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Abstract

Both intrapersonal and interpersonal coordination dynamics have traditionally been investigated using relative phase patterns
of in-phase (¢ =0°) and/or anti-phase (¢ =180°). Numerous investigations have demonstrated that coordination tasks that
require other relative phase patterns (e.g., 90°) are difficult or near impossible to perform without extended practice. Recent
findings, however, have demonstrated that an individual can produce a wide range of intrapersonal bimanual patterns within a
few minutes of practice when provided integrated feedback. The present experiment was designed to directly compare intra-
and interpersonal coordination performance and variability when provided Lissajous feedback or pacing metronome. Single
participants (N =12) and pairs of participants (N =24, 12 pairs) were required to produce relative phase patterns between 0°
and 180° in 30° increments using either pacing metronomes or Lissajous displays. The Lissajous displays involved a goal
template and a cursor providing integrated feedback regarding the position of the two effectors. The results indicated both
single and pairs of participants could effectively produce a large range of coordination patterns that typically act as repel-
lers after only 6 min of practice when provided integrated feedback. However, single participants performed the in-phase
coordination pattern more accurately and with less variability than paired participants, regardless of the feedback condition.
These results suggest an advantage for intrapersonal coordination when performing in-phase coordination, possibly due to
the stabilizing effect occurring via the neuro-muscular linkage between effectors.

Keywords Bimanual coordination - Interpersonal coordination - Intrapersonal coordination - Coordination dynamics -
Integrated feedback - Lissajous feedback

Introduction reviews). The general results have indicated only two inher-

ently stable coordination patterns, in-phase (¢ =0°) and anti-

Daily activities often require individuals to coordinate
actions individually (e.g., driving a car) or with another
person (e.g., dancing with a partner). Coordinated actions
produced by an individual are referred to as intrapersonal
(bimanual) coordination, while coordinated actions pro-
duced by two or more individuals are referred to as inter-
personal (social) coordination. A large body of research
has focused on how intrapersonal patterns of coordination
emerge, stabilize, and transition (see Kelso 1995; Oullier
et al. 2008; Swinnen 2002; Swinnen and Wenderoth 2004 for
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phase (¢ = 180°), with in-phase more stable than anti-phase.
Other phase relationships (e.g., 30°, 90°) have proved diffi-
cult or near impossible to perform without extended practice
(Fontaine et al. 1997; Lee et al. 1995; Swinnen et al. 1997a,
b). The Haken—Kelso-Bunz (HKB) model provides a for-
mal account of these stability properties based on nonlinear
dynamics (Haken et al. 1985). In-phase and anti-phase coor-
dination patterns are modeled as stable fixed-point attractors,
while other relative phase patterns represent repellers in the
attractor landscape. A repellar drives a variable away from
it and towards the attractor (e.g., in-phase coordination pat-
tern). As such, spontaneous phase transitions to in-phase
coordination patterns may occur when the control parameter
(e.g., frequency) is increased (e.g., Kelso 1984, 1994; Peper
et al. 1995; Treffner and Turvey 1993). Research has indi-
cated interpersonal coordination is constrained by the same
dynamical entrainment process as intrapersonal coordination
(see Schmidt et al. 2011 for a review).
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The stability of the in-phase pattern has been demon-
strated in a number of intrapersonal (e.g., circle drawing
(e.g., Semjen et al. 1995; Summers et al. 2008), elbow
flexion—extension (e.g., Kovacs et al. 2009a, b), finger
flexion—extension (e.g., Riek et al. 1992; Scholz and Kelso
1989), forearm pronation—supination (e.g., Carson et al.
1996; Temprado et al. 1999)) and interpersonal (e.g., leg
swinging (Schmidt et al. 1990), pendulum (Schmidt and
O’Brien 1997), rocking chair (Richardson et al. 2007),
shoe tying (Gorman and Crites 2015)) coordination tasks.
The difficulties associated with producing patterns such as
30° and 90° relative phase have typically been attributed
to strong phase attraction to inherently stable coordination
modes (i.e., in-phase and anti-phase) (Schoner and Kelso
1988). However, evidence also suggest that the difficulty
may be due, in large part, to perceptual and attentional fac-
tors (see Shea et al. 2016 for a review).

