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ABSTRACT 

This research sought to provide a more in-depth understanding of the 

coordination of rhythmic actions resulting from self-organizing behaviours through the 

Haken-Kelso-Bunz model (HKB model) and how the central nervous system affects the 

resulting behaviour of rhythmic tasks. Four hypotheses tested the aspects of the HKB 

model. The first addresses the differences between the dominant and nondominant 

limb’s ability to maintain a rhythm task. The second and third hypotheses focused on 

how the contralateral limb affected task performance. Fourth, couplings between limbs 

and the metronome were assessed to determine which one is dominant. Twenty 

participants between the ages of 19-30 (17 Right-handed, 3 Left-handed) were asked to 

complete six different rhythmic wrist coordination tasks (4 single-limb and two double-

limb), each increasing step-wise in frequency with a metronome. Relative phase 

variance was used to compare each task's performance, with low variance indicating 

increased performance. We were unable to discriminate between the presence of either 

one or two oscillators at the spinal level from the results. This is in part due to a two-

oscillator being unable to describe the results solely. This research implies that the 

differences between one and two-oscillators at the behaviour level are not as evident as 

initially hypothesized. Therefore, more sophisticated measurement techniques should be 

implemented when analyzing the central nervous system's oscillator layout. 
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Introduction 

Thought and action are fundamental to human life. Without either, we would be 

unable to function, adapt and survive as species. A fundamental question about 

movement production is how coordination is derived from the interactions of the many 

independent parts that comprise the system. This issue for motor control is known as the 

degrees of freedom problem (Bernstein, 1967). This problem was posed to address the 

issue of motor equivalence in which the same task can be accomplished by coordinating 

different components. Following Bernstein, a possible answer for the movement control 

centres on how these many degrees of freedom might be managed through reduction, 

thereby simplifying the control problem's complexity. In dual-limb or multi-limb 

rhythmic actions, for example, it is hypothesized that central pattern generators (CPGs) 

at the spinal level assist in reducing the number of controlled degrees of freedom (Haken 

et al. (1985), Berkowitz (2019), Guertin (2013), Arya and Pandain (2014)). In this view, 

a single CPG is responsible for the rhythmic outputs of a single limb. During dual-limb 

rhythmic actions, the spinal level interactions of two separate CPGs – one for each limb 

– help produce the rhythmic outputs observed at the behavioural level. The same 

account likewise extends to multi-limb rhythmic actions requiring multi-limb CPGs 

(Berkowitz, 2019; Arya and Pandain, 2014). Specifically, CPGs are hypothesized to be 

assemblies (networks) of neurons that underpin rhythmic motor tasks by reducing the 

control problem from a lower dimension of individual neurons to a higher one. 

Therefore, CPGs are an essential assumption for this research as they provide a possible 

explanation for reducing the number of controlled degrees of freedom. 
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 Another valuable tool for understanding how movement can be controlled is 

complex systems theory. In the context of human movement, a complex system is a 

system composed of few or many independent components whose interactions allow for 

the emergence of self-organizing behaviours (Kelso, 1995). Thus, system control stems 

from within the system itself instead of being prescribed outside by some external 

control agent. For examples of complex systems demonstrating self-organizing 

behaviours resulting from interactions among a system's components, see Haken’s 

synergetics (1975, 1978). Akin with synergetics, coordination dynamics can describe 

and explain complex changing systems' behaviour: how the system trajectories change 

in time regarding human rhythmic actions (Haken, Kelso, and Bunz, 1985; Kelso, 1995). 

Several mathematical models have been proposed that describe these rhythmic actions' 

behaviour, most notably the Haken-Kelso-Bunz (HKB) model, which describes the 

systematic switching of rhythmic finger movements from less stable to more stable 

coordination states under certain system constraints (Haken et al., 1985). The HKB 

model provides an approach to investigating and understanding human movement 

control complexities for dual- and multi-limb rhythmic actions.  

Understanding system control using coordination dynamics theory has several 

promising related applications to the study of human movement. In particular, the 

nervous system and motor control. 
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Background and Significance 

The purpose of this research is to investigate the control of human rhythmic 

motor tasks using coordination dynamics. This approach uses a two-tiered model 

proposed by Treffner and Turvey (1995, 1996) with further expansion by Beek, Peper, 

and Daffershofer (2000, 2002). This model extends the HKB model by including a 

‘neural level’ of coupling (i.e., the CPG couplings). This addition is held as necessary as 

the interplay between components (CPGs) dictates what behaviours a system displays. 

The difference between the HKB and the two-tiered extension is what interactions are 

being addressed; the HKB model focus is explaining the coordinative behaviour 

occurring between the limbs (specifically the index fingers) while the two-tiered 

extension builds upon it by focusing on the possible interactions between CPGs at the 

spinal level that cause behaviour anomalies at the limb level. Having these additional 

components increases behavioural flexibility and allows for additional system 

behaviours to be explained using coordination dynamics theory. The ‘neural level’ 

coupling accounts for the consistency issues of the extended HKB model (Beek et al., 

2002; Peper, Ridderikhoff, Daffertshofer, and Beek, 2004). Literature to date has 

focused mostly on the brain and still relies on the single-tiered extended HKB model 

(Tognoli and Kelso, 2009, 2014a, b; Kelso, Dumas, and Tognoli, 2013; Fink, Kelso, and 

Jirsa, 2009; Meyer-Lindenberg, Ziemann, Hajak, Cohen, and Berman, 2002), a reliance 

that leads to the second aspect of this research focus: movement synchronization. 
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Past research focused on movement synchrony (Shirakawa, Honma, & Honma, 

2001; Schneider, Askew, Abel, &. Strüder 2010; Pollok, Müller, Aschersleben, & 

Schnitzler, 2005; Nobili, 2009) has understandably led to less focus on movement 

asynchrony and metastability (see Tognoli & Kelso, 2014b, for further detail). 

Moreover, data involving metastable characteristics of movement coordination has 

mainly been overlooked as it was considered unimportant. Metastability encompasses 

component interactions that are neither fully cooperative nor competitive.  Thus, 

research is limited in that it explains a fraction of what is occurring during movement 

(Kelso, Dumas, & Tognoli, 2013; Bressler, & Kelso, 2016; Kelso & Tognoli, 2007). To 

this end, the research herein will consider movement stability and instability together 

and not merely through the lens of movement synchrony. 

Conducting the Research and Boundaries 

This research aims to investigate at the level of system behaviour how CPG 

interactions may explain system behaviour.  Noted previously, the presence of CPGs is 

an assumption for this research regarding how the nervous system organizes, coordinates 

and produces bi- and multi-limb rhythmic movements. In keeping with coordination 

dynamics theory, CPGs can simplify the control problem by reducing the controlled 

degrees of freedom. This research seeks to build on previous work by examining how 

human rhythmic movement tasks' behavioural performance differs under different 

system constraints through the lens of coordination dynamics. 

 



 

5 

 

Literature Review 

Central Pattern Generator 

Background 

A central pattern generator (CPG) is a series of neural connections that produces a 

patterned output without sensory input (Berkowitz, 2019). This definition has changed 

over the past century since Brown’s (1911) seminal work and shifted from prior models 

in which reflexes were assumed to produce all vertebrates' rhythmic actions. In Brown’s 

experiment, cats were able to perform treadmill locomotion while having both the spinal 

cord and the afferent nerves from the hind-limbs transected. As reflexes are a closed-

loop system, they require feedback to function; however, they would not produce 

continuous action with no sensory feedback. Therefore, an open-loop system – in this 

case, a CPG – would need to be present to create the movement. This is not to downplay 

the importance of sensory feedback or descending neural drive, as it is required to 

produce smooth and accurate movement; it is only to demonstrate that it is not 

necessarily required to move.  

 

Brown’s work led others to investigate how rhythmic outputs are produced without 

feedback and the CPG hypothesis's eventual creation. In particular, von Holts (1937, 

1973), Hughes and Wiersma (1960), and Wilson (1961) followed suit by demonstrating 

that fish, crayfish and locus were able to generate movement without the presence of 

sensory feedback. In combination, the CPG was hypothesized but was not restricted to 

its application to rhythmic movements. Recently, research has shown that CPGs may be 
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used in complex movement sequences that are learned; specifically, Brainard and Doupe 

(2013) and Mooney (2009) have demonstrated that CPGs may be responsible for singing 

learned mating calls in some bird species. 

 

As the CPG hypothesis relates to human movement, two focus areas will be discussed:  

locomotion and the upper limb.  

 

Locomotion/Lower Limb 

 Locomotion is a heavily researched topic in the field of CPG research in humans 

(Berkowitz, 2019;  MacKay-Lyons, 2002; Arya and Pandian, 2014; Kay, Saltzman, and 

Kelso, 1991; Guertin, 2013; Golowasch, 2019; Russell et al., 2010; Arshavsky, 

Deliagina, and Orlovsky, 2016; and Meyns, Bruijn, and Duysens, 2013). A variety of 

participants were used in these studies encompassing both abled bodied and those with 

spinal cord injuries. Specifically, individuals with spinal cord injuries (SCI) are typical 

as the absence/limited (in the case of incomplete SCIs) presence of descending 

information from higher brain centres. 

 

 The first work of interest is Bussel et al. (1988), during which they analyzed the 

development of rhythmic myoclonic movements of the trunk and legs in an SCI 

participant. Following a 15 months post of a spinal lesion at C7, a rhythmic extension of 

the trunk and legs began to occur. Electromyography (EMG) found that all muscles 

involved were moving in-phase at a rate of 0.3-0.6 Hz. Moreover, extension movements 
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of the hips, knees, ankles, and toes would occur for extended periods at a rate of 0.6 Hz. 

