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Abstract For nearly four decades bimanual coordination, “a
prototype of complex motor skills” and apparent “window
into the design of the brain,” has been intensively studied.
Past research has focused on describing and modeling the
constraints that allow the production of some coordination
patterns while limiting effective performance of other biman-
ual coordination patterns. More recently researchers have
identified a coalition of perception-action constraints that hin-
der the effective production of bimanual skills. The result has
been that given specially designed contexts where one or more
of these constraints are minimized, bimanual skills once
thought difficult, if not impossible, to effectively produce
without very extensive practice can be executed effectively
with little or no practice. The challenge is to understand how
these contextual constraints interact to allow or inhibit the
production of complex bimanual coordination skills. In addi-
tion, the factors affecting the stability of bimanual coordina-
tion tasks needs to be re-conceptualized in terms of
perception-related constraints arising from the environmental
context in which performance is conducted and action con-
straints resident in the neuromotor system.
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Introduction

A variety of bimanual movement tasks have been used in exper-
iments investigating the accuracy and stability characteristics of
inter-limb coordination. These characteristics have been formally
characterized (e.g., Kelso, 1995), extensively investigated (e.g.
see Carson, 2005; Fuchs & Jirsa, 2008; Ivry, Diedrichsen, Spen-
cer, Hazeltine & Semjen, 2004 for reviews), explained using
concepts taken from synergetics (Haken, 1981) and nonlinear
dynamical systems, and modeled using nonlinearly coupled limit
cycle oscillators (Haken, Kelso, & Bunz, 1985) perturbed by
stochastic forces (Schoner, Haken & Kelso, 1986). Bimanual
coordination experiments “... have revealed quite remarkable
temporal constraints between the two hands when they are func-
tioning together” (Kelso & de Guzman, 1988), such that only a
few bimanual movement patterns can be effectively performed
without extensive practice. More specifically, the research litera-
ture has demonstrated that there are only two inherently stable
patterns of bimanual coordination: in-phase and anti-phase
(Kelso, 1984) with the in-phase coordination pattern consistently
shown to be more stable than the anti-phase pattern (e.g., Kelso,
1981, 1984; Kelso, Scholz, & Schdoner, 1986).

In-phase and anti-phase refer to 1:1 frequency relationships
between the movements of the two effectors with 0° and 180°
phase shift, respectively, with the in-phase pattern often in-
volving the simultaneous activation of homologous muscles
of the two limbs and/or mirror movement symmetry. That is,
many of the tasks commonly used to investigate bimanual
coordination, such as left and right index finger flexion-
extension (e.g., Riek, Carson, & Byblow, 1992; Scholz &
Kelso, 1989), forearm pronation-supination (e.g., Carson et
al., 1996; Temprado, Zanone, Monno, & Laurent, 1999), el-
bow flexion-extension (e.g., Kovacs, Buchanan, & Shea,
2009a; Spencer & Irvy, 2007), and circle drawing (e.g.,
Hiraga, Summers, & Temprado, 2004; Summers, Maeder,
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Hiraga, & Alexander, 2008), the in-phase coordination pattern
requires the simultaneous activation of homologous muscles.
The in-phase pattern is more stable than the anti-phase coor-
dination pattern that requires the activation of non-
homologous muscle groups. However, stable in-phase move-
ments have also been associated with simultaneous activation
of non-homologous muscles when visual feedback was ma-
nipulated to create perceptual symmetry (e.g., Mechsner,
Kerzel, Knoblich, & Prinz, 2001; Mechsner & Knoblich,
2004), during multi-joint arm movements (e.g., Buchanan &
Kelso, 1993; Kelso, Buchanan, & Wallace, 1991), iso-
directional movements with non-homologous muscle combi-
nations (e.g., Serrien, Li, Steyvers, Debaere, & Swinnen,
2001; Serrien & Swinnen, 1997) and interpersonal coordina-
tion (e.g., Oullier, de Guzman, Jantzen, Legarde, & Kelso,
2008; Schmidt, Carello, & Turvey, 1990). Regardless of the
muscle groups used or the movement of the effectors, the in-
phase coordination pattern represents a powerful attractor state
while the anti-phase pattern is subject to spontaneous phase
transitions (loss of stability) to the in-phase pattern when the
control parameter (i.e., frequency) is increased (Kelso,
1981,1984, 1995; Kelso, Scholz, & Schoner, 1986).

This relationship has been illustrated in experiments where-
in 1:1 rhythmic movements of the limbs (fingers, wrists, or
arms) at a goal relative phase of 30° to 150° (e.g., Tuller &
Kelso, 1989; Yamanishi, Kawato, & Suzuki, 1980; Zanone &
Kelso, 1992), for example, are strongly attracted to in-phase
and anti-phase coordination patterns. That is, relative phase
patterns other than 0° and 180° are not inherently stable and
the motor system shows a bias towards what has been labeled
the intrinsic dynamics of in-phase and anti-phase coordination
(Schoner & Kelso, 1988). A number of researchers have sug-
gested that the tendency toward in-phase and anti-phase
movements of the limbs originates in action constraints of
the perception-action system (e.g., Kagerer, Summers, &
Semjen, 2003; Kennerly, Diedrichsen, Hazeltine, Semjen, &
Ivry, 2002; Peper, de Boer, de Poel, & Beek, 2008), while
other researchers suggest that perceptual constraints can play
a large role in determining the stability of the bimanual coor-
dination pattern (e.g., Bingham, 2004a,b; Mechsner et al.,
2001; Mechsner & Knoblich 2004). Alternately, a number of
studies have favored the hypothesis that a coalition of con-
straints, ranging from high-level perceptual to lower-level mo-
tor, modulates the stability of coordinated behavior (e.g.,
Amazeen, DaSilva, & Amazeen, 2008; Carson & Kelso,
2004; Meesen, Wenderoth, Temprado, Summers, & Swinnen,
2006; Salesse, Temprado, & Swinnen, 2005; Temprado et al.,
2003; Shea, Kovacs, & Buchanan, 2009; Swinnen, 2002;
Swinnen & Wenderoth, 2004). In other words, depending on
the environmental information available, task requirements,
and specific muscle groups utilized multiple constraints may
inhibit/disrupt the production of the desired coordination pat-
tern without any one constraint taking precedent at all times.
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Research has also demonstrated that similar stability char-
acteristics underlie bimanual multi-frequency coordination
(Kelso & de Guzman, 1988; Peper & Beek, 1998; Peper,
Beek, & van Wieringen, 1995a). Specifically, research has
demonstrated that the 1:1 coordination pattern is highly stable,
while other ratios (e.g., 1:2, 2:3, 3:5) are significantly more
difficult to perform (Fraisse, 1946; see Peper, Beek, & Van
Wieringen, 1995a,b,c, for discussion). As such, individuals
tend to transition to stable 1:1 or lower order frequency rela-
tionships while performing polyrhythmic coordination pat-
terns (e.g., Peper, Beek, & van Wieringen, 1995b,c; Treffner
& Turvey, 1993). Thus, when attempting to produce phase or
frequency relationships other than 1:1 in-phase, any factor that
nudges the movement of one limb toward the pattern of move-
ment of the other limb or perceptual factors related to moni-
toring the movements of the two limbs could disrupt the al-
ready “unstable” coordination pattern and in some cases this
results in a phase transition to a more stable (e.g., 1:1 in-phase)
coordination pattern (Beek, Peper, & Stegeman, 1995 for a
review).

Although difficult to perform, higher order frequency ratios
have been investigated in tapping tasks (e.g., Boonstra,
Daffertshofer, Breakspear, & Beek, 2007; Deutsch, 1983;
Klapp, Nelson, & Jagacinski, 1998; Kurtz & Lee, 2003), most
often with skilled musicians (e.g., Bogacz, 2005; Collier &
Wright, 1995; Peper et al., 1995a,b; Summers, Todd, & Kim,
1993). Presumably, skilled musicians have developed internal
representations of various rhythms that can be used or adapted
to produce the goal coordination pattern (see section on visual
and auditory models). Higher order frequency ratios have also
been investigated in reciprocal motion tasks using handheld
pendulums in one or both hands (e.g., Sternad, Turvey, &
Saltzman,1999a,b; Treffner & Turvey, 1993), crank-turning
tasks with the two cranks geared the same (e.g., Boyle,
Panzer, & Shea, 2012; Preilowski, 1972) and geared different-
ly (Mechsner et al., 2001), and have been found to spontane-
ously emerge in various bimanual tasks, but not maintained
for a prolonged period of time (e.g., Buchanan & Ryu, 2006,
2012; Washburn, Coey, Romero & Richardson, 2014).

In the sections below we will describe two broad classifi-
cations of constraints (perceptual and action) that impact to
varying degrees the performance and learning of many biman-
ual coordination tasks. Perceptual constraints are related to the
processing of sensory information available in the perfor-
mance environment, difficulty associated with attempts to
split attentional resources between the movement of the two
limbs, and the attentional focus (internal or external) adopted
by the performer. Action constraints are related to the contra-
lateral and ipsilateral neural pathways where the activation of
one set of muscles can influence the pattern of activation of the
homologous and non-homologous muscles in the contralateral
limb. Action constraints are often referred to as the product of
cortical and sub-cortical neural crosstalk. While the perceptual
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constraints are typically viewed as higher order, more cogni-
tive constraints and motor constraints are often viewed as
lower order, there is also evidence for self-organized
combinability and exchangeability of these constraints with
the coordination dynamics that emerge highly dependent on
both the nature of the task, environmental context, and strate-
gy adopted by the performer. Following the introduction to
perceptual and action constraints, methods used to minimize
the impact of these constraints on reciprocal iso- and multi-
frequency bimanual coordination tasks, discrete and mixed
(discrete and reciprocal) bimanual coordination tasks, biman-
ual tapping patterns, and finally techniques used to enhance
production of circle motion coordination patterns will be de-
scribed. These methods will then be described both in terms of
their immediate impact on performance and longer term im-
pact on learning.