Kovacs et al. (2009a) examined the influence of percep-
tual and attentional factors on the intrapersonal coordina-
tion landscape by comparing scanning trials paced by visual
metronomes with a condition where integrated perceptual
information was provided. Note, auditory and visual metro-
nomes are quite common in studies examining intrapersonal
and interpersonal coordination. For example, Zanone and
Kelso (1992) used visual metronomes to pace movement
of the right and left limb during scanning trials where the
required relative phase pattern was systematically changed.
Schmidt et al. (1990) used an auditory metronome to pace a
task where participants were required to coordinate their leg
swing with another participant in both an in-phase and anti-
phase patterns. However, recent research has indicated that
the use of auditory and visual metronomes as well as other
types of environment information may negatively influence
the performance of coordination tasks (e.g., Kovacs et al.
2010a, b). Indeed, the results for the metronome condition
(Kovacs et al. 2009a) were consistent with previous research
(e.g. Zanone and Kelso 1992; Yamanishi et al. 1980) dem-
onstrating relative phase errors and variability at 0° smaller
than that at 180° and significantly larger errors and vari-
ability at all other relative phase relationships. In the inte-
grated feedback condition, the perceptual information was
presented in the form of Lissajous feedback and movement
template.

Lissajous information integrates the position of the
two limbs into a single point (cursor) in one plane with,
for example, the left limb moving the cursor up (exten-
sion) and down (flexion) and the right limb moving it left
(flexion) and right (extension). The template provided was
a two-dimensional figure which if tracked by the cursor
produces the goal coordination pattern. In general, Lis-
sajous information has been shown to greatly enhance
intrapersonal coordination patterns with complex phase
relationships (e.g., Kennedy et al. 2016c¢; Kovacs et al.
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2009a, b). In addition, participants have tuned in multi-
frequency (e.g., 1:2; 2:1: 2:3) circling (Boyles et al. 2012),
force (Kennedy et al. 2015, 2017), and reciprocal move-
ment (Kovacs et al. 2010a, b) tasks within a few minutes
of practice when provided Lissajous feedback. Note, how-
ever, that Lissajous feedback and templates have not been
tested in experimental designs requiring interpersonal
coordination.

When Kovacs et al. (2009a) provided Lissajous feedback
and template to guide performance, relative phase errors and
variability were significantly smaller than that found for the
metronome condition at all goal relative phases except 0°.
Surprisingly, no differences were detected between 30° and
180° relative phase conditions with relative phase errors and
variability ~ 10°. For the in-phase pattern, errors and vari-
ability were exceptionally low (= 5°). However, it is possi-
ble that the lower values of error and variability during the
in-phase coordination pattern compared with all the other
patterns were due to a stabilizing effect occurring via the
neuro-muscular linkage (e.g. neural crosstalk) and/or to a
destabilizing effect for all the other phase relations (Cardoso
de Oliveira 2002; Kagerer et al. 2003: Marteniuk et al. 1984)
rather than factors associated with the feedback (Lissajous)
provided. As such, assessing coordination performance and
stability under the same conditions (metronome/Lissajous)
while removing the neuro-muscular linkage between the
component oscillators (limbs) (i.e., interpersonal coordina-
tion) may provide additional insights relative to perceptual/
attentional and neuro-muscular constraints on coordination
dynamics.

Research investigating coordination dynamics (e.g., Kelso
1984, 1994; Peper et al. 1995; Treffner and Turvey 1993)
and research directly comparing intrapersonal and interper-
sonal coordination (e.g., Meerhoff and De Poel 2014, Oul-
lier et al. 2008, Peper et al. 2013; Richardson et al. 2007,
Schmidt et al. 1990) have typically used in-phase and anti-
phase tasks. Most likely because 0° and 180° relative phase
are inherently easy and stable to perform (Yamanishi et al.
1980) while other relative phase patterns have proved dif-
ficult (Byblow and Goodman 1994; Swinnen et al. 1997,
Zanone and Kelso 1992). Given the recent success of feed-
back manipulations in facilitating complex intrapersonal
coordination (e.g., Kovacs et al. 2010a, b; Wang et al.
2013), however, it may be possible to investigate interper-
sonal coordination dynamics using more challenging relative
phase coordination patterns. Therefore, the current experi-
ment was designed to compare the coordination dynamics
between intra- and interpersonal coordination on scanning
trials (0°-180°, 30° increments) when provided Lissajous
feedback and template to guide performance or pacing met-
ronomes. Understanding factors that may facilitate or inter-
fere with the ability of one or more individuals to coordinate
movement is not only important for theoretical purposes but
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may also have practical implications (e.g., drones, surgery,
teleoperations, video games).

