraints 

associated to WRE walking relates to large walking speed reduction resulting, in most part, from 

mechanical constrains (Gagnon, Da Cunha, Boyer-Delestre, Bosquet, & Duclos, 2017). 
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3.2.2. Study #2 

The second study characterized and compared overground walking without and with a 

WRE set at six different L/E control options (i.e., a subset of trajectory-controlled and non-

trajectory controlled options used for neurorehabilitation). Outcome measures were individual 

muscles activations and MSs (number, composition, activation profiles). The hypotheses being 

tested were: 

 Walking with a WRE set to fixed trajectory controlled options will preserve typical MS 

characteristics (i.e., number, profile, muscle weighting) found during overground walking 

at a matched walking speed without a WRE 

 Walking with the WRE set to non-trajectory control modes will lead to variable changes in 

MS characteristics depending on the mode used (e.g., resistance or assistance control 

modes).  

This project is relevant since the most recently-developed WRE control modes will be 

investigated for the first time. 

3.3.3. Study #3 

The third study presents a case series to examine how various WRE trajectory and non-

trajectory control modes affected L/E muscle synergies attributes (e.g., number of MSs, muscle 

weightings within a synergy) in individuals with iSCI during overground walking with a WRE. The 

hypotheses being tested are:  

 The number and weighting of muscles composing each MS during overground walking 

without a WRE will differ between iSCI and able-bodied individuals 

 Walking with a WRE set in a non-controlled trajectory mode will best reproduce the 

number of MSs and the weight of muscles composing each MS to levels comparable to 

those extracted in able-bodied individuals during overground walking.  

This project is relevant since it represents an initial step to strengthen evidence in regard to 

L/E muscular coordination that will inform clinical practice on the effects of different control 

modes when planning personalized WRE locomotor interventions.  





CHAPTER 4 – METHODS 

Most of methodological aspects in this thesis have been well described in the results 

section. Therefore, this chapter covers exclusively key methodological elements that relate to the 

wearable robotic exoskeleton and the muscle synergy extraction process. 

4.1 Wearable robotic exoskeleton for overground walking 

The EKSO™ GT (Ekso Bionics, Richmond, CA, USA) is a ready-to-wear, battery-powered, 

motor driven robot that generates motion at the hips and knees in a sequenced manner. It 

provides important safety features in terms of trunk stabilization and stance phase knee support 

(Figure 6A-B). These features allow long and consistent stepping kinematics. Each joint is 

independently controlled by the information provided by sensors feeding the control panel linked 

to a small, portable, computerized control system attached to the flexible trunk module, housing 

the battery (see Figure 6C). Information, gathered from over 35 different sensors (e.g., 

accelerometers, speed controllers, gyroscopes, pressure sensors), feed a decisional algorithm 

allowing users to perform sit-stand-sit and walking in a straight line. The use of a rolling walker or 

forearm crutches are required for balance and body weight transfer while walking. For this 

research, all participants used crutches during all walking trials with the exoskeleton. 

The Ekso GTTM provides various control modes to the swing and stand phases of walking, 

as selected by the physical therapist assisting the user. During swing phase, assistance modes 

applicable to the limb in motion can be grouped in two categories:  Trajectory controlled or Non-

trajectory controlled.  

When in trajectory controlled mode, steps are initiated when the participant reaches 

proper lateral shift of his center of pressure (lateral target) and manages to initiate hip flexion. 

Body weight shifts are generated through active trunk and upper extremities (U/E) movements 

and facilitated using forearm crutches to ensure contact points with the ground. The Ekso 

automatically generates the step once these two requirements are met while the leg follows a 

swing trajectory determined by the programmed settings of the Ekso. Modes belonging to the 
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trajectory-controlled category used in the present thesis included, for the swing phase, total 

assistance (TOT), no assistance provided over an imposed trajectory (FIXED0) and an “assistance-

as-needed” mode (ADAPT) in which assistance is adapted in response to the amount of force that 

a participant contributes to the limb motion. In the TOT assistance mode, the leg will move 

consistently through swing and is less susceptible to the participant’s interaction. When in this 

mode participants were asked to leave control to the machine and not participate in the leg 

motion. In the FIXED0 mode, the exoskeleton provides a fixed ceiling of robotic assistance set at 

0 (thereby the name FIXED0). When in this mode participants perform the L/E motion over an 

imposed, rigid foot trajectory imposed by the WRE with no robotic assistance. In the ADAPT 

mode, the exoskeleton automatically adapts to how much the participant influences the motor 

power of the exoskeleton, and will increase or decrease as needed throughout a predetermined 

trajectory during the swing phase of gait. A feedback provides the mean assistance level provided 

by the exoskeleton during the previous 5 consecutives steps. 

For these trajectory-controlled modes, a certified therapist accompanying the user can 

control numerous walking features (e.g., swing speed, step height, step length). Of these 

parameters, step length and step height were modified by the therapist during trajectory-

controlled modes, to reproduce natural gait in an optimal manner adapted for each participant 

according to their height and assure proper balance and to reproduce natural gait. The remaining 

parameter (i.e., swing speed) using trajectory-controlled modes was kept at the default setting. 

When in non-trajectory controlled, steps are actively initiated and completed by the user. 

The swing path is not controlled by a program (i.e., no imposed trajectory during swing phase) 

and the motors at the hip and knee only provide assistance to counteract the weight of the 

exoskeleton and potential inertial effects.  Therefore, the participant is free to move his leg as he 

wishes in terms of kinematics (i.e., step height, length and speed). Non-trajectory controlled 

included a high assistance (HASSIST), high resistance (HRESIST) and NEUTRAL modes that provides 

an assistance, a resistance or no assistance nor resistance during the swing phase, respectively. 
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For the stance phase, modes included very high, high, medium and low assistances, each 

contributing to a certain amount to the supporting moment generated at the hip and knee joints. 

In addition, the stance phase assistance can limit knee flexion up to 45° for safety features. This 

last setting was used with all participants and exoskeleton modes recorded.   

 The EKSO™ GT exoskeleton weighs about 28 kg and can reach, in theory, a maximal 

walking speed of 1.6 m/s. In 2012, following clinical trials, the EKSO™ received the Food and Drug  

Figure 6. –  EKSO™ GT. A. Experimental setup and EMG sensors placement in a participant with 

iSCI. B. the EKSO is motorized at the hip and knee joints. C. computerized control 

system attached to trunk from which control modes are selected. 
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Administration (FDA) approval for hospital use in the United States (Rupal, Singla, & Virk, 2016) 

and Health Canada approval for clinical use. 

4.2 Inclusion and exclusion criteria for the robotic exoskeleton  

Clinical, demographic, and specific inclusion and exclusion criteria are described in each of 

the scientific articles in the methods sections. During the screening process, the research 

physiotherapist evaluated each participant using the inclusion and exclusion criteria (Table 2).  

Table 2. –  Participant and exoskeleton-specific inclusion and exclusion criteria.  

Inclusion criteria Exclusion criteria 
Participant-specific: Participant-specific: 

 

 Adults (≥18 year old) 

 Normal cognition (Montreal Cognitive 
Assessment Score ≥26/30) 

 Understand and communicate in English or 
French  

 Reside within 75 km from a research site 
 
Participants with iSCI 

 Chronic incomplete SCI 
o AIS C or D 
o traumatic or non-traumatic SCI below the C5 
o > 18 months pre-enrollment 

 Capacity to walk overground for at least 10 
meters with an assistive device 

 

 

 Other neurological impairments aside from 
those linked to the SCI (e.g., severe traumatic 
brain injury) 

 Concomitant or secondary musculoskeletal 
impairments  

 Unstable cardiovascular or autonomic system 

 Pregnancy 

 Any other conditions that may preclude L/E 
weight-bearing, walking, or exercise tolerance 
in the WRE 

Exoskeleton-specific: Exoskeleton-specific: 

 

 Body mass ≤100kg 

 Height= 1.52-1.93 m 

 Pelvis width= 30-46 cm 

 Thigh length= 51-61.4 cm 

 Lower leg length=48-63.4 cm 

 Standing tolerance ≥ 30 minutes with full lower 
extremity weight-bearing  

 

 Inability to sit with hips and knees ≥90° flexion  

 Lower extremity passive range of motion 
limitations (hip flexion contracture ≥5°, knee 
flexion contracture ≥10°, and ankle dorsiflexion 
≤-5° with knee extended 

 Moderate-to-severe lower extremity spasticity 
(>3 modified Ashworth score) 

 Length discrepancy (≥ 1.3 or 1.9 cm at the thigh 
or lower leg segment) 

 Skin integrity issues preventing WRE use 
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4.3 Muscle synergy extraction using Non-negative Matrix Factorization 

algorithm 

In this section, MSs extraction by NNMF are presented. Details of the surface EMG 

equipment, data processing, and MSs extraction procedures are summarize in the methods 

section (Article #1). 

4.3.1 The NNMF algorithm 

Using the NNMF algorithm, MSs are a compressed version of the original EMG data set 

where muscle activity is represented as a linear summation of motor modules (Lee & Seung, 

1999). The NNMF algorithm is a reliable algorithm that provides accurate reconstructions of 

muscle activity by combining parts of the original EMG data showing a consistent accuracy across 

a broad range of motor tasks as shown in previous work, accurate (Clark, Ting, Zajac, Neptune, & 

Kautz, 2010; Rodriguez, Roemmich, Cam, Fregly, & Hass, 2013). This algorithm imposes 

nonnegative constraints on the synergies and the activation profiles which consider the 

physiological signaling of the CNS as being a straight forward command without anything being 

subtracted from it (non-negative components in a signal).  

Muscle synergy extraction procedures are defined by means of original data, 

decomposition, and reconstruction of the original data set. 

4.3.1.1 ORIGINAL DATA  

The original raw EMG signal from eight L/E muscles collected at 1926 Hz, filtered 

(Butterworth bandpass 20-400 Hz) and smoothed (continuous Root Mean Square (RMS) using a 

centered 250 msec moving window) for each muscle was time normalized using 101 temporal 

data points (0% to 100%). Three consecutive gait cycles presenting the lowest mean coefficient 

of variation (CV) computed for all the muscles EMG envelopes were selected using a custom-

made Labview. Then, the selected consecutive three cycles were averaged together prior to 

initiating the muscle synergy analysis. For each participant, the RMS signals from each muscle was 

normalized to its own maximum peak value for each walking trial.  This original EMG data matrix, 

referred to as experimental EMG (EMGexp) (Figure 7A), can be defined by EMGexp m.t , where m 
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is the number of muscles (8 muscles per L/E) and t represents the number of time samples (101 

points from time normalization of the EMG data to fit 100% of the gait cycle).  

4.3.1.2 DECOMPOSITION  

NNMF decomposes the EMGexp into three matrices: EMGexp = Wm.s . Hs.t + e (Figure 7B). 

The W matrix represents weightings of muscle contributions for each MSs (product of m (number 

of muscles) by s (number of synergies found)). For visualization and to better characterize muscle 

composition in each synergy, each W matrix was normalized to the maximum muscle contribution 

during the whole gait cycle such that each muscle contribution ranged from 0 to 1. The H matrix 

represents the amplitude of each MSs activation across the time-normalized gait cycle. This 

matrix is the product of s (number of synergies) by t (101 time point samples). Finally, the e matrix 

represents the reconstruction error and is the product of m (number of muscles from the W 

matrix) by t (time points from the H matrix). For the extraction of MSs to be considered optimal, 

the reconstruction error must be minimal or reach values close to 0. The less reconstruction error 

there is, the better the reconstruction process reflects accurate MSs.   

4.3.1.3 RECONTRUCTION 

To validate that the W matrix accurately represents the data within EMGexp, an evaluation 

of the proximity between EMGexp and the reconstruction error is necessary. The original data is 

reconstructed by linearly combining parts of this decomposed data. Thus, the algorithm will run 

500 times to evaluate the validity of the reconstructed data relative to the original EMGexp matrix 

while the algorithm search for an optimal solution to minimize the reconstruction error. A 

potential MS occurs when reconstruction error values are lower than -8 during 20 consecutive 

passes of the algorithm. To corroborate the finding of a MS and to estimate the validity of the 

reconstructed EMG data (EMGrec), Variance Accounted For (VAF) is used to measure the 

differences between the original matrix EMGexp and the EMGrec (Figure 7C). The closer VAF values 

are to 1, the more accurate the reconstruction process. 

A threshold method was used to calculate the number of MSs, where a threshold value on 

the VAF curve was set to find the number of synergies for extraction. Thus, VAF was calculated 

for each muscle (VAFm) and the product of all VAFm was defined as global VAFg. VAFm values were 
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acceptable if they exceeded 0.9 (90%). The computation stopped when 𝑉𝐴𝐹𝑔 exceeded 0.80 

(80%). This whole procedure was repeated while the algorithm identified the reconstruction error 

and the VAF value criteria. For example, if the VAF criteria had only been identified three times, 

then the number of MSs found were three. 

Out of these procedures, extracted MSs were grouped and classified in terms of number, 

composition (weightings), and activation timing profiles; this is presented in the scientific articles. 

 

 

Figure 7. –  Muscle synergies extraction procedure. 





CHAPTER 5 – RESULTS 

The main results of this thesis are presented in three scientific papers that are submitted to 

scientific journals.  

1. Effects of varying overground walking speeds on lower extremity muscle synergies in 

healthy individuals. Journal of Motor Control. Manuel J. Escalona, Daniel Bourbonnais, 

Damien Le Flem, Michel Goyette, Cyril Duclos, Dany H. Gagnon. 

2. Effects of different robotic exoskeleton control options on lower limb muscle synergies 

during overground walking in able-bodied adults. Clinical Neurophysiology. Manuel J. 

Escalona, Daniel Bourbonnais, Damien Le Flem, Michel Goyette, Cyril Duclos, Dany H. 

Gagnon. 

3. Wearable exoskeleton control modes selected during overground walking affect muscle 

synergies in adults with a chronic incomplete spinal cord injury. Spinal Cord Series and 

Cases. Manuel J. Escalona, Daniel Bourbonnais, Michel Goyette, Cyril Duclos, Dany H. 

Gagnon. 
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5.1. Article #1: Effects of varying overground walking speeds on lower 

extremity muscle synergies in healthy individuals 

Manuel J. Escalona1,2, Daniel Bourbonnais1,2, Damien Le Flem1,2, Michel Goyette2, Cyril Duclos1,2, 
Dany H. Gagnon1,2 

1  School of Rehabilitation, Université de Montréal, Montreal, QC, Canada 

2 Pathokinesiology Laboratory, Center for Interdisciplinary Research in Rehabilitation of Greater 
Montreal, Institut universitaire sur la réadaptation en déficience physique de Montréal, CIUSSS 
Centre-Sud-de-l'Île-de-Montréal, Montreal, QC, Canada 

Article submitted in the Journal of Motor Control on January 2020. 

As first author, I contributed substantially to the conception and development of the 

methodology, data collection, analysis, and interpretation of the results. I also wrote the original 

draft of the manuscript. Dr. Bourbonnais contributed expertise related to muscle synergies, 

analysis, and results interpretation. Mr. Leflem contributed to the data collection and data 

processing. Mr. Goyette contributed mainly to data processing and software development for 

data extraction and analysis. Professors Gagnon and Duclos contributed to methodology 

development, oversaw results analysis and interpretation, and manuscript writing. All authors 

contributed to revision of the manuscript’s intellectual content and approved the final version for 

publication. 

5.1.1. Abstract 

The effects of walking speeds on lower extremity (L/E) muscle synergies (MSs) were 

investigated among 20 adults who walked 20-m at SLOW (0.6±0.2 m/s), natural (NAT; 1.4±0.1 

m/s), and FAST (1.9±0.1 m/s) speeds. Surface EMG of eight L/E muscles were recorded before 

extracting MSs using a non-negative matrix factorization algorithm. Increasing walking speed 

tended to merge MSs associated with weight acceptance and limb deceleration whereas  reducing 

walking speed do not change the number and composition of MSs. Varying gait speed, particularly 

decreasing speed, may represent a rehabilitation strategy needing additional attention given its 

effects on MSs.  

Keywords:  Electromyography, gait, locomotion, motor control, movement, walking 
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5.1.2. Introduction  

Human locomotion is a complex task that requires coordinated and precise neural control 

of muscle activation. This coordination is most likely governed by a sequence of motor modules, 

also referred to as ‘muscle synergies (MSs)’, that co-activate multiple lower extremity (L/E) 

muscles in a reproducible, simplified, and consistent way to generate movements linked to 

specific locomotor-related subtasks during walking (Lacquaniti, Ivanenko, & Zago, 2012; Singh, 

Iqbal, White, & Hutchinson, 2018). MSs may be shared across various motor tasks such as 

standing balance (Chvatal & Ting, 2013), walking (Lacquaniti, Ivanenko, & Zago, 2012; Singh, Iqbal, 

White, & Hutchinson, 2018), and running (Cappellini, Ivanenko, Poppele, & Lacquaniti, 2006). This 

coherence in the repertoire of MSs found across various motor tasks supports the idea of a 

common neural modular control. Hence, MSs analysis may provide insights on the neural control 

during walking that most laboratory (e.g., kinematics or kinetics) or clinically-based tests fail to 

do by only characterizing attributes of movements or of performance (Safavynia, Torres-Oviedo, 

& Ting, 2011), respectively.   

Previous clinical and simulation studies have confirmed that neural control during walking 

can be explained, in most part for able-bodied individuals, by a repertoire of four to five MSs, 

each associated with a specific sub-phase of the gait cycle (i.e., leg stabilization, forward 

propulsion, swing initiation, and leg deceleration) (Clark, Ting, Zajac, Neptune, & Kautz, 2010; 

Neptune, Clark, & Kautz, 2009). Moreover, studies with able-bodied individuals have 

demonstrated that these MSs adapt to faster or slower speeds during walking:  For examples, 

Ivanenko and al. (2004) and Capellini and al. (2006) reported that a set of five lower extremity 

MSs can characterize treadmill walking across speeds ranging from slow (0.27 m/s) to fast 

(2.5 m/s) while Clark and al. (2010) reported that a set of two to five muscle synergies explain 

treadmill locomotion at speeds ranging from 0.3 m/s to 1.8 m/s, respectively. These small 

differences when reporting solely the number of MSs are not yet fully understood, although they 

may relate to locomotor task specificity (e.g., treadmill versus overground walking) and 

familiarization time for treadmill walking (Meyer et al., 2019). Different adaptations between 

treadmill and overground walking explain, in most part, spatiotemporal (e.g., greater treadmill 

walking angular velocities, increase stance phase time with speed decreases), kinetic (e.g., 
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treadmill walking changes in muscular activation and smaller ankle dorsiflexors and knee extensor 

moments and powers (Lee & Hidler, 2008)), and electromyographic (EMG) differences (e.g.,  

positive association between walking speed and muscular recruitment amplitude (Den Otter, 

Geurts, Mulder, & Duysens, 2004)). Thus, further analysis of MSs (i.e., number, profiles and 

composition) during overground walking will increase the ecological validity of the current 

evidence since most studies assessing the effects of speed on MS changes have been gathered 

during treadmill walking to date.  

A detailed analysis on the number and characteristics of MSs during overground walking 

among able-bodied individuals remains highly relevant, especially that able-bodied individuals 

are often used as control in studies investigating individuals who sustained a neurological event, 

such as a spinal cord injury or a stroke, and typically experience a significant and meaningful 

reduction in walking speeds (Clark et al., 2010; Pérez-Nombela et al., 2017). Hence, the present 

study aims to investigate the effects of three distinct walking speeds on the number, temporal 

profiles, and compositions of MSs in healthy individuals: 1) predetermined slow with rhythmic 

auditory cueing (SLOW), 2) self-selected comfortable natural (NAT), and 3) self-selected fast 

(FAST). It was hypothesized that the temporal profiles, compositions, and the number of MSs will 

remain similar between the NAT and FAST walking speeds (Cappellini et al., 2006) and that  MSs 

may change at a predetermined slow speed due to increased motor control  complexity and 

attentional cost (Lajoie, Jehu, Richer, & Tran, 2016). This might be reflected on some MSs 

characteristics when comparing SLOW to NAT and FAST speeds. 

5.1.3. Methods 

5.1.3.1. Participants 

A convenience sample of 20 healthy adults was recruited (Table 1). Potential participants 

were 18 to 60 years of age, without neuromusculoskeletal impairments affecting their lower 

extremities, without conditions limiting their capacity to walk, ability follow simple verbal 

command, and sufficient auditory ability. The study was conducted at the Pathokinesiology 

Laboratory of the Centre for Interdisciplinary Research in Rehabilitation of Greater Montreal 

(CRIR) located at the CIUSSS du Centre-Sud-de-l’Île-de- Montréal (Institut universitaire sur la 
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réadaptation en déficience physique de Montréal). All participants provided written consent to 

participate after being informed of the study’s objectives and nature of their participation. The 

Research Ethics Committee of the Centre for Interdisciplinary Research in Rehabilitation of 

Greater Montreal approved the study (CRIR-1083-0515). 