Coalition of constraints

This section will provide a brief discussion of two classes of
constraints that we feel can play powerful roles in the produc-
tion of a wide range of bimanual coordination tasks and a
discussion of factors that may minimize the influence of at
least some of these constraints. For the purpose of this review
we refer to these constraints as perceptual constraints, refer-
ring particularly to visual perception of the limbs and/or en-
hanced visual displays, and the associated attentional factors
present when attempting to monitor metronomes (visual or
auditory) and/or the movement of the two limbs. Attentional
factors refer particularly to conditions which may distract the
performer from more salient movement information and/or
testing conditions that require attention to be split between
effectors or stimuli and/or result in changes from the optimal
attentional focus. Action constraints arise from contralateral
and ipsilateral neural pathways that activate the muscles used
to produce the coordination pattern. One type of action con-
straint is neural crosstalk whereby some portion of the force
commands for one limb is diverted to the other limb. This has
the potential to periodically perturb the movement of the con-
tralateral limb when the two limbs are moving at different
phase or frequency relationships or alternatively in the case
of in-phase movement serve to stabilize the movement
pattern.

Perceptual constraints

The nature of non-linear coupling among the component oscil-
lators that were represented in abstract mathematical terms in
the HKB model (Haken et al., 1985; Schoner et al., 1986;
Haken, Peper, Beek, & Daffertshofer, 1996) has also been re-
peatedly linked to the perceptual information available. Re-
search has revealed a pivotal role for proprioception

(Baldissera, Cavaliari, Marini, & Tassone, 1991;
Ridderikhoff, Peper & Beck, 2005) and tactile input
(Aschersleben & Prinz, 1995; Buchanan & Ryu, 2005; Kelso,
Fink, DeLaplain, & Carson, 2001) in stabilizing in-phase and
anti-phase coordination. Clues as to the importance of visual
perceptual information to bimanual coordination have also
been found in interpersonal coordination tasks (Schmidt
et al.,1990), where two people coordinate their movements,
and unimanual tracking tasks (Wilson, Collins, & Bingham,
2005a,b), whereby performers coordinate their movements to
an external signal, which also exhibit stable coordination pat-
terns at 0° and 180° relative phase. In the interpersonal coordi-
nation paradigms a direct neuromuscular connection between
the components is not present, suggesting coupling occurs at a
perceptual level. Bingham and colleagues (e.g., 2004a,b;
Bingham, Schmidt, & Zaal, 1999; Wilson, Collins, &
Bingham, 2005a,b) have also argued that bimanual coordina-
tion can be limited by the performer’s ability to detect a given
relative phase pattern through visual perception. That is, if a
participant rates the movement of two horizontally moving dots
in a display as uncoordinated and cannot distinguish the
amount of variability in the pattern, then it is unlikely they will
be able to produce a bimanual coordination pattern consistent
with the display. Using this logic, the reason for poor perfor-
mance in bimanual tasks when using visually based environ-
mental information to specify the desired relative phase is that
participants are unable to detect their errors, and thus are unable
to initiate effective corrections. The tacit assumption of this
argument is that if salient perceptual information is provided
which facilitates pattern detection then error detection (and cor-
rection) will follow. The extension of this argument is that the
end result will be increasingly stable performance achieved
through practice. The work of Bingham and colleagues
establishes a link between visual perception and the stability
of symmetric and asymmetric coordination patterns, but they
did not directly test the role that such perceptual processes
actually play or can play in the performance or learning of
bimanual coordination patterns. Similarly, Mechsner et al.
(2001) provided evidence that under specific postural manipu-
lations coordinated bimanual movements were organized in
terms of visual symmetry and not motoric symmetry as previ-
ous work suggested (see Riek et al., 1992 for alternative find-
ings). That is, Mechsner et al. have shown that a bimanual
coordination pattern in which the simultaneous activation of
non-homologous muscles is required can be performed as sta-
bly as a coordination pattern requiring simultaneous activation
of homologous muscles, provided there is visual symmetry of
movement direction. However, Mechsner’s view whereby co-
ordinated movements are purely perceptual-cognitive/psycho-
logical in nature (Mechsner & Knoblich, 2004) has been inten-
sively questioned by many scientists (e.g., commentaries on
Mechsner and Knoblich, 2004, “A psychological approach to
human voluntary movements,” and responses of the author).
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One perceptual manipulation used in an attempt to over-
come the difficulty participants experience in conceptualizing
the bimanual task and in detecting and correcting coordination
errors involves the use of performance goals presented
through Lissajous portraits and concurrent Lissajous displays.
Terminal Lissajous templates and feedback have been used
with some success in bimanual experiments requiring individ-
uals to learn novel 1:1 coordination patterns with various
phase lags (e.g., Hurley & Lee, 2006; Lee, Swinnen, &
Verschueren, 1995; Swinnen, Dounskaia, Verschueren,
Serrien, 1995; Swinnen, et al., 1997b; Swinnen, Verschueren
et al., 1998). For example, Swinnen, Lee et al. (1997b) had
participants practice a 1:1 bimanual coordination pattern with
a 90° phase offset for 3 days (50 trials per day) under various
feedback conditions. Most relevant to the present discussion
were conditions with and without online Lissajous feedback.
A Lissajous plot integrates the position of the two limbs into a
single point. For example, the movement of one limb would
move the cursor horizontally with extension of the limb mov-
ing the cursor to the right and flexion moving the cursor to the
left while the motion of the other limb moves the cursor ver-
tically (flexion-down, extension-up). Thus, a 1:1 movement
pattern with a 90° phase offset would result in circular move-
ment of the cursor. Swinnen, Lee et al. (1997b) found en-
hanced coordination performance and decreased performance
variability during acquisition for the group provided terminal
Lissajous feedback relative to the group without the Lissajous
information. Performances on delayed retention and transfer
tests without Lissajous displays were also enhanced following
acquisition with Lissajous feedback.

It should be noted that a Lissajous plot as a source of per-
ceptual information may also serve to reduce attentional pro-
cessing demands to a more manageable level because the par-
ticipant’s attention does not have to be split between the move-
ments of the two limbs. Instead, attentional resources may be
directed towards the integrated representation of the two limbs
in the Lissajous plot. That is, coordination errors may be more
casily detected and thereby corrected, especially when a goal
movement pattern template is provided in the Lissajous dis-
play. However, if participants do split attention between direct
vision of the limb movements and the transformed movement
of the limbs in the Lissajous display, the information could be
conflicting because the planes of motion are different. In ad-
dition, participants have a strong tendency to attempt to ac-
tively control limb motion when the limbs are visible, which
in a relatively large number of experiments has been shown to
have a negative impact on performance (see Wulf, 2007 for
review).

Research has also shown that cognitive processes, such as
intention (Scholz & Kelso, 1990), strategy selection (Kelso,
DelColle & Schoner, 1990), and instruction (Fowler &
Turvey, 1978) can influence the stability of bimanual and
unimanual coordination patterns. Recent theorizing has
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attempted to link neural areas such as the anterior cingulate
cortex to cognitive constraints that may impact the “functional
representations” of muscles underlying sensorimotor coordi-
nation in general (Carson & Kelso, 2004). For example, when
trained musicians (pianists) performed a familiar piece, in-
creased activation was found in the SMA whereas when they
performed unfamiliar pieces (increased attentional demands)
increased activation was found in the pre-SMA (Sergent,
1993). Thus, some researchers view the basis for the function-
al asymmetry as mediated by perceptual factors related to
attention (Peters, 1989, 1994; Kinsbourne, 1970). Indeed,
the role of attention in bimanual movements has received a
good deal of experimental investigation (e.g., Hiraga et al.,
2004; Summers et al., 2008). However, there are also views
arguing that while attentional factors undoubtedly play a role,
they are not the basis for the functional asymmetry (Carson,
1989; Allen, 1983; Amazeen, Amazeen, Treffner & Turvey,
1997), but rather attention and handedness are related through
their mutual effects on the bimanual coordination dynamics
(de Poel, Peper, & Beek, 2008; Treffner & Turvey, 1995,
1996). Further, Temprado, Zanone, Monno, and Laurent
(1999) have demonstrated that the stability of the intrinsic
dynamics (i.e., in-phase and anti-phase) as well as the differ-
ence between them can vary based on the attentional priority
given to the coordination task. When attention to the bimanual
task was somehow released (i.e., shared attention in a dual-
task condition or focus on the secondary task) both intrinsic
patterns showed a consistent increase in variability with
higher increases for the anti-phase compared with the in-
phase pattern. Conversely, when attention was directed to
the bimanual task, variability of both patterns decreased with
a stronger effect on the anti-phase pattern. Furthermore, these
effects, observed at the level of the coordination pattern, were
also reflected at the component level (individual limbs).

In terms of attentional factors influencing multifre-
quency coordination patterns (i.e., 2:3), Peters and
Schwartz (1989) have shown that attention directed to
the slower moving limb typically leads to larger perfor-
mance decrements than attention directed to the faster
moving limb. Other research has demonstrated that bi-
manual coordination is also constrained by whether the
movements involve the activation of homologous mus-
cles and/or mirror symmetry movements, and that ab-
stract directional codes through practice become part
of the memory representation for bimanual movements
and can constrain transfer more so than muscle pairs
(Temprado & Swinnen, 2005). Swinnen and Wenderoth
(2004) have maintained that attentional factors interact
with the motoric aspect of the coupling that drives the
phase attraction towards in-phase and anti-phase coordi-
nation (Swinnen & Wenderoth, 2004).