Method
Participants

Right-handed undergraduate students (N =236) volunteered
to participate in the experiment. The Institutional Review
Board at Texas A&M University approved the procedures,
and participants provided written informed consent before
participation in the study. None of the participants were
active musician or had significant musical training. Partici-
pants were randomly assigned to a metronome or Lissajous
condition prior to entering the testing room.

Apparatus

The apparatus consisted of two horizontal levers. The levers
were affixed at the proximal ends to near frictionless vertical
axles. The axles allowed the levers to move in the horizontal
plane over the surface of a table. A handle was attached
close to the distal end of each lever. The position of the
handle was adjustable. The handles were adjusted to allow
participants to comfortably grasp each handle with their
palms in a vertical position with their forearms resting on the
lever and their elbows aligned over the axis or rotation. The
horizontal movement of the levers was monitored at 200 Hz
by potentiometers attached to the lower ends of the axles.
A projector was used to display the visual metronomes or
Lissajous information, depending on condition. In the met-
ronome condition, two squares were displayed on the screen.
The left (blue) and right (red) squares flashed on and off with
the required phase relationship for that trial. In the Lissajous
condition, a movement template for goal relative phase pat-
tern and on-line feedback regarding the position of the two
limbs as a single point (cursor) was provided on a screen
directly in front of the participant. Motion of the left lever
moved the cursor up (extension) and down (flexion) while
the motion of the right lever resulted in moving the cursor
left (flexion) and right (extension). The cursor and Lissajous
template were generated with customized software.

Procedure

Participants were recruited individually or in pairs. Upon
entering the testing room, participants recruited individually
were randomly assigned to either the intrapersonal Lissajous
(N=06) or the intrapersonal (N =6) metronome condition.
Similarly, pairs of participants were randomly assigned to
the interpersonal Lissajous (N=12, 6 pairs) or metronome
(N=12, 6 pairs) condition, and also individuals within a pair

were randomly assigned to manipulate either the right lever
or the left lever.

All participants sat at a table with their forearm(s) (right,
left, or both depending on the assignment) resting on the
lever(s) that limited elbow motion to flexion—extension in
the horizontal plane. Participants were seated on a height
adjustable chair with the horizontal eye line correspond-
ing with the midway point of the display projected onto
the screen in front of them (see Fig. 1). Participants were
informed that they were to attempt to move their limb (left
for the left lever and right for the right lever) back and forth
(approximately 30°) to produce the desired phase relation-
ship. It was emphasized that the movements of both limbs
should be continuous. Participants in the metronome condi-
tion were asked to attempt to reverse (extension to flexion)
their limb movement upon the onset of the corresponding
light square. When the left (blue) square was illuminated,
the participant was required to reverse the left limb; when
the right (red) square was illuminated, the participant was
required to reverse the right limb. During the scanning trials,
the squares blinked on and off according to the goal phase
relationship. This type of metronome was used by Kovacs
et al. (2009a) in their experiments using scanning trials. Par-
ticipants in the Lissajous condition were told to follow the
general path of the template with the cursor. After any trial
in which the average frequency was below 1.0 Hz, the exper-
imenter encouraged the participant to increase the speed at
which they produced the relative phase pattern. Similar to
Kovacs et al. (2009a), participants were required to perform
three practice scanning blocks and one test block. A scan-
ning block required participants to produce each relative
phase pattern in an ascending and descending order (0°, 30°,
60°, 90°, 120°, 150°, 180°, 180°, 150°, 120°, 90°, 60°, 30°,
0°) for a total of 14 trials per block (see Fig. 1a). Each trial
was 30 s. Participants received 4 min rest interval between
each scanning block and 10 min rest prior to the test block.

Measures and data reduction

Data reduction was performed using MATLAB. The poten-
tiometer signals representing the displacement of the limb
were low-pass filtered with a second-order dual pass But-
terworth with a cutoff frequency of 10 Hz.