5.1.3.2. Walking Tasks 

Participants walked at self-selected comfortable natural speed (NAT), fast speed (FAST), 

and slow (SLOW) speeds.  For SLOW, 0.6 m/s was targeted and rhythmic auditory feedback was 

provided with a metronome (60 bpm) to cue walking cadence and decrease speed-related step 

time variability associated with slow speeds (Beauchet et al., 2009). This selected slow speed 

matches the natural walking speed of individuals with sensorimotor impairments (i.e., 0.58 m/s) 

(Wing, Lynskey, & Bosch, 2012). Participants walked 20-m on a level tiled corridor. Data between 

5 and 15-m lines highlighted on the floor (i.e., 10m) was analyzed. Following a familiarization 

period, participants walked the 20-m distance once at each speed in a random order and a rest 

period of at least one minute was provided between each trial.   

5.1.3.3. Surface Electromyography 

Surface EMG of eight muscles was recorded at the right lower extremity: gluteus medius 

(GM), rectus femoris (RF), vastus medialis (VM), semitendinosus (ST), biceps femoris (BF), tibialis 

anterior (TA), medial gastrocnemius (MG) and soleus (SO). After the skin surface was shaved and 

cleaned, Delsys TrignoTM wireless EMG electrodes (Delsys Inc., Boston, MA, USA) were fixed 

directly to the skin with double-sided tape and positioned in accordance with the SENIAM 

recommendations (www.seniam.org). These electrodes recorded EMG at 1926 Hz and 3D 

acceleration at 148 Hz.  

Raw EMG were filtered using a fourth-order Butterworth zero-lag bandpass filter, with 

cut-off frequencies at 20 Hz and 400 Hz before a centered 250-msec sliding root mean square 

(RMS) window was used to generate continuous EMG envelopes for each muscle. To define gait 

cycle timing, consecutive foot contacts were identified using a Teager-Kaiser Energy Operator 

(TKEO) to determine rapid deceleration in the longitudinal direction of the lateral malleolus 

http://www.seniam.org/
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sensor. The deceleration peaks were visually inspected and foot contact times adjusted as 

needed.  

Each gait cycle, starting from right foot contact, was time normalized using 101 temporal 

data points (0% to 100%) from which the stance (0 to 59%) and swing (60-100%) phases were 

depicted. Among all cycles analyzed, the three consecutive gait cycles presenting the lowest mean 

coefficient of variation (CV) for all the muscles EMG envelopes over each data point were 

automatically selected using custom-made Labview software. The consecutive three cycles were 

averaged together prior to muscle synergy analysis. The use of three gait cycles was deemed 

optimal because adding gait cycles could minimize variability and potentially reduce the number 

of modules to be found. For each participant, each RMS signal from each muscle was normalized 

to its own maximum value.  

5.1.3.4. Muscle Synergies 

A non-negative matrix factorization (NNMF) algorithm using the Gamma model based on 

J divergence, a reliable method that generates higher coefficient of correlation and confidence 

levels compared to other methods (Devarajan & Cheung, 2014), was incorporated into the 

custom-made Labview EMG analysis software and employed to extract MSs during walking. First, 

an experimental EMG (EMGexp) data matrix that represented the mean time-normalized EMG of 

all muscles investigated was constructed for each participant before being submitted to the 

NNMF algorithm. This algorithm decomposed the EMGexp into two matrices that were multiplied 

to generate the reconstructed EMG (EMGrec) throughout a complete gait cycle: the muscle 

weighting matrix coefficients (W= 𝑚 × 𝑠) where W represents the contribution of each muscle 

(m) within each synergy (s), and the temporal patterns (H= 𝑠 × 𝑡) where H represents the 

activation muscle synergies (s) profiles during the gait cycle for each time-normalized point (t), as 

well as error of reconstruction (e). The relative maximum value of each W was constrained to 1 

to decrease factorization indeterminacy e (Serrancolí, Monllau, & Font-Llagunes, 2016). 

Agreement between EMGrec and EMGexp was evaluated via the “variance accounted for” (VAF) for 

each muscle m using the following equation: 

𝑉𝐴𝐹𝑚 = 1 − (∑ (𝐸𝑀𝐺𝑒𝑥𝑝 − 𝐸𝑀𝐺𝑟𝑒𝑐)
2

∑ 𝐸𝑀𝐺𝑒𝑥𝑝
2⁄ )     
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The number of MSs was determined by choosing the least number of synergies that could 

account for an VAF in each muscle (𝑉𝐴𝐹𝑚) greater than 0.9 (90%) and a global VAF (𝑉𝐴𝐹𝑔), 

calculated as the product of all 𝑉𝐴𝐹𝑚, greater than 0.8 (80%). Whenever these criteria were 

reached, the agreement of this reconstruction was deemed acceptable and the computation 

stopped.  When the absolute difference of the coefficient of determination between the current 

and last pass was lower than 1e-8 for 20 consecutive passes, or when 500 passes were done 

without convergence, the algorithm stopped. This procedure was done twenty times, and the 

result of the lowest reconstruction error with the lowest number of synergy modules within the 

validation criteria were considered adequate.  

Muscle synergies were classified based on the similarities in muscle weightings (W) across 

participants and walking conditions using a cosine similarity analysis (Hagio & Kouzaki, 2014; 

Kibushi, Hagio, Moritani, & Kouzaki, 2018). For this analysis, the inner product of the compared 

MSs vectors was calculated and the cosine angle between those two compared synergies was 

measured. Whenever cosine similarity value (r) is closer to 1, the greater the similarity in the 

directions of the two compared vectors. To group muscle synergies, the cosine similarity was 

calculated between a reference muscle synergy taken from an arbitrary reference participant, to 

any other muscles synergy.  Whenever the cosine similarities of W between the reference muscle 

synergies and other muscle synergies were over 0.868 (p ˂ 0.05) (Nishida, Hagio, Kibushi, Moritani, 

& Kouzaki, 2017), muscle synergies were considered similar. Likewise, when two MSs at the same 

walking speed were classified into the same muscle synergy group, these two synergies were 

considered to be fused together or “merged”. The synergy with the lowest correlation was 

considered to be merged to the main synergy presenting the highest correlation value (See fig. 

1).   

5.1.3.5. Statistical Analyses and Interpretation 

Walking speed was compared across speed conditions using a repeated measures analyses 

of variance (p < 0.05) with pairwise post-hoc comparisons using an adjusted p-value (p=0.05/3 

pairwise comparisons=0.017). To verify to what extent the temporal profiles of MSs and of muscle 

timing activations profiles across walking speeds were comparable between the SLOW, NAT, and 
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FAST speeds, Pearson product-moment correlation coefficients (r) were calculated. The r values 

were interpreted as being very high (≥.90), high (0.70 to 0.89), moderate (0.50 to 0.69), and low 

(0.30 to 0.49) (Mukaka, 2012). All statistical analyses were performed using SPSS v.24 (SPSS Inc., 

Chicago, IL, USA).  

5.1.4. Results 

5.1.4.1. Walking speeds 

Walking speeds at SLOW= 0.60 m/s ± 0.16, NAT=1.42 m/s ± 0.11, FAST=1.88 m/s ± 0.10 

were significantly different (p < 0,017) from each other.  These speeds highlight a reduction and 

augmentation of –57.9% and +33.4% when walking at SLOW or FAST speeds in comparison to NAT 

speed, respectively. 

5.1.4.2. Number of muscle synergies and merged synergies 

Two to four muscle synergies were found when reconstructing unilateral lower extremity 

muscle activation across walking speeds (VAF ˃ 0.8 for all conditions) and are illustrated in Figure 

3. Each muscle synergy was characterized by a specific set of predominantly activated muscles 

(group mean muscle weighting ≥0.3) across all walking speeds: Synergy 1 composed mainly by 

GM, VM and, to a lesser extent, RF; Synergy 2 composed mainly by SO and MG; Synergy 3 

composed mainly by TA and RF, and Synergy 4 composed mainly of the hamstring activity (ST and 

BF) (Fig. 2).  

The analysis on each of these extracted MSs is presented in Table 2. Synergy 1 was 

identified in most participants (85%) at SLOW walking speed but was only rarely identified during 

NAT (55%) and FAST (50%) walking speeds. This is confirmed by the cosine similarities values (Fig. 

3) in which Synergy 1 was the least consistently identified synergy for NAT (r= 0.74±0.09) and 

FAST speeds (r= 0.75±0.09). Synergy 2 was identified in almost all participants across all walking 

speeds (≥95%) and was the least affected synergy (r≥ 0.86) by the walking speeds (i.e., most 

consistent synergy). Synergy 3 was also identified in the majority of participants across all walking 

speeds (≥85%) and was the second least affected synergy (r≥ 0.80) by walking speeds. Lastly, 

synergy 4 was identified in the majority of participants (95%) at SLOW walking speed and 
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progressively decreased as walking speed increased, although still present and consistent (r≥ 

0.83) in the majority of participants (NAT=80%; FAST=75%). Hence, changes in speed 

predominantly affected synergy 1 and, to a lesser extent, synergy 4. Also of interest, only during 

SLOW walking speed all four MSs were consistently identified (r≥ 0.85) across all participants and 

across the group (Fig. 3).  

 Further analysis of changes in synergies 1 and 4 revealed that, during NAT and FAST 

walking speeds, all muscles belonging to these synergies merged into another synergy, in many 

participants. Merging of synergies 1 and 4 was observed mostly during NAT at 65% and FAST at 

75% (table 2). As an example of this merging (Fig. 1), for participants 1 and 13, the muscles 

belonging to synergy 1 (VM, GM and to a lesser degree RF; r˂0.86) co-activated or merged with 

synergy 4 (r ≥ 0.86). Overall, at NAT speed, 65% of the participants (13 out of 20) presented at 

least one merged synergy. From these 13 participants, 12 (92%) had their synergies 1 and 4 

merged. Likewise, at FAST speed, 80% of the participants (16 out of 20) presented at least one 

merged synergy. From these 16 participants, 14 participants (87.5%) had their synergies 1 and 4 

merged (Table 2). 

5.1.4.3. Muscle synergy profiles 

Synergy 1 was predominantly active during foot contact/early stance. Synergy 2 was active 

during mid/late stance. Synergy 3 was active during early swing. Synergy 4 active during late 

swing/early stance (Fig. 2). MSs activation profiles were similar across walking speeds, except 

during SLOW speed for synergies 1 and 4. For synergy 1, activation timing profiles during FAST 

(r=0.98) and SLOW (r=0.87) walking were very highly or highly similar to synergy 1 generated 

during NAT, respectively. Likewise, the FAST and SLOW profiles were highly similar (r=0.80). For 

synergy 2, activation timing profiles were very highly similar across all walking conditions (r≥0.96). 

For synergy 3, activation timing profiles were highly similar between NAT and FAST (r=0.87) 

whereas r=0.77 for SLOW and NAT and r=0.51 for SLOW and FAST. Although activation timing 

profiles differed, FAST and SLOW shapes of synergy 3 were somewhat comparable to NAT; 

however, synergy 3 activated earlier for FAST or later for SLOW. Synergy 4 activation timing 

profiles for NAT were very highly similar to FAST (r=0.99) whereas SLOW was different from NAT 
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(r=0.13) and FAST (r=0.17). The SLOW profile activated earlier (40 to 70% of the gait cycle) and 

had a different shape through most of the gait cycle (except at early stance). 

5.1.4.4. Muscular activation profiles 

EMGexp activation profiles of each lower extremity muscle at three walking speeds are 

illustrated in Fig. 2. When comparing NAT and FAST, all muscles had very highly similar activation 

patterns (r ≥ 0.94). NAT and SLOW activation patterns were very highly similar (r≥0.91) for some 

muscles (VM, SO, MG, RF) and r ranged from 0.15 to 0.78 for other muscles (GM, TA, ST, BF). The 

most different muscular activation profiles between SLOW and NAT were for ST (r= 0.25) and BF 

(r= 0.15), two muscles of synergy 4 with high weightings. 

5.1.5. Discussion 

The effects of walking speeds on the number of MSs, temporal profiles, and weightings 

were investigated when able-bodied individuals walked overground. Four MSs were revealed, 

which had similar temporal activation profiles and muscle weightings as MSs reported in previous 

studies (Clark et al., 2010; Lacquaniti et al., 2012; Neptune et al., 2009). The results also aligned 

with previous studies where walking speed influenced some MSs characteristic (Cappellini et al., 

2006; Chvatal & Ting, 2013; Ivanenko, Poppele, & Lacquaniti, 2004). 

 In terms of temporal activation profiles, synergies 3 and 4 were the most affected by 

walking speed. MSs similarity analysis supported the idea that most differences from NAT occur 

for SLOW speed. Activation timing profiles demonstrated the greatest difference on synergy 4 at 

SLOW speed, with most activation during mid stance/early swing. In the same manner as synergy 

3 where the late stance/early swing component was also observed later during SLOW compared 

to NAT/FAST conditions (Fig. 2). These findings are in line with other works, where the activation 

timing (i.e., center of activity) of muscle synergies related to swing initiation and leg deceleration 

(i.e., synergies 3 and 4 in our study), was shifted at slow speeds, thereby suggesting CNS 

modifications of motor control produce by speed changes (Kibushi 2019). Moreover, other 

studies during treadmill walking have also reported that MSs profiles across speeds were 

somewhat similar except that, as speed increases, temporal profiles were shifted to earlier phases 



75 

of the gait cycle, which may be explained by reduced stance phase duration with increased speed 

(Cappellini et al., 2006; Ivanenko et al., 2004).  

 Since MSs temporal activation profile differences occur because of individual EMG muscle 

activity differences, differences at SLOW speeds and muscles defining synergies 3 or 4 were 

expected. For all measured muscles, EMG amplitude tended to decrease with decreasing walking 

speed, but activation profiles remained stable across speeds (See. Fig 2), which is consistent with 

other studies (Den Otter et al., 2004; Ivanenko, Grasso, Macellari, & Lacquaniti, 2002). Significant 

differences between SLOW and NAT/FAST speeds were found, especially for the TA, ST and BF 

muscles. For TA, the overall amplitude reduction  during swing phase might be associated with a 

reduced need of foot clearance, since at SLOW speeds leg stabilization during stance phase would 

be prioritized (Den Otter et al., 2004). The need for leg stabilization during stance is supported in 

part by ST and BF muscles that are normally active at late swing/early stance, but instead are 

mainly active during the whole stance phase at SLOW speed, even though their overall amplitude 

was less than NAT and FAST. 

 Biomechanical requirements differ during SLOW walking; therefore, it was expected that 

temporal activation patterns, individual EMG profiles, and muscle weightings would differ across 

speeds. Overall, four well identified synergies were found across all participants (Fig.3) reflecting 

the central organization of motor patterns for walking However, changes related to the 

discrepancy on the number of synergies were observed  (Fig. 3). Discrepancy on the number of 

MSs among studies have also been reported, not only across subjects, but also across walking 

speeds (Chvatal & Ting, 2013; Clark et al., 2010). However, to our knowledge, the present study 

is the first to separately quantify synergies observed for each of the 20 healthy participants (Table 

2). Two main findings were observed: 1) the faster the walking speed, the less MSs were found 

(i.e. a progressive reduction of MSs when speed increased from SLOW to NAT to FAST speeds) 

and 2) the reduction in the number of MSs affected synergies 1 (mainly active during weight 

acceptance) and 4 (limb deceleration) as speed increased.  

 The MSs cosine similarity analysis revealed that whenever a reduction of the number of 

MSs was observed, those “missing” MSs presenting poor cosine similarities values (r ˂ 0.80) were 
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instead merged with other MSs.  Fewer MSs, from module merging, have been associated with 

reduced walking abilities and muscle coordination complexity (Clark et al., 2010; Safavynia et al., 

2011; Torres-Oviedo, Macpherson, & Ting, 2006), but reduced ability can be excluded since the 

study population was able-bodied individuals. The merged synergies in the present study are 

associated with walking speed differences (1.4 -1.9 m/s). In particular, merging synergies 4 and 1 

was found among 75% of participants for NAT and 87.5% for FAST speed.  

MSs characteristic differences, particularly at synergies 1 and 4 between SLOW and the 

other speeds, might be explained by two main factors. First, at SLOW speed, different 

biomechanical adaptations are required due to prolonged double support and reduced 

acceleration-deceleration of the lower extremity during swing (i.e., reduced inertial effects). 

Second, different walking speed may produce different adaptations that play an active role in 

shaping the behavior and recruitment of muscle synergies to the constrains imposed by a specific 

task (Cheung, d'Avella, Tresch, & Bizzi, 2005). Although the contribution of the volitional aspect 

required to match the slow speed was not investigated, the increased number of MSs during the 

SLOW speed might have been influenced by a combination of both reduced spatio-temporal 

parameters and joint kinematic variability, and to the prolonged double support and reduced 

acceleration-deceleration adaptations to the slow speed. The foot strikes matching the auditory 

cues provided by the metronome (i.e., auditory-motor anchoring) (Wright, Bevins, Pratt, Sackley, 

& Wing, 2016) would require an increased limb control and coordination, facilitated by a sensori-

motor coupling strategy which translates into the activation of each of the four MSs at SLOW 

speed. 

Future studies can explore whether imposing slow speed after a neurological event (i.e., 

spinal cord injury, stroke) could be an effective strategy to increase the number of muscle 

synergies and reinforce normal neural activation of central structures before progressing to faster 

walking speeds during a neurorehabilitation program.  

 This study had several limitations. The number of MSs identified was proportional to the 

number of muscles investigated. Additional MSs could have been revealed if a more muscles were  

investigated (Ivanenko et al., 2004). NAT and FAST speeds were selected by the participant and 



77 

varied across participants whereas the SLOW speed was imposed and identical for all participants. 

As a result, the percentage of variations between speeds differed slightly across participants. For 

able-bodied participants to comply with the 0.6 m/s walking speed and minimize rhythm 

perturbations, auditory cues were needed and made it challenging to isolate the effects of SLOW 

speed. Foot strike and foot off events, used to define stance and swing phases, defined from 

accelerometer peaks may not perfectly aligns with events determined with an instrumented force 

plates or plantar pressure sensors. Because of the difficulty accurately identifying foot-off events 

from accelerometers signals, a preset stance-swing  ratio (i.e., 60% stance, 40% swing) was used 

to time-normalized the MS and the EMG profiles. This could have introduced errors at the swing 

and stance transitions, which was especially relevant since this was where muscle synergies in 

this study were found. As a result, stance and swing duration analysis for each synergy was not 

performed, limiting our analysis on MSs timing in relation with stance to swing transitions. Since 

this time ratio may vary between participants and walking speeds, the results may have been 

affected.  

5.1.6. Conclusion 

Slow, natural and fast walking speeds altered the number, composition, and temporal 

profiles of lower extremity MSs in able-bodied individuals, for level overground walking. Slow 

walking speed had the same was found to consistently maintain the number and composition of 

four well-identified muscle synergies, whereas natural and, in a higher degree, fast walking 

tended to merge some synergies related to weight acceptance at early stance and limb 

deceleration at late swing . To assess the integrity of the underlying neural strategies supporting 

muscle activity during walking, research professionals should consider that muscle synergies 

adapt to speed. Hence, cautious is advised when MSs of individuals with sensorimotor 

impairments are compared with able-bodied counterparts, since people with movement deficits 

likely walk slower and differently.  
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Table 1. –  Demographic characteristics for all participants 

 

Participants 
 

Sex Age 
Height 

(m) 
Weight 

(kg) 

BMI 

(kg/m2) 
       

1  M 23 1.67 87.1 31.2 
2  F 22 1.61 54.5 21.0 
3  M 22 1.8 76.6 23.6 
4  M 18 1.79 98.8 30.8 
5  M 19 1.81 67.5 20.6 
6  F 29 1.66 60 21.8 
7  M 41 1.72 73.9 25.0 
8  F 24 1.6 53.5 20.9 
9  M 31 1.92 96.2 26.1 

10  F 21 1.67 63 22.6 
11  M 39 1.74 69.4 22.9 
12  M 50 1.67 80.3 28.8 
13  M 21 1.78 75 23.7 
14  F 31 1.74 81 26.8 
15  M 59 1.74 78 25.8 
16  F 48 1.59 79.2 31.3 
17  F 22 1.56 54 22.2 
18  M 18 1.85 92.6 27.1 
19  F 47 1.7 70.5 24.4 
20  F 23 1.61 56 21.6 

       

Mean  - 30.4 1.7 73.4 24.9 
SD  - 12.5 0.1 13.9 3.5 

 

M = male; F = female; BMI = body mass index  
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Table 2. –  Summary of muscle synergies detected and merging of muscle synergies in each 

walking condition for all participants.  

