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Two hands, one goal: functional coupling in the wrist joints
during a bimanual task

Rosanne Pries, Delft University of Technology, The Netherlands

Abstract

Bimanual coordination is essential for the performance of daily activities, but the underlying motor control mechanisms are nc
yet fully understood. The goal of the present study is to identify the contribution of contralateral responses in the wrist joints
to the performance of a bimanual task. Contralateral responses could possibly be used in rehabilitation therapy to activate ha
functions that are aected by a neuromuscular medical condition. In our experiment, participants had to balance a tray in a virtua
environment, while either the left or right hand was perturbed. Two identical robotic wrist manipulators intermittently applied force
perturbations in exion or extension direction. Following a perturbation, contralateral responses were present and operated towar
stabilization of the tray, for example by allowing an overall faster correction of the perturbation. Notably, exion perturbations
resulted in much larger contralateral responses than extension perturbations. Contralateral responses occurred mainly in the t
window for voluntary responses. Results were consistent with our hypothesis for discrete bimanual movements based on optin
feedback control theory: when both hands share one goal, functional coupling occurs in the wrist joints.

Keywords: contralateral response; bimanual postural control; common goal task; robotic wrist manipulators

1. Introduction

Humans have a remarkable ability to perform manipulative taskgroving bimanual coordination in healthy persons, e.g. Olympic
This ability could develop when primates adopted to bipedalathletes, or perhaps the bimanual skills of humanoid robots or
ism and the hands were no longer required for walking or stasurgical robots. There are several behavioral studies that cover
bility (Niemitz, 2010). While other primates can also perform bimanual coordination in rhythmic repetitive bimanual move-
complex manipulative tasks such as using tools and preparingents (e.g. Kelso, 1984; Carson, 1995; Summers, 2002). Non-
food, humans remain unrivalled in the sophistication of manuatepetitive discrete movements have been less researched so far
movements, as demonstrated by, for example, the re nemernd research ndings and theories based on rhythmic repeti-
achieved by a symphonic orchestra. As tasks become mote&ve movements not necessarily apply one to one (Schaal et al.,
complex, coordinated movements by both hands become mo&904; Pruszynski & Scott, 2012; Scott, 2012). Still, discrete
important. Today, humans use bimanual movements twice amovements make up the majority of everyday movements, which
often for daily activities as unimanual movements (Han et al.calls for more research into such movements (Obhi, 2004; Kagerer,
2013). 2016a).

Unfortunately, neuromuscular medical conditions such as cerédiscrete movements can be explained in a theoretical frame-
brovascular accident or Parkinson's disease can cause de ciewtork known as optimal feedback control (OFC) theory (Todorov
bimanual coordination and often result in functional de cits and& Jordan, 2002). In short, OFC theory starts with an opti-
reduced quality of life (Daneault et al., 2015; Winstein et al.,mal estimation of the state of the plant (i.e. the human body)
2016). Currently, therapeutic interventions focus on unimanuaby integrating a prediction of the state with sensory feedback.
movements, but recent research in stroke patients suggests tfdte state variables can be predicted using an internal forward
therapy success can be improved by including exercises involvnodel, i.e. knowledge of the plant dynamics and aerent
ing bimanual cooperative tasks to induce greater activation ofopy of the motor commands to compensate for the delays and
the a ected limb functions (Dietz & Schra -Altermatt, 2016; noise in the sensory feedback from peripheral sensors. The state
Schra -Altermatt & Dietz, 2016). prediction is continuously integrated with sensory information
to correct for errors in the trajectory due to motor noise or ex-
Better understanding of the coordination of bimanual moveternal perturbations. In other words, feedforward and feedback
ments in healthy and pathophysiological conditions could assistre intertwined in OFC, adding to the complexity of the model
in the diagnosis, assessment, and treatment of patients (Kanté&cott, 2004; Todorov, 2004).
etal., 2017; Chen et al., 2019). It could also be relevant for im-



Next, OFC theory uses a cost function, which quantitativelyboth studies, each hand was tasked to accomplish an indepen-
de nes the relevant performance criteria of the given task andlent goal while exposed to continuous perturbation. No dy-
their relative weighing, considering factors such as speed, accmamic coupling between the wrists was found, which may be
racy and energy consumption. OFC theory de nes a mappingttributed to the independent goal tasks.

between sensory feedback and the motor commands that opti-

mizes cost for the given plant and task, e.g. by only correctingVith our common goal experiment, we want to demonstrate
for those deviations that interfere with the task goal and perforthat contralateral responses in the wrists occur when bene cial
mance criteria. Based on this ‘'minimum intervention principle',to the achievement of a bimanual postural task, i.e. that the
the presence of contralateral feedback responses in the armsist joints show functional coupling if the hands share a com-
should depend on the required degree of coupling between thaon goal.