Measures of coordination

The continuous relative phase (¢) between the two limbs
was computed to examine the spatial-temporal coordina-
tion of the limbs’ motion. Prior to computation of the con-
tinuous relative phase, displacement and velocity data for
each limb were normalized in two steps. First, the mean of
each data series was subtracted from each data point in the
series to mean center the time series around zero. Second,
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Fig. 1 Illustration of the goal relative phase patterns (a) for the 0° (top) to 180° (bottom) in 30° increments and resulting Lissajous plots. Top
view of the experimental set for the one person (b) and two person (c¢) conditions

amplitude rescaling was done by dividing the positive and
negative amplitudes with the maximum positive or negative
amplitude value. The phase angle (6;) for each limb (i=r,
) was computed for each sample of the displacement time
series using the following formula adapted from Kelso et al.
(1986):

6, = tan”' [(dX,/dr)/X,].

with X; representing normalized limb position and dX;/dt
normalized instantaneous velocity. Next, the continuous
relative phase was computed by subtracting the phase angle
of the left limb (#,) from the phase angle of the right limb

@ Springer

(0,), p=0,.-0,. Absolute error (AE) of the continuous rela-
tive phase was used as a measure of the degree to which the
required goal relative phase (¢ =0°, 30°, 60°, 90°, 120°,
150°, 180°) was achieved. Variable error (VE) and constant
error (CE) of relative phase were used as measures of stabil-
ity and bias of the performed coordination pattern.

Results

Figure 2 provides performance examples of the goal rela-
tive phase patterns (0°-180° in 30° increments) during the
test block for participants in the single metronome (A), pair
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Fig.2 Examples of performance for goal relative phase patterns (0°-180° in 30° increments) for participants in the individual (a, ¢) and pair (b,
d) metronome (top) and Lissajous (bottom) conditions, respectively
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metronome (B), single Lissajous (C), and pair Lissajous (D)
conditions.

Absolute (AE), variable (VE), and constant (CE) errors
of the performed relative phase were analyzed in a 2 Group
(Individual, Pair) X 2 Conditions (Lissajous, Metronome) X 7
Goal Phase (¢ =0°, 30°, 60°, 90°, 120°, 150°, 180°) ANO-
VAs with repeated measures on goal phase. Duncan’s new
multiple range test and simple main effect post hoc tests
were performed when appropriate (a=0.05). Additionally,
apriori comparisons were planned between groups on the
relative phase error (AE) and variability (VE) measures dur-
ing the in-phase and anti-phase coordination.

Coordination performance
AE relative phase

The analysis of relative phase AE (Fig. 3) failed to detect
a main effect of group, F(1,20)< 1, p>0.05. In addition,
the Group X condition, Fa0< 1, p>0.05, Group x Goal
phase, Fg 159,=1.22, p>0.05, or a Group X ondition X Goal
phase F g 159,=1.00, p>0.05, interactions failed significance
indicating similar patterns of response for the individual
and paired participants. However, we acknowledge the low
statistical power due to the number of participants in each
condition. The analysis detected a main effect of Condition,
F(40)=100.43, p<0.01, with the participants in the Lis-
sajous condition making smaller relative phase errors com-
pared with participants in the metronome condition. The
main effect of Goal Phase, F' 6.120)= 6.82, p<0.01, as well as
a Condition x Goal Phase, F(6,120) =5.64, p<0.01, interac-
tions were also significant. Simple main effect analysis failed
to detect a difference in relative phase errors (AE) between
the Lissajous and metronome conditions when performing
0° goal phase. All other phase relations were performed with
significantly less error by participants in the Lissajous con-
dition compared with participants in the metronome condi-
tion. Additionally, no differences were detected between the
coordination patterns for the various goal phases performed
by participants in the Lissajous condition, but differences
were detected in the metronome condition. Participants in
the metronome condition performed the in-phase (0°) and
anti-phase (180°) coordination pattern with significantly less
relative phase error compared with all the other phase rela-
tion with the in-phase pattern produced more accurately than
the anti-phase pattern. The other phase relations (30°-150°)
were not different from one another.