From their analysis, the rhythmic movement mechanism was attributed to a CPG after 

ruling out the possibility of flexor reflex afferents (FRA). A subsequent follow-up study 

by Roby-Brami and Bussel (1992) further strengthen the findings by demonstrating that 

if FRA were part of the movement mechanism, it would still be related to the spinal 

CPG. 

  

 More recent research by Calancie (2006) further documented six individuals with 

either complete or incomplete quadriplegia producing stepping like patterns and 

rhythmic abdominal contractions. It was found that the movements were not attributed to 

spinal reflexes and were induced only when the hips and knees were extended. For the 

complete quadriplegia participants, activity co-occurred in both legs (agonist and 

antagonist muscles). The incomplete quadriplegia participants demonstrated activity 

alternating between agonist and antagonist muscle groups within a limb and alternating 

across limbs. It was concluded that the characteristics of the muscle activity had 

elements of a CPG for stepping tasks. 

 

Upper Limb 

 

 Unlike its lower limb counterpart, research regarding solely upper limb CPGs is 

sparse. However, the research's central theme is that they are not as well documented as 

for locomotion. As the upper limb has evolved to perform various tasks, supraspinal 



 

8 

 

influences have played a large role in task-specific control. Specifically, that descending 

drive is proposed to have more control over the CPGs of the upper limb, allowing for a 

more generous array of tasks able to be performed (Rossignol Dubuc, and Gassrd, 2006; 

Zher and Duysens, 2004; Zher, 2004, Arshavsky, Deliagina, and Orlovsky, 2016).  

 

As for upper limb CPG use in locomotion, the research base is more available. Dietz et 

al. (2001, 2002) sought to study the upper and lower limb's neural coordination during 

gait. They did so by driving a split-belt treadmill at varying speeds between the belts. In 

particular, the activity of the arms and legs were measured bilaterally. The EMG 

responses were most significant during gait, with small to almost no response in 

restricted and standing/sitting. The results found a strong task-related dependency on the 

EMG responses of the upper and lower limbs. It was found that a bilateral arm response 

was related to a coupling between the limbs via CPGs. Zehr and Duysens (2004) and 

Zehr (2004) further supported these results; specifically, the cutaneous and H-reflexes' 

behaviour in the upper limb greatly depends on the movement's timing the arm is 

completing; this behaviour mirror that of the lower limb. Lastly, Meyns, Bruijn, and 

Duysens (2013) summarized the use of upper limb movement during gait. From their 

analyses, they conclude three significant findings. First, the arms swing is crucial to 

locomotion and is controlled by passive means, but the movement's stability arises from 

CPGs. Second, that arm swing is a significant factor in reducing energy expenditure 

during gait. Finally, the arm swing could be of benefit in gait rehabilitation. 
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The Haken-Kelso-Bunz Model 

Haken et al. (1985) were the first to propose a model that described the 

coordination dynamics between two limbs (fingers): the HKB model. Two variables 

were used to set the necessary foundation for the model: the system's order and control 

parameters. From Haken’s synergetics theory (1978), the order parameter is the measure 

of order between points over a phase transition; for example, the difference in the 

relative phase between alternating tapping of the fingers (anti-phase) and tapping the 

fingers together (in-phase). In this case, the relative phase quantifies the movement 

relationship of two limbs (two fingers) in a bimanual (two-handed) rhythmic task; while 

both fingers are moving, their relative movement can be quantified from 0 and ±π. 

Between these values, all possible movement relations are possible. For rhythmic 

movements, relative phase is the proposed order parameter as it describes the 

cooperation among the components of the system (the tapping fingers); moreover, the 

different coordination styles (in-phase and anti-phase) remain constant across different 

motor tasks and effector pairings (Haken et al., 1985). In-phase and anti-phase are also 

easily defined among other joints; in-phase occurs when both joints achieve max flexion, 

and anti-phase is when one joint reaches max flexion while the other reaches max 

extension.  

 

The control parameter, also from Haken’s synergetics (1978), is the driving force 

that causes the system to move from one state to another. An imperative characteristic of 

the control parameter is that it only drives the system to change and does not dictate its 

state. In finger tapping tasks, movement frequency is the proposed control parameter 
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based on Kelso's observations (1981a and, 1984). It was found that increasing movement 

frequency would eventually lead to changes in coordination states, specifically, from 

anti-phase to in-phase with increasing frequency, but not the inverse. The resulting 

function that describes this behaviour is the HKB model: 

�̇� = −𝑎 ∗ sin(𝜙) − 2𝑏 ∗ sin(2𝜙) (Equation 1) 

The relative phase, order parameter, is represented by ϕ. Variables a and b represent the 

coupling coefficients between the two oscillators. 

 

When HKB potential is plotted (Figure 1), it produces two cosine waves moving 

at different frequencies that have local minima at ±π (anti-phase) and 0±2π (in-phase). 

One of the main features of this model is the relation between the coefficients a and b. 

The coefficients represent dampening terms that affect the amplitude of movement as 

the movement frequency increases. When the ratio of b/a - represented by k - is greater 

than 0.25, the anti-phase pattern is still observed, but when k achieves the critical value 

(k = 0.25), the anti-phase pattern destabilizes, and the in-phase pattern becomes the only 
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stable phase. In other words, k decreases with increasing movement frequency. 

 

Figure 1 - HKB Potential. k indicates the ratio of the constants b/a. Minimums indicate a stable 

phase relation, and maximums indicate unstable phase relations. 

 

When Equation 1 is plotted (Figure 2), it demonstrates how the stable points 

change as k is manipulated. Attractor points are represented by zero-crossing with a 

negative slope and repellers points by zero-crossings with positive slopes. When k 

reaches the critical value (k = 0.25), the attractor points at ±π disappear and are replaced 

with unstable phase relations; at this point, the phase relation is neither an attractor nor a 

repeller point. As k continues to decrease (k < 0.25), the phase relation becomes a 

repeller and will ‘push’ trajectories away from it. In summary, this is the HKB model in 
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its most basic form and only considers the differences in coupling strengths between the 

components (the variable k). However, this model is not without its limitations, 

specifically, those that pertain to the characteristics of biological systems.

 

Figure 2 - HKB Phase portrait (Equation 1). k indicates the ratio of the constants b/a. A zero-

crossing with a negative slope indicates an attractor, and zero-crossing with a positive slope 

indicates a repeller. 

 

 One of the characteristics of biological systems is that paired oscillators 

may have different eigenfrequencies. The eigenfrequency is influenced by the 

oscillator’s unique tissue dynamics, which may vary in – but are not limited to – 

mechanical (muscle insertions, moment of inertia), neurological (limb dominance, 
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descending neural drive, feedback), and metabolic (muscle fibre distribution, blood 

flow, buffering capacity) characteristics (Kelso, 1995). As these differences increase, 

synchronization between components becomes more challenging and ‘running solutions’ 

may begin to dominate a system’s trajectory. Running solutions occur when some phase 

relations are favoured briefly but continue to move through all possible relations. To 

account for this new behaviour, Kelso, DelColle, and Schӧner (1990) analyzed the effect 

of synchronization of finger tapping to a metronome that progressively increases in 

frequency. It was found that participants would reach a movement speed where 

synchronization with the metronome was lost and running solutions dominated. To 

accommodate running solutions, Δω was introduced into the HKB model to account for 

these differences in eigenfrequencies between paired oscillators (Equation 3 and Figure 

3). 

�̇� = 𝛥𝜔 − 𝑎 ∗ 𝑠𝑖𝑛𝜙 − 2𝑏 ∗ 𝑠𝑖𝑛2𝜙 (Equation 3) 
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Figure 3 - HKB phase portrait with an additional constant for differing intrinsic frequencies 

between component oscillators (Equation 3). w represents the differing intrinsic frequencies (Δω). 

 

As Δω increases, all phase relations' relative stability - excluding the running solution - 

decreases until they are destabilized; this is evident by fewer zero-crossings in figure 3 

with larger Δω values. With the addition of the noise term (√𝑄𝜉) (Schӧner, Haken, and 

Kelso, 1986), Equation 4 is the currently accepted form of the HKB model as it is 

generalizable to most biological systems (Tognoli and Kelso, 2014; figure 4). In 

particular, this formulation provided a basis for analyzing an essential characteristic of 

coordination: metastability. 
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�̇� = 𝛥𝜔 − 𝑎 ∗ 𝑠𝑖𝑛𝜙 − 2𝑏 ∗ 𝑠𝑖𝑛2𝜙 + √𝑄𝜉 (Equation 4) 

 

Figure 4 - Phase portrait of the HKB model with the addition of both the different intrinsic 

frequencies constant (Δω) and noise terms (√Qξ) (Equation 4). 

 

Coordination Dynamics 

As Tognoli and Kelso (2014) described, coordination dynamics explain the 

temporal evolution of coordination and the system's emergent qualities. It does this by 

addressing the three characteristics of coordination: synchronization, segregation, and 

metastability. 
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Synchronization occurs when two components of a system share similar intrinsic 

characteristics and behave similarly. However, because the components are continuously 

exchanging information, they may become trapped in a trajectory and unable to produce 

other coordinative behaviours. In other words, the components reach a state of stability 

such that all other trajectories become repellers. Though preventing undesirable 

behaviours may sometimes be beneficial, it may also be detrimental to living systems 

with limited resources, requiring the flexibility of behaviour. Furthermore, preventing 

components from participating in other trajectories limits system behaviour. 