Recently, two relatively specific attentional factors have
been shown to provide strong constraints on bimanual
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coordination (Kovacs et al. 2009a; Kovacs, Buchanan, &
Shea, 2009b); one factor involves vision of the limbs when
alternative forms of concurrent feedback are provided (e.g.,
Lissajous plots) and the second factor is related to the use of
visual and auditory metronomes used to pace cycle frequency
of the limbs. Visually monitoring the movement of the two
limbs in bimanual coordination appears, at first glance, to be a
very natural way to facilitate the production of bimanual co-
ordination patterns. However, for a number of reasons visual
monitoring of the limbs may actually prove detrimental to
coordination. A growing literature suggests that monitoring
limb movement encourages explicit control of the limbs, and
this may actually interfere with more implicit control process-
es. Research on attentional focus has shown that participants
tend to relinquish conscious control when limb motion is hid-
den from view and/or when the participant’s attention is di-
rected to other salient information (see Wulf, 2007 for review).
For example, McNevin, Shea, and Wulf (2003), found an
improvement in stabilometer performance when participants’
attentional focus was directed away from their feet and legs.
Frequency analysis (FFT) of the platform’s motion indicated
an overall increase in mean power frequency of the platform’s
motion with an overall decrease in amplitude when attention
was directed away from the feet and legs relative to when
participants were instructed to monitor their lower limb move-
ments. The authors argued that focusing attention on the limbs
compromised (or constrained) the normal regulatory process-
es involved in balance. McNevin et al. referred to this as the
“constrained action hypothesis” because it appeared that at-
tention directed to the limbs increased the likelihood that par-
ticipants exerted conscious control of the limbs inhibiting
more efficient control processes. As suggested by the
stabilometer study, providing vision of the limbs during a
bimanual coordination task may well increase the likelihood
that participants attempt to consciously intervene in the con-
trol of one or both limbs to the detriment of bimanual
performance.

A second attentional factor involves the use of visual and
auditory metronomes. Note that metronomes have not only
been used to pace bimanual coordination at a particular fre-
quency, but have also been used to provide a way of directing
the participant to the goal coordination pattern. In Kelso and
Zanone (2002), for example, “participants were instructed to
produce the required relative phase specified by the visual
metronome” by synchronization of the reversal of the right
limb with the onset of the right LED and reversal of the left
limb with the onset of the left LED. If participants were able to
do this effectively, they would achieve the goal phase offset and
the goal frequency. However, to do this attention must be uti-
lized to compare the movements of the limbs with the timing
information provided by the metronomes. Thus, attentional
load may increase when metronomes are used and this load
may be further increased when the cycle frequency is increased.

Action constraints

The tendency for participants to transition from asymmetric
coordination patterns to in-phase movements of the fingers or
limbs has been thought to be due, at least in part, to biases
originating in the action component of the perception-action
system (e.g., Kagerer et al., 2002, 2003; Peper et al., 2008).
For example, the concept of neural crosstalk has been used to
explain the findings of stability differences and phase transi-
tions in various bimanual coordination patterns based on in-
teractions in the forward command streams in the highly in-
terconnected and redundant organization of the nervous sys-
tem (for review, see Swinnen, 2002). Neural crosstalk has
been defined as a mirror image command sent to the homol-
ogous muscles of the contralateral limb (e.g., Cattaert,
Semjen, & Summers, 1999; Swinnen, Lee et al., 1997b). Ac-
cording to the crosstalk model, two independent motor plans
exist for each limb and some fraction of the force commands
for one limb is diverted to the other limb (Cattaert et al., 1999).
It has been proposed that the movements produced by the
symmetric activation of homologous muscles are stabilized
when the contralateral and ipsilateral signals are integrated,
while movements produced by the activation of non-
homologous muscles or asymmetric activation suffer from
ongoing interference due to conflicting information and partial
intermingling of signals controlling the two arms (e.g.,
Kagerer et al., 2003; Kennedy, Boyle, Rhee, & Shea, 2015a;
Marteniuk, MacKenzie, & Baba, 1984).

Researchers have demonstrated that the temporal control of
discrete and continuous bimanual movements have distinct
underlying neural mechanisms (Robertson & Murre, 1999).
The temporal control of discrete movements, such as finger
tapping, requires the specification of a series of discrete sig-
nals related to the endpoint of movements. In contrast, the
temporal control of reciprocal movements requires the signal
to specify a continuous spatial-temporal relationship between
components (limbs). It appears that (especially for reciprocal
bimanual movements), there is no single location in the brain
responsible for the control of the spatial-temporal patterns of
bimanual coordination; rather a distributed neural network is
involved (Debaere et al., 2001). Furthermore, the brain areas
involved/activated also differ depending on the types of coor-
dination patterns performed. For example, activation levels in
the SMA, S1, M1, CMA, and PM were higher when an anti-
phase coordination pattern was performed compared to when
an in-phase pattern was performed (Jancke et al., 2000;
Stephan et al., 1999). Also, Cardoso de Oliviera, Gribova,
Duchin, Bergman and Vaadia (2001) have shown that during
in-phase coordination the correlations between interhemi-
spheric motor cortical areas (the motor areas activated simul-
taneously in both hemispheres) are much stronger than during
anti-phase coordination. As Swinnen (2002) noted, this corre-
lated activity between hemispheres could provide the neural
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basis of crosstalk between limbs, as observed at the behavioral
level. In other words, neural crosstalk occurs during bimanual
coordination when both hemispheres send signals to the con-
tralateral side of the body via the crossed cortico-spinal path-
ways, yet also simultaneously send the same signal to the
ipsilateral side of the body via uncrossed cortico-spinal
pathways.

‘When in-phase coordination is performed the signals com-
ing to the muscles of one limb from both contralateral and
ipsilateral pathways are congruent (homologous muscles are
activated), and thus not conflicting. However, when an anti-
phase pattern is performed (requiring the simultaneous activa-
tion of non-homologous muscles), each limb (depending on
the timing) will receive conflicting signals from the contralat-
eral and ipsilateral hemisphere (Cattaert et al., 1999; Kagerer
et al., 2003; Kennerley et al., 2002). Interestingly, the likeli-
hood of interference resulting from non-congruent signals ap-
pears to increase as cycle frequency and/or force requirements
increase and may even delay the onset of force commands
(Kennedy, Wang, Shea, 2013a,b). Moreover, the notion of
neural cross-talk combined with the identified activation areas
might give us an indication why musicians are able to perform
certain difficult coordination patterns much better than non-
musicians. Jancke et al. (2000) noted that cortical areas acti-
vated as well as activation levels change as a function of
practice with more activation in more extended areas early
in practice. Pianists show lower degrees of activation in pri-
mary and secondary motor areas than non-musicians. Conse-
quently, lower activation levels might yield less conflicting
signals via uncrossed cortico-spinal pathways for musicians.
Some research has shown that with the loss of somatosensory
feedback there is a decrease in the stability of anti-phase co-
ordination, however, this loss does not keep the system from
establishing and maintaining symmetric and asymmetric bi-
manual circle tracing patterns (Spencer, Ivry, Cattaert, &
Semjen, 2005). Thus, one contribution to the coupling and
stability characteristics of bimanual coordination clearly re-
sides in forward commands and the interactions that arise
from those commands as the result of shared neural pathways
(Ridderikhoff et al., 2005). It should be noted that constraints
related to crossed and uncrossed neural pathways should af-
fect to varying extents all iso- and poly-rhythmic bimanual
coordination patterns except the in-phase 1:1 coordination
pattern.

Kennedy, Boyle, Wang, and Shea (2015b) designed a series
of experiments to determine the level of cooperation or inter-
ference observed from the forces generated in one limb on the
forces produced by the contralateral limb when one or both
limbs were producing a constant force (Experiment 1), one
limb was producing a dynamic force while the other limb
was producing a constant force (Experiment 2), and both
limbs were producing dynamic force patterns (Experiment
3). The results for both Experiments 1 and 2 showed relatively
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strong positive time series cross-correlations between the left
and right limb forces indicating that an increase or decrease in
the force generated by one limb resulted in corresponding
changes in the force produced by the homologous muscles
of the contralateral limb. Experiment 3 required participants
to coordinate in-phase 1:1 and 1:2 bimanual force patterns.
This experiment will be discussed in more detail in the section
on multi-frequency bimanual coordination; however, it is im-
portant to note that relatively small but identifiable influences
of right limb forces on the left limb force time series were also
observed in the 1:2 task that were not evident in the 1:1 in-
phase task. The results of all three experiments provided evi-
dence to support the notion that action constraints related to
crossed and uncrossed neural pathways influence bimanual
coordination. It is important to note, however, that these per-
turbations in the force time series were only minimally disrup-
tive to the management of the coordination pattern while
Lissajous feedback was provided. Thus, it appears that the
Lissajous feedback did not eliminate the action constraints,
yet its use did minimize their impact on the overall coordina-
tion pattern.

It should also be noted that the influences of action con-
straints appear to be highly dependent on the task require-
ments and the specific limb/muscles that are utilized. The
use of ipsilateral muscle groups, for example elbow and wrist
of the same limb, would be impacted differently than the use
of homologous muscles of the contralateral limbs. Similarly,
tasks that required increased forces for one limb may result in
larger influences on forces produced by the contralateral limb
movement than those produced in near frictionless environ-
ments (e.g., movements of levers).

Minimizing perceptual constraints while managing action
constraints

One technique that appears to have great potential to reduce
perceptual constraints involves the use of Lissajous displays.
Lissajous displays integrate the position of the two limbs into
a single point in one plane. That is, the movement of two limbs
is displayed as a single point (cursor) where movement of one
limb moves the cursor to the left or right while the movement
of the other limb moves the cursor up and down. It should be
noted that a Lissajous display as a source of perceptual infor-
mation may reduce perceptual demands because the partici-
pant’s attention does not have to be split between the move-
ments of the two limbs in order to determine the relationship
between the limbs. Instead, perceptual resources may be
directed towards the integrated representation of the two
limbs in the Lissajous display. However, Lissajous dis-
plays are not the only method that has been shown to
be effective in reducing the perceptual constraints asso-
ciated with bimanual coordination.
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In the following subsections a variety of bimanual tasks
and integrated displays will be discussed in terms of the im-
pact of integrated displays on bimanual coordination. We start
with the influence of Lissajous displays on 1:1 bimanual co-
ordination with various phase shifts, the production of a vari-
ety of multi-frequency bimanual coordination patterns, and
discrete and combined discrete and reciprocal bimanual coor-
dination tasks. Next we describe the effectiveness of provid-
ing online error information in the production of bimanual
circling movements and, lastly, we describe the use of inte-
grated visual and auditory models on the production of biman-
ual tapping rhythms.