hands for the most ecient task completion, or, in other words,
on the nature of the task goal. 2 Methods

Task-dependency in bimanual movement coordination has been; - participants

demonstrated in several reaching studies, in which twemint Eight healthy individuals (25 2 years, 1 left-handed and 7

task conditions were compared (Diedrichsen, 2007; Diedrich-; - . .
sen & Gush, 2009; Mutha & Sainburg, 2009). In the ‘double-”ght'handed) participated in the experiment. The handedness

, : . of each subject was determined using the 10-items Edinburgh
cursor' task, each hand was simultaneously reaching for a se[[)1

arate spatial target. If one of the hands was perturbed, onl andedness inventory (Old eld (1971), see Appendix A). Par-

. . Mcipants had no history of neuromuscular disorders and no re-
that hand would correct for the error in the trajectory. How- . . ; X . .

; . . duced wrist functionality, and provided written informed con-
ever, if both hands shared a common goal in the “single-cursor : S . -
task, both hands would show re exive feedback responses tgent prior to participation (see Appendix B for the participant

' . . |r(1jformation letter and Appendix C for the informed consent
the perturbation of only one hand. These studies demonstratet: :
. emplate). The experimental protocol was approved by the Hu-

for movement tasks that the motor system can dynamically use . . : .

. . man Research Ethics Committee of the Delft University of Tech-
sensory information from the perturbed hand to generate an al o
propriate feedback response in the unperturbed hand. y-
Dimitriou et al. (2012) investigated contralateral feedback re-2'2' . E.xpenmental apparatgs and set-up o
sponses in a postural bimanual task, in which participants haarticipants were seated in a regularae chair, with each
to balance a tray in a virtual environment using both arms, an#and holding the handle of a robotic wrist manipulator (Wrist-
the elbow joints in particular, while exposed to position distur-2lyzer, MOOG Inc., Nieuw-Vennep, The Netherlands). The
bances. Omrani et al. (2013) also studied a postural bimanu¥rist joints were aligned with the motor axis and the partici-
task, but used force perturbations. Both found contralateral rg?@nts’ forearms were xated to the robotic manipulators using

ordinated across the upper arms. pants could only apply forces to the handles of the robotic ma-

nipulator with the palmar surface of their hands and ngers, to

The present study concerns the wrist joints and aims to iderrévent active grip and consequently increased muscleess.

tify the contribution of contralateral responses in the wrists tgAPProximately 80 cm in front of the chair, a 22-inch monitor
the performance of a bimanual task. Based on OFC theorgisplayed the virtual environment, task instructions and perfor-
we predict functional coupling of the wrists when eient task ~ mance feedback. Figure 1 shows the experimental set-up. Dur-
achievement depends on both hands working together. To tef}d €ach task, the Wristalyzers applied transient force pertur-
this hypothesis, we will investigate contralateral responses iRations to either or both wrist joints and recorded the angular
the wrist joints during the performance of a tray balancing tasuaosmon_of the handles. Further, dirential surface e!eptrodes
when applying force perturbations to elicit motor responses irtBagnoli, Delsys DE-2.1) recorded the muscle activity of the
the contralateral, unperturbed hand. When balancing a trayeXor carpi radialis muscles. Electromyography (EMG) sig-
both hands share a common goal, which means that contrald@ls were ampli ed (gai 1K) by a Bagnoli desktop ampli er
eral responses can contribute to task achievement. The choie8it and band-pass ltered (20-450 Hz). All signals were cap-
of force perturbations over position perturbations was made bdured at a sampling rate of 2048 Hz with a 16-biD*converter
cause the rst are much more representative of everyday distufNational Instruments, NI USB-6361).

bances.

In our experimental set-up, participants performed the tray bal-
ancing task and a control task in a virtual environment, while
being perturbed by two identical robotic wrist manipulators.
Two previous studies have used robotic wrist manipulators to
investigate the underlying dynamics of the wrist joints using a
system identi cation approach (Jain, 2012; Wijntjes, 2014). In
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exion. A constant background load of 0.4 Nm was applied
in the extension direction. Participants had to compensate for
the background load by applying a 0.4 Nm torque in exion di-
rection, thus pre-activating the exor muscles. The background
load also provided a sense of weight to the virtual objects.

Performance feedback was displayed on the screen as a point
total. Each trial, participants started with 1000 points. For the
common goal task, each time participants failed to keep the wa-
ter container on the tray within one degree of the horizontal
orientation, they would lose points for spilling water from the
container until the tray was steadied again. Every 25 ms, points
lost were calculated based on the tray angle. The more unbal-
anced the tray, the more points were lost as if more water was
spilled. Translations of the tray were allowed and had nece

on the score. In the control task, participants lost points when
crossing one of the red horizontal bars with either object, with
more overrun leading to a greater penalty. At the end of each
trial, participants were rewarded if they exceeded both their pre-
vious high score and a minimum of 750 points. The scoring
mechanism was explained to participants before the start of the
experiment. Performance feedback was provided to promote
motivation, concentration and performance throughout the du-
ration of the experiment, and to make participating more fun.