 

The segregation characteristics prevent information exchange and allow 

components to work independently. Having components segregated is essential for 

complex systems to operate; for example, it would be impossible to play multiple parts 

to a piano piece if a pianist’s hands could not play different keys or use the pedals with 

their feet independently. Indeed, it would be inefficient to have one component partake 

in only one task as such redundancy would limit system behaviour; however, 

segregation is still essential for system flexibility. 

 

Metastability has features similar to the previous two characteristics but is more 

than a combination of them. Components experience metastability when their integration 

and segregation tendencies allow trajectories to converge or diverge depending on task 

constraints; metastability, therefore, allows systems to operate in a variety of states 

(phase relations). For a mathematical definition of metastability, it is a stable state that is 

not the most stable state of a system; as such, a system that is in a metastable state can 
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be described as being Lyapunov stable as it will stay within a given bound about an 

attractor but will not necessarily converge to it (Tognoli and Kelso, 2014). In general, 

metastability assists in explaining how paired oscillators behave and adapt to changes in 

task conditions (Bressler and Kelso, 2016; Shirakawa, Honma, and Honma, 2001; 

Jantzen, Steinberg, and Kelso, 2009; Daun-Gruhn and Büschges, 2011; Meyer-

Lindenberg, Ziemann, Hajak, Cohen, and Berman, 2002, Chen et al., 2010). However, 

the HKB model is limited by its inability to account for metastability, thus hindering its 

analytic power. Fortunately, extensions to the HKB model, such as the Two-tiered 

model, have been developed to increase its robustness. 

 

Two/Multi-tiered Model and Amplitude 

Although the HKB model is currently being used for describing changes in 

motor behaviour (Tognoli and Kelso, 2014), inconsistencies within the model still exist 

(Peper & Beek, 1999). These issues were formalized by Peper, Beek, and Daffertshofer 

(2000) and expanded upon by Beek, Peper, and Daffertshofer (2002), and Peper, 

Ridderikhoff, Daffertshofer, and Beek (2004). The major shortcoming of the HKB 

model (specifically the extensions provided by Kelso et al., 1990; Treffner and Turvey, 

1995, 1996) is only a description of the underlying dynamics at play. In other words, 

although the HKB model has been tested, it still reduces the control mechanism for dual-

limb rhythmic behaviour to a single set of coupled oscillators. Besides, it does not 

account for a set of paired CPGs at the spinal level. Thus, another extension was 
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proposed in the form of additional oscillators at the ‘neural level’ (Equation 5 and 

Figure 5) (Treffner and Turvey 1995, 1996): 

 

𝑉(𝜙) = −𝛥𝜔 − 𝑎 ∗ 𝑐𝑜𝑠𝜙 − 𝑏 ∗ 𝑐𝑜𝑠2𝜙 + 𝑐 ∗ 𝑠𝑖𝑛𝜙 + 𝑑 ∗ 𝑠𝑖𝑛2𝜙 (Equation 5)

 

Figure 5 - Diagram of the proposed level of organization for this experiment. The two-level model 

with the middle level representing the ‘neural’ components located in the spine (CPGs) and the 

bottom (black) represents the limbs' ‘effector’ components. Arrows represent the information 

coupling between the components. 
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The addition of two sinusoidal components allows for coupling asymmetries to exist 

between the oscillators. The work by Beek et al. (2002) extrapolates why individual limb 

movements cannot be modelled as single-level through four arguments.  

 

The first of these arguments is that inconsistencies exist with the amplitude-

frequency relationship. Specifically, the HKB model predicts that as movement speed 

increases, the amplitude of movement will decrease and lead to a non-equilibrium phase 

transition (Haken et al., 1985; Kelso, 1995). Although this was found to occur in the 

original work, it was inconsistent in subsequent studies (Beek, Rikkert, and Van 

Wieringen, 1996; Peper and Beek, 1999; Beek, Peper, and Daffertshofer, 2002). 

However, one problem with this argument is that when Beek et al. (2002) tested this 

assumption, the movement speed may not have been fast enough to elicit instability and 

amplitude changes. If the external stimulus used was driven at a higher frequency, more 

instability may have been introduced into the system, possibly decreasing amplitude. 

However, these results reconfirmed Peper and Beek's (1999) results by demonstrating 

inconsistencies with the HKB model. 

 

The second argument made against the single level of the HKB model is that a 

“phase-dependent phase shift” occurred during follow-up work by Kay, Saltzman, and 

Kelso (1991). Following a perturbation to the fingers in layman's terms, an increase in 

movement speed occurred to accommodate the perturbation during a rhythmic motor 

task. This change in speed was attributed to an increase in the oscillators' ‘stiffness’ via 

feedback to the CPGs. This increase in stiffness is attributed to increased muscular 
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tension about the joint, limiting the amount of movement amplitude possible. 

Furthermore, this finding indicates that additional coupling levels at the spinal level are 

needed to explain the results.  

 

The third argument against the single level of coupling was made in part by 

confirming previous results theorizing how a two-tiered system would behave (Wing 

and Kristofferson, 1973; Daffertshoffer, 1998). In Beek and Peper (2002), participants 

were asked to perform continuous wrist flexion and extensions in time with a 

metronome and following a set number of tones the metronome was removed. 

Participants were asked to maintain the set tempo. The results showed that as time 

progressed, participants corrected errors in movement following the removal of the 

metronome; more specifically, a negative serial correlation was found, which is 

predictive of a two-tiered system (Wing and Kristofferson, 1973). Moreover, their 

results confirmed Daffertshofer's (1998) findings that a single oscillator would be unable 

to produce the same chaotic properties found in their data when exposed to a single 

noise source. From both of these comparisons, it was concluded that a single level model 

of coupling would be unable to satisfy both the stability and stochastic characteristics 

displayed in their experiment. 

 

The final argument given by Beek and Peper (2002) is that a single level model 

would be unable to describe the stochastic characteristics of oscillatory limb movements. 

Though sounding similar to the third argument, this takes a different approach to 

describe a chaotic nature. Specifically, the authors stated that using a nonlinear time-
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series analysis - which would be ideal for analyzing such a system - proves to be 

unreliable due to the “nonstationarity and brevity of biological data sets.” Although not 

much detail was given, the authors attributed the variability in biological data sets to 

low-dimensional chaotic motion caused by components containing three or more state 

variables instead of two. In other words, because human movement is unable to be 

accurately analyzed using nonlinear time-series analysis, it must contain components 

with more than two state variables and, therefore, more organization levels. Thus, 

further demonstrating support for the presence of multiple levels of organization 

involved in rhythmic movement control. 

 

From these arguments and the qualitative analysis provided by Peper et al. 

(2000), a two-level, four-oscillator model is theorized (Beek et al. 2002) to better 

account for the arguments noted previously (Figure 5). The model states that the neural 

components are bilaterally coupled with their effector components unilaterally; this 

allows for a flow of information between the CPGs and the limbs. The ‘neural level’ is 

proposed to be a pair of CPGs located in the spinal cord (Beek et al., 2002). Though this 

modelling level provides more explanatory power than the single-level HKB model, it is 

limited in that these additional levels are unable to be measured without invasive 

protocols. This might be rectified by better spinal activity measures, perhaps in a clinical 

setting where invasive protocols are more appropriate (e.g., spinal cord and lower brain 

stem injuries). In short, more research needs to be completed to determine the presence 

and effects that CPGs may have on voluntary movement coordination. 
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Gaps in Literature 

Though the HKB model is an accepted tool for describing the human body's 

coordination dynamics (Tognoli and Kelso, 2014), subsequent work exploring the 

two/multi-tiered approach is limited. Not only can it provide a more realistic 

representation of the coupling occurring at the neural level (Beek et al., 2002), it also 

provides solutions to the inconsistencies within the current HKB model (Beek et al., 

2002; Peper et al., 2004; de Poel, Peper, and Beek, 2007; Treffner and Turvey 1995, 

1996). Additional research is needed to understand how asymmetries in paired CPGs 

may influence motor behaviours to achieve a robust model. 

 

Coupling strength asymmetries between dominant and non-dominant limbs are 

still unclear how these asymmetries affect motor tasks' stability, given higher movement 

rates.  Although de Pole et al. (2007) demonstrated dominant limb entrainment of the 

non-dominant limb following a perturbation at 1, 1.25, and 1.5 Hz, it remains unknown 

if this coupling strength asymmetry stays constant if the movement frequency increased 

and if the limbs' eigenfrequency was not manipulated (no manipulandum). If changes in 

coupling strength were to occur, this could be due to changes in the two/multi-tiered 

HKB model (a, b, c, and d in Equation 5). Moreover, the dominant limb may begin to 

rely on the non-dominant limb as task constraints become increasingly difficult. In other 

words, the dominant limb could utilize the feedback from the non-dominant limb to 

maintain its task performance. On another note, it is also unclear which coupling is the 

strongest: limb-to-limb or limb(s)-to-stimulus, or would movement frequency increases 
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lead to coupling asymmetry changes to the limb-to-limb or limb(s)-to-stimulus 

couplings? This literature gap is further compounded by the limited understanding of 

how a component's addition affects a motor task's performance. 

 

The last gap to be addressed is how the contralateral limb affects the other limb's 

performance in a rhythmic task. With a limb's addition, the number of possible 

couplings increases from one (limb-stimulus) to three (two limb-stimulus and one limb-

limb). However, the introduction of a limb to the system brings additional noise sources. 

Although access to more information through additional couplings may benefit task 

performance, it may be detrimental instead. It is currently unclear if the addition of a 

contralateral limb will provide increased performance to rhythmic tasks. With these gaps 

in mind, four hypotheses are proposed to address these concerns. 