The apriori contrasts for in-phase and anti-phase perfor-
mance indicated that participants in both individual groups
performed the in-phase goal phase more accurately than par-
ticipants in both pair groups. On the anti-phase goal phase,
the individual and pair groups when provided Lissajous
feedback performed more accurately than the individual

@ Springer

60
—@— Single-Lissajous
—@— Pair-Lissajous
50{ —® Single-metfonome
—@— Pair-metropome
=)
[
T 40 A
[
7]
©
<
g— 30 4
2
=
ko]
¢ 201
w
<
10 A
0 T T T T T T T
0 30 60 90 120 150 180
Goal Relative Phase (deg)
50
40
)
[
z
& 30
@
=
aQ
2
‘_('“‘ 20 1
[
s
w
>
10 A

0 30 60 90 120 150 180
Goal Relative Phase (deg)

Fig.3 Absolute error (AE) in continuous relative phase (top), and
variable error (VE) in continuous relative phase (bottom) for partici-
pants in the Lissajous and metronome groups

group provided metronome feedback. The pair group pro-
vided metronome feedback produced larger relative phase
errors than all other groups on the anti-phase goal phase.

VE relative phase

The analysis of relative phase VE (Fig. 3) detected a main
effect of Group, F(1’20)= 16.05, p <0.01, a main effect of
Condition, F(1’20)=29.36, p<0.01, as well as a significant
Group x Condition, F(; 55, =7.00, p <0.05, interaction. Sim-
ple main effect analysis indicated significantly more stable
relative phase performance under the Lissajous condition
compared to the metronome condition, for both the individ-
ual group as well as the paired group. Additionally, no dif-
ferences were found between the individual group compared
to the paired group when Lissajous feedback was available.
Under the metronome condition, performance of the indi-
vidual group was significantly more stable compared with
the performance of the paired group.
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The analysis of VE also detected a main effect of Goal
Phase, Fg 159,=10.67, p<0.01, as well as a significant
Condition x Goal Phase, Fg 159,=3.57, p<0.01, interac-
tion. Simple main effect analysis failed to detect differ-
ences in relative phase stability (VE) between the Lis-
sajous and metronome condition when performing the
in-phase coordination pattern. Performance was signifi-
cantly more stable on all the other goal phase relations
for participants in the Lissajous condition compared with
participants in the metronome condition. Additionally,
the performance of the participants in the Lissajous con-
dition was more stable during the in-phase coordination
compared with all the other phase relations, which in turn
were not different from one another. Similarly, perfor-
mance of participants in the metronome condition was
less variable during the in-phase coordination compared
with all the other required phase relations. Additionally,
relative phase variability at the 30° goal phase was also
less variable compared with the other phase relations
(60°, 90°, 120°, 150°, 180°), which were not different
from one another.

The apriori contrast for relative phase VE indicated
that participants in the individual groups provided Lis-
sajous and metronome feedback performed the in-phase
relative phase coordination pattern with less variability
than the pair groups under the Lissajous or metronome
feedback condition. The pair group provided metronome
feedback was more variable than all other groups. On the
anti-phase goal phase the individual and pair groups when
provided Lissajous feedback performed with smaller rela-
tive phase VE than the individual group provided metro-
nome feedback. Relative phase variability for individual
group provided metronome feedback on the anti-phase
goal was larger than relative phase variability for indi-
vidual group provided Lissajous feedback, but not dif-
ferent from the pair group provided Lissajous feedback.

CE relative phase

The analysis of relative phase CE detected main effects
of condition, F(1,20)=4.42, p<0.05 and goal phase,
F6.120)=3.26, p<0.05. Higher CE values were found in the
metronome than in the Lissajous condition. Duncan’s new
multiple range test on goal phase indicated higher CE val-
ues (positive) for 30°, 60° and 120° relative phase patterns
than the CE values (negative) for the 150° and 180° relative
phase patterns. All other main effects and interactions were
not significant.

Discussion

The results of the present experiment indicated that both
individual participants (intrapersonal) and pairs of partici-
pants (interpersonal) could effectively produce a large range
of coordination patterns after only 6 min of practice when
provided Lissajous feedback and template (see Fig. 4). How-
ever, single participants performed the in-phase coordina-
tion pattern more accurately and with less variability than
paired participants, regardless of the feedback condition.
Overall, these results suggest that both inherent (e.g., neu-
ral crosstalk) and incidental (perceptual/attentional factors)
constraints influence coordination dynamics.