1:1 bimanual coordination

A series of bimanual coordination experiments (Kovacs et al.,
2009a,b) were conducted in an attempt to determine if biman-
ual 1:1 coordination patterns with various phase shifts are
more stable than typically demonstrated when (1) salient, in-
tegrated feedback is provided, (2) attention demands are re-
duced, and (3) attempts to consciously coordinate the limbs
are not encouraged ( see McNevin et al., 2003 for a discussion
of external and internal foci of attention). These experiments
were designed in an attempt to minimize and document at
least some of the perceptual constraints thought to influence
performance in many bimanual coordination experiments.
Two experiments by Kovacs et al. (2009a,b; Also see
Kovacs & Shea, 2010) using 1:1 bimanual coordination pat-
terns with various phase shifts manipulated the presence of
Lissajous feedback, the use of metronomes, and vision of
the limbs. Kovacs et al. (2009a) asked participants to produce
a 90° relative phase bimanual coordination pattern (elbow
flexion and extension). All participants received concurrent
Lissajous feedback either with or without an auditory metro-
nome (1 Hz); vision of the limbs was occluded for both
groups. Participants not provided a metronome were simply
encouraged to increase their cycling frequency on subsequent
trials if their frequency fell below the 1 Hz goal. Performance
after only 5 min of practice indicated quite remarkable coor-
dination for the no-metronome condition (relative phase var-
iability and absolute error in relative phase < 10°) (Fig. 1a)
compared to the metronome condition (relative phase variabil-
ity and absolute error in relative phase ~30°) (Fig. 1b). These
data are important because they demonstrate the strong nega-
tive impact of utilizing a metronome to pace bimanual coor-
dination tasks. The results are also helpful in explaining why
participants provided Lissajous feedback and a metronome to
pace their movements in earlier experiments, yet did not have
vision of their limbs because testing was conducted in a func-
tional magnetic resonance imaging (fMRI) scanner (e.g.,
Debaere et al., 2001; Debaere, Wenderoth, Sunaert, Van
Hecke, & Swinnen, 2003; Puttemans, Wenderoth, &
Swinnen, 2005) or had vision of their limbs occluded for some

other reason (e.g., Summer, Davis, & Byblow, 2002), did not
perform particularly well even though they were provided
substantially more practice than in the Kovacs et al. (2009a)
experiment. Note that the performance of the various groups
at the end of the 5-min practice period were under the same
conditions that they had been practicing under.

The second experiment (Kovacs et al., 2009b) addressed
the question: Can participants produce with low error and
variability a wide range of relative phase patterns (between
0° and 180° in 30° increments) using a protocol similar to that
of Yamanishi et al. (1980) and Zanone and Kelso (1992) but
with Lissajous feedback provided, vision of the limbs occlud-
ed, and when metronomes are not used. Participants in one
group were provided concurrent Lissajous feedback, while
participants in another group where provided visual metro-
nomes to guide the left- and right-limb cycle frequency. The
task was to flex and extend the two limbs in order to move the
Lissajous cursor in the pattern depicted by a template in the
display (Fig. 2a,b). Note that the template changed depending
on the task for that trial (0° to 180° in 30° increments). All
participants completed three practice blocks and one test
block. The metronome group produced patterns of relative
phase error and variability similar to those observed in previ-
ous experiments. However, in the Lissajous group these mea-
sures were substantially reduced to levels typically observed
only after multiple days of practice, and then only for the
relative phase pattern that was practiced (Fig. 2c-i). Important-
ly, relative phase variability was less than 10° for all tasks
except in-phase (0°) where relative phase variability was re-
duced. These findings again were consistent with the hypoth-
esis that Lissajous feedback provides salient information that
allows participants to quickly “tune-in” the necessary motor
commands to produce a desired relative phase relationship.
We and others (e.g., Mechsner et al., 2001) have described
the process of adjusting the cycle frequency as “tuning in”
the goal bimanual coordination pattern because it appears that
participants increase and/or decrease the cycle frequency of
the two limbs until they find the movement pattern that best
matches the goal template provided in the Lissajous display. It
is important to note that this experiment again provides evi-
dence that the use of metronomes to guide and pace bimanual
movements may actually be detrimental to the performance of
the goal coordination pattern. However, these techniques do
not appear to result in the development of an internal repre-
sentation of the task that can be used when and if the Lissajous
display is withheld. That is, when the Lissajous display is
removed performance deteriorates.

Multi-frequency bimanual coordination
Kovacs, Buchanan, and Shea (2010a,b; also see Boyle et al.,

2012) designed experiments in an attempt to demonstrate that
difficult multi-frequency coordination between the limbs can

@ Springer



368

Psychon Bull Rev (2016) 23:361-386

CFS - No-metronome

1.0
0.5
0.0 1
-0.5
-1.0

N. displacement

180

135

9 e ~

45

Relative phase

0.0 25 5.0
Time (s)

CTT Metronome

1.0
0.5 A
0.0 A
-0.5
-1.0

N. displacement

180

D
135

90 +—A
45 -\/ \"’\/—'\/\/-\'\/“/=I

0

Relative phase

0.0 25 5.0
Time (s)

Fig. 1 Actual left and right limb movements and resulting relative phase for a participant in the no-metronome condition (A,B) and a participant in the

metronome conditions (C,D) (from Kovacs et al., 2009b)

be performed more effectively than typically demonstrated
when (1) salient, integrated feedback is provided, (2) attention
demands are reduced, and (3) attempts to consciously coordi-
nate the limbs are not encouraged. Kovacs et al. (2010a)
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Fig. 2 Example of the Lissajous displays (A) and participant set-up (B).
Examples of normalized left and right limb displacements (left) and
resulting Lissajous plots (right) for the various scanning conditions (C-
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than 2:1 and 3:2 coordination patterns. Indeed, as noted earli-
er, each of these patterns were thought to be extremely diffi-
cult to perform effectively without extensive practice.

In Experiment 1 of Kovacs et al. (2010a) the goal was
a 2:1 harmonic ratio (Fig. 3a,b), and in Experiment 2 the
goal was a more difficult 3:2 polyrhythmic ratio (Fig. 3c,
d). In both experiments participants were asked to pro-
duce the required frequency ratio by continuously flexing
and extending the elbows in the horizontal motion plane.
One group of participants was permitted vision of their
limbs and provided Lissajous feedback (uncovered limb/
Lissajous group). Two additional groups performed the
task while the limbs were blocked from view. One group
was provided Lissajous feedback and the other group was
not provided Lissajous feedback. Comparison of the un-
covered and covered limb Lissajous groups allows the

determination of the effect of vision of the limbs while
using Lissajous feedback. The authors hypothesized that
the uncovered limbs/Lissajous condition would encourage
participants to attend to the motion of the two limbs and
the relationship of these motions to the cursor on the
screen, whereas attention in the covered limb/Lissajous
condition would be directed to the motion of the cursor
in the Lissajous display. The authors predicted the differ-
ence in attention allocation would result in a significantly
more stable production of the multi-frequency ratios by
the covered limb/Lissajous group following minimal prac-
tice (4.5 min) in comparison to the uncovered limb/
Lissajous group. Comparison of the performance of the
covered limb/Lissajous and covered limb/no Lissajous
conditions allowed the determination of the influence of
Lissajous displays.
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Fig. 3 Examples of the normalized left and right limb displacement and
resulting Lissajous plots for a 2:1 (A,B) and 3:2 (C,D) bimanual ratio in
the Lissajous condition (Kovacs et al., 2010a) and examples of the nor-
malized left and right limb displacement and resulting Lissajous plots for
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Displacement right
a 5:3 (E,F) and 4:3 (G,H) bimanual ratios in the Lissajous condition
(Kovacs et al., 2010b). Note that following practice with the 5:3 ratio the

participant was tested on the 4:3 ratio with no prior practice on that
coordination pattern (from Kovacs et al., 2010a,b)
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In both experiments participants were not permitted to view
their limbs, yet were provided with vision of the cursor and
goal template presented in a Lissajous plot (covered limb/
Lissajous groups), were able to effectively perform the 2:1
harmonic pattern and the 3:2 polyrhythmic pattern of biman-
ual coordination with less than 5 min of practice. Both multi-
frequency patterns were maintained not only at discrete points
(e.g., beginning and ending of the rhythm cycle), consistent
with discrete tapping work (e.g., Bogacz, 2005; Collier &
Wright, 1995; Peper et al., 1995a,b), but also continuously
throughout the movement. When producing the 2:1 and 3:2
bimanual coordination tasks both the left and right limb mo-
tions were harmonic. However, when vision of the limbs was
permitted and Lissajous information was provided (uncovered
limb/Lissajous groups), the production of the 2:1 coordination
pattern was disrupted and the harmonic nature of the left-arm’s
motion was reduced compared to when a Lissajous display
and goal template were provided and the limbs were covered.
Indeed, the disruptions resulting from vision of the limbs
while using Lissajous displays were larger in the 3:2 task than
in the 2:1 task. When the limbs were covered and no Lissajous
information was provided bimanual performance was quite
poor in both the 2:1 and 3:2 tasks. Apparently, covering the
limbs was necessary for the system to more fully exploit the
perceptual information provided in the Lissajous display.

The purpose of the Kovacs et al. (2010b) experiment was to
extend these results to even more difficult polyrhythmic coor-
dination patterns and to determine if participants could after
practice with one coordination pattern (5:3) rescale their
responding to a new, equally difficult coordination pattern
(4:3). The data indicated that participants could effectively
perform a 5:3 coordination pattern after 10 min of practice,
and then on the first attempt adjust their movements so as to
effectively produce the unpracticed 4:3 coordination pattern
(Fig. 3e-h). Note that the 5:3 and 4:3 coordination patterns
were thought to be virtually impossible to achieve in recipro-
cal motion tasks even after extensive practice. The level of
bimanual performance attained in this experiment was re-
markable, especially when compared to the performance
levels achieved in previous research using Lissajous feedback
wherein performers required several days of practice to
achieve similar levels of performance on a relatively simple
(at least in comparison) 1:1 with 90° phase lag (e.g., Hurley &
Lee, 2006; Lee et al., 1995; Swinnen et al., 1998; Swinnen,
etal., 1997b) and 2:1 ratios (Swinnen, et al., 1997a; Summers
etal., 2002). Note also that participants were asked to perform
the 4:3 coordination pattern after practicing the 5:3. However,
no practice was provided on the 4:3 prior to the test trial and
no instructions or warning was provided to the participants
that the task requirements were going to change. The only
change in the protocol was that the Lissajous template was
changed. Remarkably, the participants were able to effectively
produce the new coordination pattern with no previous
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practice on that specific task. Note that participants from the
previous experiments were tested under the same conditions
that they had practiced under during the acquisition trials.