During each task, the hands were perturbed in either the wrist
Figure 1: Experimental set-up. The forearms of the participant are strapped €XION OF extension direction, resulting in four experimental
to the robotic manipulators (1a and 1b) and the wrist joints are aligned to theonditions (2 tasks 2 perturbation directions). The order of
g}ot?r axiﬁ- E_achlpalm pushes up agfainst (lme Og the hlaﬂdlgs- A mﬁfflimf (@he two tasks was randomized and for each task the perturbation
t(;srfl:gz:reet‘r’]';“ﬁu:g‘é'g’;?\:if;gf?hzure";‘(gf Ce;;m d?;ﬁsp(gzeanzngi?f o"®Yirection was randomized as well. The experimental conditions

were each measured in ten trials leading to a total of 40 trials
. per participant. The duration of a single trial was 106 seconds
2.3. Experimental protocol .

.- . . . _and after each trial, a short break was scheduled to prevent mus-
P_art|C|pan'Fs performed th_e following two bimanual tasks in a&le fatigue. Participants could rest longer upon request. Before
virtual environment (see Figure 2): starting the main experiment, subjects acquainted themselves
1. Common goal task with the tasks, the Wristalyzers and the perturbations in a max-

The common goal task was conceptually similar to bal-imum of ve training trials.
ancing a tray. On the tray was a container lled with wa-

ter and a yellow rubber duck oating on the surface. The

position of the tray was controlled with the handles of

the two robotic manipulators by exing or extending the

wrists. Participants were asked to maintain the horizon-

tal orientation of the tray but were free to vary its vertical

position. Both hands could work together to successfully

complete the task.

2. Parallel goal task
In the parallel goal task, each hand simultaneously con-. .
trolled a di erent obiect. i.e. an octagonal obiect for the Figure 2: Common goal and parallel goal task.Visual feedback as presented
Ject, I. < g . | to the participant during the common goal (left) and parallel goal task (right).
left hand and a square object for the right hand. No co-
ordination between the hands was needed to achieve taczk4 Perturbation signal design

success. Participants were required to maintain the posburing each trial, either the left, the right or both hands would

tion of each object between the red horizontal bars disy, perturbed resulting in three perturbations states (two uni-

played on Fhe screen. The results served as a control, "fhanual and one bimanual). Every perturbation was preceded

as comparison for the results of the common goal task. by a random delay of 1-3 s to reduce predictability. The per-
The tasks were performed with both hands supinated and startéarbation itself was a ramp-and-hold torque either in wrist ex-
with the handles in neutral position, corresponding tav@ist  ion or wrist extension direction with an amplitude of 0.2 Nm,



a rise time of 62.5 ms, a hold of 1937.5 ms, and a ramp backormalization, EMG values smaller than zero indicate relax-
of 5000 ms. Bimanual perturbations were identical for bothation of the exor carpi radialis and values greater than zero in-
hands. One trial consisted of nine perturbations, i.e. three remlicate contraction compared to the background muscle activity.
etitions of three perturbation states. The state of the upconiFhe average normalized EMG signal in each epoch represents
ing perturbation was randomized to prevent an early release ithe muscle activity in that epoch. Where needed, EMG sig-
the contralateral hand of a pre-speci ed startling action or trig-nals were corrected for perturbation direction prior to statistical
gered reaction. In total, each perturbation state was measuredalysis.
30 times in each experimental condition.

2.6. Statistical analysis

2.5. Data analysis For the analysis of the contralateral gain, one-sample t-tests
2.5.1. Response epochs (two-tailed) established whether there was an overall change
From the recorded data, a segment of 1000 ms was selectegympared to the average wrist angle in the Base epoch for the
starting 250 ms before and ending 750 ms after perturbation orgommon goal task and for the parallel goal task. Theats of