 

 

Participant 

 Slow  Natural  Fast 
 Synergy  Synergy  Synergy 
 1 2 3 4  1 2 3 4  1 2 3 4 

1      ∼ #4         ∼ #1 

2          ∼ #1   ∼ #4   ∼ #4  

3          ∼ #1      ∼ #1   

4  ∼ #4      ∼ #4     ∼ #4    

5               ∼ #1   

6          ∼ #1    ∼ #4      

7               

8      
∼ #4       ∼ #1    

9  ∼ #2     ∼ #3  ∼ #4     
∼ #4    

10               ∼ #1    ∼ #4   ∼ #4  

11           
∼ #4    

12               

13      
∼ #4     

∼ #4    

14 ∼ #4      
∼ #4     

∼ #4    

15               

16      
∼ #4     

∼ #4    

17      
∼ #3     

∼ #4    ∼ #4  

18           
  ∼ #1 

19               

20      ∼ #4          ∼ #1  

 
 

              
Synergy 

presence  
 

17/20 20/20 20/20 19/20  11/20 20/20 20/20 16/20  10/20 19/20 17/20 15/20 

%  85% 100% 100% 95%  55% 100% 100% 80%  50% 95% 85% 75% 

 

Merged 
synergies 

 
3/20 0/20 0/20 1/20  9/20 0/20 0/20 4/20  10/20 1/20 3/20 5/20 

%  15% 0% 0% 5%  45% 0% 0% 20%  50% 5% 15% 25% 

 

=synergy detected, ∼ #X = synergy merged with synergy x. 
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Figure legends 

Figure 1. –  Muscle synergy weighting compositions and examples of muscle synergy 

merging on three participants at SLOW, NAT and FAST walking speeds.  

Colored bars represent muscles bellowing to a specific synergy as follows: Synergy 1: GM, 

VM and, to a lesser extent, RF. Synergy 2: SO and MG. Synergy 3: TA and RF. Synergy 4: ST and BF. 

Participant 12 shows a typical reconstruction where all 4 modules were found across all 

conditions. Low cosine similarity values (r ˂ 0.86, participants 1 and 13) were considered synergy 

merging with another synergy with higher r values. Pale grey bars represent muscles contributing 

less to a specific synergy. Variance accounted for (VAF) values are showed for each participant 

and walking condition. TA= tibialis anterior, SO= soleus, MG= medial gastrocnemius, VM= vastus 

medialis, RF= rectus femoris, ST= semitendinosus, BF= biceps femoris, GM= gluteus medius. 

Figure 2. –  Group average (n=20) for each of the four muscle synergies found in healthy 

participants at SLOW (red), NAT (green) and FAST (yellow) walking speeds.  

A. Activation timing profiles for each synergy over the gait cycle. B. Muscle synergies average and 

SD weightings. Muscles in bold represents the muscles defining a specific muscle synergy, being 

the muscles that contribute the most. C. Individual EMG activation profiles over the gait cycle. 

Each muscle activity was normalized by maximum activation across each walking speed. To 

evaluate similarity among activation profiles r values are presented between all walking 

conditions. TA= tibialis anterior, SO= soleus, MG= medial gastrocnemius, VM= vastus medialis, 

RF= rectus femoris, ST= semitendinosus, BF= biceps femoris, GM= gluteus medius. 

Figure 3. –  VAF and cosine similarity values. 

A. Number of synergies determined by the VAF criterion for all participants and for each 

walking condition. B. Global VAF values for each walking condition and for each number of 

synergies found. C. Cosine similarity values (r) for the weightings of each muscle synergy. 
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Figure 2 
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Figure 3 
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publication. 

5.2.1. Abstract 

Background: The effects of lower limb (L/L) control options, developed for overground walking 

with a wearable robotic exoskeleton (WRE), on the neuromotor control of L/L muscles (i.e., 

muscle synergies (MSs)) during walking remains uncertain. Objective: To gain initial insights 

regarding the effects of different control options on the number of MSs at the L/L and on their 

muscle weighting within each MS when walking with a WRE. Methods: Twenty able-bodied adults 

walked without and with the WRE set at two control options with a predetermined foot pathway 

imposed by the WRE, and at three other control options with free L/L kinematics in the sagittal 

https://doi.org/10.1016/j.neucli.2020.04.004
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plane. Surface electromyography of eight right L/L muscles were recorded. MSs were extracted 

using a non-negative matrix factorization algorithm. Cosine similarity and correlation coefficients 

characterized similarities between the MSs characteristics. Results: Freely moving the L/L in the 

sagittal plane (i.e., non-trajectory controlled options) during WRE walking best duplicated typical 

MSs extracted when walking without WRE. Conversely, WRE walking while fully controlling the 

L/L trajectory presented the lowest correlations to all MSs extracted when walking without WRE, 

especially during early swing and L/L deceleration. Conclusions: Neuromotor control of L/L 

muscles is affected by the selected control option during WRE walking, particularly when a 

predetermined foot pathway is imposed. Significance: This exploratory study represents the first 

step in informing the decision-making process regarding the use of additional L/L control options 

when using WRE and calls for further research among adults with sensorimotor impairments. 

Keywords: electromyography; gait; motor control; muscle coordination; locomotion; 

rehabilitation; task performance and analysis. 

5.2.2 Introduction 

Wearable robotic exoskeletons (WRE) allow people with sensorimotor impairments 

affecting their lower limb (L/L) to stand and walk and rehabilitation professionals to further 

adhere to the basic locomotor training principles to promote neuroplasticity. Overground walking 

with a WRE represents an activity-based rehabilitation intervention that may promote 

neurological and functional recovery after a central nervous system (CNS) lesion [13, 14]. Most of 

the first generation of WREs provided total and continuous motorized assistance at the hip and 

knee joints for the foot to follow a predefined planned trajectory during the swing phase. 

However, to meet the needs and expectations of neurorehabilitation professionals and end users, 

a wider range of control options are becoming available on the new generation of WREs. Among 

those, some recently-developed WREs now allow self-selected L/L movement trajectory during 

the swing phase of the gait cycle (i.e., non-trajectory controlled) that promote active participation 

of the user and allows stepping variability. This control option can also be combined with 

assistance or resistance being provided to the L/L. However, whether any of these new control 

options promote typical muscle activation patterns, or which of those control options could best 
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do it, remain unclear. The limited knowledge about what these new options could bring to the 

rehabilitation field impedes the development of evidence-based WRE locomotor training 

strategies during neurorehabilitation. 

One way of investigating the effects of different WRE control options on the CNS is through 

muscle synergy (MSs) analyses. The MSs are a series of motor modules, each containing specific 

muscular activation patterns to simplify the neuromotor control of locomotion [9, 18, 32]. The 

CNS needs to control only a small number of these MSs, each containing a specific group of 

muscles associated with specific biomechanical function during the gait cycle [5, 26]. Simulation 

studies have shown, for example, that altering body weight and external conditions might lead to 

changes in MSs characteristics, providing evidence of the link between neuromotor control and 

specific neurobiomechanical adaptations to a task [22]. Hence, given the configuration of some 

WREs (i.e., backpack command center), it is plausible that the motor control when walking 

without and with a WRE differs. 

Although previous studies have explored kinematic outputs and individual muscle activity 

during walking with robotic devices [15, 33, 35], few studies have explored MSs related to robot-

aided walking, and these MSs studies have reported contradictory results. For example, the 

number of MSs and muscle weighting within each MS were similar when able-bodied individuals 

walked at different speeds on a treadmill with a WRE, with different amounts of weight support 

or various levels of robotic guidance [11, 24]. Another study showed that muscle weightings 

within MSs were modified when using passive guidance during overground walking with a WRE 

compared to without a WRE [20]. These studies are limited by the most commonly available WRE 

control options used during walking (i.e., total and continuous motorized assistance according to 

a predefined planned trajectory), and none of them include in their comparison the most recently 

developed non-controlled trajectory control options. The recently developed control options 

offering self-selected L/L trajectories that can be assisted or resisted to different extents by the 

WRE represent promising interventions for rehabilitation purposes, especially for those 

individuals that preserve the ability to walk after a CNS lesion. However, it is unknown which of 

these features are valuable and which ones might result in abnormal patterns of muscle 

coordination or compensatory strategies required to adapt to these control options. These 
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aspects first need to be investigated in able-bodied individuals to explore how an intact CNS might 

adapt to these conditions imposed by the WRE, before further exploring muscle patterns 

adaptations to these control options in individuals with sensory motor impairments. 

The present exploratory study aims to gain initial insights regarding the effects of different 

control options on the number and profile of MSs at the L/L and on their muscle weighting within 

each MS, during overground walking without and with a WRE set at six different L/L control 

options (i.e., a subset of trajectory-controlled and non-trajectory controlled options used for 

neurorehabilitation). It is hypothesized that (1) all WRE control options will preserve MS 

characteristics extracted during overground walking without a WRE, as the intended L/L 

kinematics remain similar; (2) walking with the WRE set to non-trajectory control options will lead 

to variable changes in MS characteristics depending on the control option used, since these 

options allow increased voluntary participation and step variability by imposing different 

constraints on the L/L motion. Stronger evidence is needed to provide new insights into the 

effects of various control options on biomechanical and neural locomotor control [10], and to 

inform how different control options may be applied during locomotor training of individuals with 

sensorimotor impairments and limited walking ability following a neurological event. 

5.2.3 Methods 

5.2.3.1 Participants 

A non-probabilistic convenience sample of 20 able-bodied adults (11 men, 9 women; 

mean age = 31.0 ± 12.5 years; height =1.70 ± 0.10 m; weight = 73.4 ± 13.9 kg; body mass index = 

24.9 ± 3.5 kg/m2) was recruited. To be included in the study, participants had to be at least 18 

years of age and present no neuromusculoskeletal impairments affecting their L/L or lower back, 

or any other conditions that could restrict their capacity to walk, follow simple verbal commands, 

or perceive auditory cues. The study was conducted at the pathokinesiology laboratory located 

at the Institut Universitaire sur la Réadaptation en Déficience Physique de Montréal. All 

participants provided written consent to participate after being informed of the study’s objectives 

and the nature of their participation. The Research Ethics Committee of the CRIR approved the 

study (CRIR-1083-0515). 
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5.2.3.2 Robotic exoskeleton for overground walking 

The Ekso GTTM WRE (EKSO Bionics, CA, USA) provides external support to L/L and 

generates flexion and extension movements at the hips and knees via motors in a sequence that 

replicates typical walking (Figure 1). The ankles are non-motorized and are fixed to dynamic 

orthoses. The WRE offers various L/L control options that can distinctively affect the swing and 

stance phases of walking and are pre-selected by the therapist before initiating or during walking. 

For the different swing phase control options that were investigated in the present study, they 

can be grouped into two key categories: trajectory-controlled and non-trajectory controlled 

(Table 1). The trajectory-controlled options were used with a total assistance (TOT) or a fixed 

amount of assistance (FIXED0) provided to help participants complete steps (i.e., swing phase) 

within a fixed amount of time, as the step length and velocity are predetermined. The non-

trajectory controlled options (i.e., free joint movement) were used with a high assistance 

(HASSIST), gravity compensation assistance (NEUTRAL), NEUTRAL with the hip abduction 

exceptionally unlocked in the frontal plane (ABD), and high resistance (HRESIST) to engage 

participants to different extents when freely completing steps. The precise amount of torque 

provided by the electric actuators at the hips and knees is not provided while the control 

architectures and algorithms for the actuators are not disclosed by the manufacturer. As for the 

stance phase, the Ekso only restricted knee flexion beyond 45° as a safety measure provided by 

the manufacturer but did not provide any amount of assistance or resistance prior to reaching 

this limit. 

5.2.3.3 Intervention 

Participants completed four training sessions to learn to walk with the EKSO and to 

familiarize themselves with all WRE control options investigated (Table 1). At the end of the 

training sessions, participants were expected to walk at least 50 m along a tiled corridor with the 

WRE and only minimal or contact-guard assistance provided by a physical therapist for each WRE 

control o to qualify for the laboratory assessment. Each training session lasted 45–60 min and a 

24-72-hour rest period was planned between training sessions. 
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5.2.3.4 Laboratory assessment 

5.2.3.4.1 Walking conditions 

Participants were asked to first walk overground without the WRE at a natural self-

selected speed (REF-NAT) and at a speed matching WRE walking in ABD control option (REF-EXO). 

At REF-EXO speed, step cadence was guided using auditory cues from a metronome and was 

calculated for each participant during the last familiarization session by recording the time 

needed to complete 10 consecutive steps in ABD control option. This last option was selected as 

a reference since it allows an additional degree of freedom at the hip joints (i.e., 

abduction/adduction in the frontal plane), best representing overground walking kinematics 

considering the WRE movement constraints.  

For all walking conditions, participants walked 20 m on a level, tiled corridor. Data were 

collected between the 5 and 15 m marks to assure steady-state walking. Walking speed was 

measured using the time needed to walk the 10-meter distance (i.e., 5 to 15 m marks) for each 

walking condition. All walking conditions were performed using a block randomized order (i.e., 

with or without WRE). Between each condition or control option, participants walked 20 m with 

the next WRE control option to be tested to eliminate any potential carry-over effects of the 

previous condition or control option (i.e., “wash-out” period).  

5.2.3.4.2 Surface Electromyography 

For each trial, using the Delsys Trigno Wireless System (Delsys Inc., Boston, MA, USA) 

surface EMG was recorded at eight right L/L muscles: tibialis anterior (TA), soleus (SO), medial 

gastrocnemius (MG), vastus medialis (VM), rectus femoris (RF), semitendinosus (ST), biceps 

femoris (BF), and gluteus medius (GM).The preparation of the skin and the placement of the 

hybrid sensors were carried out according to the recommendations of the Surface 

Electromyography for the Non-Invasive Assessment of Muscles (SENIAM) recommendations 

(www.seniam.org). These hybrid sensors enable surface EMG (1,926 Hz) and 3D acceleration (148 

Hz) recording.  

All raw EMG recordings were filtered using a fourth-order Butterworth zero-lag bandpass 

filter with cut-off frequencies set at 20 Hz and 400 Hz. EMG envelopes of each cycle were 

http://www.seniam.org/
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generated via a 250 msec sliding root mean square (RMS) window. Foot contact events were 

determined from the 3D integrated accelerometer data peaks recorded with the SO sensor using 

the Teager-Kaiser Energy Operator (TKEO), and thereafter visually inspected and adjusted 

whenever needed. Thereafter, each gait cycle was time-normalized using 101 temporal data 

points (0% to 100%). Stance phase was set to 0–59% of the gait cycle and swing was set to 60–

100% due to difficulty obtaining accurate foot-off events from the acceleration data. Finally, 

among all cycles analyzed, the three consecutive gait cycles presenting the best goodness of fit 

(i.e., lowest mean coefficient of variation (CV) computed for all muscle EMG envelopes over each 

temporal data point embedded within each time-normalized cycle) were automatically selected 

using a custom-made LabVIEW software and averaged together prior to initiating the muscle 

synergy analysis. For each participant, RMS signals from each muscle were also normalized to its 

maximum value reached during each trial. Averaging the EMG envelope of three gait cycles  best 

reconstruct the original EMG datasets (i.e. highest Variability Accounted For – VAF) [28]. In fact, 

adding gait cycles minimizes variability of the EMG data to be analyzed and reduces the capability 

to determine if the muscles under study are neurally coupled (i.e., alteration in the number of 

MSs found and their muscle weighting) [29, 34]. Thus, if a group of muscles are coupled together 

as part of a neural control strategy, then not only should their muscle activity be correlated (i.e., 

task-related biomechanical constraints), but the variations in muscle activity in these muscles 

should also be correlated. Hence, three gait cycles were deemed appropriate to assess the effects 

of the WRE control options on muscle synergy during the experimental tasks, particularly when 

investigating the trajectory controlled options that may impose certain restrictions on the 

possible set of muscle activation patterns generating gait cycles. 

5.2.3.5 Muscle synergies 

For each participant, the experimental EMG data matrix, consisting of the mean of three 

consecutive gait cycles of each recorded muscle, was submitted to a non-negative matrix 

factorization (NNMF) algorithm. The number of muscle synergies was determined by the least 

number of synergies that could explain the variance accounted for (VAF) in each muscle (VAFm), 

with  VAFm greater than 0.9 (90%) and the product of all VAFm  (global VAF, VAFg) greater than 

0.8 (80%). Muscle synergies were classified based on similarities in muscle weightings (W) across 
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participants and walking conditions using a cosine similarity analysis [6, 12, 17]. For this analysis, 

the inner product of the compared MS vectors was calculated, and the cosine angle between 

those synergies was measured. To group MSs, the cosine similarity was calculated between a 

reference MS taken from an arbitrary reference participant during REF-NAT and the obtained MSs 

of each recorded walking trial and for each participant. Whenever the cosine similarities of W 

between the reference synergy and other MSs were over 0.868 (p ˂0.05) [27], the synergies were 

considered similar. Likewise, when two MSs at the same walking speed were classified into the 

same group, these two synergies were considered to be “merged”. The synergy with the lowest 

correlation was deemed to be merged to the main synergy which presented the highest 

correlation value. These merged synergies were counted and their percentage of presence 

reported whenever an important quantity of these synergies appear on a specific walking trial. 

The number and total group percentage of the presence of each MS was calculated. 

5.2.3.6 Statistical analysis and interpretation 

To compare walking speeds across conditions, a repeated measures analysis of variance 

(ANOVA) with Bonferroni post hoc analysis determined differences between experimental and 

control options. Pearson product-moment correlation coefficients (r) characterized the 

association between MSs temporal activation profiles and individual EMG activity profiles across 

conditions. The r values were interpreted as very high (≥.90), high (0.70–0.89), moderate (0.50–

0.69), and low (0.30–0.49) [25]. All statistical analyses were performed using SPSS v.24 (SPSS Inc., 

Chicago, IL, USA). 

5.2.4 Results 

5.2.4.1 Walking speeds 

Walking speeds across all overground and WRE conditions are presented in Table 2. 

Walking speeds were similar (p > 0.05) between REF-EXO and most non-trajectory control options 

except for HASSIST (p = 0.01). By contrast, walking speeds were significantly different (p ˂ 0.05) 

between REF-NAT and all WRE control options, with speed reductions between -84.4 ± 20.4% and 

-138 ± 8.9%. Overall, the slowest speed was TOT, being 76.9 ± 19.7% slower than REF-EXO and -

138 ± 8.9% slower than REF-NAT. 
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5.2.4.2 Number and muscle weightings of muscle synergies 

Overall, three to five MSs were extracted across all WRE walking conditions (VAF ˃ 0.80 

for all conditions; see Figure 2A). The four main MSs found during walking without the WRE were 

found in most WRE control options. These four synergies were: Synergy #1: mainly GM, VM and, 

to a lesser extent, RF; Synergy #2: mainly SO and MG; Synergy #3: mainly TA and RF; Synergy #4: 

mainly hamstring activity (ST and BF). Muscle weightings observed across all walking conditions 

are illustrated in Figure 3B. 

All WRE control options showed good cosine similarity correlations with their overground 

walking without WRE comparators (r ≥ 0.86), except for FIXED0 that had poor correlations for 

Synergies #1 (r = 0.69 ± 0.05) and #3 (r = 0.68 ± 0.06). Moreover, whenever three synergies were 

found, Synergies #1 and #3 were merged together in 45% of participants, especially in FIXED0, 

and poor correlation was obtained indicating differences on muscle weighting on synergies #1 

and #3 when compared to trial without WRE. A fifth synergy (Figure 4) was also observed mostly 

during TOT and was active throughout the gait cycle, with a predominantly increased activity 

around mid-swing. This synergy was composed of a coactivation of several muscles where GM, 

RF and, to a lesser degree, ST were the most active. The percentage and number of participants 

presenting each of these MSs are summarized in Table 3 and Figure 2A, respectively. Note that 

synergies #1 and #3 were less frequently extracted during FIXED0 when compared to the other 

WRE control options. The fifth synergy was mostly identified during TOT, in eight out of the 20 

participants. 