This line of research was extended to include the
coordination of multi-frequency patterns of force (Ken-
nedy et al., 2015a,b). The authors argued that by using
Lissajous displays to perform a 1:2 bimanual force co-
ordination pattern with a goal template that many of the
perceptual constraints would be minimized, allowing the
detection of action constraints that may result from neu-
ral crosstalk. Isometric force was used in the hope that
the increases in force requirement will allow the subtle
impact of neural crosstalk to be more easily detected. A
1:1 pattern of force was used as a control. The task was
to rhythmically produce a pattern of isometric forces on
a left-side force transducer with the left arm that was
coordinated with the pattern of isometric forces pro-
duced on a right-sided force transducer with the right
limb. Similar to earlier investigations using movements
produced in near frictionless environments, the results
indicated very effective performance of both bimanual
force coordination patterns. However, identifiable and
consistent distortions in the force produced by the left
limb were observed when the right limb was initiating
or releasing a force pulse during the 1:2 task that were
not evident in the 1:1 task.

In another investigation, Kennedy and colleagues
(2015a,b) compared participants’ ability to coordinate biman-
ual multi-frequency patterns of isometric forces using homol-
ogous or non-homologous muscles. Lissajous feedback was
again provided to guide performance. The purpose was to
determine whether the activation of homologous and non-
homologous muscles resulted in different patterns of distor-
tions in the left limb forces that are related to the forces pro-
duced by the right limb. The results indicated that participants
were able to perform the 1:2 multi-frequency pattern with both
homologous and non-homologous muscles. However, distinct
but consistent distortions in the left limb force traces were
observed in the two tasks. In the homologous task the inter-
ference occurred in the left limb at the point of right limb
muscle activation and the release of force. In the non-
homologous task the interference in the left limb force oc-
curred only when the right limb was releasing force. Taken
together, the results of these force tasks provide further evi-
dence for the robust utility of perceptual displays in facilitating
multi-frequency bimanual coordination patterns (Boyles et al.,
2012; Kennedy et al., 2015a,b; Kovacs et al., 2010a,b; Kovacs
& Shea, 2011; Mechsner et al. 2001).

Discrete and discrete-reciprocal bimanual coordination

Papers by Kelso, Southard, and Goodman (1979a,b) pub-
lished over 35 years ago and now classic, compared
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participants’ reaction time (RT) and movement time (MT) in
producing single limb movements of the left or right hand/
finger from a home position to targets with the simultaneous
movement of the two hands/fingers to separate targets. To start
a trial in the one-handed conditions participants depressed the
left home key with the left index finger for left-handed move-
ments or the right home key with the right index finger for
right-handed movements. Upon hearing the auditory start sig-
nal the participant moved as quickly as possible to the desig-
nated target on that side depressing the key with the respective
index finger. In the two-handed conditions participants de-
pressed both left and right home keys with the respective
index finger and moved each hand/arm to the target on the
respective side upon hearing the start signal. The movement
time results were consistent with Fitts” law for single limb
aiming movements and bimanual movements to targets with
the same amplitude and target width (same ID).

In the mixed conditions the easy (low ID) movements were
performed more slowly than would be expected given the low
ID and single limb performance, while the difficult (high ID)
movements were performed consistent with the high ID and
similar to when single limb movements were required. In the
mixed condition the low and high ID movements resulted in
different velocities, but the velocity profiles (e.g., time of peak
velocity) were almost perfectly synchronous (also see Kelso,
Putnam, & Goodman, 1983). In Experiments 2 and 3 the
targets were placed so that movements were toward the mid-
line or away from the body, yet the results were remarkably
similar to that from Experiment 1 (also see Heuer & Klein,
2006; Marteniuk et al., 1984; Spijkers, Tachmatzidis, Debus,
Fischer, & Kausche, 1994). Taken together, these findings
were interpreted by Kelso et al. as indicating that the “limbs
are constrained to act as a single unit” with the more difficult
task appearing to determine the time course of both limb
movements. This finding not only demonstrated an important
exception to Fitts’ law, but also served to focus increased
attention on the constraints that impose limitations on a wide
range of bimanual coordination tasks. Interestingly, RT was
also influenced by whether one or two movements were exe-
cuted and whether the two movements were the same or dif-
ferent. The finding that RT increased when two movements
were required compared to when one movement was required
was not surprising, yet was interesting because RT increased
in the mixed condition when the two movements were differ-
ent compared to when the two movements had the same am-
plitude and target width requirements. This was interesting
because the participants produced the two movements in near-
ly the same movement time, but RT was longer. This suggests
that some additional planning/programming was required to
move the two limbs to different amplitudes in the same move-
ment time.

Similarly, Diedrichsen, Hazeltine, Kennerley, and Ivry
(2001; also see Ivry, Diedrichsen, Spencer, Hazeltine, &

Semjen, 2005, for review) determined RT for unimanual and
bimanual reaching movements. More specifically, they exam-
ined the source of bimanual interference by comparing RT
under various reaching conditions involving symmetric bi-
manual movements with conditions involving asymmetric bi-
manual movements of different amplitudes (Experiment 1) or
direction (Experiment 2). The target movements were cued
either symbolically with letters or directly by the onset of the
target location. The results indicated longer RTs for asymmet-
ric movements than for symmetric movements during trials
that were cued symbolically. However, RTs were the same for
symmetric and asymmetric trials that were cued directly. The
researcher attributed these findings to interference during the
processing of the information rather than interference at the
motor programming stage. In a follow-up investigation,
Diedrichsen and colleagues (2003) conducted an additional
series of experiments to identify the locus of the interference
during the preparation of bimanual reaching movements. Tar-
gets were specified by color with either the same or different
colors for the right and left targets. The results indicated that
asymmetric bimanual movements with different amplitudes
(Experiment 1) or directions (Experiment 2) to targets of the
same color were initiated more quickly than symmetric move-
ments to different colors. The researchers concluded that the
results indicate that interference occurred during target selec-
tion rather than at the motor programming stage. Two addi-
tional experiments investigated the interference associated
with target selection by presenting distracting information.
The results further supported that interference during the per-
formance of bimanual action was related to target selection.
These results were again confirmed and clarified in terms of
the neural regions related to goal selection and movement-
related conflict in an experiment using fMRI (Diedrichsen,
Grafton, Albert, Hazeltine, & Ivry, 2006). The authors con-
clude that “bimanual movements may be difficult because of a
cognitive limitation in selecting what to do with each hand and
a limitation of the motor system in planning how to do so.”
Over 30 years after the original Kelso et al. paper
(1979a,b), Shea, Boyle & Kovacs (2012) attempted to repli-
cate the movement time data (control condition) from Kelso
et al. (1979a,b) and determine if integrated feedback
(Lissajous condition) would change the pattern of results
(Fig. 4a-d). Examples of the display for the control condition
and the Lissajous displays for the various unimanual and
bimanual conditions are provided in Fig. 4a and b,
respectively. They found a pattern of results for the control
condition that was remarkably similar to that observed in the
Kelso et al. (1979a,b) experiments (Fig. 4c). That is, partici-
pants responded slower to the more difficult task when the
movements were made with a single limb and when the two
limbs moved to the same difficulty targets. However, when
movements were made with one limb to the low ID and the
other to the high ID, MTs for both limbs were consistent with
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Fig. 4 Illustrations of the various ID conditions and mean movement
time for the Control (A,C) and Lissajous (B,D) groups. Note that in the
Lissajous condition movement times differed for the bimanual easy and

high ID requirements. Movement times in the Lissajous con-
dition, when single limb movements were made and when
bimanual movements were made to the same IDs, were sim-
ilar to those observed in the control condition. However, par-
ticipants that were provided Lissajous feedback and a template
were able to simultaneously but differentially respond to low
and high ID movements (Fig. 4d). Indeed, the movement
times for the low and high difficulty movements in the mixed
condition did not differ from the low and high difficulty move-
ments with a single limb or the same ID movements in the
bimanual conditions. These data suggest, as do the data from
the more continuous bimanual tasks, that much of the difficul-
ty associated with simultaneously producing discrete biman-
ual movements of different difficulties can be attributed to
attentional and visual-perceptual factors typically available
in the testing situation. Integration of the visual information
in the form of a Lissajous plots and incorporation of the move-
ment templates appear to allow participants to exploit the vast
capabilities of the perception-action system.
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difficult tasks (Conditions 5 L and 5R; 6 L and 6R) but movement times
were not different under the Control conditions (from Shea et al., 2012)

Wang, Kennedy, Boyle, and Shea (2013) recently
combined discrete and reciprocal bimanual Fitts tasks
of different difficulties to create what they considered
an extreme challenge to the perceptual motor system.
More specifically, the task required the participants to
produce reciprocal movements (32° amplitude, 2° target
width, ID = 5) with the right limb and discrete move-
ments (16° amplitude, 4° target width, ID = 3) with the
left limb. Although different ID requirements and differ-
ent amplitudes were imposed on the two limbs, partici-
pants were able to effectively perform the complex bi-
manual coordination pattern with only 10 min of
practice(Fig. 5a-c). Neither the movement times nor
the percentage times to peak velocity for the low and
high ID movements in the bimanual condition differed
from those obtained from unimanual control conditions.
These results using discrete and reciprocal tasks were
consistent with what had been observed in Shea et al.
(2012). Both experiments demonstrated that with
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Fig.5 Example of'the time series for a typical participant in the Lissajous
condition producing the continuous low ID movement with one limb and
the discontinuous high ID movement with the contralateral limb.
Lissajous plot (A), left (B) and right (C) limb displacements (black) and

Lissajous feedback the limb assigned the low ID moves
faster than the limb assigned the high ID and the tem-
poral characteristics of the velocity profiles are similar
between the bi- and unimanual conditions for the re-
spective limb. The same level of accuracy, as indicated
by the endpoint variability and hits rates results,

velocities (blue) for the test trial are provided. Note that the target areas
are plotted on the respective limb displacement plot (from Wang et al.,
2013)

between the bimanual and unimanual conditions also
confirm that both limbs achieved the individual ID
goals. The disparate amplitude goals achieved in this
experiment were remarkable, especially when compared
to the phenomenon of amplitude assimilation reported in
previous bimanual coordination studies without the
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provision of integrated feedback information (Kelso
et al., 1979a,b; Ryu & Buchanan, 2004; Sherwood,
1994).