Role of neural crosstalk in the coordination
dynamics

Although intra- and interpersonal coordination show
many similarities in terms of their coordination dynamics
(Schmidt et al. 2011), it is important to note that they are
fundamentally different, given the neuro-muscular linkage
between effectors in the intrapersonal coordination tasks.
Of particular, interest from this perspective is neural cross-
talk. Neural crosstalk is a mirror image command sent to
the homologous muscles of the contralateral limb (Cattaert
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et al. 1999; Swinnen 2002). It is an often invoked concept
to account for the stability differences, phase transition,
and difficulties in producing simple (e.g., in-phase, anti-
phase) and complex (e.g., 30° relative phase, 1:2 multi-fre-
quency) intrapersonal coordination patterns (e.g., Aramaki
et al. 2010, Buchanan and Ryu 2012, Cattaert et al. 1999;
Kasuga and Nozaki 2011; Maki et al. 2008; Spijkers and
Heuer 1995; Steglich et al. 1999; Swinnen 2002; Swinnen
and Wenderoth 2004) and has been demonstrated in both
kinematic (e.g., Kasuga and Nozaki 2011, Kennedy et al.
2015, 2016b, Park et al. 2013; Spijkers and Heuer 1995) and
neuroimaging (e.g., Aramaki et al. 2006, 2010, Houweling
et al. 2010; Maki et al. 2008) research. For interpersonal
coordination, the interacting components (i.e. two limbs)
do not share a common neural mechanism. Note, however,
that a recent investigation examined the role of mechanical
linkages between two individuals on the stability on in-phase
and anti-phase coordination (Cuijpers et al. 2019).

According to the neural crosstalk model, two independ-
ent motor plans exist for each limb and some fraction of the
force command for one limb is transmitted to the contralat-
eral limb (Cattaert et al. 1999). Because neural crosstalk
conveys the same information to both limbs, it is believed
that in-phase coordination patterns using homologous mus-
cles are facilitated when the contralateral and ipsilateral
signals are integrated (Cardoso de Oliveira 2002; Kagerer
et al. 2003; Marteniuk et al. 1984). The results of the current
investigation support such a possibility. Single participants
performed the in-phase coordination pattern more accurately
and with less variability than paired participants, regardless
of the condition (metronome vs. Lissajous). It is possible
that the lower values of error and variability during the in-
phase coordination pattern compared with all the other pat-
terns may be due to a stabilizing effect occurring via the
neuro-muscular linkage (e.g. neural crosstalk). If so, would
indicate the coupling and stability characteristics associ-
ated with intrapersonal coordination reside in the forward
commands and the interactions that arise from those com-
mands as the result of shared neural pathways (Ridderikhoff
et al. 2005). Not only are the results of the current investi-
gation consistent with the notion that neural crosstalk can
facilitate in-phase coordination, but also suggests there is
an advantage for intrapersonal over interpersonal coordi-
nation when performing in-phase coordination patterns.
Interestingly, Cardoso de Oliveira (2002) has shown that
during in-phase coordination, the correlated activity between
interhemispheric motor cortical areas (the motor areas acti-
vated simultaneously in both hemispheres) is much stronger
than during anti-phase coordination. This correlated activ-
ity between hemispheres could provides the neural basis of
crosstalk between limbs (Swinnen 2002).

When performing relative phase patterns other than 0°,
the commands to each limb are often in conflict (Summers
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et al. 1993). Performance of a 90° relative phase pattern,
for example, may suffer from ongoing interference believed
to result from the conflicting information or intermingling
of the signals controlling the two effectors (e.g., Cardoso
de Oliveira 2002; Kagerer et al. 2003: Maki et al. 2008:
Marteniuk et al. 1984). Indeed, performance of relative
phase patterns between 30° and 150° with metronomes in
the current investigation was quite difficult, as indicated by
the high error and variability. When different activation pat-
terns are required for the two effectors (e.g., performing 90°
relative phase bimanual pattern), an individual must inhibit
or compensate for the crosstalk that is transmitted to the
contralateral limb (Barral et al. 2006, 2010). If the inhibi-
tion or compensation for the crosstalk fails, the interference
may challenge the stability of the coordination dynamics
likely resulting in unwanted perturbations to the coordinated
action or may even prompt a phase transition to a more sta-
ble coordination pattern (Houweling et al. 2010). Perturba-
tions consistent with neural crosstalk were observed in a
series of experiments examining the performance of a 1:2
bimanual force tasks (Kennedy et al. 2015, 2016a, b). More,
specifically, perturbations were observed in the force and
force—velocity profiles of the non-dominant limb that could
be attributed to the production of force by the dominant
limb. Note that Kennedy and colleagues provided Lissa-
jous feedback to guide performance similar to the current
investigation. They suggested that the Lissajous informa-
tion provided the system the opportunity to override neural
crosstalk, but it could not completely eliminate its effect
(perturbations) on the coordination dynamics (see Shea et al.
2016 for a review). Although similar perturbations were not
observed in the displacement trace (see Fig. 2) in the current
investigation, this result is consistent with the notion that
the effect of neural crosstalk is partially dependent on force,
with higher forces resulting in stronger crosstalk effects and
lower forces in weaker ones (Heuer et al. 2001). Perhaps, if
the current investigation required participants to coordinate
relative phase patterns using higher levels of force, perturba-
tions consistent with neural crosstalk would be observed.