set. To facilitate classi cation of the contralateral responses, théhe variables task, perturbation direction and hand on the gain
following six temporal epochs were de ned after perturbationwere tested with a 2 2 2 repeated measures ANOVA with
onset:baseline(Base, -250-0 msyesponse 1R1, 20-45 ms), these factors. Contralateral EMG responses were evaluated us-
response ZR2, 46-74 ms)response 3R3, 75-115 ms)early inga2 2 2 6 repeated measures ANOVA of the average nor-
voluntary(Early Vol, 120-180 ms) ankite voluntary(Late Vol, = malized EMG activity, with task, perturbation direction, hand,
181-750). The R1 epoch is related to short latency re exes andnd epoch as factors. The same statistical tests were used for the
the R2 and R3 epochs to long latency re exes (Pruszynski et alipsilateral responses, except that the factor "task' was replaced
2008). These three epochs could help to identify rapid conby the factor “perturbation state'. For post-hoc comparisons be-
tralateral responses. The two epochs corresponding to voluiween epochs, paired t-tests (one-tailed) were performed and a
tary responses were de ned to provide a complete picture fronBonferroni correction was applied to correct for the multiple
perturbation onset until stabilization of the objects, which a pi-comparisons. All signi cance levels were set at 0.05 and SPSS
lot study found to occur at approximately 750 ms after pertur-Statistics, version 26, was used for the statistical analysis.
bation onset.

2.5.2. Kinematic data 3. Results

Data from each participant were set corrected and low-pass 3.1. Contralateral response

ltered at 40 Hz (recursive rst order Butterworth). For each g re 3 and Figure 4 provide an overview of the contralateral
participant, measurements were averaged across all repet't'OFb%ponses across subjects for both tasks during a exion and

of the same combination of variables, resulting in 24 traces (2ytension perturbation, respectively. Contralateral responses of
tasks 2 perturbation directions 2 hands 3 perturbation  o5ch individual participant can be found in Appendix D.
states). As a measure for the overall contralateral and ipsilat-

eral movement, a gain was calculated for each trace, de ned 1 1 kinematic data
as the change in wrist angle at 750 ms after perturbation ons
(stabilization of the objects) relative to the average angle durin

the Base epoch. The gain was corrected for the perturbation é"lgni cant change compared to the average wrist angle in the

rection for purposes of statistical comparison of the responses, co epoch for the common goal task £ 2:86,p = 0:024)
following a exion and an extension perturbation, respectively. , -4 remarkably, also for the parallel goal task:( 2.72'. 0=

o 0:030). Functionally, all contralateral responses in the common
2.5.3. Musc!e activity i goal task occurred in the correct direction to stabilize the tray,
EMG recordings were aset corrected, full-wave recti ed, and g~ the contralateral wrist angle increased after a_exion per-
low-pass ltered at 40 Hz (recursive rst order Butterworth). ,hation and decreased after an extension perturbation. In the
A Discrete Fourier Transform line noise Iter (50 Hz) was ap- harjle| goal task, the small deviations were in the opposite di-

plied to the recordings of one participant to address excessiVetion, e.g. the contralateral wrist angle increased following
electrical interference. For each participant, recordings werg, axtension perturbation.

rst averaged across all repetitions of the same combination

of variables, resulting in 24 traces. To facilitate combination of\jext we investigated which factors modulated the contralat-
EMG data across participants, the EMG data wemermalized g5 gain. Comparing the results of the common goal task with
as follows. Per participant, the recordings of each combinatiog, parallel task, we found a signi cant ect associated with
of task, perturbation direction and hand were normalized by,q task goalk17; = 9:87:p = 0:016). Overall, participants

subtracting a mean and dividing by a standard deviation. BotQ,rected signi cantly more with their contralateral hand in the
such mean and standard deviation were calculated by taking the, . mon goal task compared to the parallel goal task.
average across all Base epochs of the speci ¢ combination of

variables, and then taking the mean over the time points. After

%ﬁrst, we examined whether contralateral responses as measured
y the gain were present following a perturbation. We found a

4



Figure 3: Contralateral responses across subjects during exion perturbation.Left panels: response of the non-dominant hand during a exion perturbation

in the dominant hand. Right panels: response of the dominant hand during a exion perturbation in the non-dominant hand. Top panels: angle of the wrist join
Bottom panelsz-normalized EMG activity ZEMG, see 2.5 Data Analysis) in the exor carpi radialis. Red and blue traces are for the common goal and parallel
goal tasks, respectively. Lines and shaded areas represent the mean S8&l@eross subjects.

Figure 4: Contralateral responses across subjects during extension perturbatiorSame concept as Figure 3. Left panels: response of the non-dominant hand
during an extension perturbation in the dominant hand. Right panels: response of the dominant hand during an extension perturbation in the non-dominant ha
Top panels: angle of the wrist joint. Bottom paneisiormalized EMG activityZEMG, see 2.5 Data Analysis) in the exor carpi radialis. Red and blue traces are

for the common goal and parallel goal tasks, respectively. Lines and shaded areas represent the me&tvatwess subjects.