Circle motion bimanual coordination

While Lissajous plots with goal templates have been used
with great success in experiments using reciprocal movements
of the limbs, this type of feedback may not always provide the
most salient information when circling movements are used.
When Lissajous plots are used with circling movements only
one dimension of the circle movement can be plotted for each
limb. For example, the y-axis movement of the left limb and x-
axis movement of the right limb could be plotted in the
Lissajous plot with movements in the x-axis for the left limb
and y-axis for the right limb disregarded. This could pose
problems for the performer because the way in which the
performer would correct an error would be different depend-
ing on where they are in the cycle. One solution to this prob-
lem is relatively simple when the radius of circle movement is
fixed. That is, in circle movements with a fixed radius, it is
relatively easy to determine relative angle and/or relative ve-
locity on-line and use this information as direct feedback to
the participant in much the same way as Lissajous feedback
has been used. However, online relative angle or relative
phase velocity would be difficult to determine in circle-
drawing experiments where participants are free to change
the radius of the circles they draw (see Wilson, Snapp-Childs,
Coats, & Bingham, 2010 for a discussion of feedback issues).

This technique was used by Preilowski in 1972. In his
experiment participants turned one crank with their left-hand
counter clockwise and another with their right-hand counter
clockwise (Fig. 6a). Movement of the cranks resulted in a line
on an X-Y recorder to move from the bottom right up with the
cranking with the left limb and left with the cranking of the
right limb. Using this system, participants were quite effective
innot only producing a 1:1 ratio but also 2:1 and 1:2. A similar

strategy was used by Mechsner et al. (2001). They used two
cranks which were geared differently and mounted under a
table. In their experiment the movement of the cranks moved
two flags mounted on the table top (see Fig. 6b). Because the
cranks were geared differently when the flags moved in sym-
metry (1:1), the performer was actually producing a 4:3 coor-
dination ratio. With this setup participants were able to pro-
duce this difficult bimanual coordination pattern relatively
well with limited practice.

Boyle, Panzer, and Shea (2012) conducted a bimanual
multi-frequency coordination experiment using circle move-
ments in an attempt to demonstrate that a variety of multi-
frequency coordination patterns could be effectively per-
formed when participants are provided on-line relative veloc-
ity information and a relative velocity goal. In essence this
could be described as a more electronic version of the system
used by Preilowski 40 years earlier. In this experiment, partic-
ipants were assigned to one of five goal multi-frequency ratios
(1:2, 2:3, 3:4, 4:5, and 5:6), which were thought to represent
increased difficulty. Participants were asked to produce the
required multi-frequency ratio by continuously turning one
manipulandum (counter-clockwise circular motion) with their
left limb and the other (clockwise circular motion) with their
right limb. The only difference between the ratio conditions
was the goal relative velocity provided in the visual display.
The goal was depicted as a straight line with a slope
representing the specific relative velocity ratio to which the
participant was assigned, with the difference in the left-hand
velocity (slower moving) and right-hand velocity (faster mov-
ing) determining the slope. Boyle et al. hypothesize that par-
ticipants provided this form of feedback would be able to
effectively produce the various multi-frequency coordination
patterns with little practice. Only 4 min of practice was pro-
vided for each task. The results indicated that participants very
effectively performed each of the multi-frequency ratios with
all three measures of overall performance (relative velocity,
relative cycle frequency, and slope of the right-left limb

B

&,
/AN
Nz

Fig. 6 Setup used by Preilowski (1972) to test multifrequency bimanual coordination with two normal subjects and two participants who had the corpus
collosum sectioned 3 years earlier (A) and the set-up used by Mechsner et al. (2001) to test a 4:3 ratio (B)
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relative angle relationship), indicating very effective perfor-
mance (Fig. 7a-e). In terms of unimanual measures, the results
indicated that cycle durations for the right (faster moving)
limb were shorter than for the left (slower moving) limb across

all multi-frequency coordination tasks with the difference in
cycle durations between the limbs decreasing as the goal ratio
became more complex (e.g., 4:5, 5:6). In all cases, the cycle
duration of the faster moving limb was maintained near the
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Fig. 7 The inset illustrates the feedback display (A) and participant
performing circle movements with the manipulandum (B). Panel C

illustrates examples of the various coordination patterns and the lower
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panels (B-E) illustrate examples of the coordination error time series for
the respective condition illustrated in Panel C (from Boyle et al., 2012)
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1 Hz target frequency. It must be noted that circling tasks are
somewhat different from many bimanual tasks that just re-
quire motion about a single joint. Circling tasks often require
upper-arm, forearm, and wrist motions. When tracing circles
of different amplitudes, a tendency for the spontaneous emer-
gence of multi-frequency patterns has been demonstrated (Bu-
chanan & Ryu, 2006; Buchanan & Wang, 2012). These pat-
terns, while often short-lived, can be stable for several epochs.
However, when salient integrated feedback is provided partic-
ipants can quickly detect and correct the ongoing coordination
error.

Tapping bimanual coordination patterns: Visual
and auditory models

The majority of research that has examined the influence of
visual models on complex bimanual movements has focused
on visual demonstration (Bingham, Schmidt, & Zaal, 1999;
Breslin, Hodges, Williams, Curran, & Kremer, 2005; Hodges,
Chua, & Frank, 2003) and observational learning (Buchanan
& Dean, 2010, 2014; Maslovat, Hodges, Krigolson, & Handy,
2010). More recently research has begun to focus on charac-
teristics of the visual display itself (see Sigrist, Rauter, Riener
& Wolf, 2013 for review). Hu and Newell (2011), for exam-
ple, manipulated the visual display in an attempt to determine
how the amount of visual information regulates the coordina-
tion pattern in a bimanual asymmetric force production task.
The amount of visual information was manipulated by chang-
ing the visual gain of the total force output displayed on a
computer monitor.

Research has also examined the influence of auditory
models on the production of complex motor tasks (see Sigrist
etal., 2013 for review). The most well-known practical exam-
ple is the Suzuki (1969) method of learning to play the violin.
Individuals are taught to reproduce a musical score after they
have been repeatedly exposed to a recording of the music. The
recording of the music serves as an auditory model, and it is
believed that the repeated exposure allows students to develop
an internal representation that then can be used as a reference
of correctness to guide their performance when they attempt to
reproduce the musical score. Shea, Wulf, Park, and Gaunt
(2001) examined the effects of an auditory model on the learn-
ing of relative and absolute timing of a unimanual tapping
task. The auditory model consisted of a series of six beeps
that corresponded to the temporal characteristics of the goal
movement pattern. The results demonstrated that the auditory
template had beneficial effects on the learning of relative
timing structures. This result was consistent in follow-up stud-
ies using the same auditory model in different practice condi-
tions (Han & Shea, 2008; Lai, Shea, Bruechert, & Little,
2002). Although previous research examining auditory
models has yielded positive results (Han & Shea, 2008; Lai
et al., 2002; Shea et al., 2001), these results have not been
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systematically compared to visual and integrated models as
an informational source prior to the performance of a complex
tapping pattern. Additionally, research that has examined in-
tegrated visual and auditory models within the context of bi-
manual coordination and motor learning is limited. However,
experiments have examined the effects of multisensory (audi-
tory, visual, and tactile) cues during a unimanual tapping task
(Elliott, Wing, & Welchman, 2010) and simple and choice RT
tasks (e.g., Girard, Collignon, & Lepore, 2011; also see Miller,
1982). The results indicated that multisensory information
was beneficial for sensorimotor synchronization and en-
hanced RT. It is important to note, however, that these studies
did not include retention tests; therefore, it is not clear to what
degree combined sensory information enhances learning.

An experiment by Kennedy, Boyle, and Shea (2013a,b)
examined whether or not integrated salient task information
(visual, auditory, or auditory-visual models) presented prior to
each acquisition trial would enhance the development of an
internal representation of a goal rhythm that could be used to
maintain performance when the model was withdrawn. On
each trial during acquisition, the computer generated a visual
display and/or played a pattern of notes that described the goal
coordination pattern. This information was removed prior to
the signal indicating that the participants should attempt to
produce the goal movement pattern. However, during the trial
a participant’s tapping pattern would generate visual and/or
auditory stimuli, depending on the model condition, with the
temporal characteristics determined by their actual perfor-
mance and not the goal pattern (Fig. 8). For example, in the
auditory model condition during acquisition, each time they
tapped with their left hand a tone would be played and each
time they tapped with their right hand a different tone was
played. These tones had the same sound characteristics as
those used in the auditory model played prior to each acqui-
sition trial. In this way, the goal pattern was never presented
during the trial, but the participant was encouraged to use that
prior information to help guide their bimanual tapping pattern.
The authors proposed that this method of providing informa-
tion would not only enhance acquisition performance, but also
free the participant from any dependency on the model infor-
mation. However, the authors were not sure whether auditory,
visual, or combined auditory-visual model information would
provide the participant the most salient information in learning
the tapping task. Modeling studies have demonstrated that
visual models tend to help build relative relationships between
movement events (e.g., Buchanan et al., 2008; Buchanan &
Wright, 2011; Buchanan & Dean, 2014; Lai et al., 2002;
Scully & Newell, 1985) while auditory models tend to en-
hance absolute temporal characteristics of the movements
(e.g., Shea et al., 2001). If these differential effects were true,
they predicted that the combined auditory-visual model con-
ditions would lead to optimal performance and learning. Note
that no direct online error information was provided, but
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Fig. 8 Example of the auditory-visual model (A) used in Kennedy et al.
(2013a). Note in this model the lines and tones appeared in temporal order
from the bottom to the top during the pretrial interval. An example is
given of the left and right limb forces produced by tapping on the respec-
tive load cell for one participant in the visual/auditory model condition
(B). The blue line (left) represent the force time series for the left hand,
and the red (right) is the force time series for the right hand. Note that the
forces were not presented in the display provided to the participants. The
dots on the force time series indicate the point at which a tap was detected.

participants could use an internal auditory or visual reference
developed from the model to determine when errors occur and
to aid in the planning of strategies to correct and/or minimize
subsequent errors.