 

Hypotheses and Statistical Procedure 

The first hypothesis proposed was that the unimanual (U), dominant limb (D), 

metronome (M) couplings (UDM) would have a significantly less relative phase 

variability (RPV see later) compared to the unimanual non-dominant limb (N) 

metronome couplings (UNM) for both phase relations (In-phase and anti-phase): UDM 

< UNM. This directionality was expected to occur as the increased motor control 

refinement of the dominant limb allows for an increased nervous system's ability to fine-

tune the model's performance variables (Equation 5 variables a, b, c, and d). Moreover, 
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with increased use, the dominant limb's neural pathway increases signal sensitivity, 

possibly changing the limb's neural characteristics and eigenfrequency. As a result, these 

changes to both performance variables (variables a, b, c, and d, see above)  and 

eigenfrequency would result in decreased RPV with the metronome during the 

unimanual tasks (Treffner and Turvey 1995, 1996; Peper et al. 2002; Peper et al. 2004; 

Ridderikoff et al., 2004; and de Poel, Peper, & Beek, 2007).  

 

The second hypothesis tested was to determine if a difference in RPV existed 

between the bimanual (B), dominant limb, metronome coupling (BDM) and the 

unimanual, dominant limb, metronome (UDM) coupling for both phase relations: BDM 

≠ UDM. This hypothesis's lack of directionality stems from inconsistencies in pilot data 

and three potential outcomes' plausibility. The first possibility is that the non-dominant 

limb would have little effect on the BDM’s RPV, indicating low coupling strength in the 

dominant to non-dominant limb direction (see Figure 6). The second possibility is that 

the BDM will have a higher RPV than the UDM; thus, the non-dominant limb would 

negatively impact the BDM’s relative phase variance. The precedence would shift from 

the dominant to the non-dominant limb’s performance. The third possibility is that the 

BDM coupling RPV is less than the UDM coupling; this would be an exciting result. 

This indicates that the non-dominant limb's additional information benefits the dominant 
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limb’s ability to accurately complete the task.

 

Figure 6 - Two-tiered model. Bolded direction arrow refers to coupling strength from the dominant 

limb (Dom) to nondominant limb (Non) direction. 

 

 The third hypothesis is that the bimanual, non-dominant limb, metronome 

(BNM) coupling RPV would be less than the unimanual, non-dominant limb, 

metronome (UNM) coupling for both phase relations: BNM < UNM. In opposition to 

the second hypothesis, directionality was expected given that previous research (Peper et 

al. 2002, Peper et al. 2004, and Ridderikoff et al. 2004) has illustrated entrainment 

effects involving the non-dominant limb. This entrainment effect, provided by the 

dominant limb, creates a more suitable environment for the non-dominant limb by 
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improving task stability and, thus, motor performance with the metronome (see Figure 

7). This outcome would also suggest that coupling with the dominant limb could alter 

the performance variables (in particular the b/a ratio) of the non-dominant limb 

 

Figure 7 - Two-tiered model. Bolded direction arrow refers to coupling strength from the 

nondominant limb (Non) to the dominant limb (Dom) direction. 

The fourth hypothesis addressed was that bimanual, dominant, non-dominant 

coupling (BDN) RPV would not significantly differ from the bimanual, dominant, 

metronome coupling (BDM) RPV, but will be greater than the bimanual, non-dominant, 

metronome coupling (BNM) RPV for both phase relations: BDN = BDM < BNM 

(Figure 8). This outcome was expected as the dominant limb’s refined motor control 

allows for finer tuning of the performance variables (a, b, c, and d in Equation 5, see 
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above) and thus minimizes the influence of the nondominant limb on RPV. In turn, this 

minimizes any increase in RPV to either BDN or BDM couplings. Although the non-

dominant limb metronome coupling (BNM) is hypothesized to have a decrease in RPV 

due to entrainment (Hypothesis 3), it is thought that the additional information available 

to the BNM will be insufficient to produce an RPV equal to that of the other two 

couplings.

 

Figure 8 - Two-tiered model. Solid rectangles indicate BDN and BNM couplings. The dotted 

rectangle indicates BNM coupling. 

 

Four robust repeated measures ANOVAs were used with nine yuen’s trimmed 

mean t-test for the post hoc analyses for the statistical analysis. Moreover, to adjust for 
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the family-wise error, the Bonferroni correction was implemented for the primary 

analyses (α = 0.013) and the post hoc analyses (α = 3.33e-3). All the statistical analyses 

were completed using RStudio (Version 1.1.463).  

 

Experimental Design, Sample, and Randomization 

Experimental Design 

 Participants completed six rhythmic wrist coordination tasks. The tasks 

themselves are differentiated by three independent variables: Handedness (dominant or 

non-dominant), Hands (unimanual or bimanual), and Phase relation (in-phase or anti-

phase). One dependent variable was used to determine the tasks' performance: Relative 

Phase Variance (RPV). Briefly, RPV is the variance of continuous relative phase (CRP) 

between two components of the system (either limb to limb or limb to a metronome). 

Participants' eyes remained closed for the movement tasks' duration to ensure that only 

haptic feedback from the limbs is used.  

 

Sample 

 The sample was 20 individuals (17 right-handed and three left-handed) between 

the ages of 19 and 35 with no history of neurological disorders that would affect motor 

control. Moreover, following Serrien (2008) methodology, individuals who are avid 

musicians were excluded from this experiment as having additional rhythm training may 

affect the ability to perform the tasks. As for determining hand dominance, the Modified 
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Edinburg Handedness Index (Vlade et al. 2016) was used to identify the participants' 

dominant and non-dominant limbs.  

 

Randomization 

 As the order of tasks may affect subsequent tasks' performance, the order was 

randomized for each participant. First, for each subject, the tasks were entered into the 

first column of an Excel spreadsheet: UD In-phase, UN In-phase, UD Anti-phase, UN 

Anti-phase, B In-phase, B Anti-phase. Second, each task was given a random number 

between 0-1 using the RAND function in a neighbouring column. Finally, both columns 

were sorted from smallest to largest concerning the randomly generated numbers. This 

method provided a proper randomized order for the trials. 

 

Instructions for Participants 

To ensure tasks were completed uniformly across participants, the following script was 

read to and by the participants. 

 

• You will complete each of the trails in a predetermined random order. 

o Right hand with the metronome on the beat 

o Left hand with the metronome on the beat 

o Right hand with metronome offbeat 

o Left hand with metronome offbeat 

o Both hands with the metronome on the beat 
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o Both hands with one hand on the metronome on the beat and the other on 

metronome offbeat 

 

• For the single hand trails, you will need to move the selected hand with the 

metronome on the beat (reaching maximum wrist flexion on the downbeat of the 

metronome) or on the metronome offbeat (reaching maximum wrist extension on 

the off-beat). 

 

• For both hands conditions, you will need to move both hands with the 

metronome on the beat (both hands reaching maximum flexion to the beat of the 

metronome) or with one hand moving with the metronome on the beat and the 

other hand moving to the metronome offbeat (your dominant hand reaching 

maximum flexion and your non-dominant hand reaching maximum extension to 

the beat of the metronome). 

 

• You must try to maintain the tasks (on the beat or offbeat) for as long as possible. 

o If coordination is lost, continue the task to the best of your ability. 

 

• You will be given 2 minutes break to prevent fatigue from affecting the next trial 

between each trial. 

o If you still feel fatigued by the end of the 2 minutes, another 2 minutes 

will be provided. 
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Data Transformations 

Continuous Relative Phase 

 The method proposed by Lamb and Stӧckl (2014) was used for calculating the 

continuous relative phase (CRP) of the different component couplings: limb to limb and 

limb to the metronome. The method for calculating CRP is as follows: 

1. Centring the amplitude of the data about zero  

• 𝑥𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑(𝑡𝑖) = 𝑥(𝑡𝑖) − 𝑚𝑖𝑛(𝑥(𝑡)) −
(𝑚𝑎𝑥(𝑥(𝑡))−𝑚𝑖𝑛(𝑥(𝑡)))

2
 (Equation 6) 

2. Transforming each signal into an analytic signal using the Hilbert transform. 

• 𝜁(𝑡) = 𝑥(𝑡) + 𝑖𝐻(𝑡) (Equation 7) 

3. Calculating the phase angle for each signal  

• 𝛷(𝑡𝑖) = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝐻(𝑡𝑖)

𝑥(𝑡𝑖)
) (Equation 8) 

4. Calculating the continuous relative phase.  

• 𝑐𝑟𝑝(𝑡𝑖) = 𝛷1(𝑡𝑖) − 𝛷2(𝑡𝑖) = 𝑎𝑟𝑐𝑡𝑎𝑛2(
𝐻1(𝑡𝑖)𝑥2(𝑡𝑖)−𝐻2(𝑡𝑖)𝑥1(𝑡𝑖)

𝑥1(𝑡𝑖)𝑥2(𝑡𝑖)+𝐻1(𝑡𝑖)𝐻2(𝑡𝑖)
) (Equation 9) 

Performance Metrics 

Relative Phase Variation 

 RPV is utilized to determine how similar a limb's movement is to another 

component: either the opposing limb or metronome. RPV is calculated by taking the 

variance of the CRP (Lamb and Stöckl, 2014). We infer stability through this procedure 

through the RPV change: a larger RPV would indicate that the participant could not 
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maintain the task condition than a smaller RPV. All RPV calculations were completed 

using Matlab 2019A. 