Contralateral gains were also dependent on the perturbation diFs3s = 3:47; p = 0:012). Unfortunately, we found no sig-
rection. Higher gains were found following a exion perturba- ni cance in individual epochs through post-hoc testing after
tion compared to an extension perturbatién.{ = 7:32;p = application of a Bonferroni correction (see Appendix E). For
0:030). post-hoc testing, the EMG data across arms were combined to
considerably reduce the number of tests, since no signi cant
In Figures 3 and 4, the contralateral gain visually appears tdi erence was found between the dominant and non-dominant
be larger for the non-dominant hand compared to the domihand F1.7 = 0:664 p = 0:442). Extension perturbations seem
nant hand, but this eect was not signi cantf..7 = 1:23,p = to result in decreased EMG activity in the common goal task as
0:304). compared to the control task, although post-hoc tests found no
signi cant results in individual epochs (see Appendix E).
Figures 3 and 4 further show that contralateral hand movement
mainly occurs during the late voluntary response epoch (1813.2. Ipsilateral response
750 ms after perturbation). To determine the exact timing ofSubsequently, we examined whether the perturbation state of
the movement initiation and to investigate the presence of corthe contralateral hand modulated the response of the perturbed
tralateral re exes, the underlying contralateral EMG activity in ipsilateral hand in the common goal task. When both hands

each of the de ned epochs was examined next. were simultaneously perturbed in the same direction, the tray
would simply translate without any rotations. Such translations
3.1.2. Muscle activity had no e ect on task success. OFC theory predicts that the mo-

Figure 5 shows the average contralateral EMG activity in eactor system would not correct for task irrelevant errors. There-
epoch for all individual participants and a group average. Afore, the ipsilateral response should be absent or at least much
signi cant e ect of task F17 = 2897, p = 0:001) and per- weaker compared to the situation were only the ipsilateral hand
turbation direction 17 = 1824;p = 0:004) was found on is perturbed and a correction by that hand is task relevant. Fig-
the average EMG activity. For exion perturbations, Figure 5ure 6 shows the results during a exion perturbation with the
shows a general increase in EMG activity in the common goahon-dominant hand being ipsilateral. Appendix F contains the
task compared to the control task, starting in the long latencyesults for the ipsilateral response of the dominant hand during
epochs and clearly evident during the voluntary epochs. In factexion perturbation and the results for both hands during exten-
the e ect of the task was signi cantly dierent across epochs sion perturbations.

Figure 5: Average EMG activity (z-normalized) of the contralateral exor carpi radialis for each epoch. Left panels: response of the non-dominant hand
during a perturbation of the dominant hand. Right panels: response of the dominant hand during a perturbation of the non-dominant hand. Top panels: respo
during exion perturbation. Bottom panels: response during extension perturbation. Colored lines show the average of each individual subject, while bold blac
lines represent the group averag&E. Each line connects the averageormalized EMG activity ZEMG, see 2.5 Data analysis) of the exor carpi radialis in the
parallel goal task (P) with theEMG in the common goal task (C). Epochs correspond to the following time windows after perturbation onset: Base (-250-0 ms),
R1 (20-45 ms), R2 (46-74 ms), R3 (75-115 ms), Early Vol (120-180 ms) and Late Vol (181-750 ms).
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The gain of the ipsilateral hand varied signi cantly in response
to the same perturbation depending on the perturbation state of
the contralateral handr{; = 14:15; p = 0:007). Following the
bimanual perturbation, the motor system corrected less, and the
ipsilateral gain remained much higher compared to a uniman-
ual perturbation. This corresponds with correction being task-
relevant for unimanual perturbations, but not for bimanual per-
turbations. The eect of the perturbation state was found to be
signi cantly larger for exion perturbationsKy.7 = 10:69; p =
0:014) and in the non-dominant haneh; = 7:34; p = 0:030).

As for the average ipsilateral EMG activity, the maineet of
the perturbation state of the contralateral hand itself was not
signi cant (F1.7 = 0:77; p = 0:409), but the eect was sig-
ni cantly di erent across epoch&4szs = 14:49; p < 0:001)
and between perturbation directiorfs ¢ = 17:17, p = 0:004),
calling for post-hoc analysis. Again, the EMG data across arms
could be combined for post-hoc testing, since no signi cant ef-
fects were found between the dominant and non-dominant hand
(Fy7 = 0:02 p = 0:884). Post-hoc testing revealed a signif-
icant di erence in averaged EMG activity between perturba-
tion states in the late voluntary epoch for both exion €&
5:47; p = 0:006) and extension perturbatiorts € 3:88;p =
0:036), i.e. the unimanual perturbation resulting in more re-
laxation and contraction respectively (see Appendix E for all
ipsilateral post-hoc results).