5.2.4.3 Muscle synergy profiles 

Synergy #1 was active during foot contact/early stance. Synergy #2 was active during 

mid/late stance. Synergy #3 was active during early swing. Synergy #4 was active during late 

swing/early stance (Figure 3A). No-WRE overground walking REF-NAT and REF-EXO profiles (e.g., 

targeted very slow speed) differed, with both used as comparators for the WRE control options 

(Figure 2C and 2D and in Table 4). For Synergy #1, activation profiles during all WRE walking 

conditions were highly similar to REF-NAT and REF-EXO , except for TOT that was moderately 

correlated with REF-EXO (r = 0.62). For Synergy #2 activation profiles were very highly similar 

across all WRE walking conditions (r ≥ 0.73). For Synergy #3, activation profiles were highly similar 
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to REF-EXO (r ≥ 0.73) whereas, when compared to REF-NAT, Synergy #3 was moderately 

correlated across almost all WRE conditions, except for HRESIST and ABD that had high 

correlations (r ≥ 0.75). Synergy #4 activation profiles presented the most differences across 

conditions, showing no similarities (r ˂ 0.49) between WRE walking conditions except HASSIST 

control options, which had moderate correlations (r ≥ 0.56 and 0.65) between REF-NAT and REF-

EXO. The overall profile of Synergy #4 differed the most between REF-NAT and the rest of the 

walking conditions. Overall, while the activation profiles tended to be consistent across most of 

the WRE conditions (Figure 3A), FIXED0 presented a highly distinctive increased activation from 

approximately 50 to 90% of the gait cycle. Interestingly, HASSIST was the only control option that 

maintained moderate to high correlations across all conditions, independent of the reference 

condition (REF-NAT or REF-EXO). 

5.2.4.4 Experimental EMG muscular activation profiles 

The EMGexp activation profiles of each L/L muscle during all walking conditions are 

illustrated in Figure 3C. When comparing REF-NAT and REF-EXO to each WRE control option, VM 

and SO had the highest Pearson correlation coefficients (r ˃ 0.70), confirming resemblances of 

the activation profiles (Table 4). The EMGexp activation profiles of GM, MG and TA had very similar 

activation profiles across all walking conditions apart from two exceptions: (1) activation profiles 

during FIXED0 control option increased drastically during the swing phase, and (2) MG profile 

during all WRE control options was delayed or shifted when compared to the REF-NAT condition. 

EMGexp activation profiles of RF, ST and BF in the WRE control options had the lowest correlations 

when compared to REF-NAT and REF-EXO. For both ST and BF EMGexp activation profiles, all WRE 

conditions tended to be similar, except the FIXED0 condition that had high activation between 60 

to 85% of the gait cycle.  

5.2.5 Discussion 

The present study investigated the effects of different WRE control options on MSs in 

terms of number, activation profiles, muscle weightings, and EMG profiles of individual muscles 

composing each MS. Although previous research investigating MS characteristics using robotic 

devices was limited to trajectory-controlled WRE passive and active control options [11, 20], to 
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our knowledge this is the first study investigating MSs during WRE walking with a range of WRE 

control options, including non-trajectory control options. 

The four commonly reported MSs during overground walking in previous work [5, 18, 26], 

were found throughout each of the WRE control options explored in the present study. These 

findings reinforce the results of previous work reporting that MSs characteristics during normal 

walking is maintained while walking in a WRE [11]. However, Synergies #3 and #4 during the swing 

phase, when using trajectory-controlled options (TOT and FIXED0), differed from typical MSs in 

terms of temporal profile and muscle weighting and only partially support the first hypothesis 

that all WRE control options equally preserve the typical MS characteristics observed during 

overground walking without WRE. This finding contradicts results from previous studies that 

investigated treadmill walking with a WRE (LOKOMAT) using almost identical trajectory-

controlled options to those explored in the present study (TOT and FIXED0) [11, 24]. In those 

studies, the MS activation profiles tended to be highly similar to profiles observed during 

overground walking without WRE. The differences in temporal profiles and muscle weightings 

found in the present study for Synergies #3 and #4 during trajectory-controlled options might be 

explained by human–machine interactions, such a greater need for limb deceleration at mid-late 

swing to counteract the passive or active L/L motion imposed by the WRE, which might differ 

from those adaptations induced by treadmill-based WRE walking  [23].  

Changes in speed might also explain the phase-shift activation patterns observed on 

almost all WRE control options on Synergy #4 compared to REF-NAT (Figure 3A), as reported in 

previous work [7]. Although previous research hypothesized that such changes may be associated 

with a reduction in ankle joint mobility when walking with a WRE that creates increased knee 

flexors activity during push-off [7], similar phase-shift activation patterns were also observed on 

synergy #4 when reducing walking speed during overground walking without a WRE (i.e., REF-

EXO condition). Hence, speed reduction results in biomechanical adaptations that include a 

prolonged double support period that may alter the recruitment of MSs to adapt to the task [4]. 

Interestingly, when analyzing non-trajectory control options, only HASSIST presented high 

correlations independent of the reference condition (i.e., REF-NAT or REF-EXO), mainly 

supporting the second hypothesis that walking with the WRE set to non-trajectory control options 
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will lead to variable changes in MS characteristics depending on the control option used. HASSIST 

allows step variability and provides assistance to a self-selected L/L kinematics during the swing 

phase, leading to a similar muscle activation pattern to those observed without WRE walking 

regardless of the walking speed.  

Low correlations between REF-NAT and REF-EXO for RF, BF and ST EMG muscle activation 

profiles (muscles forming Synergies #3 and #4) are in line with literature investigating EMG activity 

and robotic devices, which reported higher variability or differences in BF and ST muscle profiles 

[11, 33]. ST and BF muscular activities, highly involved in maintaining erect posture by producing 

a tonic activation against gravity [3] and normally active in late swing/early stance, instead 

showed increased and sustained activity during the entire stance phase across all WRE control 

options. This might be explained in part by the need for greater L/L stabilization during stance 

while the swinging leg is being affected by different WRE control options. Of all control options 

explored, FIXED0 presented the most changes and out-of-phase activation patterns, for all 

muscles except VM.  

Synergy #5 extracted in TOT control option might be the result of speed-reduction changes 

reported in previous studies [8] in which lower speeds tended to modified EMG activation 

patterns, since TOT represented the lowest speed (0.26 ± 0.04 m/s) among all WRE conditions. 

Another possible explanation is that this synergy might be the result of increased muscle activity 

from trunk muscles, as reported by [11]; however, trunk EMG was not recorded in the present 

study. Lateral and forward weight transfers and trunk displacement are essential in this control 

option to trigger stepping. Thoracohumeral muscles, originating from the trunk, are also solicited 

when using walking aids during WRE walking, which may further increase muscular efforts. 

A better understanding of human–machine interactions and biomechanical adaptations 

to specific available control options of the WRE is important if these devices are to be used more 

widely for locomotor training in the future. The trajectory-controlled options (TOT and FIXED0), 

which are used in most studies to compare or assess WRE with other interventions, differed the 

most from typical MSs reported during overground walking without WRE. In contrast, control 

options with a free WRE trajectory combined with L/L assistance or resistance best mimicked MSs 
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reported during overground walking, especially in HASSIST control option. The non-trajectory 

control options, especially when coupled with HASSIST, best mimicked typical MSs. HASSIST 

control option might also allow greater step variability requiring an increased involvement of end 

users, two key notions of motor learning and retention[31]. Greater step variability would allow 

the CNS to fully explore distinct movement options, inducing better adaptions to different 

environmental conditions compared to the used of fixed, rigid-limb guidance training conditions 

[1, 19, 21]. Based on this finding, future studies investigating individuals with sensorimotor 

impairments are warranted. 

The present study has several limitations. Firstly, the number and content of MSs 

weightings are influenced by the number of muscles investigated. Additional MSs or enriched 

content could have been revealed if more muscles had been investigated [16]. Secondly, speed 

differences between walking without and with the WRE and across experimental tasks (i.e., REF-

NAT vs REF-EXO; six different control options) might have limited interpretation of some results 

since walking speed can affect MSs [2, 30]. Thirdly, the event markers selected to define the 

stance phase of consecutive steps, and thereafter time-normalize the recorded EMG signals, were 

identified using the accelerometer deceleration spikes and may not perfectly align with those that 

could have been selected if pressure-sensitive mats or insoles had been used. Similarly, given the 

difficulty of accurately identifying toe-off events from accelerometer signals, stance was set to 

60% of the gait cycle. Since the stance/swing proportions change with walking speeds, MS profiles 

may have varied between individuals and across experimental tasks, and their level of similarity 

may have been underestimated. Lastly, considering that some biomechanical requirements may 

change according to the control option selected, as well as the targeted rehabilitation objective 

in clinical practice, comparing all control options against overground walking without a WRE 

might undermine the potential utility of WRE. For example, the HRESIST control option may 

represent a unique opportunity to perform walking-specific muscular strengthening.  

5.2.6 Conclusion 

The number of MSs and their muscle weightings observed during typical overground 

walking is maintained when walking with various WRE control options, although their temporal 
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profiles vary to different extents. Non-trajectory-controlled options best duplicated the typical 

MSs found during overground walking, whereas the most commonly used controlled options (i.e., 

passive and active trajectory control options) presented the most differences in terms of muscle 

weightings and temporal profiles. This work represents the first step in informing the decision-

making process regarding the use of additional L/L control options when using WRE. Meanwhile, 

the HASSIST control option may represent a promising feature and calls for further research 

among adults with sensorimotor impairments. 
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Table 1. –  Description of all six different exoskeleton walking control options included in the 

present study  

1. Trajectory controlled: The wearable exoskeleton (WRE) automatically initiates steps 

when the participant reaches both pre-determined lateral and forward body shift 
thresholds. Once the step is initiated, the exoskeleton swings and controls the lower limb 
(L/L) hip and knee kinematics for the foot to follow a specific pathway. 

 
 

 
1.a. TOT 

 

Provides total motorized assistance 
continuously to move the hip and knee 
joints according to a predefined hip and 
knee kinematics for the foot to follow a 
specific pathway during the swing 
phase. 

1.b. FIXED0 

 

Provides ceiling of robotic assistance 
from 0 to 100 where the higher the 
fixed assistance value, the more strictly 
the WRE controlled participant’s leg 
trajectory. Fixed mode was set at 0 
(thereby the name FIXED0) with no 
WRE assistance provided over an 
imposed swing trajectory. 

 

 
2. Non-trajectory controlled (‘free legs’):   The participant initiates, swings and controls 

freely L/L kinematics (amplitude, velocity, acceleration) within the sagittal plane (i.e., no 
predefined trajectory) during the swing phase . 

   

 

2.a. NEUTRAL 
Provides no assistance and no resistance at 
the L/L hip and knee joints during swing 
phase. 

2.b. HASSIST 
Provides high assistance to facilitate L/L hip 
flexion and knee extension during swing 
phase. 

2.c. HRESIST 
Provides high resistance to augment L/L hip 
flexor and knee extensor muscular efforts 
during swing phase. 

 

         2.d. ABD 
Frees L/L abduction in the frontal plane, 
reproducing a complete free swing 
trajectory. 
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Table 2. –  Walking speeds (m/s) measured during all experimental walking conditions 

 

Participants 

Walking conditions 

Without  
exoskeleton 

 With exoskeleton  

Control options 

REF-NAT REF-EXO  TOT FIXED0 NEUTRAL HASSIST HRESIST ABD 

1 1.39 0.58  0.27 0.47 0.66 0.65 0.60 0.71 
2 1.49 0.38  0.22 0.28 0.37 0.28 0.33 0.35 
3 1.53 0.40  0.23 0.30 0.38 0.26 0.35 0.48 
4 1.25 0.43  0.25 0.41 0.41 0.39 0.32 0.48 
5 1.40 0.58  0.29 0.35 0.40 0.38 0.38 0.45 
6 1.6 0.69  0.26 0.32 0.46 0.48 0.41 0.59 
7 1.37 0.94  0.36 0.51 0.77 0.62 0.79 0.74 
8 1.20 0.59  0.22 0.32 0.34 0.36 0.32 0.56 
9 1.62 0.85  0.27 0.50 0.85 0.79 0.82 0.88 

10 1.38 0.51  0.25 0.29 0.40 0.36 0.40 0.36 
11 1.41 0.87  0.26 0.45 0.63 0.60 0.62 0.66 
12 1.38 0.59  0.18 0.36 0.45 0.39 0.58 0.56 
13 1.39 0.54  0.25 0.36 0.56 0.46 0.47 0.50 
14 1.46 0.57  0.22 0.35 0.44 0.45 0.40 0.55 
15 1.34 0.40  0.26 0.39 0.43 0.52 0.53 0.43 
16 1.52 0.75  0.24 0.40 0.74 0.54 0.62 0.73 
17 1.32 0.53  0.29 0.38 0.58 0.48 0.51 0.68 
18 1.55 0.69  0.37 0.47 0.73 0.77 0.77 0.94 
19 1.34 0.58  0.25 0.40 0.47 0.41 0.46 0.46 
20 1.47 0.58  0.28 0.39 0.52 0.56 0.65 0.65 

          

Mean 1.42 0.60  0.26 0.39 0.53 0.49 0.52 0.59 

SD 0.11 0.16  0.04 0.07 0.15 0.15 0.16 0.16 
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Table 3. –  Muscle synergies found as percentage of participants for different control 

options. 

 

 

Exoskeleton 
options 

 Synergy 
#1 

 Synergy 
#2 

 Synergy 
#3 

 Synergy 
#4 

 Synergy 
#5 

REF-EXO  90%  100%  90%  95%  0% 

TOT  95%  100%  90%  95%  40% 

FIXED0  100%  95%  75%  100%  10% 

NEUTRAL  85%  100%  100%  95%  10% 

HASSIST  90%  100%  90%  100%  5% 

HRESIST  100%  100%  90%  95%  10% 

ABD  90%  100%  100%  85%  5% 
           

Mean  93%  99%  91%  95%  11% 

SD  0.06%  0.02%  0.08%  0.05%  0.13% 
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Table 4. –  Correlation coefficients between overground walking without and with the 

exoskeleton set in different control options for the principal synergies investigated 

 

 
 

 Synergy  #1  Synergy #2  Synergy #3  Synergy #4 

 

 Control 

options  

Muscle 
composition  

 

 

Muscle 
composition  

 

 

Muscle 
composition  

 

 

Muscle 
composition 

 
Trajectory 

 
Profile VM GM  Profile SO MG  Profile TA RF  Profile ST BF 

C
o

m
p

ar
at

o
r 

: 
R

EF
-E

X
O

 

Controlled 
TOT 0,62 0,86** 0,96**  0,99 0,96*** 0,96***  0,74  0,77** 0,77**  -0,05 -0,28 -0,15 

FIXED0 0,86 0,90*** 0,35  0,88  0,80** 0,32  0,63  0,57* 0,81**  -0,16 -0,33 -0,26 

Non- 
controlled 

NEUTRAL 0,84  0,84** 0,93***  0,97  0,96*** 0,86**  0,88  0,92*** -0,26  0,48 0,23 0,90*** 

HASSIST 0,80  0,88** 0,92***  0,96  0,95*** 0,88**  0,84  0,93*** 0,13  0,65 0,31 0,64* 

HRESIST 0,74  0,92*** 0,72**  0,96 0,98*** 0,69*  0,89  0,92*** 0,69*  0,45 -0,18 0,10 

ABD 0,80  0,86** 0,94*** 
 

0,98  0,99*** 0,83** 
 

0,91  0,88** 0,02 
 

0,40 0,37 0,88** 

    

C
o

m
p

ar
at

o
r 

: 
R

EF
-N

A
T 

Controlled 
TOT 0,95 0,87** 0,48  0,97  0,96*** 0,50*  0,57 0,84** 0,60*  -0,69 -0,72 -0,85 

FIXED0 0,92 0,96*** 0,57*  0,73  0,62* -0,34  0,66 0,64* 0,69*  -0,31 -0,14 -0,37 

Non- 
controlled 

NEUTRAL 0,96 0,89** 0,49  0,92  0,99*** 0,31  0,58 0,90*** -0,05  -0,12 -0,37 0,57* 

HASSIST 0,97 0,93*** 0,41  0,90  0,98*** 0,35  0,50  0,91*** 0,08  0,56 0,46 0,70** 

HRESIST 0,97 0,94*** 0,28  0,87  0,94*** 0,03  0,88  0,84** 0,73**  -0,72 -0,52 -0,83 

ABD 0,96 0,92*** 0,44 
 

0,92  0,97*** 0,27 
 

0,75  0,92*** -0,06 
 

0,19 -0,06 0,46 

 

Color legend : 

*** Very high (r≥.90) 

** High (r=0.70 to 0.89) 

* Moderate (r=0.50 to 0.69) 
 Low (r=0.30 to 0.49) 

 

Both the colors (synergy) and stars (EMG) represents the strength of the association between 
the control option explored and the respective comparator condition. 
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Figure legends 

Figure 1. –  Photos of the wearable robotic exoskeleton used for overground walking.  

Figure 2. –  VAF and cosine similarity values for all exoskeleton control options explored.  

A. Number of synergies determined by the VAF criterion for all exoskeleton walking control 

options. n= on the top of each bar indicates the number of participants presenting a determined 

number of synergies for each exoskeleton control option recorded. Note that most of the 

participants presented four muscle synergies. B. Cosine similarity values (r) for the weightings of 

each muscle synergy and for each exoskeleton condition. C, D. Cross-correlation values for the 

temporal activation profiles compared to non-exoskeleton overground REF-EXO (C) and REF-NAT 

(D) conditions. 

Figure 3. –  Group average (n=20) for each of the four muscle synergies found in able-bodied 

participants at REF-NAT (black), REF-EXO (red), and all exoskeleton walking 

conditions.  

A. Activation timing profiles for each synergy over the gait cycle. REF-NAT and REF-EXO are 

presented in bold to define the reference to which each activation profile is compared. B. Muscle 

synergies average and weightings. Muscles in bold represent the muscles defining a specific 

muscle synergy, being the muscles that contribute the most. C. Individual EMG activation profiles 

over the gait cycle. TA = tibialis anterior, SO = soleus, MG= medial gastrocnemius, VM= vastus 

medialis, RF = rectus femoris, ST = semitendinosus, BF = biceps femoris, GM = gluteus medius. 

Figure 4. –  Activation timing profile and average (n=8) muscle weighting of the fifth synergy 

found during TOT exoskeleton control option.  

Black line represents the average, while red pointed line represents the SD. TA = tibialis anterior, 

SO = soleus, MG = medial gastrocnemius, VM= vastus medialis, RF = rectus femoris, ST = 

semitendinosus, BF = biceps femoris, GM = gluteus medius. 
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Figure 3 
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Figure 4 
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5.3.1. Abstract 

Background: Changes in the number of muscle synergies (MSs) and in the weighting of muscles 

composing each MS are typically altered following an incomplete spinal cord injury (iSCI). 

Wearable robotic exoskeletons (WRE) represent a promising rehabilitation option, though the 

effects of various WRE control modes on MSs still remain unknown.  Objective: This case series 

characterizes how WRE control modes affect the number of MSs and the weighting of muscles 

composing each MS in individuals with iSCI. Setting: Pathokinesioly laboratory of a rehabilitation 

research center. Methods: Three participants with a chronic iSCI walked at a self-selected 
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comfortable speed without and with a WRE set in two trajectory-controlled (Total Assistance, 

TOT; Assistance-as-Needed, ADAPT), and three non-trajectory controlled modes (High Assistance, 

HASSIST; High Resistance, HRESIST; NEUTRAL). Surface EMG of eight lower extremity (L/E) 

muscles was recorded and used to extract MSs using a non-negative matrix factorization 

algorithm. Cosine similarity and weighting relative differences characterized similarities in MSs 

between individuals with iSCI and able-bodied controls. Results: The mode providing movement 

assistance within a self-selected L/E trajectory (HASSIST) best replicated MSs in able-bodied 

controls during overground walking. MSs extracted with the trajectory-controlled modes differed 

to the greatest extent from able-bodied group MSs. Conclusions: Most WRE control modes did 

not replicate the motor control required for typical L/E muscle coordination during stereotypical 

overground walking. These results highlight the need to gain a better understanding of the effects 

of the various control modes on L/E motor control for rehabilitation professionals to incorporate 

research evidence when selecting WRE control mode(s) during WRE locomotor interventions. 

Key Words 

Coordination; Electromyography; Spinal Cord Injury; Rehabilitation; Technology. 

5.3.2 Introduction 

Overground locomotor training with Wearable robotic exoskeletons (WRE) represents an 

emerging and promising neurorehabilitation intervention that aligns with the basic principles of 

motor learning (e.g., specificity, repetition, and intensity) promoted after a neurological lesion[1]. 