 

Data Processing 

The raw data (Figure 9) was first cropped between the initial and final 

metronome beeps. It was then smoothed via a low-pass second-order Butterworth filter 

at 0.2 Hz (Figure 10). Finally, the CRP (Figures 11-14) and RPV of the task were 

calculated for the entire task. For couplings involving the metronome, a cosine wave 

driven at the various movement frequencies was used. 

 

Figure 9 - Raw data from a bimanual in-phase task. The joint angle is measured in degrees, with a 

decrease in angle representing wrist flexion. 
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Figure 10 - Centred data from a bimanual in-phase task. The joint angle is measured in degrees, 

with a decrease in angle representing wrist flexion. The centring method is detailed in Equation 6. 
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Figure 11 - Analytic signal from a bimanual in-phase task. The method of transformation is detailed 

in Equation 7. 

 

Figure 12 - Imaginary portion of the analytic signal from a bimanual in-phase task. The method of 

transformation is detailed in Equation 7. 
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Figure 13 - Phase angle from a bimanual in-phase task. The method of transformation is detailed in 

Equation 8. The phase angle is measured in radians and is bound between ±π. 

 

Figure 14 - Continuous relative phase (CRP) of a bimanual in-phase task. The method of 

transformation is detailed in Equation 9. CRP is measured in Radians and is bound between ±π. 
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Experimental Set-up and Tasks 

Recording and Measurement Devices 

The kinematic data were recorded using an electric goniometer, and the 

metronome tone was created by a smart device (Smart Phone), which was administered 

via a speaker placed in front of the participant. The pitch and duration of the tone were 

set to 955 Hz and ten milliseconds, respectively. Both the goniometer and metronome 

data were recorded at 1000 Hz through custom code implemented in LabVIEW. The 

metronome data was captured through a microphone placed by a second speaker, which 

was fed through an amplifier and recorded. 

 

Equipment Set-up 

The electric goniometer was adhered firmly to the ulnar side of the forearm and 

hand using both straps and tape; this was done by marking the wrists' centre of rotation 

and placing the electric goniometers' centre of rotation over these marked locations 

(Figure 15).  
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Figure 15 - Photos of electric goniometer placement on participant's wrists. 

 

Participants sat with the ulnar portion of their forearms on a stiff, flat block of 

foam with their hands over the edge. The foam was placed slightly forward to prevent 

the shoulders and elbow from assisting in the action (see Figure 16). The participant’s 

hands were closed with the palms facing each other; the transverse plane's orientation is 

vital as gravity will not influence flexion or extension of the participant’s wrist (Figure 

16). To prevent the hands from contacting each other, ample room was given between 

the limbs. 
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Figure 16 - Photo of the participant's arm and wrist position during the experiment. The foam block 

is placed under the forearm to allow for unhindered wrist flexion and extension. 

 

Tasks 

The tasks were similar to those of Serrien (2008) and consisted of the 

participants moving their wrists to a metronome's beat that progressively increased in 

frequency. Each participant was given 10 seconds to familiarize themself with each task. 

The tasks consisted of six wrist coordination tasks administered in random sequence: 

1. Unimanual Dominant In-phase 

2. Unimanual Dominant Anti-phase 

3. Unimanual Non-dominant In-phase 
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4. Unimanual Non-dominant Anti-phase 

5. Bimanual In-phase 

6. Bimanual Anti-phase 

In-phase tasks required maximum wrist flexion on the metronome beat and maximum 

wrist extension for anti-phase for the phase relations. The only exception to this rule was 

for the bimanual anti-phase task, where the dominant limb achieved maximum wrist 

flexion on the beat, and the non-dominant limb completed maximum wrist extension. 

Taking inspiration from previous research (Buchanan et al., 1997; Kelso, Scholz, and 

Schöner, 1986; Milliex, Calvin, and Temprado, 2005; Schöner, Haken, and Kelso, 

1986), the metronome began at 2.5 Hz and increased by 0.5 Hz every 10 seconds for 60 

seconds (2.5 to 5 Hz). As fatigue can affect the participant's ability to complete the tasks, 

a single two-minute break was given between trials. If more time was required, another 

two-minute break was provided. 

 

Results 

Given the nature of the data, neither normality nor equal variance was achieved; 

as such, robust statistical methods were used to determine significance. Specifically, 

robust repeated measures ANOVAs were used to determine the significance of each 

hypothesis tested. The Bonferroni correction was implemented to account for the 

increase in family-wise error. In summary, four robust repeated measures ANOVAs (α = 

0.013) with fifteen yuen’s trimmed mean t-test post hoc analyses trimmed to 20% were 

used (α = 3.33e-03).  
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Hypothesis 1 – Handedness (UDM < UNM) 

The first hypothesis determined if the dominant limb would have a lower RPV 

than the nondominant limb for both phase relations tested. The summary of the data is 

located in Table 1 and Figure 17. The results of the robust repeated measures ANOVA 

indicated a significant effect between the handedness and/or phase relation at the α = 

0.013 level [F(1.86, 20.49) = 16.882, p = 6.00e-05] (Table 2). However, from the post 

hoc analyses, no significant difference was found between the couplings at the α = 

3.33e-03 level. 

 

 

Table 1 - Summary of handedness data for hypothesis 1. RPV – Mean Relative Phase Variability, 

Dom - Dominant Hand, Non - Nondominant Hand, StdDev – Standard Deviation, StdErr – 

Standard Error, 95%Cl – 95% Confidence Interval. 
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Figure 17 - Plot of mean relative phase variance from Table 1. Error bars are standard deviation 

from Table 1. 

 

 

Table 2 - Results of the robust repeated measures ANOVA for hypothesis 1. 

 

 

Table 3 - Results of yuen’s trimmed mean t-test post hoc analysis for hypothesis 1. UDM - 

Unimanual Dominant Metronome coupling, UNM - Unimanual Metronome coupling, ψ_hat – the 

difference between test means. 
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Hypothesis 2 & 3– Hands (Dominant/Nondominant) (BDM ≠ UDM, BNM < UNM) 

 The second hypothesis focused on RPV's difference between the bimanual and 

unimanual variants for the dominant limb tasks in both phase relations. The summary of 

the data used in hypothesis 2 is in Table 4 and Figure 18. From the results of the robust 

repeat measure ANOVA, a significant effect was found at the α = 0.013 [F(2.32, 25.51) 

= 23.931, p = 6.13e-07] (Table 5). However, from the post hoc analysis (Table 6), no 

significant difference was found between interest interactions at the α = 3.33e-03 level. 

 

 

Table 4 - Summary data of the dominant limb hypothesis 2. RPV - Relative Phase Variance, StdDev 

– Standard Deviation, StdErr – Standard Error, 95%Cl – 95% Confidence Interval. 
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Figure 18 - Plot of mean relative phase variance from Table 4. Error bars are standard deviation 

from Table 4. 

 

 

Table 5 - Results of the robust repeated measures ANOVA for hypothesis 2. 

 

 

Table 6 - Results of the yuen’s trimmed mean t-test post hoc analysis for hypothesis 2. UDM - 

Unimanual Dominant Metronome coupling, UNM - Unimanual Metronome coupling. ψ_hat – the 

difference between test means. 
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summary of the data used in Hypothesis 3 is in Table 6 and Figure 19. From the results 

of the robust repeat measure ANOVA, a significant effect was found at the α = 0.013 

[F(2.27, 25.0) = 13.492, p = 6.00e-05] (Table 7). However, from the post hoc analysis, 

no significant difference was found between the interactions of interest (Table 9). 

 

 

Table 7 - Summary of data used for hypothesis 3. RPV – Relative Phase Variability, StdDev – 

Standard Deviation, StdErr – Standard Error, 95%Cl – 95% Confidence Interval. 

 

 

Figure 19 - Plot of mean relative phase variance for hypothesis 3 from Table 7. Error bars are 

standard deviation from Table 7. 
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Table 8 - Results of the robust repeated measures ANOVA for hypothesis 3. 

 

 

Table 9 - Results of the yuen’s trimmed mean t-test post hoc analysis for hypothesis 3. UDM - 

Unimanual Dominant Metronome coupling, UNM - Unimanual Metronome coupling. ψ_hat – the 

difference between test means. 

 

Hypothesis 4 – Coupling (BDN = BDM < BNM) 

 The fourth hypothesis sought to determine if the RPV differed between the 

bimanual dominant-nondominant limb (BDN) and the bimanual dominant-metronome 

coupling (BDM), moreover, to see if these tasks had a lower RPV than the bimanual 

nondominant-limb coupling (BNM). The summary of the data used in hypothesis 4 is in 

Table 10 and Figure 20. Based on the results of the robust repeated measures ANOVA 

(Table 11), there was a significant effect on RPV for coupling and phase relation at the α 

= 0.013 level [F(2.42, 26.64) = 69.407, p = 5.74e-12] (Table 11). For the post hoc 

analysis, nine were completed comparing the different couplings given the same phase 

relation (6) and phase relation given a coupling (3). Six significant post hoc results were 

found at the α = 3.33e-03 level (see Table 12). 
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Table 10 - Summary of the data used for hypothesis 4. Both – Dominant and Nondominant 

coupling, Dom – Dominant limb, Non – Nondominant limb, StdDev – Standard Deviation, StdErr – 

Standard Error, 95%Cl – 95% Confidence Interval. 

 

 

Figure 20 - Plot of mean relative phase variance for hypothesis 4 from Table 10. Error bars are 

standard deviation from Table 10. 