4. Discussion

4.1. Contralateral response Figure 6: Ipsilateral response across subjects during exion perturbation.
The present study demonstrates that if the hands perform a dieft panels: response of the non-dominant hand. Right panels: response of the

manual task and shar mmon | functional contralat r%l?minant hand. Top panels: applied torque perturbation. Middle panels: angle
anual task and share a co on goal, functional contralatergf wrist joint. Bottom panelsz-normalized EMG activity ZEMG, see 2.5

responses will occur in the wrist joints following a force pertur- pata Analysis) in the exor carpi radialis. Green and yellow traces represent
bation. The magnitude of contralateral responses depends owp di erent simultaneous perturbation states of the hands, respectively pertur-

the perturbation direction. with responses being stronger f0|bation of the non-dominant hand and the dominant hand in the same direction

lowi . turbati dt t . t (bimanual) and perturbation of only the non-dominant hand (unimanual). Lines
OW_mg a _eX|on perturbation compared to an extension pertur-,ny spaded areas represent the mean valBE across subjects.
bation (Figures 3 and 4).

: .The di erence between exion and extension perturbations in-
Contralateral responses occurred in the voluntary epochs (F'%_icates that speed is important. For exion perturbations, con-

ures 3, 4 and 5). Previous studies regarding bimanual move- . o :
. . ] raction of the contralateral exor carpi radialis provides a faster
ment tasks (Mutha & Sainburg, 2009; Dietz et al., 2015; Schra - . o RN
. ._response than relaxation of the ipsilateral exor carpi radialis,
Altermatt & Easthope, 2018) and bimanual postural tasks (DlmWhich means that the contralateral response leads to an overall
itriou et al., 2012; Omrani et al., 2013), found contralateral lon P

gfaster correction. For extension perturbations, a contralateral

latency re exes in the R2 and R3 epochs. While Figure 5 sug- . .
Y P 9 rf(_alaxatlon does not accelerate the correction. A stronger con-

gests some long latency re ex responses, these were not sign . . .
> S tralateral response was indeed found for exion perturbations
icant for the R2 or R3 epoch after application of the Bonferroni . : )

. . - . ompared to extension perturbations (Figures 3 and 4).
correction. Including more participants or repeating each tas

n rturbation direction more often woul rh have im- . . .
and perturbation direction more often would perhaps have Individual results suggest that task order may have in uenced
proved the results.

contralateral responses during the common goal task (e.g. Ap-

The contralateral responses may be explained by OFC theoR endix D, participant 4 and 7). Partmmants startmg with the
. . .~ parallel goal task were perhaps unconsciously trained not to
on the assumption that cooperation between the hands provides

a more optimal task achievement compared to only one handS® their contralateral hand during the common goal task as

compensating for perturbations. However, it is not known WhiCI‘\lNe”' Future research should investigate the of task or-

o S A ., der before deciding to randomize the order of the various bi-
performance criteria the body prioritizes in its 'cost function

for our common goal task, and therefore which contralaterainan.ual tasks. Generally, pr(.e—_programmed reponses (startling
oo L . . L or triggered re exes) were mitigated by randomization of the
contribution, if any, minimizes this unknown ‘cost function'.



perturbation states (left hafmgyht handboth hands). Further, it 4.2. Ipsilateral response

would have been possible for learningeets to occur over time  jith respect to ipsilateral responses, we found that the gain of

etition. However, no such learning ects were noticed in the a5k depending on the perturbation state of the contralateral
present study (see Appendix G). hand (Figure 6). It implies that ipsilateral responses were mod-
ulated by sensory feedback from the contralateral hand. Modu-
In Figures 3 and 4, the contralateral contribution by the nonyation mainly took place in the voluntary epochs. These ipsilat-
dominant hand visually appears to be larger. While thec®  erg| results complement the contralateral ndings and provide

was not signi cant, hand-dominance could still play a role, befyrther evidence for functional coupling between the wrists.
it minor. During bimanual tasks, the dominant hand is gen-

erally used to manipulate, while the non-dominant hand protpterestingly, Figure 6 shows non-functional responses of both
vides postural stability (Bagesteiro & Sainburg, 2002, 2003hands during bimanual perturbations. The optimal response
Serrien et al., 2006). Consequently, a postural stability taskoyld have been no response, since the perturbations had no
such as balancing a tray may elicit a stronger contralateral reggyerse eect on task achievement. Still, both hands markedly
sponse from the non-dominant hand as compared to the donfyoved counter to the perturbation. Dimitriou et al. (2012) ob-
nant hand. Targeted research into theet of hand-dominance  gerved similar task irrelevant responses and suggested that lower-
on bimanual coordination could provide more insight. Con-jeve| control processes which are not task-dependent might be
tralateral responses may also have been in uenced by handeg{mrking in parallel with responses governed by OFC principles.
ness, as left-handed persons have weaker asymmetric interfXiernative explanations could be a default mode of the control
ence than right-handed persons (Kagerer, 2016b). This coulgstem to reposition in anticipation of possible further pertur-
not be con rmed by the present study as only one participanhations, or visuomotor responses to the samece We also