However, it still remains difficult to pinpoint how this intervention compares with conventional 

locomotor training interventions in adults with an incomplete spinal cord injury (iSCI) [2-4]. Part 

of this difficulty relates to the fact that almost all evidence have been gathered using WRE with 

total lower extremity (L/E) motorized assistance and fixed trajectory guidance during treadmill 

walking. As a result, after having gained sufficient experience with the WRE, active voluntary 

participation and stride-to-stride variability, which are essential components in motor learning, 

becomes regulated and may negatively affect walking recovery[2]. In fact, such an approach may 

induce a habituation and sensitization phenomenon in which the spinal cord circuits adjust rapidly 

to repetitive activations of the same sensory pathways[5].  
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To overcome these obstacles, while also increasing perceived utility and acceptability 

among rehabilitation professionals, some WRE manufacturers offer L/E control modes providing 

various levels of assistance or resistance, as well as non-imposed (i.e., non-controlled) trajectory 

guidance. In the neurorehabilitation context, these L/E control modes allow rehabilitation 

professionals to personalize WRE-based rehabilitation interventions to maximize locomotion and 

locomotion-related abilities. However, the effects of the various control modes on L/E muscle 

coordination underlying locomotion remain unknown, and clinical practice remains 

predominantly informed by clinical reasoning and accumulated experience. 

The L/E muscle coordination can be revealed by characterizing muscle synergies (MSs) 

using non-negative matrix factorization (NNMF) algorithms. This analysis usually reveals a specific 

number of MSs (i.e., motor modules) with muscle weightings associated with gait sub-cycles. In 

adults with iSCI, spinal locomotor control is compromised to various extents and consequently 

alters how the central nervous system (CNS) coordinates the muscles involved during locomotion. 

This generally translates into fewer L/E muscle synergies, or an altered weighting of the different 

muscles involved in a given MS leading to motor impairments during gait[6]. Thus, increasing the 

number of MSs, or replicating the weighting of muscles similar to those synergies found in able-

bodied individuals during overground locomotor training with a WRE, could theoretically 

translate into improved walking abilities in individuals with iSCI. However, to our knowledge, no 

study to date has investigated to what extent various WRE control modes may modify the number 

of MSs and the weighting of muscles composing each MS during overground walking with a WRE 

in individuals with iSCI who have recovered to various extents their ability to walk.   

The aim of this case series is to examine how various WRE trajectory and non-trajectory 

control modes affect L/E muscle synergies (e.g., number of MSs, weightings of muscle within a 

given synergy) in individuals with iSCI during overground walking with a WRE. It is hypothesized 

that the number of MSs and weighting of muscles composing each MS during overground walking 

without WRE will differ when compared to able-bodied MSs (H1). Moreover, walking with a WRE 

set in a non-controlled trajectory mode will increase the number of MSs and modify weightings 

of muscles composing each MS to levels comparable to those extracted in able-bodied individuals 

(H2). This research represents an initial step to strengthen evidence regarding L/E muscular 
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coordination that will inform clinical practice on the effects of different control modes when 

planning personalized WRE locomotor interventions. 

5.3.3 Methods  

5.3.3.1 Participants 

Three participants with traumatic chronic iSCI (ASIA Impairment Scale, AIS = C or D) below 

the fifth cervical neurological level were recruited for this study. Participants were included if they 

were able to walk overground for at least 10 meters without or with a walking aid (e.g. , forearm 

crutches); were able to follow verbal, visual, and auditory commands; and met all WRE 

manufacturer requirements (e.g., L/E passive range of motion limitations, moderate-to severe L/E 

spasticity) as verified by a comprehensive physical therapy assessment. Participants were 

excluded if they presented history of other neurological disorders, including non-traumatic SCI or 

cognitive impairments. The study was conducted at the Pathokinesiology Laboratory located at 

the Institut universitaire sur la réadaptation en déficience physique de Montréal. All participants 

provided written consent to participate. The Research Ethics Committee of the Center for 

Interdisciplinary Research in Rehabilitation of Greater Montreal (CRIR) approved the study (CRIR-

1083-0515). All applicable institutional and governmental regulations concerning the ethical use 

of human volunteers were followed during the course of this research. 

5.3.3.2 Clinical Evaluations 

Injury severity was evaluated by a certified physiotherapist using the American Spinal 

Injury Association Impairment Scale (AIS) to categorized participant’s neurological injury level and 

completeness. The L/E muscle strength was assessed and graded according to the Lower 

Extremity Motor Score (LEMS) of the International Standards for Neurological Classification of SCI 

(ISNCSCI). The 10-metres walking test was completed at self-selected natural velocity to evaluate 

walking speed and confirm the participant’s ability to walk the test distance.   

5.3.3.3 Robotic Exoskeleton 

The Ekso GTTM WRE (EKSO Bionics, CA, USA) provides robotic control during overground 

walking. Specifically during the swing phase, the control modes offered by the Ekso GTTM can be 
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grouped into trajectory control, including total assistance (TOT) and  assistance-as-needed 

(ADAPT) modes, as well as non-trajectory control, including high assistance (HASSIST), high 

resistance (HRESIST), and NEUTRAL modes (Table 1). During stance, knee flexion beyond 45 

degrees was blocked by the WRE to prevent full knee collapse and falling. 

5.3.3.4 Intervention 

Participants completed four 45 to 60-minute training sessions over a two-week period. 

During these sessions, under direct supervision of a certified physiotherapist, participants learned 

to safely walk with the WRE at a self-selected comfortable speed using forearm crutches and with 

the WRE set in the five WRE control modes along a 50-metre level tiled corridor.  

5.3.3.5 Laboratory Assessment 

5.3.3.5.1 Walking Conditions 

Participants walked without the WRE at a self-selected natural speed (NAT) on a leveled 

tiled corridor over a 10-m distance. Thereafter, participants walked with the WRE at a self-

selected comfortable speed with all WRE control modes tested in a random order (i.e., participant 

1: HASSIST-ADAPT-NEUTRAL-HRESIST-TOT; participant 2: NEUTRAL-ADAPT-HRESIST-TOT-

HASSIST; participant 3: HRESIST-HASSIST-ADAPT-NEUTRAL-TOT). Immediately after testing each 

control mode, the participant’s rate of perceived exertion (RPE) was collected using a modified 0 

to 10 Borg Scale. Between modes, participants performed lateral weight shift transfers while 

standing for one minute to minimize any potential carryover effects of the previously tested WRE 

mode (i.e., wash out). 

5.3.3.5.2 Surface Electromyography 

Using a Delsys Trigno wireless EMG system (Delsys Inc., Boston, MA, USA), the EMG 

activity was recorded from eight L/E muscles bilaterally: gluteus medius (GM), rectus femoris (RF), 

vastus medialis (VM), semitendinosus (ST), biceps femoris (BF), tibialis anterior (TA), medial 

gastrocnemius (MG), and soleus (SO). After proper skin preparation, all wireless hybrid sensors 

were positioned in accordance with recommendations of the Surface ElectroMyoGraphy for the 
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Non-Invasive Assessment of Muscles (SENIAM) (www.seniam.org) to enable surface EMG (1926 

Hz) and 3D acceleration data (148 Hz) recording.  

Raw EMG data were filtered (Butterworth bandpass 20-400 Hz, 4th order no lag) and 

processed with a continuous Root Mean Square (RMS) using a centered 250 msec moving 

window. Each gait cycle was delimited between consecutive foot contacts, which were 

determined from integrated acceleration peaks from the SO sensors using a Teager-Kaiser Energy 

Operator (TKEO), and then visually inspected and manually adjusted if needed. All gait cycles were 

time normalized to 100% with 1% increments from which the stance (0 to 59%) and swing (60 to 

100%) phases were depicted. For each walking condition, the best three consecutive cycles, based 

on the lowest mean coefficient of variation computed for all EMG envelopes over each temporal 

data point embedded within each time normalized cycles, were automatically selected using a 

custom-made Labview software before being averaged and amplitude-normalized (i.e., the RMS 

from each muscle was divided by its own maximum peak value prior to initiating the MSs analysis). 

5.3.3.6 Muscle Synergies 

An experimental EMG data matrix was calculated for each participant, consisting of the 

mean of three consecutive gait cycles of each recorded muscle, prior to being submitted to a Non-

Negative Matrix Factorization (NNMF) algorithm. The number of muscle synergies was 

determined by the least number of synergies that could explain the variance accounted for (VAF) 

in each muscle (𝑉𝐴𝐹𝑚), with  𝑉𝐴𝐹𝑚 greater than 0.9 (90%) and the product of all 𝑉𝐴𝐹𝑚  (global 

VAF, 𝑉𝐴𝐹𝑔) greater than 0.8 (80%). Muscle synergies were grouped based on the Cosine Similarity 

(CS) of the weight matrices (W) [7, 8]. To analyze the resemblance between the obtained MSs of 

each walking condition against reference MSs computed among an able-bodied control, CS was 

calculated between each participant MSs (Wr) against those obtained from a reference 

participant[9]. The reference MSs were extracted from an able-bodied participant (i.e., control) 

who was assessed during overground walking without the exoskeleton using the same 

experimental protocol (i.e., equipment, recorded muscles and experimental conditions) [10]. For 

this analysis, the inner product of the obtained MSs on each walking trial was calculated and the 

cosine angle between those synergies and the reference MSs was measured.  
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According to the reference able-bodied control, the muscles composing each MS were 

established as: Synergy #1, GM, VM and, to a lesser extent, RF; Synergy #2, SO and MG; Synergy 

#3, TA and RF; Synergy #4, ST and BF. The CS values closer to 1 indicated greater similarities in the 

directions of the two compared vectors. When the CS between Wr and Wt was greater than 0.868 

and statistically significant (p ˂0.05) [11], MSs were considered similar. Whenever two distinct 

MSs in the same walking trial were classified into the same group, these two synergies were 

considered to have merged together. The synergy with the lowest correlation of the two was 

deemed to be merged to the synergy presenting the highest correlation value. Synergies not 

corresponding to any of the reference MSs extracted in able-bodied control were defined as 

“undefined”. 

To further visualize how each recorded muscle weighting contributing to a specific synergy 

was similar to those found in able-bodied reference, the weighting differences (Wd = Wt-Wr) for 

each muscle and walking trial, were calculated for each participant (Figure 1). In order to calculate 

Wd, muscles belonging to a specific synergy were weighted by multiplying each muscle in the 

weight matrix by its maximum peak value found to obtained normalized values to 1 within each 

synergy and allow weighting matrices subtractions. 

5.3.3.7 Statistical Analyses and Interpretation 

Differences in MS weightings (Wd) equal to 0 represented perfect matches while values 

closer to 1 indicated larger divergences in MS weighting, with values ranging between 0 and 0.3 

[12] considered to closely reproduce MSs weightings from the able-bodied control. The RPE 

values were calculated and interpreted according to the American College of Sports Medicine 

(ACSM) guidelines for exercise testing and prescription to determine the exercise intensity 

achieved while walking with the WRE [13, 14]. According to these guidelines, an RPE of 1-2 

corresponds to very light to light intensity, 3-4 corresponds to a moderate intensity, 5-6 

corresponds to a high intensity, and 7 to 10 corresponds to a very high intensity. 
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5.3.4 Results  

5.3.4.1. Participants and Walking Speed 

All demographic, clinical characteristics, and walking speed during each experimental trial 

are summarized in Table 2. Overall, compared to overground walking without WRE (i.e., NAT), 

walking with the WRE reduced speed between -63.2 and -78.2% for participant 2 and 

between -55.6 and -66.7% for participant 3, across all WRE control modes. Participant 1 

predominantly walked faster than NAT by up to 42.1%. 

5.3.4.2. Number of Muscle Synergies 

Three to four MSs were found across walking conditions (VAF ˃ 0.8 for all conditions). 

Synergy #4 was absent in all participants with iSCI during NAT condition but present during all 

WRE control modes, except for participant 1 who had three synergies in TOT mode. Merging of 

MSs were observed and mostly found between synergies #1 and #4. Interestingly, only HASSIST 

mode consistently had all four synergies in able-bodied reference with relatively high CS values 

and no merged synergies. Undefined MSs were also found in most WRE control modes, except 

for HASSIST, which presented only one undefined synergy across all participants (Table 3). 

5.3.4.3. Muscles Synergy Weightings   

Table 3 illustrates similarities between weight matrices for each synergy and for each 

participant compared to an able-bodied reference using CS values. MS weightings during NAT 

varied widely across participants, particularly between the left and right L/E. The Wd analysis 

showed that TOT and ADAPT modes had very different patterns from the reference muscle 

weightings, illustrated by the scattered data point patterns of muscle weighting relative 

differences across participants and across MSs presented in Figure 2.  

Although some MSs weighting relative differences approached the 0.3 value threshold 

across the WRE control modes, only HASSIST consistently presented a clustering of point values 

around the 30% threshold on all participants and on both L/E. This confirms strong similarities 

between the HASSIST mode and the typical weight of muscles composing each MS found in the 

able-bodied reference.  
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5.3.4.4 Rate Perception of Effort (RPE) 

The RPE across the different walking conditions are summarized in Figure 3. Participants 

perceived effort levels ranging from light to moderate, with the greatest effort in HRESIST mode.  

5.3.5 Discussion  

The present study investigated the effects of different WRE control modes on MSs during 

walking in individuals with a chronic iSCI. To our knowledge, this is the first study investigating 

differences in MSs across a range of WRE modes. The three participants presented different 

degrees of sensorimotor impairment and functional disabilities resulting from their iSCI. The high 

variability across MSs attributes found across participants highlight the heterogeneity of muscle 

coordination challenges in adults with iSCI. Reduction in the number of MSs has been associated 

with an increased muscle co-contraction, poor muscle strength, or restricted joint range of 

motion because the CNS cannot independently and efficiently access and activate MSs during 

walking[6, 15, 16]. Clinically, these MSs deficits typically translate into abnormal motor outputs, 

decreased walking speeds, and increased gait asymmetry [6]. Thus, the reductions in the number 

of MSs and altered muscle weighting within each MS were expected and fully support the first 

hypothesis (H1), that the number and weighting of muscles composing each MS during 

overground walking without WRE will be different than able-bodied MSs. 

Synergy #4 emerged while walking with the WRE in all control modes, with varying muscle 

weightings across participants and L/E sides. Although more MSs reflects improved motor 

function [17], the results prove otherwise since the more synergies during walking with the WRE 

did not necessarily match the typical weighting of muscles composing each MS. Indeed, most MSs 

weightings across control modes were different from those found in able-bodied controls during 

overground self-selected natural speeds. These findings indicate that, even during TOT and 

ADAPT control modes during which the L/E trajectory remains totally guided through typical, 

strict and repetitive kinematics patterns[1], adaptations to these modes did not lead to a typical 

muscle activation pattern in adults with a chronic iSCI. This is of great relevance because TOT or 

ADAPT control modes, which are the most commonly used modes in the literature to explore 

superiority effects of robotic exoskeleton over other conventional locomotor training 
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interventions in adults with iSCI [2], might not reinforce an adequate neural locomotor pattern 

for locomotion. 

A key finding of this study, which partially supports the second hypothesis, is that only 

HASSIST mode consistently replicated the number of MSs and weight of muscles composing each 

MS in the reference able-bodied individual. These findings were observed in both L/Es among all 

participants and in all main and secondary muscles composing each MS. This is demonstrated by 

the relative difference values below the 30% threshold set to establish similarities with able-

bodied controls. Such effect of the HASSIST mode may result from an increased step variability 

triggered by the free/non-imposed L/E trajectory while allowing voluntary motor control, 

providing the assistance that may reduce the need of compensation or activation from other 

muscles that normally would not participate in a typical synergy. These elements might facilitate 

the recruitment of MSs similar to those found during overground walking in healthy individuals. 

Concerning NEUTRAL and HRESIST modes, this MSs weighting “normalization” was not achieved 

since the lack of assistance and increased limb motion resistance, alongside potential under-

optimal compensations for the dynamics of the WRE, might have increased the probability of 

recruiting additional secondary/compensatory muscles to adapt to the new demands, which 

translated into different muscle weightings found in able-bodied individuals.  

This study provided new evidence that has the potential to impact clinical practice. First, 

although not all WRE control modes induced motor control adaptations closer to the able-bodied 

reference, the results showed that typical MS characteristics found in abled-bodied individuals 

during overground walking without a WRE could be reproduced when individuals with iSCI 

ambulate with WRE. These aspects might have important implications when selecting WRE 

control modes before engaging on locomotor training programs using this technology. Second, 

when exploring the level of effort required to walk during all WRE non-trajectory-controlled 

modes, the HASSIST mode required a light to moderate effort from all participants to accomplish 

the walking task. Thus, this control mode could be used to facilitate the swing phase during 

prolonged periods of walking (i.e., massed practice) and, ultimately, induce beneficial neural 

plasticity and potentiate locomotor recovery[18].  
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This study had several limitations. First, the small sample of adults with a chronic iSCI does 

not allow generalization of the results. In fact, other individuals may benefit from other WRE 

control modes. Second, since no kinematic analysis was completed in the present study, it 

remains difficult to determine to what extent WRE movement strategies were similar to those 

established for overground walking. Lastly, the actual absolute level of assistance or resistance 

provided remains unknown and is not provided by the WRE manufacturer.  

 

5.3.6. Conclusion 

Walking with a WRE in control modes allowing step variability (i.e., self-selected 

trajectory), and assisting L/E swing phase (i.e. HASSIST), best replicated MSs observed in able-

bodied individuals during overground walking, while requiring light to moderate effort. This 

control mode may allow adults with iSCI to engage in a high-repetition task-specific walking 

program (i.e., activity-based therapy) needed to induce neuroplastic adaptations and potentiate 

walking ability. Additional studies with more robust experimental designs and larger sample sizes 

are needed to strengthen evidence and further support clinical decision-making processes when 

aiming to improve L/E motor control during walking. Nonetheless, the results of the present study 

are a first step towards a better understanding of the effects of various control modes on L/E 

muscular coordination, which can be evaluated through MSs when individuals with iSCI walk with 

a WRE. 
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Table 1. –  Description of the different control modes investigated during the swing phase 

when walking with the wearable robotic exoskeleton.  

 

1. Trajectory controlled: The wearable exoskeleton (WRE) automatically initiates steps 

when the participant reaches both pre-determined lateral and forward body shift thresholds. 
Once the step is initiated, the exoskeleton swings and controls the hip and knee kinematics for 
the foot to follow a specific pathway. 

 
 

1.a. TOT 

Provides total motorized 
assistance continuously to move 
the hip and knee joints according 
to a predefined planned hip and 
knee kinematics configured to 
drive foot position during the 
swing phase.  

1.b. ADAPT 

Provides adaptable motorized 
assistance to continuously adjust 
hip and knee joint movements to 
comply with a predefined planned 
hip and knee kinematics 
configured to drive foot position 
during swing phase. 

 

 

 
2. Non-trajectory controlled (i.e., ‘free legs’):  The participant initiates swing and 

control freely his L/E kinematics (amplitude, velocity, and acceleration) within the sagittal plane 
(i.e., no predefined trajectory) during the swing phase of each step. 

   

 

2.a. NEUTRAL 
Provides no assistance and no 
resistance at the hip and knee 
joints during swing phase. 

2.b. HASSIST 
Provides high assistance to 
facilitate hip flexion and knee 
extension during swing phase. 

2.c. HRESIST 

Provides high resistance to 
augment hip flexor and knee 
extensor muscular efforts during 
swing phase. 
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Table 2. –  Demographic and clinical information of participants 

 

 R= right; L= left 

 

 

 

 

 

 Participants  1   2   3  

Demographic 
characteristics 

Gender  M  F  M 
Age (years)  42  51  60 
Height (m)  1.80  1.62  1.60 
Weight (Kg)  65.7  52.1  56.6 

        

Clinical 
Information 

Time since injury (years)  18  1.1  40.7 
Neurological level of injury  T6-T7  C5  T4 
American Spinal Injury Association 
Impairment Scale (AIS) 

 
D (Trauma) 

 
D (Trauma) 

 
D (Trauma) 

Sensory level and score /224  T7 197/224  C6 132/224  T4 156/224 

Total Lower Extremity Motor 
Score (LEMS) 

 36/50  41/50  46/50 

 R L  R L  R L 

Hip flexors  4 3  5 5  3 5 
Knee extensors  2 3  5 5  5 5 
Ankle dorsiflexiors  4 4  4 4  5 5 
Long toe extensors  4 4  4 4  3 5 
Ankle plantar flexors  4 4  2 3  5 5 

   

Walking 
speeds (m/s) 

Walking conditions 

Without 
exoskeleton 

NAT 
 

0.19  0.87  0.54 

 Control modes          

With Exoskeleton 

TOT  0.18  0.19  0.21 

ADAPT  0.20  0.25  0.24 

NEUTRAL  0.27  0.28  0.23 
HASSIST  0.25  0.26  0.23 
HRESIST  0.23  0.32  0.18 
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Table 3. –  Cosine similarities for all participants and walking trials.  

Notice that HASSIST mode presented four synergies with relatively high cosine similarities values, 

no merged and only one undefined synergy (green dashed square). 
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Figure legends 

Figure 1. –  Example of the procedure to calculate muscle synergies weighting differences.   