 

 

Table 11 - Results of robust repeated measures for hypothesis 4. 
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Table 12 - Results of the yuen’s trimmed mean t-test post hoc analysis for hypothesis 4. Dom – 

Bimanual Dominant Metronome coupling, Non – Bimanual Nondominant Metronome coupling, 

Both – Bimanual Dominant Nondominant coupling. ψ_hat – the difference between test means. 

 

Discussion 

In addressing the gaps in the current literature, furthering our understanding of 

the CNS's two-tiered model is the main focus. To achieve this improved understanding, 

we have analyzed three gaps in the current literature. The first is how the coupling at the 

CNS level contributes to a rhythmic task; specifically, how the asymmetries between 

paired oscillators at the spinal level influence motor behaviour. The second is to 

understand how the asymmetries in coupling strength between dominant and non-

dominant limbs affect rhythmic motor task performance. The third is to determine if 

differences in coupling strengths exist between limbs performing a bimanual rhythmic 

task. We will have more insight into the two-tiered model and its pertinence to human 

movement by addressing these gaps. 
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 The four variables that have been manipulated to test the two-tiered model are 

handedness, hands, coupling, and phase relation. Handedness is used to determine if 

differences in task performance exist between limbs. The number of hands used is 

manipulated to address differences in performance between the tasks' bimanual and 

unimanual variants. Coupling was manipulated to compare the performances of the three 

bimanual couplings: dominant-to-nondominant, dominant-to-metronome, and 

nondominant-to-metronome. Finally, phase relation was included with each primary 

variable to see if significant interactions occurred. From manipulating these variables, a 

greater understanding of the two-tiered model will be achieved. 

 

Handedness (UDM < UNM) 

 The first characteristic to be analyzed is the difference in handedness during the 

Unimanual tasks. The goal is to determine if preferred handedness affected the ability to 

synchronize with the audible tone; moreover, the difference in phase relation (in-phase 

vs anti-phase) relative to the metronome affected the performance. In prior research 

(Treffner and Turvey 1995, 1996; Beek et al., 2002), asymmetries in coupling strengths 

between the dominant and nondominant limbs have been identified; however, no 

significant difference in RPV was found between the dominant or non-dominant limbs. 

However, it should be noted that the anti-phase task was not significant due to a lack of 

statistical power from family-wise error corrections. Given that, the results are still 

unexpected, as no difference was found in the in-phase task. In summary these, results 

do not support current literature regarding the current HKB model and limb entrainment 
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(Tognoli and Kelso, 2014, Beek et al., 2002; Peper et al., 2004; de Poel, Peper, and 

Beek, 2007; Treffner and Turvey 1995, 1996).  

 

 Regarding the current HKB model (Tognoli and Kelso, 2014), it is expected that 

the increase in movement speed (frequency) would produce a decreased ability of the 

nondominant limb to manipulate its eigenfrequency compared to the dominant limb 

(Equation 5 variables a, b, c, and d); however, from the results, no difference in 

performance regarding handedness is present. As such, it appears that the nondominant 

limb may have a similar ability to manipulate its eigenfrequency as the dominant limb 

and thus a similar level of control with simple rhythmic tasks. 

 

 As these results relate to the two-tiered model, they address the differences (or 

lack thereof) between the information pathway between the metronome to the effector 

limb. The results show that the pathway - or ability to manipulate this pathway - is 

similar between the dominant and non-dominant limbs. In contrast to the possibility of 

two oscillators at the spinal level, the results can also be explained by a single oscillator 

at the spinal level. With only a single oscillator, it would better suit the findings given 

that the addition of two components could increase the chance of RPV differences 

between limbs: two CPGs with unique characteristics would most likely produce 

different behaviours. Moreover, the difference in the coupling between the limbs and the 

single component could still provide the difference in performance found in previous 

research (Treffner and Turvey 1995, 1996; Beek et al., 2002) given that differences in 

information exchange between the limb and the spinal level could still exist. In general, 
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regarding the first hypothesis, the results do not support the notion of differences in 

performance between the dominant and nondominant limb. 

 

Hands (BDM ≠ UDM, BNM < UNM) 

 The second characteristic to be analyzed is how an additional limb's presence 

affects the RPV of the task. In terms of directionality, it was hypothesized that the 

dominant limb would not significantly differ between the bimanual and unimanual 

variants; as for the non-dominant limb, it was expected that the bimanual variant would 

perform better than the unimanual variant. In general, these directionalities were 

predicted as prior research has demonstrated differences in coupling strength between 

limbs (Treffner and Turvey 1995, 1996; Beek et al., 2002); hence it was hypothesized 

that the dominant limb’s RPV would not differ between tasks given the low coupling 

strength with the non-dominant limb. For the non-dominant limb, its RPV would 

improve with the bimanual task given the higher coupling strength with the dominant 

limb.  

 

The results show no significant difference in RPV between the bimanual and 

unimanual tasks for either the dominant or non-dominant limbs. These results matched 

the dominant limb's expectations as the nondominant limb's presence in the tasks was 

not expected to significantly affect RPV given the low coupling strength in the dominant 

to non-dominant limb direction (see Figure 6 above). However, these results are 

surprising for the nondominant limb as it goes against previous work regarding coupling 
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strength and task performance (Peper et al. 2002, Peper et al. 2004, and Ridderikoff et 

al. 2004). Even with the task's increasing difficulty, the unimanual RPV did not 

significantly differ from the bimanual task. This result appears to indicate that the 

coupling strength from the non-dominant to dominant limb direction (see Figure 7 

above) may not be as strong as initially proposed and may have less of an effect than 

initially hypothesized. 

 

As with prior research on coupling strength (Peper et al. 2002, 2004), the limbs 

were manipulated using manipulandum (pendulums). This distinction is essential as this 

may contribute to the different outcomes of this study. In particular, the presence of a 

manipulandum may provide a more significant challenge to the nervous system by 

inducing changes to the limbs’ eigenvalues and eigenfrequencies as the limbs would 

have a different mass and levels of torque required to manipulate the wrists. In contrast, 

our study imposed movement speed increases, thus not directly altering limbs’ 

eigenvalues or eigenfrequencies. However, as no difference is present, it can be argued 

that these values did not differ initially. In other words, it appears that only when 

physical limitations are imposed on the limbs will the difference in the limbs’ ability to 

compensate for these differences become apparent. For this study, it does not appear that 

the increase in movement speed alone posed enough difficulty to elicit the differences 

found in the prior research (Peper et al. 2002, 2004). From this result, we can speculate 

that the limbs’ eigenvalues and eigenfrequencies may not differ substantially, but their 

ability to compensate for challenges may. This would allow the limbs to perform with a 

similar degree of accuracy given more manageable tasks (movement speed increases) 
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and differently given difficult tasks (changing the limb's mass and torque required to 

move). This differing capacity to compensate then could be explained by varying 

neurological components and the ability to manipulate a limb’s attractor landscape to a 

higher degree (Kelso, 2012).  

 

Regarding the two-tiered model, the results do not directly support the notion of 

two oscillators at the spinal level. Continuing with the notion that the couplings' 

eigenvalues did not differ enough to elicit differences in RPV, the model could be 

simplified to a single oscillator at the spinal level. With the reduction to one oscillator, 

the nervous system would reduce the degrees-of-freedom by simplifying the limbs' 

control scheme. Moreover, as the limb's eigenvalue is altered beyond what the nervous 

system can control (the information exchange between limb and CNS), differences could 

be observed. 

 

Coupling (BDN = BDM < BNM) 

 The third variable, coupling, addresses the RPV of the three bimanual couplings. 

The purpose of testing the couplings was to determine which one (limb-to-limb or 

limb(s)-to-stimulus) was dominant. It was expected that the dominant-nondominant limb 

coupling (BDN) RPV would equal that of the dominant limb-metronome coupling 

(BDM) and that the nondominant limb-metronome coupling (BNM) would have a 

higher RPV (BDN = BDM < BNM) for both phase relations. The directionality for this 

hypothesis was based on the CNSs’ ability to manipulate the performance variables of 
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Equation 5. Given that the dominant limb’s pathway was expected to have a higher 

degree of control through preferred use, it would have a greater capacity to adjust its 

coupling strength with the non-dominant limb. This unequal coupling strength would 

allow for couplings to have different RPVs; in particular, the BDM coupling was 

expected to have increased control allowing it to decrease its coupling strength with the 

non-dominant limb a lower RPV than the BNM coupling. As for the between limb 

couplings, this asymmetric coupling strength was also expected to produce a similar 

effect by relying more on the dominant limb for control. This, in turn, would then cause 

the BDN RPV to be similar to the BDM coupling (Figure 8). However, the results do 

not agree with this hypothesis. 

 

 As for the dominating coupling(s), it was found that phase relation played a role 

in which coupling(s) had the lowest RPV. The BDN coupling produced the lowest RPV 

for the in-phase task, while no significant difference was found for the metronome 

couplings. The in-phase task results were in partial agreement with the original 

hypothesis stating that the between limb coupling would be one of the dominant 

couplings; however, both the BDM and BNM couplings had significantly greater RPVs. 

For the anti-phase couplings, the opposite occurred, with the metronome couplings 

having the lowest RPVs. As both phase relations indicate deviations from the original 

hypothesis, we reviewed the relative phase distributions of the task for further insight 

into the couplings’ behaviours.  
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 By analyzing the relative phase distribution plots, we can visually interpret the 

coupling data from both general performance and as the couplings evolve with 

movement frequency increases (Steps). Starting with the in-phase couplings (Figures 21, 

22, and 23), an evident shift to the left in each plot indicates a favouring to 0° (In-

phase). As well, one can see the similarities between the metronome couplings’ phase 

distribution plots. This is not surprising given that they were found not to differ 

significantly; however, as no new information is gained, we move to analyze the step 

phase distribution plots. 