The accuracy with which the goal ratio was achieved for
visual, auditory, and visual/auditory model conditions was
substantially increased across practice for all groups. That is,
participants minimized their errors in producing the goal ratio
by the end of practice relative to the beginning of practice.
This was coupled with the substantial reductions in the inter-
tap variability of both the left and the right hands for all model
groups but not for the metronome control group. Indeed, per-
formance of the model groups at the end of practice was sim-
ilar to that on the retention test. This exemplifies the powerful
effect of the various model conditions in quickly directing the
participants to produce three taps with the right hand for every

The horizontal lines to the left of center represent the time at which left-
hand force onset was detected, and horizontal lines to the right of center
represent the time at which right-hand force onset was detected. These
lines were presented online to the participant during the course of the trial
as each tap was made. Simultaneous with the appearance of the line, the
tone associated with that limb tap was played. Thus, the participant would
try to rebuild the display and replay the tones presented during the pretrial
period

two taps of the left hand while maintaining on average approx-
imately the time intervals represented in the visual model or
indicated by the auditory model. Performance differences
were noted as a result of practice in the measures of ratio
accuracy and inter-tap variability. Remarkably, the decreases
in ratio errors and inter-tap interval variability were generally
carried over to the retention test where model was withdrawn.
However, the withdrawal of the metronome resulted in in-
creases in ratio error for the metronome group. This is consis-
tent with the notion that learning was enhanced under the
model conditions relative to the metronome condition.

These results provide further evidence that perceptual and
attentional constraints imposed by the testing environment
play a role in the difficulty associated with the performance
of complex polyrhythms. When practice conditions are im-
posed that reduce these constraints, performers are able to
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quickly and effectively perform the desired coordination pat-
tern. In the tapping experiment by Kennedy et al. (2013a) this
was done by using visual and auditory models.

Emerging picture

The perceptual motor system is capable of dissociating the
interaction (inherent coupling) between the two limbs to ef-
fectively produce a wide range of bimanual coordination pat-
terns. That is, the two limbs can produce distinctly different
discrete and reciprocal movement patterns in order to produce
a single coordinated bimanual pattern. These results agree
with the notion of Mechsner et al. (2001) and Franz, Zelaznik,
Swinnen, and Walter (2001) that perceptual influences can
sometimes override action constraints in coordinated biman-
ual movements. When provided appropriate perceptual feed-
back, people can overcome or otherwise bypass a variety of
bimanual coordination constraints. For example, neural
crosstalk (e.g., Kennerley et al., 2002; Swinnen, 2002) and
forward-command stream (e.g., Carson & Kelso, 2004) are
thought to restrict an individual’s ability to produce complex
discrete-reciprocal bimanual coordination movements without
the aid of integrated feedback and an optimal movement path
provided to them in the display. When this type of display is
provided participants can easily detect and correct
coordination errors and effectively produce the desired
coordination pattern with relatively little practice. Debaere
et al. (2001, 2003) provides evidence that participants utilize
different neural pathways when this form of integrated feed-
back is provided with this pathway less restrictive to bimanual
movements than when participants attempt to generate these
coordination patterns without the aid of feedback.

As noted in the introduction, the use of integrated displays
seems to promote what has been termed an external focus of
attention. A rapidly growing literature on attentional focus
(see Wulf, 2007, 2013, for recent reviews) has demonstrated
that when participants focus on the movements of their limbs
(internal focus) while learning or performing a motor skill
perform and learn more poorly than participants who focus
on the outcome (external focus) of their movement. This has
been demonstrated for a large variety of tasks (e.g., McNevin
et al., 2003; Wulf, Lauterbach, & Toole, 1999; Wulf & Su,
2007). The benefit of external versus internal focus of atten-
tion is thought to result because participants instructed to fo-
cus on the movement of their limbs attempt to actively inter-
vene in the ongoing control processes required to produce the
movement. In this regard, McNevin et al. (2003) proposed the
constrained action hypothesis. This hypothesis was based on
two main findings: First, when participants attempted to main-
tain balance on a stabilometer under internal focus of attention
instructions, the frequency characteristics (mean power fre-
quency, MPF) of the platform’s motion decreased and the
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average deviation from horizontal (RMSE) increased. Second,
when instructions that focused attention externally were pro-
vided, the frequency characteristics of the platform’s motion
increased and deviations from horizontal decreased. The
slowing down of the corrective actions under internal focus
was thought to result from active intervention of the partici-
pants in the control processes with this type of control
inhibiting more natural, reflective control processes typically
responsible for balance control. In the present experiment,
attentional focus instructions were not provided to the partic-
ipants. However, participants provided vision of their limbs
may have directed some of their attentional resources to their
limbs and away from the Lissajous plots. This could result in a
shift from an external to internal focus of attention. Partici-
pants not permitted vision of their limbs would certainly be
less likely to adopt an internal focus of attention. Indeed, a
number of participants indicated at the end of the experiment
that they were not aware that horizontal movement of the
cursor resulted from movement of the right limb and vertical
movement of the cursor resulted from left-hand movement. In
addition, some participants not provided vision of their limbs
indicated that when they attempted to monitor what their arms
were doing, performance was negatively impacted so they
tried to keep their attention direct to the display.

Positive effects of integrated feedback

The recent findings using integrated Lissajous, relative veloc-
ity, and auditory/visual model displays are consistent with
other recent bimanual coordination research (Mechsner
et al., 2001), visuo-motor tracking research (e.g., Wilson
et al., 2005a,b; Ryu & Buchanan, 2009), and even rapid
aiming research constrained by Fitts’ Law (e.g., Kovacs,
Buchanan, & Shea, 2008; Wang et al., 2013) which report that
salient perceptual information can override some aspects of
the system’s intrinsic dynamics typically linked to motor out-
put control. These findings suggest that the strong tendencies
toward mirror symmetry and homologous muscle activation
found in numerous previous bimanual movement studies and
the difficulties in producing harmonic ratios and polyrhythms
may actually represent detrimental effects attributable to the
perceptual information available in the environment and the
attentional demands resident in attempting to monitor multiple
sources of information and/or attempting to do two different
things at the same time. Given reduced attention demands and
integrated, salient perceptual information participants can ef-
fectively produce complex bimanual coordination patterns
with little or no practice. Thus, even as the intrinsically stable
in-phase and anti-phase patterns constrain the production of
certain 1:1 coordination patterns and multi-frequency patterns
in the absence of salient augmented feedback, the appropriate
use of integrated feedback representations, where attentional
demands are minimized, removes a large portion of the impact
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of the constraints and allows the performer to effectively pro-
duce with little practice typically unstable coordination pat-
terns (Fig. 9a,b).

The important feature of the displays provided in recent
experiments was that the displays facilitated error detection
and correction processes. This allowed for a very rapid and
effective reduction in coordination errors in a wide variety of
bimanual coordination patterns. We do not believe that these
displays eliminate or otherwise block intrinsic constraints
such as cortical and subcortical neural crosstalk, coupling, or
phase attraction that tend to pull the system towards in-phase
and anti-phase coordination. Rather we are of the opinion the
various displays used in the experiments clearly decreased the
negative influence of these factors. The display seemed to
provide a means whereby the link connecting visual and pro-
prioceptive feedback to the organization of outgoing forward
based motor commands could be established such that the
interplay between perceptual and action constraints were fa-
cilitated by the integrative action of the nervous system and
not overly constrained by any one factor. In very simple terms,
when the available perceptual information allows the perform-
er to determine when they are making an error and provides
direction on how to correct this error, performance can be
rapidly and effectively achieved even if the system is regularly
perturbed by neural crosstalk, for example. The rapidity with
which the current perceptually defined patterns were mapped
onto the perception-action system indicates that the system’s
capabilities are extensive. Taken together, these results em-
phasize that a true understanding of the “design of the brain”
can only be forthcoming when the roles of both the action
components (e.g., Kelso & de Guzman, 1988) and the

20

perceptual components (e.g., Mechsner et al., 2001) are inte-
grated in a true perception-action dynamics perspective (see
Atchy-Dalama, Peper, Zanone, & Beek, 2005; Bingham
2004a,b; Bingham et al., 1999; Carson & Kelso, 2004;
Swinnen & Wenderoth, 2004; Zaal, Bingham, & Schmidt,
2000). The findings show that stable perception-action pat-
terns can emerge when the available environmental informa-
tion provides guidance to the participant as to the goal pattern
and can be used to assist the detection and correction of coor-
dination errors when they occur. Early work demonstrated that
the scaling of non-specific environmental information can in-
duce phase transitions from unstable to stable coordination
patterns (Kelso, 1984; Buchanan & Kelso, 1993). It was then
shown that specific environmental information can through
extensive practice lead to the formation of new stable patterns
that can be produced when the training information is re-
moved. The studies reviewed in the present manuscript as a
group show that environmental information when presented in
specific ways can facilitate the effective production of difficult
and complex bimanual patterns. However, the use of the var-
ious integrated displays does come with certain restriction as
discussed below.