Normal weighting matrix obtained on healthy individuals were subtracted to the obtained 

experimental tasks. The vertical grey boxes represent main muscles composing a specific muscle 

synergy while horizontal grey boxes represent the threshold range, i.e., ≤0.3 for a value to be 

considered similar or close-to normal compared to a healthy reference. In this example, notice 

that synergy #1, mainly composed by VM, RF and GM muscles, presented almost perfect 

similarities with the HASSIST mode for participant 1.  

Figure 2. –  Right and left muscle synergies weightings relative differences for all 

experimental trials and for each participant.   

The vertical gray boxes highlight the muscles defining a specific muscle synergy (i.e., the muscles 

that contribute the most on a synergy in heathy individuals). The gray horizontal bar represents 

the limits of 30% from which differences were considered similar to the synergies found in healthy 

individuals. Notice that for all synergies, the HASSIST mode consistently tended to bring the 

muscle weightings closer to 30% in all participants. TA = Tibialis Anterior, SO = Soleus, MG = 

Medial Gastrocnemius, VM = Vastus Medialis, RF = Rectus Femoris, ST = Semitendinosus, BF = 

Biceps Femoris, GM = Gluteus Medius. 

Figure 3. –  Ratings of perceived effort during all walking trials for each participant.   

Areas highlighted in various shades of gray represent different exercise intensities (i.e., very light, 

light, moderate, vigorous, near maximum intensity, maximal, and sub-maximal effort) according 

to the ACSM’s guidelines. 
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CHAPTER 6 – DISCUSSION 

Locomotor training principles to optimize walking-related rehabilitation outcomes are 

well documented. However, the effects of second generation WRE offering new control modes 

features on locomotor training are not well understood. Indeed, it is unclear how to prioritize 

features of these WRE when developing a WRE-based locomotor rehabilitation training program. 

As such, the scientific evidence informing clinical practice utilizing these recent features needs to 

be reported and strengthened. In fact, most decisions in locomotor rehabilitation practices for 

SCIare supported by out-of-date evidence that was derived when WRE only provided full L/E 

swing trajectory control or assisted control over an imposed trajectory to replicate a typical gait 

cycle (Morawietz & Moffat, 2013). Such an approach was novel for the time and allowed long-

term manual wheelchair users, who were unable to stand and walk, to do so. However, the 

potential beneficial effects of WRE training for individuals with sensorimotor impairment and 

limited locomotor abilities continues to be questioned as this first generation of WRE could not 

adapt to individuals’ abilities and specific therapeutic needs. Based on feedback from 

rehabilitation professionals and to overcome this problem, manufacturers are developing and 

commercializing updated WRE with numerous control options (e.g., to assist or resist a non-

imposed L/E swing trajectory), however these changes have been implemented without research 

to prove the effects of these updates to locomotor training programs.  

The primary objective of this thesis was to assess the effects of various control modes on 

L/E muscle coordination during WRE walking in able-bodied individuals and those with iSCI. The 

three main scientific articles composing the thesis showed CNS neuromuscular adaptations to 

changes in walking speed and to different control modes during WRE walking in both able-bodied 

individuals and individuals with iSCI. The evidence from this thesis is based on the use of MSs to 

evaluate muscle coordination patterns and access the neural control of locomotion in both 

populations while walking. Based on each individual’s neuromuscular output and by exploring 

aspects related to adaptation to walking with a WRE, the findings of this thesis open up future 

perspectives for further understanding of the potential beneficial effects of locomotor training 

programs integrating WRE during neurorehabilitation.  



134 

 Since a detailed discussion of the results of this thesis has been presented within each 

scientific article, this discussion expands on the key aspects of the results: speed-related changes, 

interpretation of the number of MSs, and the effects of WRE on MSs. Thereafter, the discussion 

elaborates on the main limitations of the measurement tools and data processing, and the 

potential impacts of the thesis on clinical practice and avenues for future research. 

6.1 Speed-related changes and number of muscle synergies 

Reductions in walking speed have been well documented during WRE walking (Louie, Eng, 

& Lam, 2015). Thus, a detailed analysis of the effect of different overground speeds on muscle 

coordination is necessary to characterize the observed changes in MSs during WRE walking for 

SLOW, matching those found during NAT, and FAST speeds in able-bodied individuals (Article #1). 

Furthermore, assessing MSs during overground walking without WRE in able-bodied individuals 

was required to establish comparators for WRE walking on MSs in Articles #2 and #3 in order to 

provide accurate and reliable comparisons.   

Contrary to what most studies have reported, different walking speeds recruited a 

different number of MSs, different weighted muscle composition, and a different muscle 

activation profile. In able-bodied individuals, SLOW walking speeds had well-defined MSs 

compared to NAT and FAST speeds, where MSs tended to merge as speed increased. As discussed 

in Article #1, a common biomechanical adaptation to the gait cycle may explain the consistency 

in the number of MSs at SLOW walking speed compared to other speeds. To this end, the 

preservation of MSs characteristics during SLOW walking were primarily due to a prolonged 

double support period and reduced L/E acceleration-deceleration during swing phase. However, 

at SLOW speed, the use of a metronome to match the stepping cadence during WRE walking  may 

have influenced the walking pattern differently than NAT and FAST speed conditions. Thus, the 

increased number of MSs during SLOW compared to NAT and FAST might have been influenced 

by a combination of both biomechanical adaptations to SLOW walking (Article #1) and by reduced 

step timing variability, since foot strikes matched the metronome’s auditory cues, an approach 

known as auditory-motor anchoring (Wright, Bevins, Pratt, Sackley, & Wing, 2016). Indeed, 

research exploring metronomic cueing as an approach to reduce fall risk found that, in individuals 
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with sensorimotor impairments following a cerebellar stroke (Wright et al., 2016) or with 

Parkinson’s disease (Hausdorff et al., 2007), auditory-motor anchoring reduces step time, stance 

time, double support time, swing time, and joint kinematics variability. The beneficial effects of 

auditory cueing on motor control are thought to occur via the facilitation of muscle activation 

through a combination of motor commands from different cortical areas, especially audio-motor 

pathways at the reticulospinal levels, cerebellum, and basal ganglia structures (Chen, Penhune, & 

Zatorre, 2009; Molinari, Leggio, De Martin, Cerasa, & Thaut, 2003).  

The study did not set out to investigate the activation of CNS structures and spatio-

temporal aspects that underlie decreased step time, stance time, and joint kinematics variability 

during gait. Nonetheless, the results presented in Article #1 provide, for the first time, additional 

information about the effects of metronomic cueing on the number and characteristics of MSs 

recruited during gait. It is plausible that auditory cueing increased the need for sensory-motor 

inputs and therefore increased accessibility of specific motor modules (i.e., MSs) in the spinal cord 

and leads to a typical and more controlled muscle activation pattern. This finding may have 

important implications on the way speed changes could be modulated during locomotor 

neurorehabilitation. Indeed, neurorehabilitation interventions for individuals with a CNS lesion 

often focus on increasing walking speeds without a thorough understanding of the impact of 

modifying speeds on L/E muscle coordination. 

As walking speed increased, changes to the number of MSs recruited in able-bodied 

individuals were predominantly explained by MSs merging together. However, a decrease MSs 

recruitment is commonly associated with inappropriate muscle coordination (Clark et al., 2010). 

More specifically, fewer MSs are often explained by a lack of accessibility to spinal circuits that 

control locomotion, reflecting the neuromuscular constraints that result in a reduced ability for 

overground walking (Clark et al., 2010; Singh, Iqbal, White, & Hutchinson, 2018). From a 

rehabilitation point of view, maintaining the four well-defined typical MSs for walking may 

translate into improved locomotor control as the CNS is accessing and combining a wider range 

of MSs to adapt to the environment. Indeed, a positive correlation between the number of 

synergies recruited and walking speed has been observed, with fewer MSs associated with slower 
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walking speeds and increased gait asymmetry in individuals with sensorimotor impairments, 

compared to able-bodied individuals (Clark et al., 2010; Rodriguez et al., 2013).  

Two key findings of this thesis demonstrate problems with drawing conclusions solely 

based on the number of MSs recruited and may be misleading in a neurorehabilitation context. 

First, a reduced number of MSs, or merged MSs, were associated with increased walking speed 

in able-bodied individuals walking at natural self-selected (1.4 m/s) and fast speeds (1.9 m/s) 

(Article #1). These differences were not due to walking-related impairments but rather to 

biomechanical constraints of increased walking speeds. Second, despite all tested control modes 

increasing the number of MSs (from three to four synergies) during WRE walking in all three 

participants with iSCI (Article #3), these increases were not similar to the typical muscle weighting 

compositions of able-bodied individuals. Thus, solely aiming to increase the number of MSs 

recruited during a rehabilitation intervention may not be adequate to induce proper muscle 

coordination during walking. These two findings align with previous work in which the number of 

MSs alone did not predict natural self-selected walking speed and were not correlated with L/E 

muscle strength improvements (Hayes, Chvatal, French, Ting, & Trumbower, 2014). Hence, 

research on rehabilitation interventions should explore not only the number but, more 

importantly, the selection of the muscles making up each MS during walking.  

6.2 Walking with WRE and muscle synergies composition 

As previously stated, first generation WRE with fully motorized control of L/E trajectory- 

have been studied extensively, with many studies comparing the first generation robot-assisted 

training with traditional rehabilitation approaches (Swinnen, Duerinck, Baeyens, Meeusen, & 

Kerckhofs, 2010; Tefertiller, Pharo, Evans, & Winchester, 2011). Since motorized control of L/E 

trajectory theoretically best replicate the typical gait cycle, the typical MSs found during 

overground walking at self-selected natural speed are expected to emerge. Surprisingly, three of 

the trajectory-controlled modes that were tested (i.e., TOT, FIXED0, ADAPT) had the most MS 

variability, for both able-bodied (Article #2) and iSCI groups (Article #3). MSs may not be affected 

by the biomechanical constraints of walking because MSs were not properly accessed despite the 

use of a controlled L/E trajectory to reproduce a typical L/E gait cycle. 
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To refine the interpretation of MS recruitment during walking, the weighting of MSs (i.e., 

muscle composition) is of greater importance than the number of MSs recruited. Analyzing 

muscle composition in MSs provides an understanding of whether MSs are bring properly 

modulated by the CNS and whether these MSs are required for key walking-related motor 

subtasks. When using a WRE for overground walking using a trajectory controlled mode 

equivalent to TOT, differences in the weighted composition of MSs were observed in most control 

modes (Li et al. 2018). These differences were hypothesized to be produced, in part, by 

differences between the human- and exoskeleton-generated joint torques that require MS 

weighting adaptations to the WRE movements (Li, Liu, Yin, & Chen, 2018). Thus, based on the 

results of this thesis, controlled L/E trajectories during WRE walking do not duplicate the typical 

gait patterns requirements to allow for the close-to-normal muscle coordination found during 

overground walking. From these observations, the evidence gathered from walking with WRE 

with fully motorized control of L/E trajectory may lack applicability to neurorehabilitation 

practices, but continue to be incorrectly valid for the second generation of WRE which can 

partially assist the user’s L/E motion.   

The results of this thesis support the idea that the recent features offered by the second 

generation of WRE (i.e., freeing L/E swing trajectories from a predetermined and fixed trajectory 

pattern) facilitates the emergence of MS characteristics comparable to those observed during 

overground walking in able-bodied individuals. Due to the decreased capability of the CNS to 

explore possible outcomes for optimal stepping patterns, the repetitive and fixed movement of 

the trajectory controlled mode may lead to habituation of the neural circuits and reduced motor 

learning effects (Cai et al., 2006; Shea & Kohl, 1990). Conversely, during non trajectory-controlled 

modes, the CNS demonstrates improved adaptation to both natural stepping variability and 

applying proper corrections when an error occurs. The non-trajectory-controlled modes allow for 

near-natural stepping variability, an intrinsic characteristic of neural circuits, which naturally exist 

in order to adapt locomotion to specific environmental constraints, despite stepping variability 

not being directly measured by the WRE. Measuring step variability in real-time and determining 

the desirable amount of variability needed to optimize locomotor recovery remains a continuing 

rehabilitation challenge (Cai et al., 2006). For instance, how much variability is required to induce 
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functional changes? How much variability would lead to aberrant patterns of muscle activation 

and motor deficits? These aspects have not been investigated. The degree of step variability and 

self-guided L/E swing trajectory assistance provided by HASSIST were not measured in this thesis, 

however the HASSIST L/E assistance configuration had close-to-able-bodied muscle weighting 

composition. This is consistent with previous research where allowing step variability during 

locomotor training of robotic walking enhanced stepping recovery, compared to locomotor 

training periods with fixed trajectory paradigms (Cai et al., 2006; Lotze, Braun, Birbaumer, Anders, 

& Cohen, 2003).  

Similar muscle activity outcomes were expected for both NEUTRAL and HRESIST 

conditions. These non-trajectory-controlled modes were anticipated to allow for the same 

amount of step variability, however, this was not the case. For instance, L/E muscle strengthening 

is increasingly becoming a popular approach in clinical practice for adults with SCI. Indeed, 

research has found that applying resistance to the L/E during the swing phase in individuals with 

iSCI created a weaker modulation of the TA and biceps femoris muscles, leading to reduced knee 

flexion (Lam, Wirz, Lünenburger, & Dietz, 2008). In addition, there was a reduction in step length 

with different levels of resistance in individuals with iSCI. This weaker modulation in response to 

the different levels of resistance may reflect an impaired modulation in response to an increase 

in voluntary muscle contraction, or the use of different MSs. Moreover, the removal of resistance 

to the L/E led to enhanced knee flexion (i.e., post-adaptation effects), showing that the knee 

flexor activity can be enhanced with this approach (Lam, Wirz, Lünenburger, & Dietz, 2008). 

In the context of the control modes investigated in this thesis, muscle strengthening might 

be made possible via the control option that offers resistance to specific motorized movements 

(i.e., HRESIST, resisted flexion and extension of the knee and hip) during WRE walking. However, 

there were inconsistencies in muscle weighting within recruited MSs among individuals with an 

iSCI compared to MSs of abled-bodied individuals. Despite abnormal weighting of MSs recruited 

using HRESIST control mode, the clinical utility of this approach during locomotor training, and 

potential muscle strengthening after-effects require further study (Kim, Eng, & Whittaker, 2004). 

Nonetheless, it is important to address that even if some individuals with iSCI present clinically 

with normal or near-to-normal L/E muscle strength grades, their locomotor pattern may differ 
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from other individuals with iSCI and/or from abled-bodied individuals. This is primarily due to 

disruptions and limited accessibility of the CNS to the functional modular organization responsible 

for muscle coordination (Gorassini, Norton, Nevett-Duchcherer, Roy, & Yang, 2009). Thus, 

assessing both muscle strength and their coordination, as explored by the MS approach, is of 

critical importance to better understand recovery. For example, synergies related to swing 

initiation are often found to be absent, contributing to clinical deficits such as foot drop, and 

necessitating the contribution of other muscles to compensate during this particular phase. Thus, 

the additional activation of secondary muscles to a specific synergy, such as swing initiation, 

results in MSs with unspecific muscle weighting composition (Hayes et al., 2014). 

Overall, the present research confirms that typical MS number, muscle weighted 

composition, and profiles found in abled-bodied individuals during overground walking without a 

WRE could be reproduced when individuals with iSCI ambulate with WRE. This indicates that even 

after an iSCI, typical MSs are still encoded in the spinal cord and can be accessed by the CNS when 

proper L/E assistive strategies, such as HASSIST mode, are used. Moreover, the importance of 

exploring each MSs in detail, is key to the understanding of WRE control modes on muscle 

coordination during walking and its potential implications in clinical practice. 

6.3 Study limitations 

Despite the effort and rigor devoted to the development of these thesis projects, there 

are limitations relate to the sample of the population tested, the choice of measurement tools, 

and the data processing that have not been fully examined within the three manuscripts. These 

are discussed in the following sections. 

6.3.1 Limitations related to the sample size of the population 

The small sample size (n=3) in article # 3 presented must be considered when interpreting 

the study’s results. In fact, the small sample size was, in part, justified by the complexity of 

grouping individuals with iSCI, given the heterogeneity of sensorimotor impairments and walking 

abilities characterizing this population. Moreover, there was a very large amount of data 

collected, and a thorough investigation of each MS extracted, especially of their muscle 
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composition, across all control modes investigated. Therefore, to present each case in the most 

detailed manner possible, each participant in Article #3 was treated as a case series, instead of a 

group, which could have resulted in a misinterpretation of the results. As such, although this small 

sample size has strengthened currently available evidence, the key finding of Article # 3 needs to 

be interpreted meticulously and generalization of the results should be avoided. In fact, it is 

plausible that for other individuals with iSCI, who experience more severe L/E sensorimotor 

impairments and functional disabilities, the use of different control modes may be required to 

reach similar or improved effects than the HASSIST mode. 

6.3.2 Limitations related to measurement tools and data processing 

The EMG equipment (Delsys TrignoTM wireless EMG system) used in the present thesis has 

the capability to record a maximum of 16 channels. Since EMG was recorded bilaterally in 

individuals with an iSCI (Article #3), a maximum of eight sensors per side were available for EMG 

recording of L/E muscles, limiting the recording of additional muscles, such as trunk muscles that 

would be required to perform lateral shifts during the WRE walking.  

The limited number of channels also reduced the capability of using foot switches to 

precisely identify heel strike and toe-off events required to extract spatio-temporal gait 

parameters of the gait cycle, particularly the duration of stance and swing phases. This challenge 

constitutes one of the main limitations of the present work and most likely affected the 

interpretation of temporal patterns of MSs. Within this context, the EMG sensors fixed to the 

distal aspect of the L/E (i.e., tibialis anterior and soleus muscles) also contained a three-axis 

accelerometer (i.e., hybrid sensor). This accelerometer provided the L/E kinematics needed to 

determine event markers and isolate consecutive heel strikes to identify each gait cycle. These 

heel strike events, that were essential for the extraction of MSs, were identified using the 

accelerometer-deceleration spikes from the EMG sensor that were fixed over the soleus muscle. 

These spikes were validated by fixing an accelerometer on the external malleoli on a sample of 

able-bodied individuals. Unfortunately, this approach made it challenging to accurately 

determine the timing of the toe/foot off events to isolate the stance and swing phases, 
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particularly when walking without a WRE at a FAST speed (Article #1). Hence, the duration of the 

stance and swing phases were deemed invalid in the context of this work.  

Due to the difficulty in accurately identifying toe-off events in the accelerometer signal 

data, standardized relative times were applied for the stance (i.e., 60% of the gait cycle) and the 

swing phases (i.e., 40% of the gait cycle) (Winter, 2009). The proportions of stance and swing 

varied slightly between individuals and across experimental conditions (i.e., walking speeds, WRE 

control modes), therefore, using a fixed relative time for all gait cycles may not have perfectly 

reflect how these spatial parameters were altered. Although this could partially explain the 

observed phase shifts in MSs, especially during the slow walking speed, (Article #1), the results 

are comparable to previous studies that also report phase shifts, even with accurately identified 

gait cycle events (Den Otter, Geurts, Mulder, & Duysens, 2004; Kibushi, Hagio, Moritani, & 

Kouzaki, 2018).  

Although increased stepping variability was suggested as a possible mechanism for the 

obtained results, detailed spatio-temporal characteristics and kinematic and kinetic 

characteristics of the gait cycle were not investigated in this thesis. Exploration of these outcomes 

was limited as data collection occurred along a 30-m long corridor that was not equipped with 

force plates or a 3D motion capture system. However, this increased stepping variability was 

clearly evident, especially when walking with the WRE in the free-trajectory modes, highlighted 

by the standard deviations from several consecutive steps in each of the 20 abled-bodied 

individuals. Such an increased stepping variability justifies, in part, why the three consecutive 

steps with the smallest variation were selected for the MSs analysis to attribute the observed 

changes to specific WRE control modes, rather than stepping variability.  

Limitations related to the extraction of MSs (i.e., NNMF) impeded the inclusion of two 

additional participants who completed training in Article #3. The extraction and interpretation of 

the MSs was not feasible in the two excluded participants, who presented with very severe paresis 

or paralysis of key L/E muscles, warranting future methodological development. The inactive L/E 

EMG signals, resulting from severely paretic or paralyzed muscles (i.e., presenting raw EMG signal 

lower than 10 mV), were extracted by the NNMF algorithm as additional and functional MSs that 
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contained these inactive muscles. These MSs were then grouped as falsely presenting the same 

temporal activation profile represented by the physiological EMG signal noise. This phenomenon 

might limit the generalization of this technique over a larger and heterogeneous population of 

individuals with iSCI. Caution is advised when collecting surface EMG, since it is plausible that 

inactive L/E muscles, presenting very weak or aberrant signals, might interfere with the extraction 

and interpretation of the MSs. 