 

 

Figure 21 - Phase distribution plot of the in-phase BDN coupling. 
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Figure 22 - Phase distribution plots of in-phase BDM coupling. 

 

 

Figure 23 - Phase distribution plots of in-phase BNM coupling. 

 

The next step of analysis is to compare how the in-phase couplings changed with 

movement frequency increases (Figures 24, 25, and 26). This is of particular 

importance, given that the HKB model predicts changes in task performance as 
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movement speed increases; moreover, it will allow us to see how the couplings adjust to 

the changes. Comparing the BDN (Figure 24) and BDM (Figure 25) couplings, it is 

clear how strong the BDN coupling is by its superior favouring to in-phase (0°). While 

the BDM coupling phase distribution begins to shift towards a phase running behaviour 

at Stage 4, the BDN (Figure 26) still retains a strong favouring of in-phase. When 

comparing the BNM coupling, it is almost identical to the BDM. Just as before, this is 

not surprising given the statistical results. What stands out from the plots is how 

drastically different the BDN coupling compared to the metronome couplings are. A 

possible explanation for this is that the information exchange between the limbs must 

play a much larger role in bimanual rhythmic wrist tasks than initially hypothesized. 

Even in Stage 1, the BDN coupling had more than triple the relative phase occurrences 

within 10° of the intended 0°. In general, the visual analysis agrees with the statistical 

findings for the in-phase couplings. 
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Figure 24 - Group steps phase distribution plot of the in-phase BDN coupling. 

 

 

Figure 25 - Group steps phase distribution plot of in-phase BDM coupling. 
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Figure 26 - Group steps phase distribution plot of in-phase BNM coupling. 

 

Turning our attention to the anti-phase couplings, we can again see that the BDN 

(Figure 27) coupling has a more significant shift towards its intended relative phase 

(180°) compared to the others: BDM – 0° in-phase (Figure 28) and BNM – 180° anti-

phase (Figure 29). Unlike the in-phase task, the anti-phase task was asymmetrically 

designed with the dominant limb achieving maximum flexion as the nondominant limb 

reaches maximum extension. This leads to the BDM’s relative phase distribution plot 

showing a shift towards 0° (in-phase). From the full task phase distribution plots, it is 

evident that the BDN coupling differs given its favouring of anti-phase. What still is not 

clear is what might be occurring in the metronome couplings. As the BDM coupling’s 

intended phase was in-phase, it is unclear why it did not differ from the theoretically less 
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stable BNM moving in anti-phase. Again, we move to analyze the step relative phase 

distribution plots. 

 

 

Figure 27 - Phase distribution plot of the anti-phase BDN coupling. 

 

 

Figure 28 - Phase distribution plots of anti-phase BDM coupling. Note – For the anti-phase tasks, 

the dominant limb moved in-phase (0°). 
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Figure 29 - Phase distribution plots of anti-phase BNM coupling. Note – For the anti-phase tasks, 

the nondominant limb moved anti-phase (180°). 

 

Looking at the anti-phase step relative phase distribution plots, behavioural 

similarities and differences between the BDN (Figure 30) and metronome couplings 

(Figures 31 and 32, for BDM and BNM, respectively) become apparent. Comparing the 

BDN coupling first, again, we see a distinct favouring towards anti-phase for the first 

two Stages – with a noticeable decrease in anti-phase frequency during the second stage 

– but then demonstrates a running solution after that. This is in line with the HKB model 

predictions that the anti-phase task will inevitably destabilize with increased movement 

frequency. The smoothing and subsequent loss of anti-phase after Stage 2 are most 

likely caused by the limbs’ inability to rely on the incoming information from each 

other: competitive movement information conflict. As the limbs were attempting to 

complete opposing tasks (flexion and extension), the information would oppose each 
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other and could lead to phase transitions if the limbs could not adjust their coupling 

strengths (a segregative characteristic). 

 

This inability to segregate is evident in Stage 2 for both metronome couplings. In 

Stage 2, both limbs transition into a phase running solution with the metronome. This 

limited ability of the limbs to adjust its coupling strength further reinforces the results of 

hypotheses 2 and 3, demonstrating that the limbs may not have asymmetric control over 

their coupling strengths as asymmetric control would appear as one limb-metronome 

coupling maintaining the intended phase longer than the opposing limb-metronome 

coupling. However, both fall into a running solution in Stage 2, indicating that they may 

have an equal inability to adjust their coupling strengths. 

 

 

Figure 30 - Group steps phase distribution plot of the anti-phase BDN coupling. 
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Figure 31 - Group steps phase distribution plot of the anti-phase BDM coupling. 

 

 

Figure 32 - Group steps phase distribution plot of the anti-phase BNM coupling. 
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Concerning the two-tiered model, the results do not align with the characteristics 

of a two-tiered model. Beginning with the BDN coupling results, they fall in line with 

how a single oscillator would behave, specifically, how it deals with in-phase and anti-

phase tasks. For in-phase, a single oscillator would handle this easily as the information 

exchange would be cooperative (both limbs moving in the same phase relation), 

allowing the greatest task performance level (lower RPV). More importantly, the anti-

phase task results also agree with a single oscillator model. As the information exchange 

was competitive, the single oscillator would not have the same neural resources as a 

two-oscillator model to maintain two distinct tasks. For a two-oscillator model to be 

supported, the anti-phase BDN coupling would have needed to display an increased 

ability to adjust for the presence of competitive information: maintaining the intended 

phase longer. However, the anti-phase BDN coupling produced the largest RPV 

compared to both the in-phase BDN and anti-phase metronome couplings. 

 

The results of the metronome couplings variable, specifically the anti-phase 

coupling, also support the single-oscillator model. A single oscillator would be expected 

to have a decreased ability to asymmetrically adjust the coupling strengths are given that 

only one set of performance variables can be manipulated (a and b in Equation 4). The 

limbs would lose the intended relative phase faster than a two-oscillator model with two 

sets of performance variables to control (a and b, and c and d of Equation 5). 

Furthermore, it would be expected that a two-oscillator model's limbs would lose the 

intended relative phase depending on the ability to manipulate coupling strength, thus 

enabling a preferred pathway to maintain the relative phase longer. Given that this 
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asymmetric control was not present and that the anti-phase BNM coupling RPV did not 

differ from the anti-phase BDM coupling, the two-oscillator system is not supported. In 

general, further research will be needed to determine the effect of competitive movement 

information on different oscillator setups in the human CNS. 

 

The final part of hypothesis 4 statistical analysis compared the difference in RPV 

between the couplings phase relations (In-phase vs anti-phase). The results indicate that 

phase relation affected RPVs of the BNM and BDN couplings; however, given the 

implemented corrections for family-wise error, the BDM coupling was nonsignificant 

but followed the lower RPV trend for in-phase. These results are expected, given the 

HKB model predicts that in-phase is more stable than anti-phase, thus producing a lower 

RPV. As this relates to the purpose of hypothesis 4 – identifying the dominant coupling 

– the results further support that the BDN coupling is dominant; in particular, how much 

phase relation affected performance. The ψ̂ (the difference between test means, see 

Table 12) was greatest between the in-phase and anti-phase for the BDN coupling. This 

may indicate that it had the greatest susceptibility to the influences of phase relation. 

This falls in line with the effects of cooperative and competitive movement information 

discussed earlier. Given that the differences in cooperative and competitive movement 

information were found within tasks, it is not surprising that an effect also occurred 

between phase relations. 
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Limitations 

Statistical Methodology 

For the statistical methodology, limitations in statistical power are present due to 

the corrections for family-wise error. Moreover, we were unable to utilize a traditional 

parametric method due to assumption violations; thus, this non-traditional approach 

could be viewed as a limitation to the results' power.  

 

Performance Metrics  

In the study of chaotic systems, understanding the relationship between initial 

conditions and trajectory is paramount to predicting how a system will behave through 

time. However, this relationship is no simple task to formulate; given small differences 

in initial conditions, system trajectories may converge and diverge at various rates and 

reach substantially different endpoints. As such, predicting the effects of these inputs 

can be challenging to quantify. Lyapunov Exponents (LE) can quantify the dominant 

behaviour: precisely, by finding the largest LE. By knowing the system's dominant 

behaviour, we can determine if a system is genuinely stable or unstable. 

 

In terms of this study, LE is the ideal metric to measure stability; thus, it directly 

measures a system's stability. Unfortunately, we were unable to produce valid results 

with this method. Specifically, when using systems of known stabilities – Duffing 

Equation – (Falanga, 2014), inaccurate LE values were calculated: steady-state system 

with positive LE and converging systems with positive LE values. Given the 
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unreliability of available methods of calculating LE and the primary researcher’s limited 

skill in utilizing the essential mathematics, LE was not used. Due to this, stability itself 

was not measured in this study.  

 

It is highly recommended for future works to identify adequate methods of 

calculating LE of biological time-series data. Having information regarding the tasks' 

trajectory would provide more information about the system beyond its movement 

variability. This is critical as two systems may differ in variability, but both be on stable 

trajectories. Thus, utilizing LE may provide different results to that of this study.  

 

Summary 

 In summary, the results do not support the presence of multiple neural 

components at the spinal level. As the results could be explained through a two-tiered 

model (Equation 5), it is also possible to reason with a single component (Equation 4) at 

the spinal level. Given this conclusion, it is appropriate to favour the single oscillator 

model, given that it can provide the same results with the least number of assumptions 

(Occam’s razor). However, a model describing the organization of the CNS must be able 

to address the issues of Peper et al. (2000), Beeket al. (2002), and Peper et al. (2004) in 

which a single oscillator model was not able to account for the stochastic characteristics 

found in movement data. With this in mind, more work is required to determine if 

multiple organization levels are present, precisely, at the spinal level. Moreover, 

methodologies should be selected that provide a wide array of difficulty levels to ensure 
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that instability is introduced into the system and that the metrics directly measure the 

system's stability. 