was left-handed. considered discomfort of the hands at the maximal angles, but

given the small range in our experiment, this seems unlikely.
In the common goal task, the contralateral responses were gen-

erally functional, i.e. they occurred in the correct direction tog 3. Experimental design

achieve task success. Following a exion perturbation, the con: - . : .
T L . When designing our experiment, choices were made regarding
tralateral exor carpi radialis contracted resulting in wrist ex-

ion, whereas the contralateral exor carpi radialis relaxed fol-PRrticipant selection, equipment and set-up that may have in-
uenced the outcomes. Similar to previous studies that found

lowing an extension perturbation. Participants that were over- . . .
? . o . ontralateral responses, our experiment was designed with long
shooting with the ipsilateral hand sometimes showed very smaﬁ

: atency re exes in mind. For long latency re exes, it is not
contralateral responses that appear to be non-functional (e'ﬁ'ecessar to isolate proprioceptive responses from visuomotor
Appendix D, participant 3, Figure D.14, top left panel around Y prop P b

responses, as the latterect hand position with a minimum de-
.200 300 ms).' Perhaps the motor system exp_ected overs_ho?gy of 150 ms and thus occur after the time windows for long la-
ing of the ipsilateral hand based on past experience, sparklngtgncy re exes (Franklin & Wolpert, 2008). Hence, no isolation
contralateral response to counter the overshoot rather than trr]r‘?easures were taken such as fre(’azing oi‘ the ViSL’Ja| feedback on
perturbation.

the monitor during perturbations or blocking visibility of the

hands. Ultimately, contralateral responses were mainly found
In the parallel goal task, contralateral responses are not func- : ) :
. . . in the voluntary epochs during which visuomotor responses are
tional by design and should be absent according to OFC theory, ossible alternative to our proprioceptive explanation of the
Yet, Figures 3 and 4 show coupling between the perturbed an P brop P P

the unperturbed hand in the control task. As the contralaterarFSUItS'

hanq ”?0"60' smultaneously with, and in the same direction he experiment simulated balancing a tray, inviting both hands
the ipsilateral hand, we believe there may have been be an in-

" N to participate in task achievement. Still, some participants cor-
ability of the motor system to fully decouple the coordination 0frected the unimanual perturbations with action of the ipsilateral
both hands. This has already been demonstrated for rhythmhc P P

repetitive movements (Kelso et al., 1979; Swinnen & Carson and alone (e.g. Appendix D, participant 4 and participant 7).

2002; Swinnen, 2002). Bimanual coupling may even be the deAs an alternative, the current postural task could be replaced by

fault mode of the control system, such that decoupled actiond movement task that forces participants to coordinate between

require suppression of the contralateral limb. Incomplete su Soth hands to manipulate the tray, e.g. raising and lowering

. N . ."the tray while keeping it level. Another feature of our experi-
pression can lead to coordination restraints (temporal, spatia . . . .
. . . -rment was that it concerned the wrist whereas previous studies
of the wrists that give rise to preferred and nonpreferred bi-

. - measured elbow or shoulder responses (Dimitriou et al., 2012;
manual movements (Swinnen & Gooijers, 2015). For example . :
. . s . Omrani et al., 2013). Hence, smaller muscles were involved
without extensive training, it is very dicult to draw squares . g
and a greater distance to the contralateral joint needed to be

with one hand and circles with the other hand at the same tim% . . : !
I . ridged in our experiment. Each could have in uenced results,
Similarly, complete decoupling could have been a challenge for

. e.g. weaker signals or delayed responses. Further, performance
the motor system in our parallel goal task. . . . .
of our experimental tasks required little force, which may have



reduced contralateral responses and re exes in particular. Espb- Conclusion
cially short latency re exes are scaled with background EMG

activity and hence sensitive to the pre-perturbation muscle ad-ontralateral responses in the wrist joints contribute signi -
tivity (Pruszynski et al., 2009; Thomas et al., 2018). cantly to the achievement of a bimanual postural task under

transient force perturbations. They are task-dependent and oc-
Like Omrani et al. (2013), we have used force perturbationsCUr when both hands share a common goal. In the present study,
The same force perturbation was applied across all participantdis functional coupling between the wrist joints is most ob-
For more muscular participants, the force perturbation woul@€rved in the time window for voluntary responses. Contralat-
have been relatively smaller compared to less muscular particral responses also depend on the perturbation direction, as they
pants and would perhaps have elicited less response. To addré$§ more pronounced for exion perturbations compared to ex-
this, the amplitude of the force perturbation could be personaiténsion perturbations. These ndings contribute to a better un-
ized, for example by scaling the perturbation for each arm oflérstanding of the underlying motor control dynamics of the
each participant based on the maximum voluntary contractioM/St joints.
of its exor carpi radialis.
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Appendix C
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Appendix D Individual results

Participant 1

Figure D.1: Contralateral responses during exion perturbation. Same concept as Figure 3, but lines and shaded areas represent the mearssgaosss all
repetitions of participant 1.