6.4 Clinical implications for clinical practice 

The clinical implications of the work presented in this thesis are discussed according to 

two separate aspects, MSs and WRE control modes.  

6.4.1 Muscle synergies to assess the effectiveness of a rehabilitation 

intervention  

Assessing characteristics and patterns of MSs may provide an important tool to the 

rehabilitation field to help understand why, for example, a particular intervention works for one 

patient and not for another. It may also help to track changes over time during a particular 

intervention by evaluating how plasticity in control of movement develops at the neural level.   

The necessity of assessing the effects of a specific rehabilitation intervention is of high 

importance in individuals with iSCI. As previously mentioned, this population is characterized by 

a wide range of impairments and disabilities that make the task of exploring and interpreting 

muscle coordination patterns during walking difficult. However, gaining insights into L/E muscle 

coordination is key to informing the creation of personalized rehabilitation interventions. In this 

thesis, MSs were used to understand adaptations to motor coordination with the ultimate goal 

of guiding therapeutic decision-making processes. This work was also completed with 

consideration to the best WRE control modes that could be applied based on the participant’s 

individual neural output.  

However, the methodological complexity linked to the extraction of MSs and their 

analyses slows its implementation in clinical practice. For instance, although MSs are considered 

to be constant across locomotor tasks (e.g., running, balancing, and walking), there are reported 
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variations on the characteristics of the MSs (i.e., number, weighting composition, temporal 

profile) that may depend, among other factors, on the number of recorded muscles, electrode 

placement, EMG data processing protocols, and algorithms for extracting MSs. Thus, it is crucial 

to overcome these potential methodological biases by means of standardized data collection 

protocols, and better sharing of data collection and analysis methodologies between research 

groups. This standardization is also important is the training and qualifications of the 

professionals, postdoctoral fellows or graduate students who could eventually oversee the 

implementation of MSs analysis in clinical practice. Once accurate muscle signals are recorded, 

one of the main limitations of this approach is the EMG data processing (i.e., filter, rectification, 

and removal of artifacts signals) that can alter the characteristics of the extracted MSs and its 

interpretation. For example, if a movement artifact is not removed from an individual EMG signal, 

the MSs weighting composition will appear dominated by a particular muscle, masking the 

contribution of other muscles within a given synergy. This bias can be later misinterpreted as an 

aberrant MSs. All of these aspects were meticulously analyzed and taken into consideration in 

this thesis and should not represent an important source of bias.  

6.4.2 Individualized selection of exoskeleton control modes to best meet 

client needs 

In this thesis, the extraction of MSs from EMG signals of key L/E muscles was presented as 

a way to determine whether or not a WRE can positively affect muscle coordination towards 

those used during overground walking in abled-bodied individuals. The fact that the most 

commonly used control modes (i.e., trajectory-controlled passive and active modes) tested during 

walking with a WRE have failed to do so needs to be very carefully interpreted. In fact, the lack of 

evidence confirming the superior effects of locomotor training programs with a WRE over 

conventional rehabilitation interventions may be explained in part by the control mode used in 

these studies. Nonetheless, this remains debatable based on the current state of knowledge and 

justifies the need for more research in this field. 

According to the MS characteristics investigated (i.e., number and weighting muscle 

composition) the non-trajectory-controlled mode HASSIST best recreated L/E muscle 
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coordination typical of overground walking. However, this highlights only one of the many clinical 

utilities of the WRE. In fact, other control modes may better address certain rehabilitation 

objectives. As an example, if the objective was to strengthen the hip flexors and extensors via an 

activity-based rehabilitation intervention, it is possible that the HRESIST control mode may better 

allow therapists to reach this objective. Thus, there are several research opportunities for 

therapists to gain a better understanding of the pros and cons of each control mode, including 

how the control modes could be used sequentially during a rehabilitation intervention to optimize 

walking abilities.   

6.5 Future research opportunities 

6.5.1 Short term 

Over the last decade, extensive effort has been made to provide evidence that MSs reflect 

the CNS substrate for muscle coordination and their potential for the evaluation of the neural 

control of different functional tasks. The results of this thesis support the relevance of using MSs 

to evaluate movement control. Analysis of MS recruitment has demonstrated that altered muscle 

coordination patterns after an iSCI can be modified and approach those patterns found in able-

bodied individuals. These findings lead to investigating the neurophysiological and clinical impact 

of such changes to muscle coordination. 

6.5.1.1 Clinical effects of “normalizing” muscle synergies 

Based on the findings of this thesis, a key step could be to investigate the effects of long-

term locomotor training protocols, using specific WRE control modes that normalize MSs 

weightings and adhering to the basic locomotor rehabilitation principles. First, data collection 

techniques and analysis methods should be refined to overcome some of the limitations of this 

thesis, such as precisely defining the stance and swing phases during WRE walking (e.g. using 

Instrumented pressure insoles) and advancing analysis methods to better account for paralysed 

muscle(s). Second, a better understanding of how WRE control modes affect muscle synergies 

during walking should be investigated by testing a subset of WRE control modes that have the 
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best potential for beneficial effects on MSs within a larger sample of individuals with an iSCI, while 

also adopting a more robust research design. 

Testing and comparing WRE-based interventions aiming to “normalize” muscle synergies 

represents another key step to enabling the creation of an evidence-based WRE locomotor 

training program. When testing intervention effects among individuals with chronic iSCI, it has 

been suggested that such a program should include at least 45 sessions (Khan et al., 2019). 

Previous work investigating the safety and feasibility of locomotor training with the Ekso GT WRE 

(i.e., the WRE used in this thesis) among individuals with iSCI undergoing acute rehabilitation (i.e., 

less than 6 months after injury) have shown that completing 25 training sessions was safe in terms 

of cardiovascular stability, effort, skin integrity, pain and falls (Manns, Hurd, & Yang, 2019). Thus, 

locomotor training protocols with a WRE could be performed in acute and chronic SCI to explore 

rehabilitation using locomotor training. Such locomotor training should include comprehensive 

clinical, biomechanical (kinematics, kinetics, and EMG), and neurophysiological (spinal and 

cortical) assessments to monitor neurological and musculoskeletal adaptations and their effects 

on performance during walking and walking-related tasks. The endpoint of such a specific 

locomotor training could translate into reduced compensatory mechanisms that, after an iSCI, 

induce common maladaptive plasticity in movement control over the long-term.  

It would also be interesting to investigate whether or not locomotor training that uses 

specific WRE control modes (i.e. those that bring MS patterns closer to the typical patterns found 

in able-bodied individuals) would translate into better adaptation to challenging environmental 

conditions (i.e., walking around obstacles, over uneven terrain, or on stairs). It is plausible that 

training locomotor circuits to access proper MS activity would lead to an improved accessibility 

of normal MS configurations by the CNS. This could allow a flexible combination of spinal motor 

modules that translate into better adaptations to different walking and environmental conditions. 

In the long-term, the characterization of the effects of specific WRE control modes normalizing 

muscle coordination could be used to formulate the first evidence-based recommendations to 

inform selection of the ‘best’ WRE control mode in clinical practice.   
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6.5.1.2 Exploring spinal and supraspinal changes after MS modifications 

In human subjects, direct assessment of changes at the spinal level remain challenging. 

Spinal reflexes participate in the regulation of EMG amplitudes of various muscles during different 

phases of gait (Rossignol, Dubuc, & Gossard, 2006). Clinically, these reflexes can inform the 

therapist about three important factors: 1) the efficacy of sensory afferents to depolarized 

motoneurons; 2) the functional state of spinal circuits; and 3) the spinal integrations of sensory 

afferent feedbacks (Smith & Knikou, 2016). Thus, one interesting approach to evaluate such 

changes in relation to improvements in muscle coordination, is the assessment of heteronymous 

spinal pathways. This approach can shed light on motoneuron activity across various joints and 

providing insight to the different spinal levels that are related to muscle coordination deficits 

(Dyer, Maupas, de Andrade Melo, Bourbonnais, & Forget, 2011). Clinically, changes in 

heteronymous modulation translate into muscle co-contraction or muscle incoordination. These 

changes are relate to merged or altered muscle weighting composition, which are also present 

when exploring MSs that contribute to reduced walking abilities (Hayes et al., 2014). Thus, it is 

plausible that this approach could investigate spinal changes that are linked to facilitatory or 

inhibitory aspects of a particular muscle group. In turn, this would aid in understanding how 

training that is aimed at normalizing muscle coordination could modify interneural spinal circuits. 

Moreover, understanding these spinal changes is key to future applications of the evidence that 

has emerged from the WRE control modes explored in this thesis.  

Since the recovery of voluntary movement must involve supraspinal control in individuals 

with iSCI, it would be relevant to assess how WRE control modes that are free from an imposed 

L/E trajectory would affect voluntary movement recovery. In previous studies, the supraspinal 

and cortical changes after a SCI have been explored by combining electrical stimulation of the 

median nerves with recordings of somatosensory evoked potentials (SEP) to explore cortical 

representation of motor evoked potentials (Sczesny-Kaiser et al., 2015). The use of neuroimaging 

techniques or of transcranial magnetic stimulation (TMS) to evaluate neuroplasticity of the 

corticospinal pathways may also represent promising techniques to explore supraspinal changes 

after locomotor training using a WRE to determine which control modes have the best potential 

to have beneficial effects on MSs.   
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6.5.2 Mid and Long term 

6.5.2.1 Exoskeleton implementation on the clinical field  

Although several health centers in the United States are already using WRE devices as part 

of the rehabilitation process, the empirical application of the control modes chosen for locomotor 

training protocols among individuals with iSCI reduces the possibility of implementing such 

robotic devices on a larger scale. Locomotor training programs utilizing a WRE can personalize 

settings to achieve close-to-normal muscle coordination patterns, and these individual patterns 

may be key to confirming the utility and probable superiority of WRE-based training in the 

rehabilitation field.   

However, WRE research and the implementation process of WRE-related rehabilitation 

are mainly hindered by the high cost of these devices and the need of highly skilled rehabilitation 

professionals. It is possible that expensive WREs containing a vast quantity of features do not 

induce meaningful and functional neuromuscular changes, as demonstrated by the trajectory-

controlled modes for the iSCI population. As such, instead of focusing on their clinical 

implementation, specific control modes (e.g., HASSIST) could be used as a reference to develop 

new robotic devices. This would avoid expensive and complex materials and irrelevant features. 

In turn, this could lead to the development of more affordable devices containing only essential 

features to optimize neurorecovery, eventually facilitating its clinical implementation. 

6.5.2.2 Muscle synergies as a clinical tool  

In the future, MSs may prove to be an essential tool for decision making and for 

individualizing walking-related rehabilitation interventions. However, further development or 

improvements of certain aspects of the WRE are needed. These include user-friendly interfaces 

for EMG recording and the development of advanced analysis methods to account for paralysed 

muscle(s) when extracting MSs. These techniques would, in turn, streamline the MS extraction 

process. With the accelerated rate of scientific and technological developments, these 

streamlined data collection and analysis methods should soon become feasible and may 

accelerate the implementation of the MS approach in clinical and research settings. As the use of 

MSs to characterize L/E motor control during walking continues to increase, MSs may prove to be 
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useful in creating distinct participant groups, based on motor control criteria, and design for them 

specific locomotor therapeutic interventions, including locomotor training with a WRE set in a 

specific control mode. 
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CHAPTER 7 – CONCLUSION 

Robotic neurorehabilitation still constitutes an emerging field, requiring further research 

to investigate the implications of locomotor training and its superior effects over other 

conventional rehabilitation approaches. By exploring MSs in an effort to assess the integrity of 

the underlying neural strategies supporting muscle activity during walking, this research has 

deepened the understanding and interpretation of external elements that might modify MSs, 

heading towards a more patient-centered approach when using WRE devices.  

By evaluating L/E muscle coordination through MSs, this thesis has shown that: (1) 

reducing walking speed maintains the number and composition of four well-identified MSs, 

whereas increasing walking speed tends to merge some of these synergies during overground 

walking; (2) compared to passively- or actively-controlled L/E swing trajectories, a WRE without 

L/E swing trajectory control best duplicates the typical MSs found during overground walking in 

both able-bodied individuals and those with iSCI; and (3) of all the non-trajectory controlled 

modes explored in individuals with iSCI, only the HASSIST best replicates MSs observed in healthy 

individuals during overground walking.   

Additional studies enrolling larger samples of participants with iSCI are needed to 

strengthen this evidence, inform the development of upcoming research projects, and further 

support clinical practice. Nonetheless, the work presented in this thesis represents the first step 

in informing the decision-making process regarding the interpretation of MSs during overground 

walking and the use of additional WRE L/E control options to rehabilitate the natural modular 

organization of walking. 
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III. Summary of the doctoral trajectory 

The development of the projects integrated into my doctoral studies, which started in the 

winter 2016 semester, are summarized in figure 16. The original project of my Ph.D. consisted in 

assessing the effects of 18-session locomotor training program using the WRE offered over a 6-8 

week period to individuals with iSCI using a comprehensive biomechanical laboratory-based 

assessments (kinematic, kinetics and EMG) and clinical evaluations. The WRE provided 

“assistance-as-needed” during the locomotor training program that was completed by a total of 

5 participants specifically recruited for this study. The project started in February 2016 and was 

completed in December 2017. Unfortunately, inconsistency and heterogeneity of the final data 

due most likely to measurement errors during clinical assessments as well as poor EMG signal 

quality during the pre and post-training evaluations did not allows the research team to reach any 

conclusion with regards to the effects of the locomotor training program, and this initial project 

was left aside. Parallel to my original main project, between 2016 and 2017, a feasibility study 

regarding critical aspects for locomotor training programs in terms of recruitment, attendance, 

learnability, performance and safety in individuals with complete SCI was completed (Gagnon et 

al., 2018); a quasi-experimental study investigating the effects of a locomotor training program 

among individuals with a complete SCI on bone mineral density and body composition (Karelis, 

Carvalho, Castillo, Gagnon, & Aubertin-Leheudre, 2017) was also completed; this last study was 

performed in collaboration with the Université du Quebec à Montréal (UQAM). Over the course 

of this locomotor training program, I also performed a transversal study to assess the 

cardiorespiratory demands on 13 individuals with a complete spinal cord injury walking with the 

WRE. The results of this study were later published in 2018 (See appendix IV). The data collected 

during each locomotor training among both individuals with a cSCI or iSCI lead to the publication, 

on early 2018, of another article evaluating the feasibility, recruitment, attendance, learnability, 

performance and safety aspects of the locomotor trainings performed using the robotic 

exoskeleton.    
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On early 2018, we had the opportunity of acquiring a newer model (EksoTM GT) from the 

WRE used in all the studies mentioned above (EksoTM). This newer WRE model presented new 

control modes that confronted us with a wide range of options for locomotor training programs. 

However, before engaging into another locomotor training program, even with all the knowledge 

collected from all our previous work, we had no knowledge into how to accurately choose among 

all available options in order to explored locomotor training effects over a group or over specific 

individuals with iSCI. From these questions, the work that constitutes this thesis was divided into 

three parts resulting in the three scientific articles (See Figure X).  

Muscle synergies from 26 L/E were analyzed (20 unilateral L/E recording for able-bodied 

participants and bilateral recording for the three participants with iSCI). Thus, each of the able-

bodied participants performed three overground walking trials (article #1) and six exoskeleton 

control modes trials (article #2); also one overground trial and five exoskeleton control modes 

trials in participants with iSCI were performed (article #3). Overall, a total of 216 MSs were 

meticulously analyzed in the research presented in this thesis. 

Figure 1. –  Chronology and development of projects, as well as the scientific articles that 

constitutes this thesis. 
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IV. Article #4: Cardiorespiratory demand during overground walking 

with a robotic exoskeleton * 
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Abstract  

Introduction: Many long-term wheelchair users adopt a sedentary lifestyle resulting in 

progressive physical deconditioning with an increased risk of musculoskeletal, cardiovascular and 

endocrine/metabolic morbidity and mortality. Engaging in a walking program with an overground 

robotic exoskeleton may be an effective strategy for mitigating these potential negative health 

consequences and optimizing fitness in this population. However, additional research is 

warranted to inform the development of adapted physical activity programs incorporating 

walking with an overground robotic exoskeleton. Objectives: To determine cardiorespiratory 

demands during sitting, standing and overground walking with a robotic exoskeleton, and to 

verify if overground walking with a robotic exoskeleton results in at least a moderate intensity 

level of physical exercise. Methods: Thirteen long-term wheelchair users who sustained a 

complete motor spinal cord injury enrolled into a walking program with an overground robotic 

exoskeleton. Cardiorespiratory measures and the rate of perceived exertion (RPE) were recorded 

using a portable gas analyzer system during sitting, standing, and four 10-meter walking tasks 

with the robotic exoskeleton. Each user also performed an arm crank ergometer test to determine 

maximal cardiorespiratory ability. Results: Cardiorespiratory measures increased by a range of 

9% to 35% from sitting to standing, and further increased by 22% to 52% from standing to walking 

with the robotic exoskeleton. During walking, median relative heart rate (%HRmax), relative oxygen 

consumption (%VO2max), and respiratory exchange ratio (RER) values reached 82.9%, 41.8%, and 

0.9, respectively, whereas the median RPE reached 3.2/10. Conclusion: Overground walking with 

the robotic exoskeleton on a short distance allowed users to achieve a moderate intensity level 

of exercise. Hence, overground locomotor training program with a robotic exoskeleton may lead 

to cardiorespiratory health benefits. 

 

Key words: Spinal cord injuries, exercise, rehabilitation, technology, physical fitness, oxygen 

consumption.   
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1. Introduction 

Most long-term wheelchair users with a complete motor spinal cord injury (SCI) adopt a 

sedentary lifestyle with prolonged non-active sitting and limited opportunities to engage in 

physical activities (12). As a result, many individuals with a SCI experience progressive physical 

deconditioning as they age, leading to secondary negative health consequences. The myriad of 

complex multifactorial health consequences, especially those linked to endocrine and metabolic 

disorders (e.g., diabetes mellitus, dyslipidemia, obesity) have risen drastically over the past few 

years and are known to increase the risk of cardiovascular morbidity and mortality among 

individuals with a SCI (6, 12, 14, 17). In fact, cardiovascular disease is now considered as the 

leading cause of mortality among individuals with a chronic SCI living in the community (6). 

Moreover, individuals with paraplegia present 70% greater risk of developing cardiovascular 

disease compared to gender- and age-matched able-bodied individuals (3, 8). 

Engaging in regular physical activity is a strategy for mitigating secondary negative health 

consequences and for optimizing fitness in persons with SCI (Washburn et al., 1998; Jacobs et al., 

2004). It is now recommended for persons with a SCI to perform prolonged moderate-intensity 

level exercise (minimum of 20 minutes) two times per week, in conjunction with strengthening 

exercises to preserve physical fitness (7). For long-term manual wheelchair users with paresis or 

paralysis of the trunk and lower extremity muscles, arm crank or wheelchair ergometry is typically 

recommended to achieve prolonged moderate intensity exercise. However, there has been a 

growing interest over the past few years for overground walking with a robotic exoskeleton. 

Robotic exoskeletons typically provide maximal external support that allows overground walking 

among wheelchair users with very limited or no ambulatory ability because these exoskeletons 

reproduce movement strategies and weight-bearing patterns at the lower extremities similar to 

those documented during typical gait in able-bodied individuals. The upper extremities and trunk 

muscles greatly contribute to body weight shifts required to initiate steps and to the control of 

dynamic balance during overground walking with the robotic exoskeleton. This represents a 

promising new approach given that previous exploratory studies suggested that moderate 

cardiorespiratory demand could be anticipated during overground walking with a robotic 

exoskeleton based only on a few objective measures (1, 5). Moreover, potential beneficial 
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musculoskeletal adaptations (e.g., increased lean body mass, increased bone mineral density at 

the lower extremities) were also recently documented (10). Hence, overground walking with a 

robotic exoskeleton, performed in a standing position, may mitigate secondary negative health 

consequences to a greater extent than arm crank or wheelchair ergometry. Nevertheless, 

compelling evidence is needed to inform the development of adapted physical activity programs. 

One of the steps involved in this process is gaining additional insight into the cardiorespiratory 

and metabolic requirements of overground walking with a robotic exoskeleton.  

The first objective of this study was to compare cardiorespiratory demand between sitting, 

standing and overground walking with a robotic exoskeleton in long-term manual wheelchair 

users with a chronic SCI. The secondary objective was to investigate if cardiorespiratory exertion 

measured and perceived during overground walking with a robotic exoskeleton achieves at least 

a moderate level of intensity to anticipate cardiorespiratory health benefits in this population. It 

was hypothesized that 1) cardiorespiratory demand would progressively increase when 

transitioning from sitting, standing and walking tasks with a robotic exoskeleton (1), and that 2) a 

moderate level of physical activity would be achieved during overground walking with a robotic 

exoskeleton (5).  