 

Conclusion 

 In conclusion, significant findings were only present for the fourth hypothesis 

(Coupling); in particular, the couplings between the limbs appeared to be most 

susceptible to the tasks having the lowest and highest RPVs for in-phase and anti-phase 

respectably. As for the other hypotheses, no significant difference was found for either 

preferred handedness (Hypothesis 1) or the number of hands used during the task 

(Hypotheses 2 and 3). As such, the results do not indicate the presence of a two-tiered 

model in the human CNS. 
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Appendix  

Informed Consent Form for Adult Participants 

Research Title: Stability Analysis of Rhythmic Unimanual and Bimanual Wrist Coordination Tasks 

Researcher: Troy Wilson, Faculty of Kinesiology, University of New Brunswick 

Supervisor: Tim McGarry, Faculty of Kinesiology, University of New Brunswick 

 

Introduction 

 Hello, my name is Troy Wilson and I am a Graduate Student at the University of New 

Brunswick. I am completing research in the field of Motor Control and Learning; specifically, my research 

focuses are on how the human nervous system is able to coordinate movement. I will be providing you 

with information regarding how you can be a part my research. Feel free at any time to ask me questions if 

you are unsure of something in this document. As well, you have the right at any time to withdraw from 

the experiment with no consequences and all data pertaining to you will be destroyed. 

 

Purpose of the Research 

 Movement, though common in everyday life, is an incredibly complex and intricate behaviour. 

Though many theories have been proposed to explain it, such as motor programs and muscle memory, 

they have failed to answer all of the questions associated with movement. The goal of my research is to 

further a theory of movement called Coordination Dynamics Theory. Not only does this theory provide 

solid grounds for how movement is created, but it also fills the holes left from other theories. The goal of 

this research is to further our understanding of this theory by means of testing different rhythmic 

coordination tasks to a metronome. 
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Type of Research Intervention 

 These tasks will require flexing and extending your wrist(s) to a metronome that increases in 

speed. During the tasks, the angle of your wrists will be recorded with an electricgoniometer (See pictures 

below); with this data and the metronome data, I will be to determine how your body controls your wrists 

during the tasks. Each task will last one minute with the speed of the metronome increasing every ten 

seconds. 
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Participant Selection 
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 As I am interested in how the nervous system coordinates human movement, I need to ensure that 

there are no other contributing factors that may affect your ability to produce rhythmic wrist movements. 

Therefore, by selecting young individuals without neurological, hearing, or wrist impairments I am 

ensuring the data is the best representation of the target population; in this case, healthy individuals 

between the ages of 19 and 35. 

 

Voluntary Participation 

 Your participation in the research is entirely voluntary and you have the choice to stop 

participating during any point of the experiment. No negative repercussions will follow if you choose to 

withdraw from the study; moreover, your data will be destroyed promptly. 

 

Risk 

 For the risks involved in the experiment, they do not pose more than minimal risk as per Chapter 

2, Section B of the Tri-Council Policy. The risks that are present include possible fatigue of the forearm, 

possible skin irritation from tape, possible skin irritation from straps, and marks left from the electric 

goniometer. The irritation of the skin may occur when removing the tape from the hands and wrist; as 

well, the straps and electricgoniometer may leave marks on the underside of your arms. These discomforts 

are temporary and should resolve themselves quite quickly (eg. Within 24 hours). It is my goal to ensure 

that you are as comfortable as possible during the experiment as this will not only ensure more accurate 

results but will ensure that this research must pose more benefit than risk to the participants. 

 

As such, it is important to know of any allergies/sensitivities to tapes or materials; this will allow 

me to ensure that placement of the electricgoniometers will not lead to future discomfort. 
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Do you have any allergies/sensitivities to any adhesives or other materials? 

Circle one:  Yes  No 

If yes please inform the researcher to this sensitivity.  

 

Benefits 

 The information that you provide will be used to further the research in the field of Coordination 

Dynamics and improve our understanding of how the human nervous system coordinates rhythmic 

movement. As well, this data will help set the foundation for my future research which aims to develop 

neurologically integrated prosthetics further. 

 

Duration 

The total length of the procedure should not exceed 30-45 mins. This time will consist of 16 

minutes for the experiment itself with the other 14-29 minutes allotted to paperwork and experimental set-

up. 

Procedures and Protocol 

Before the Trials Begin 

• Your hand dominance will first be determined with the Modified Edinburgh Handedness 

Inventory (Milenkovic and Dragovic 2013). 

o This provides a better definition of hand dominance relative to simply asking which 

hand you prefer. 

• You will then be fitted to the apparatus. 

o This will be done by either raising or lowering the seat and placing a mat under your 

forearms so that you may freely move your wrists without hitting the table portion of the 

apparatus. 

• The electric goniometers will then adhere to the underside of your forearms so that the center of 

rotations of your wrists and the eletricgoniometers are aligned. 
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o Straps and tape will be used to anchor the electricgoniometers to the underside of your 

forearms. 

• Before the electricgoniometers are fully attached, I will periodically ensure that the tape/straps 

are not interfering with your range of motion. 

• You will then be given time to familiarize yourself with the different tasks. 

o This is to prevent any confusion during the experiment.  

o The metronome will also be provided during the practice trials. 

• At this time during the set-up, feel free to inform me of any discomforts that may arise so that 

they can be addressed. 

 

During the Trials 

• You will complete each of the trails in a predetermined random order. 

o Right hand with the metronome on the beat 

o Left hand with the metronome on the beat 

o Right hand with metronome offbeat 

o Left hand with metronome offbeat 

o Both hands with the metronome on the beat 

o Both hands with one hand on the metronome on the beat and the other on metronome 

offbeat 

• For the single hand trails, you will need to move the selected hand with the metronome on the 

beat (reaching maximum wrist flexion on the downbeat of the metronome) or on the metronome 

offbeat (reaching maximum wrist extension on the off-beat). 

• For both hands conditions, you will need to move both hands with the metronome on the beat 

(both hands reaching maximum flexion to the beat of the metronome) or with one hand moving 

with the metronome on the beat and the other hand moving to the metronome offbeat (your 

dominant hand reaching maximum flexion and your non-dominant hand reaching maximum 

extension to the beat of the metronome). 

• It is important that you try to maintain the tasks (on the beat or offbeat) for as long as possible. 

o If coordination is lost, continue the task to the best of your ability. 

• Between each trial, you will be given 2 minutes break to prevent fatigue from affecting the next 

trial. 

o If, by the end of the 2 minutes, you still feel fatigued, another 2 minutes will be 

provided. 

 

Confidentiality  

All documentation linking your name to your data will be completely confidential; only I, Troy 

Wilson, and will be able to access any data linking your identity with your participation in the study or 

data. The data will be contained on my personal computer, which is password protected; moreover, your 

full name will not be used as a three-digit code will be used to identify your data (i.e. S01, S02, S03, etc.).  
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The code will be placed on your signed consent form and will not be labelled as an identifying code. 

Moreover, the signed consent forms will be locked in a cabinet in the Motor Control and Learning Lab, 

which only I will have access to. Any data containing your name will be destroyed after five years. 

 

Sharing of Results 

 If you are interested in the outcome of the experiment, please provide your email below. This will 

not be given to anyone else and will only be used for sending you the results of the research. Moreover, I 

will not be sending out confidential information, only the data that would be published. 

Email: 

Right to Refuse or Withdraw 

 You have the right to withdraw from the study at any point in time and to have your data 

destroyed. In doing this, you will suffer NO penalties or repercussions for withdrawing from the study 

before, during, or after the experiment. Moreover, by agreeing to the terms of this experiment, you have 

NOT waived any rights to legal recourse in the event of research-related harm. 

This project has been reviewed by the Research Ethics Board of the University of New Brunswick 

and is on file as REB 2018-121. 

The REB is tasked to ensure that research participants are protected from harm that could occur as 

a result of participating in research at the university. If you wish to find out more information 

regarding the REB, you can contact them at 3 Bailey Derive, Sir Howard Douglas Hall, Rm 215, 

(506) 453-5189, ETHICS@unb.ca. 

I have read the foregoing information, or it has been read to me. I have had the opportunity to ask 

questions about it, and any questions that I have asked have been answered to my satisfaction.  I 

voluntarily consent to participate as a participant in this research. 
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Print Name of Participant:_____________________________________    

Signature of Participant:______________________________________ 

Signature of Primary Investigator: ______________________________________ 

Date: ____________ 

         DD/MM/YY   

  



 

86 

 

Modified Edinburgh Handedness Inventory (Milenkovic and Dragovic 2013) 

Date: 

Participant Code: 

Data Collector: 

 

This tool will be used to determine your hand preference; it is a modified version of the 

Edinburg Handedness Inventory, which has been changed to remove problematic tasks, 

improve internal consistency and validity. 

Indicate your preference of hand use for the following tasks: 

 

Task Strong 

Right 

Slight 

Right 

No 

Pref 

Slight 

Left 

Strong 

Left 

Writing      

Throwing      

Scissors      

Toothbrush      

Knife      

Spoon      

Striking a match      

Total (T)      

T x Value x 5 x 4 x 3 x 2 x 1 

Handedness  

([Total x Value]/7) 
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