Figure D.2: Contralateral responses during extension perturbation.Same concept as Figure 4, but lines and shaded areas represent the mearsdaaenss
all repetitions of participant 1.
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Figure D.3: Ipsilateral response during exion perturbation with the non- Figure D.5: Ipsilateral response during exion perturbation with the dom-
dominant hand being ipsilateral. Same concept as Figure 6. Green and yel- inant hand being ipsilateral. Same concept as Figure 6. Green and yellow
low traces represent two dérent simultaneous perturbation states of the hands traces represent two dérent simultaneous perturbation states of the hands, re-
respectively perturbation of the non-dominant hand and the dominant hand ispectively perturbation of the non-dominant hand and the dominant hand in the
the same direction (bimanual) and perturbation of only the non-dominant handame direction (bimanual) and perturbation of only the dominant hand (uniman-
(unimanual). Lines and shaded areas represent mean vadeacross all rep-  ual). Lines and shaded areas represent the mean vadacross all repetitions
etitions of participant 1. of participant 1.

Figure D.4: Ipsilateral response during extension perturbation with the Figure D.6: Ipsilateral response during extension perturbation with the
non-dominant hand being ipsilateral. Same concept as Figure 6. Green dominant hand being ipsilateral. Same concept as Figure 6. Green and yel-
and yellow traces represent two @rent simultaneous perturbation states of low traces represent two dérent simultaneous perturbation states of the hands,
the hands, respectively perturbation of the non-dominant hand and the domiespectively perturbation of the non-dominant hand and the dominant hand in
nant hand in the same direction (bimanual) and perturbation of only the nonthe same direction (bimanual) and perturbation of only the dominant hand (uni-
dominant hand (unimanual). Lines and shaded areas represent mean sdlue manual). Lines and shaded areas represent mean vaddeacross all repeti-
across all repetitions of participant 1. tions of participant 1.
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Participant 2

Figure D.7: Contralateral responses during exion perturbation. Same concept as Figure 3, but lines and shaded areas represent the mearsdauososs all
repetitions of participant 2.

Figure D.8: Contralateral responses during extension perturbation.Same concept as Figure 4, but lines and shaded areas represent the mearsdadaeoss
all repetitions of participant 2.
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Figure D.9: Ipsilateral response during exion perturbation with the non- Figure D.11: Ipsilateral response during exion perturbation with the
dominant hand being ipsilateral. Same concept as Figure 6. Green and yel- dominant hand being ipsilateral. Same concept as Figure 6. Green and yel-
low traces represent two dérent simultaneous perturbation states of the hands Jow traces represent two dérent simultaneous perturbation states of the hands,
respectively perturbation of the non-dominant hand and the dominant hand irespectively perturbation of the non-dominant hand and the dominant hand in
the same direction (bimanual) and perturbation of only the non-dominant hanthe same direction (bimanual) and perturbation of only the dominant hand (uni-
(unimanual). Lines and shaded areas represent mean vadeacross all rep-  manual). Lines and shaded areas represent the mean vatiiacross all repe-
etitions of participant 2. titions of participant 2.

Figure D.10: Ipsilateral response during extension perturbation with the Figure D.12: Ipsilateral response during extension perturbation with the
non-dominant hand being ipsilateral. Same concept as Figure 6. Green dominant hand being ipsilateral. Same concept as Figure 6. Green and yel-
and yellow traces represent two @rent simultaneous perturbation states of low traces represent two dérent simultaneous perturbation states of the hands,
the hands, respectively perturbation of the non-dominant hand and the domiespectively perturbation of the non-dominant hand and the dominant hand in
nant hand in the same direction (bimanual) and perturbation of only the nonthe same direction (bimanual) and perturbation of only the dominant hand (uni-
dominant hand (unimanual). Lines and shaded areas represent mean sdlue manual). Lines and shaded areas represent mean vaddeacross all repeti-
across all repetitions of participant 2. tions of participant 2.
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Participant 3

Figure D.13: Contralateral responses during exion perturbation. Same concept as Figure 3, but lines and shaded areas represent the mearsuadiceoss
all repetitions of participant 3.

Figure D.14: Contralateral responses during extension perturbationSame concept as Figure 4, but lines and shaded areas represent the mearssalomss
all repetitions of participant 3.
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