Role of perceptual information on coordination
dynamics

The results of the current investigation indicated that both
single and pairs of participants could effectively produce
a large range of coordination patterns that typically act as
repellers (from ¢ =30° to 150°) when provided Lissajous
feedback and template (see Fig. 4). However, the same pat-
terns could not be performed well (high error and variability)
when participants were provided metronomes (see Fig. 3).
This result points to incidental (e.g., perceptual, attentional)
constraints in the testing environment rather than interfer-
ence associated with neural crosstalk for the difficulty in
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producing complex relative phase coordination patterns. In
an experiment to determine whether the constraints asso-
ciated with bimanual tasks arise from the structure of the
neuro-muscular system or from the specific features of the
task or environment, Mechsner et al. (2001) manipulated
hand positions to create visually or anatomic in-phase and
anti-phase coordination patterns. The results indicated that
visual in-phase coordination was more stable than visual
anti-phase, regardless of the anatomical arrangement (i.e.,
homologous vs. non-homologous muscles) used to perform
the task. As such, it was concluded that constraints associ-
ated with the stability of in-phase pattern were due to per-
ceptual constraints. Similarly, Bingham and colleagues (e.g.,
Bingham et al. 1999; Bingham 2004a, b; Wilson et al. 2005a,
b) provided evidence that coordination can be constrained
by perceptual factors associated with the task. More specifi-
cally, in a series of experiments, Bingham and colleagues
demonstrated that a participant’s ability to produce stable
relative phase patterns was dependent on the participant’s
ability to perceive the relative phase pattern (Bingham et al.
1999; Bingham 20044a, b; Wilson et al. 2005a, b).

Based on this information, Shea and colleagues (Ken-
nedy et al. 2016c; Kovacs et al. 2010a, b; Kovacs and Shea
2011) argued participants could coordinate complex relative
phase patterns when information is provided that allows par-
ticipants to perceive and thereby correct coordination errors
(see Shea et al. 2016 for a review). Indeed, Kovacs and col-
leagues demonstrated a wide range of coordination patterns
that were once thought difficult to perform without extensive
practice could be quickly and effectively performed when
Lissajous feedback was provided and attentional demands
were reduced (Kovacs et al. 2010a, b). The Lissajous
information likely facilitated the successful performance
of complex coordination patterns, because the integrated
information provided participants information necessary
to detect errors in performance and provided an efficient
way to correct those errors (e.g., Kennedy et al. 2016c;
Kovacs et al. 2010a, b; Kovacs and Shea 2011). Similar
results were also demonstrated with relative phase feedback
(Boyles et al. 2012) and visual/auditory models (Kennedy
et al. 2013; Panzer et al. 2018). Note, however, this type of
feedback was only examined during intrapersonal coordi-
nation tasks. Remarkably, pairs of participants were able
to rapidly tune-in complex coordination patterns with low
error and variability when provided Lissajous feedback and
template to guide performance similar to individual par-
ticipants. These results provide additional evidence for the
robust nature of Lissajous information in facilitating com-
plex bimanual coordination patterns. The ability to perform
complex interpersonal coordination tasks may have many
practical applications. For example, an individual who has
suffered an amputation or stroke may have to perform activi-
ties of daily living, typically performed bimanually, with

the assistance of another individual (e.g., caretaker) or an
adapted device (Lum et al. 1995). A surgeon may have to
tie surgical knots with another surgeon or robot (Murphy
2001; Wang et al. 2008). As such, additional research is
needed to explore the constraints that impact interpersonal
coordination and understand differences between intra- and
interpersonal coordination.
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