2. Methods 

2.1. Participants 

A non-probabilistic convenience sample was recruited for this study. This sample included 

13 individuals who sustained a non-progressive complete motor SCI below the 6th cervical 

vertebra (American Spinal Injury Association Impairment Scale (AIS) = A or B), had no voluntary 

ambulatory ability, used a manual wheelchair as their primary mode of mobility and previously 

qualified for overground walking with a robotic exoskeleton following a comprehensive physical 

therapy assessment. Participants had also completed two familiarization sessions, and were 

participating in an 18-session overground locomotor training program (2-3 sessions/week) with a 

wearable robotic exoskeleton (i.e., parent intervention trial). Exclusion criteria included history 

of other neurological disorders, injuries to the skin in areas of contact with the exoskeleton, 

psychiatric or cognitive impairments that could interfere with the tasks and/or poorly controlled 
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spasticity of the lower extremities. The present sample represents a sub-sample of participants 

who had initiated this parent intervention trial, had completed at least 4 training sessions with 

the robotic exoskeleton and had acquired the ability to ambulate at least 50 meters with the 

robotic exoskeleton with proper rhythm and balance strategies with minimal or contact guard 

assistance. Additional recruitment information, including details about the inclusion and 

exclusion criteria for overground walking with the robotic exoskeleton, is further described 

elsewhere (**). The study was conducted at the Pathokinesiology Laboratory of the Centre for 

Interdisciplinary Research in Rehabilitation of Greater Montreal (CRIR) located at the CIUSSS du 

Centre-Sud-de-l’Île-de-Montréal–Site: Institut de réadaptation Gingras-Lindsay-de-Montréal. All 

participants gave their written consent to participate in the study after being informed of the 

objectives and nature of their participation in the study. The Research Ethics Committee of the 

Centre for Interdisciplinary Research in Rehabilitation of Greater Montreal approved the present 

study (CRIR-1083-0515). 

2.2. Robotic exoskeleton 

The EksoTM GT overground robotic exoskeleton (EKSO Bionics, CA, USA) was used in this 

study. This system provides maximal external support and generates flexion and extension 

movements at the hips and knees via motors in a sequence that replicates walking. The ankles 

were supported with a non-motorized dynamic orthosis. When walking, steps were initiated by 

shifting body weight laterally and forward toward the supporting lower extremity (L/E) before the 

oscillating L/E could start moving (i.e., ProStep mode). These body weight shifts were generated 

through active trunk and U/E movements and facilitated using an extra wide Rollator walker or 

forearm crutches to ensure contact points with the ground. 

2.3. Experimental tasks 

2.3.1. Sitting, standing, and walking  

Cardiorespiratory parameters were assessed while sitting, standing and walking with the 

robotic exoskeleton during a single session (i.e., single-group repeated measure design). In the 

sitting and standing positions, cardiorespiratory parameters were recorded for 1 minute 

respectively. Participants were asked to adopt a resting position during the sitting task recordings 
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and a static position during the standing task recordings using assistive devices (Rollator walker 

or forearm crutches) for support in order to maintain balance and allow total support by the 

EksoTM GT. Participants were also asked not to talk during the recording periods to avoid bias in 

measured respiratory variables. During the walking trials, participants were asked to walk a 10-

meter distance at a natural self-selected velocity down a corridor. A total of four trials were 

completed. Rest periods were allowed between trials to avoid fatigue. Walking speed was 

calculated by dividing the 10-meter distance of each trial by the total time taken to complete it. 

After each trial, participants were also asked to report their rate of perceived exertion (RPE) on a 

10-point modified Borg scale.  

2.3.2. Maximal cardiorespiratory ability 

Participants completed an incremental peak exercise test on an arm crank ergometer 

(Biodex Upper Body Cycle, 950-164; Biodex Medical Systems, Shirley, NY) during a separate 

session that was completed 1-week before or after the experimental tasks. After a 2-minute 

warm-up without resistance, the initial resistance was set at 10 W and progressively increased by 

10W every minute. Participants were asked to arm-crank at a cadence of 50 revolutions/minute 

(13). At the end of each increased resistance period, participants rated their perceived exertion 

(RPE) on a 10-point modified Borg scale. Participants were encouraged to exercise to exhaustion. 

Exertion was considered to be maximal if a respiratory exchange ratio (RER) > 1.1 was reached, if 

a plateau in VO2 was reached (change < 2.1 mL/kg/min ) with an increase in exercise intensity (4) 

and/or when a cadence of at least 40 revolutions per minute could not be maintained. After the 

test, participants performed a 2-minute cool-down period and after five minutes of rest and 

observation, they were allowed to leave the laboratory.   

2.4. Cardiorespiratory assessment 

During the above-mentioned experimental tasks, participants were equipped with a 

breath-by-breath COSMED K4b2 portable gas analyzer system comprised of a turbine, gas 

analyzer unit and a battery pack. This system has been shown to be valid and reliable (9, 16). Both 

the turbine and gas analyzer unit were calibrated prior to the experiment using a known 

ventilation volume (i.e., 3 L syringe) and standard gas mixture, respectively. The turbine collected 
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exhaled gases via a sealed face mask placed over the nose and mouth to prevent air loss at a 

sampling frequency of 20 Hz. The gas analyzer unit was secured on the anterior part of the thorax, 

whereas the battery pack was held by a research associate standing and walking at the 

participant’s side. In addition to the COSMED K4b2 system, heart rate was monitored using the 

Polar® Soft Strap heart rate monitor (Polar FT4; Polar, Lachine, Canada) placed around the chest. 

During all experimental tasks, cardiorespiratory outcome measures were recorded, including 

oxygen consumption (VO2 in mL/kg/min), carbon dioxide production (VCO2 in mL/min), 

ventilation (VE in L/min), tidal volume (VT in L), respiratory exchange ratio (RER), respiratory rate 

(RR in cycles/min-1) and heart rate (HR in beats/min).  

2.5. Data conditioning and analysis 

All recorded data were first visually inspected and aberrant values (±3 SD of the mean) 

were excluded. Then all cardiorespiratory outcome measures recorded for the sitting and 

standing tasks were averaged over 1 minute for each participant before computing a group 

average. All cardiorespiratory outcome measures recorded during the walking tasks were 

averaged over the time it took to walk each 10-meter distance and the participant’s average was 

computed before computing a group average. Moreover, the relative cardiorespiratory demand 

for the walking task only was computed for maximal HR and VO2max and expressed as a 

percentage. The %HRmax and %VO2max measures computed during the overground walking task 

with the robotic exoskeleton (i.e., numerator) were normalized against those obtained during the 

arm crank ergometer test (i.e., denominator; maximal cardiorespiratory ability). During this latter 

test, maximal HR and VO2max measures were calculated using a basic 10-second moving average 

applied to the last minute before the end of each trial.  

2.6. Statistics and data interpretation 

Non-parametric descriptive statistics (i.e., median and interquartile range) were 

calculated for demographics and clinical characteristics as well as for all outcome measures. To 

verify the first hypothesis, Friedman tests were used to verify if differences existed between the 

absolute cardiorespiratory outcome measures recorded for the sitting, standing, and walking 

tasks. Whenever statistically significant differences were identified (p < 0.05), post hoc analyses 
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using a Wilcoxon signed-rank test (i.e., non-parametric pairwise comparisons) were applied to 

identify the difference(s). Because a total of 3 pairwise comparisons were tested, the statistically 

significant level was adjusted to p < 0.017 (i.e., 0.05/3). All statistical analyses were performed 

using SPSS statistic software version 22.0 (IBM Corporation, Armonk, New York). To verify the 

second hypothesis, only %HRmax, %VO2max, RER and RPE values were used and interpreted 

according to ACSM guidelines for exercise testing and prescription to determine the exercise 

intensity achieved while walking with the robotic exoskeleton (15). To reach at least a moderate 

level of intensity during physical activity, these guidelines suggest that %HRmax, %VO2max, RER and 

RPE should be above 64%, 45%, ≥0.9 and ≥3 on the modified Borg scale, respectively. Participants 

were deemed to have achieved moderate exercise intensity whenever at least one objective 

criterion (i.e., %HRmax, %VO2max and/or RER) and RPE reached at least a moderate exercise 

intensity level. 

3. Results 

3.1. Participants 

All demographic and clinical characteristics as well as walking experience with the robotic 

exoskeleton are summarized in Table 1. Walking performance during the 10-m walking test is 

summarized in Table 2.  

3.2. Cardiorespiratory demands during experimental tasks  

All cardiorespiratory outcome measures recorded during the sitting, standing, and walking 

tasks are illustrated in Figure 1. Overall, most of the cardiorespiratory outcome measures 

progressively increased from sitting to standing to walking and reached their greatest values with 

the walking task (p values between 0.001- 0.013). The only two exceptions found were linked to 

RER and VT. The only significant difference in RER was found between standing and walking (p = 

0.006). Similar values were observed for VT across the three experimental tasks (p > 0.017). 

 

3.3. Exercise intensity during the walking task 
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The four cardiorespiratory outcome measures selected to characterize exercise intensity 

when walking with the robotic exoskeleton are illustrated in Figures 2A and 2B. Moreover, the 

different exercise intensities (i.e., very light, light, moderate, vigorous, near maximum intensity, 

maximal and sub maximal effort) defined for these outcome measures are highlighted in various 

shades of gray. Overall, median relative heart rate (%HRmax), relative oxygen consumption 

(%VO2max), and respiratory exchange ratio (RER) values reached 82.9%, 41.8%, and 0.9, 

respectively, whereas the median rate of perceived exertion reached 3.2/10. A total of 11of the 

13 participants (85%) achieved at least a moderate intensity level when only objective criteria 

(i.e., %HRmax, %VO2max and/or RER) were considered, whereas the remaining two participants only 

reached a light intensity. In contrast, when a criterion measuring subjective perceptive aspects 

during exertion (i.e., RPE) was considered, a total of 9 of the 13 participants perceived at least a 

moderate intensity level when walking with the robotic exoskeleton, whereas the remaining four 

participants perceived a light intensity. These 4 participants may have underestimated their RPE 

as they reached objective values (%VO2max, %HRmax and/or RER) corresponding to at least a 

moderate intensity exercise level.  

4. Discussion 

The main objective of this study was to compare cardiorespiratory demand between 

sitting, standing and overground walking tasks with a robotic exoskeleton and to investigate if 

persons with complete SCI can achieve at least a moderate level of intensity during the latter task 

as measured by cardiorespiratory effort. This study demonstrated that 1) there was an increasing 

demand between the sitting, standing and walking tasks for most of the cardiorespiratory 

variables and that 2) walking with the robotic exoskeleton allowed most of the participants (11 

out of 13) to reach a moderate-to-vigorous intensity level of exercise.  

4.1. Greatest cardiorespiratory demand achieved during walking 

The results of the present study support the hypothesis that cardiorespiratory demands 

increase progressively when transitioning from sitting, standing and walking with the robotic 

exoskeleton. Overall, key cardiorespiratory measures significantly increased by a range of 9% to 

35% from sitting to standing and further increased by an additional range of 22% to 52% from 
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standing to walking with the robotic exoskeleton. The greatest increase found between the 

standing and walking tasks may be explained by the active contribution of upper limbs and trunk 

necessary for weight shifting and balance during assisted-walking (which is discussed in greater 

detail below). The only exceptions were VT, which was comparable across the three tasks, and 

RER, for which significant differences were found between the sitting and standing conditions.  

These results are mostly consistent with those reported by Asselin et al. who also 

investigated sitting, standing and walking with a robotic exoskeleton. The latter study revealed 

similar VO2 and HR measures between sitting and standing but confirmed significant differences 

between the latter two tasks and overground walking with a robotic exoskeleton. These authors 

reported that the HR and V02 values increased by 31% and 62% between the standing and walking 

conditions, respectively. These finding support the results of the present study. The fact that the 

participants in the present study were in a resting seated position for at least 10 minutes after 

transferring from the wheelchair into the exoskeleton (i.e., a demanding functional activity) may, 

in part, explain why there was a difference between the sitting and standing tasks. A portion of 

the discrepancy observed in cardiorespiratory response while walking between the two studies 

may be explained by factors such as walking speed or number of training sessions completed (i.e., 

level of experience with the robotic exoskeleton). Compared to the walking speed identified in 

this study (i.e., a median of 0.17 m/s), Evans et al. found that an increasing walking speed from a 

comfortable (0.19 ± 0.01 m/s) to a fast (0.27 ± 0.05) walking speed during overground walking 

with a robotic exoskeleton during a 6-meter walking test did not significantly change the relative 

intensity of the task, which was considered to be moderate according to ACSM criteria. Moreover, 

previous studies that have measured cardiovascular capacities at about the 40th training session 

(Asselin et. 2015) and the 5th training session (5), have found cardiovascular demands to be 

compatible with a moderate level of physical exercise. Hence, the results of this study have most 

likely not been influenced by the fact that the cardiorespiratory variables were recorded between 

the 4th and 14th session. Nonetheless, it is possible that participants learned to significantly 

increase their walking speed over time (≥40 training sessions), therefore eventually having an 

impact on cardiorespiratory demand. 
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Since VT remained comparable across the three tasks given that most participants (9/13) 

presented with a neurological lesion level higher than the 6th thoracic vertebra, paralysis or 

paresis of the intercostal muscles may have interfered with thoracic movements. This may be 

reflected in the lack of change in VT values due to increased compensatory RR values as observed 

in the present study. Another possible explanation is that limited walking time needed to 

complete the 10-meter walking test may have precluded a response in VT. Lastly, potential SCI-

related autonomic changes and various degrees of remaining sympathetic control across 

participants may have had an impact on the cardiorespiratory demands during the walking task 

with the robotic exoskeleton (18).  

To our knowledge, no previous study has reported variables such as VCO2, RR, VT or VE 

during overground walking with a robotic exoskeleton. These complementary variables 

strengthen the current level of evidence. Respiratory volume and RER represent key parameters 

since they could indirectly explain the actual exertion and/or cardiorespiratory changes during 

overground walking with the robotic exoskeleton. This dynamic exercise, which solicits trunk and 

U/E muscles differently (further details provided in section 4.2), requires an increased oxygen 

demand and modified cardiorespiratory system responses.  

4.2. Potential cardiorespiratory health benefits  

The results of the present study support the hypothesis that a moderate level of physical 

activity is achieved during overground walking with a robotic exoskeleton. In general, %HRmax, 

%VO2max, RER, or RPE values recorded in this study reached at least a moderate intensity level 

based on ACMS guidelines for exercise testing and prescription. Hence, the increased upper 

extremity and trunk workload during overground walking with the robotic exoskeleton, 

predominantly needed for body weight shifts to initiate steps and for bodyweight support and 

dynamic standing balance, are sufficient to induce at least moderate exercise intensity. However, 

these results mask significant variability in the relative intensity level reached across participants. 

For example, VO2 and HR varied from light intensity to vigorous – near maximal intensity. The 

present results strengthen those previously reported (1), which documented that VO2  reserve 

values reached 25% to 33% of their maximum estimated value, while HR reserve attained half of 
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the maximum estimated values, i.e. moderate intensity values. However, the maximal values 

used to estimate these reserves were estimated using a prediction model based on able-bodied 

individuals or based on median values computed form individuals with a chronic SCI during an 

upper arm crank exercise. Finally, a case-series study reported results contradict the findings of 

the present study (11). In fact, Kressler et al. concluded that walking with an overground 

exoskeleton only leads to a light exercise intensity based on variables such as VO2, HR and 

metabolic equivalent. This low exercise intensity was computed during a one-hour walking 

training session during which participants were allowed to stop and rest as needed to avoid 

fatigue. This may partly explain the difference found between this case-series study and the 

results of other studies. 

Objective cardiorespiratory measures used in this study to classify exercise intensity are 

substantiated by most participants who reported an RPE of at least moderate exercise intensity. 

Only 4 participants reported light intensity despite presenting objective cardiorespiratory values, 

i.e., %HRmax, %VO2max and/or RER, resulting in moderate to vigorous exercise intensity. Similar 

findings were previously reported by Asselin et al. and Baunsgaard et al., who found that 

participants reported an RPE of very light intensity during overground walking with a robotic 

exoskeleton despite VO2 and HR values corresponding to at least a moderate intensity level. In 

fact, it is well acknowledged that RPE does not perfectly correlate with physiological variables. 

This is explained by the fact that RPE is influenced by many other factors such as psychological 

factors (e.g., mood state, motivation, and exercise experience) (2). Nonetheless, measuring RPE 

remains relevant, particularly to evaluate the ability to continue an activity over a determined 

period of time.  

The results of the present study confirm that overground walking with a robotic 

exoskeleton could potentially lead to cardiorespiratory health benefits in individuals with a 

complete motor SCI who engage in an adapted physical activity program incorporating 

overground walking with a robotic exoskeleton. Therefore, based on the relative demand 

documented in the present study and according to the physical activity guidelines for adults with 

SCI (7), it is plausible that participating in at least two 20-minute sessions per week of overground 

walking with the robotic exoskeleton, combined with strength training, may be sufficient to 
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maintain fitness. Furthermore, although it remains to be thoroughly investigated among a large 

cohort followed over time, these cardiorespiratory benefits may also translate into cardiovascular 

and endocrine/metabolic health benefits.  

4.3. Limitations 

Because the present study included a relatively small and homogeneous group of 

individuals with a complete motor SCI who were engaged in a supervised adapted physical activity 

program (n=13), caution is warranted when generalizing the results to a larger group of similar 

individuals or to other individuals with different sensorimotor impairments. Considering that the 

maximal VO2 and HR values were recorded during an arm ergocycle, it is possible that localized 

upper extremity muscular fatigue was underestimated among some participants. However, such 

an approach is frequently used and is preferred among long-term manual wheelchair users with 

a complete motor spinal cord injury over the use of predictions based on values observed during 

a lower-limb exercise in healthy individuals. Additionally, the fact that cardiorespiratory demand 

was measured while walking at a self-selected comfortable speed during a 10mWT, that took on 

average 57 seconds to complete (with minimum and maximal times of 38 and 89 seconds 

respectively), the observed values may not reflect the total cardiorespiratory demand to expect 

during a 45- to 60-minute training session during which fatigue develops if no or limited rest 

periods are allowed. Nonetheless, studies that have measured these demands over a longer 

period (i.e., 6-minute walk test) have found similar results (Evans et al., 2015).  

5. CONCLUSION 

Cardiorespiratory demands progressively increased when transitioning from sitting, 

standing and overground walking tasks with an robotic exoskeleton. Moreover, overground 

walking with a robotic exoskeleton on a short distance is generally associated with at least a 

moderate level of physical activity. Consequently, it is plausible that overground gait training with 

a robotic exoskeleton leads to cardiorespiratory health benefits. Additional research is needed 

for a better understanding of the cardiorespiratory demands during prolonged overground 

walking with a robotic exoskeleton with limited rest periods or with different walking speed 

combinations (e.g., self-selected comfortable and maximal speeds). This is essential to inform the 
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development of community-based adapted physical activity programs targeting the population 

investigated in the present study. The impact and effectiveness of such programs will also need 

to be assessed. 
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Table 1. Demographic and clinical characteristics as well as training completed with the 

exoskeleton previous to the recordings of cardiorespiratory outcomes of all participants 
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Table 2. Walking performance and walking aid used during the 10-meter walking test with a 

robotic exoskeleton 

 

Participants 
10mWT time 

 (s) 
Speed 
(mps) 

Technical 
aid 

EC1 38 0.26 C 

EC2 40 0.25 C 

EC3 89 0.11 C 

EC4 57 0.18 C 

EC5 58 0.17 RW 

EC6 56 0.18 C 

EC7 52 0.19 RW 

EC9 69 0.14 C 

EC10 54 0.19 RW 

EC11 64 0.16 C 

EC12 58 0.17 C 

EC13 63 0.16 C 

EC14 50 0.20 C 

Median 57 0.17 - 

Min-max 38-89 0.11-0.26 - 

    
s= seconds, mps= meters per second, C= Canadian crutches, RW= rollator walker. 
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Figure legends 

Figure 1. Median values of all cardiorespiratory outcome measures during sitting, standing 

and walking with the robotic exoskeleton. P values ≤ 0.017 were considered statistically 

significant.  

Figure 2. A. Median values of the four cardiorespiratory outcome measures characterizing 

exercise intensity during walking with the robotic exoskeleton. B. Individual mean values for all 

participants. Areas highlighted in various shades of gray represent the different exercise 

intensities (i.e., very light, light, moderate, vigorous, near maximum intensity, maximal and sub-

maximal effort) according to the ACSM guidelines. 
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Figure 1 
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Figure 2  
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