Reducing potential negative consequences of integrated
concurrent feedback

A critical feature of many of the experiments highlighted in
this manuscript is that in some cases participants can become
highly dependent on the information provided by concurrent
visual displays. Indeed, as noted earlier, Kovacs et al. (2009a)
found that continuous relative phase error and variability were
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Fig. 9 Variability (A) and absolute error (B) in continuous relative phase
from the Kovacs et al. (2010b) experiment are compared with experi-
ments using similar protocols testing phase lags of 0—180 in 30 incre-
ments (Kovacs et al. 2009a) and multi-frequency (2:1 and 3:2, Kovacs

180 2:1 3:2 5:3 4:3
Polyrhythmn

et al. 2010a) bimanual coordination patterns. Note that the shapes of the
Lissajous templates used for the various conditions are provided above
the variability bars in A (from Kovacs et al., 2010b)
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remarkably low when tested after only 5 min of practice when
concurrent Lissajous feedback was available, but not when the
Lissajous feedback was withdrawn. This finding suggests that
the Lissajous plot with cursor and template provided partici-
pants a means by which they were able to detect their coordi-
nation errors and perform the necessary corrections. This
would be considered a short-term adaptation using online
feedback control because on a subsequent test when the
Lissajous feedback was removed error and variability in
relative phase increased significantly. This increase indicated
that participants had not developed an internal representation
or changed the underlying attractor landscape, but had learned
to use the concurrent information provided to effectively
perform the required coordination pattern. In other words,
participants were dependent on the concurrent feedback
indicating their movements were externally, not internally,
driven. The notion of externally and internally driven
bimanual response production is not new. Debaere et al.
(2001, 2003) have provided evidence that suggests the exis-
tence of distinct cortico-cortical and sub-corticocortical neural
pathways for externally (augmented feedback) and internally
guided cyclical bimanual movements. Presumably, the exter-
nally guided movements are dependent on the feedback avail-
able in the testing environment, while internally guided move-
ments are not dependent on this type of extrinsic feedback.
In the motor learning literature information provided by
extrinsic feedback regarding the progress and outcome of
movements acquired through concurrent and terminal feed-
back is perceived as one of the most important variables in
the learning of motor skills (Adams, 1971; Bilodeau &
Bilodeau, 1958). Indeed, the feedback literature is replete with
examples of benefits of providing salient information to the
learner. However, this literature also chronicles the strong ten-
dency for participants to develop dependencies on various
types of concurrent and terminal feedback. In an attempt to
characterize the research on feedback and to offer potential
strategies to minimize problems associated with feedback
withdrawal, Salmoni, Schmidt, and Walter (1984) proposed
the guidance hypothesis. The guidance hypothesis postulates
that although frequent feedback provided during practice is
very powerful in guiding the learner toward the correct re-
sponse, it also results in a dependency on that feedback and
blocks the processing of other important sources of informa-
tion (Bjork, 1988; Schmidt, 1991; Schmidt & Wulf, 1997) that
are necessary to develop an internal representation of the
movement task that is capable of producing the movement
when feedback is withdrawn. One of the methods used to
reduce participants’ dependencies on extrinsic feedback is to
reduce the percentage of trials in which the extrinsic informa-
tion is provided (e.g., Lee, White, & Carnahan, 1990; Sparrow
& Summers, 1992; Weeks, Zelaznik, & Beyak, 1993;
Winstein & Schmidt, 1990). One method of reducing feed-
back that has shown promise involves decreasing the amount
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feedback provided as practice progresses. This tactic has been
termed a fading schedule.

Kovacs and Shea (2011) designed an experiment using a
1:1 with 90° phase shift bimanual coordination task to deter-
mine if systematically reducing the percentage of time that
Lissajous display was provided during practice results in test
performance without concurrent feedback being maintained at
levels observed when Lissajous displays were continually pro-
vided. In this experiment participants attempted to coordinate
the movements of their arms in an attempt to produce the
required phase relationship while being provided concurrent
Lissajous displays with 100 %, 50 %, or 0 % frequency. Par-
ticipants were provided 5, 10, or 20 min of practice in their
respective feedback conditions. As previous research has
shown (Kovacs et al., 2009a,b), after only 5 min of practice
participants receiving 100 % Lissajous feedback were very
effective (low relative phase error and variability) in produc-
ing the required coordination pattern. However, when the
feedback was withdrawn error and variability of relative phase
substantially increased, indicating an absence of an effective
internal representation of the coordination pattern. The same
pattern of results was observed for the 100 % Lissajous groups
after 10 and 20 min of practice. Thus, regardless of the amount
of practice, participants in the 100 % feedback condition did
not improve on a delayed test when Lissajous displays were
not available. This result in itself is quite surprising consider-
ing the ubiquitous finding that more practice benefits learning.
It is possible that the availability of the Lissajous display on
each trial prompted participants to rely on this source of infor-
mation to guide their movements and the processing of the
information derived from the Lissajous display essentially
blocked the participants from processing other more intrinsic
information necessary for acquiring an internal representation
of'the task (e.g., Blandin, Toussaint, & Shea, 2008; Schmidt &
Bjork, 1992). Indeed, the guidance hypothesis (Salmoni et al.,
1984) postulates that on practice trials where extrinsic feed-
back is withheld in reduced frequency of feedback conditions
(i.e., 50 %) participants seek out and process other sources of
information necessary to perform the task. This additional
processing is thought to result in participants acquiring the
capability to detect and correct one's own errors independent
of the extrinsic feedback available. Indeed, in the Kovac and
Shea (2011) study participants in the 50 % condition per-
formed remarkably well when the Lissajous display was avail-
able during acquisition and when the Lissajous display was
withdrawn on the retention test. This suggests that during
practice when the Lissajous display was withdrawn partici-
pants sought out other sources of information and internalized
the information provided while the display was available. The
result was effective performance with and without the
Lissajous display. Note that using this technique of systemat-
ically reducing the display information that still only a few
minutes of practice was required to effectively perform and
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learn the goal 1:1 with 90° phase offset. This is quite remark-
able when considering that previous experiments (e.g.,
Buchanan, 2004; Lee, Swinnen, & Verschueren, 1995;
Zanone & Kelso, 1992) provided significantly more practice
to achieve similar levels of performance.

In an experiment by Buchanan and Wang (2012), the re-
searchers simply displayed the cursor in one Lissajous display
and the Lissajous template on another display. This tactic was
designed to encourage the internalization of the environmental
information, provide the participant with the necessary infor-
mation to detect and correct errors, and ultimately reduce the
participants’ reliance on the extrinsic displays. Following only
5 min of practice, effective performance of a 2:1 bimanual
coordination pattern without the augmented Lissajous plot
was achieved. Thus, rapid encoding of a complex motor task
can occur if the use of attentional resources is optimized. In the
Buchanan and Wang (2012) study, it was argued that the
shifting of the cursor from the Lissajous template required more
attentional effort to be directed towards other intrinsic sources
of information, in turn facilitating the development of a motor
representation capable of sustaining performance when the
Lissajous feedback was withdrawn. It should also be noted that
the visual, auditory, and visual/auditory model techniques used
by Kennedy et al. (2013a) during acquisition were removed on
the retention test. The result was that performance on the reten-
tion test with the model information was quite effective. It is
also important to note that in the tapping experiment by Ken-
nedy et al. (2013a) where visual, auditory, and visual/auditory
models were used, the model was presented prior to each trial
but was not available during the production of the tapping task.
This prompted the participant to build an internal representation
of the task that could be used to detect and correct errors during
the production of the task. The bottom line is that integrated
displays (e.g., Lissajous) with goal templates can be used to
greatly accelerate the learning of a wide variety of bimanual
coordination patterns. An important feature of this type of ex-
periment in the future will be to design new practice protocols
and displays that accelerate performance improvement while at
the same time enhance the development of an internal repre-
sentation that will allow performance to be maintained with and
without the extrinsic sources of information.

There remain, however, important theoretical challenges for
future researchers in bimanual coordination. In light of recent
findings, future researchers on bimanual coordination should
determine if the dynamical systems perspective, traditionally
used to describe and explain the coupling and synergistic char-
acteristics of bimanual coordination, continues to be the most
effective theoretical perspective to drive our understanding of
these tasks and the interplay between perceptual and action
constraints, or would it in the long run be more productive to
move toward broader theoretical perspectives (e.g., cognitive
neuroscience perspective by Ivry and colleagues (Ivry et al.,
2004), or central executive of Baddeley (e.g., 1992, 1996).

One of many questions that needs to be answered in determin-
ing which theoretical perspective would be most appropriate is
whether the perceptual and action constraints can be viewed in
a hierarchical manner or are better described in terms of dy-
namic self-organizing systems where the organization emerges
as a result of the external conditions and internal dynamics.
Recent data suggest a type of cognitive/perceptual dominance
over lower level action constraints whereby perceptual con-
straints can be minimized via various display techniques in
such a way as to counteract the inherent intrusions of the re-
maining action constraints. The degree to which perception and
action constraints are shown to be dissociable will play a role in
this conversation.

Summary

The production of a large variety of bimanual coordination
patterns are plagued with a coalition of perceptual and action
constraints that limit a performer’s ability to coordinate differ-
ent movements of the two limbs, and have led researchers to
conclude that the “limbs are constrained to act as a single unit”
(Kelso et al., 1979a,b). While substantial practice can allow
performers to overcome some of these constraints for relatively
simple bimanual coordination patterns, other more difficult pat-
terns have appeared to be almost impossible to effectively per-
form. However, the recognition of these constraints has led
researchers to find methods to limit the impact of the perceptual
constraints allowing a wide variety of bimanual coordination
patterns, once thought to be nearly impossible to perform, to be
effectively performed with only minimal practice. These
methods, while effective, do not limit the action constraints
related to cortical and subcortical neural crosstalk, but do pro-
vide the performer with integrated information necessary to
minimize the impact of intrinsic action constraints. What ap-
pears to be necessary is to provide information to the performer
that allows them to easily detect and correct coordination errors
when they occur. Effective methods that allow the detection
and correction of coordination errors are varied. These findings
provide strong evidence that the same bimanual coordination
requirements may be relatively easy to perform and learn in one
context and nearly impossible in another context.
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