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Abstract

Handedness is often thought of as a hand “preference” for specific tasks or components of bimanual tasks. Nevertheless,
hand selection decisions depend on many factors beyond hand dominance. While these decisions are likely influenced by
which hand might show performance advantages for the particular task and conditions, there also appears to be a bias toward
the dominant hand, regardless of performance advantage. This study examined the impact of hand selection decisions and
workspace location on reaction time and movement quality. Twenty-six neurologically intact participants performed targeted
reaching across the horizontal workspace in a 2D virtual reality environment, and we compared reaction time across two
groups: those selecting which hand to use on a trial-by-trial basis (termed the choice group) and those performing the task
with a preassigned hand (the no-choice group). Along with reaction time, we also compared reach performance for each
group across two ipsilateral workspaces: medial and lateral. We observed a significant difference in reaction time between
the hands in the choice group, regardless of workspace. In contrast, both hands showed shorter but similar reaction times
and differences between the lateral and medial workspaces in the no-choice group. We conclude that the shorter reaction
times of the dominant hand under choice conditions may be due to dominant hand bias in the selection process that is not

dependent upon interlimb performance differences.
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Introduction

Handedness reflects a functional asymmetry in humans that
is apparent in nearly all aspects of daily life, with approxi-
mately 90% of the population being right-handed. However,
the decision of which hand to use for a given unimanual task
or component of a bimanual task is not simply explained
by which hand is dominant (Gilbert and Wysocki 1992).
In simple reaching tasks, right-handed individuals often
select their non-dominant left hand when reaching areas
far-left from the body midline. In contrast, they most often
choose the dominant right hand for areas surrounding mid-
line and far-right from the midline (Przybyla et al. 2013).
This dominant right hand preference for targets close to the
body midline is present despite contralateral reaches into the
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left workspace being less efficient in kinematics, energetics,
and time when compared to ipsilateral reaches (Coelho et al.
2013; Liang et al. 2018).

Various factors, including task performance advantages,
are attributed to this observed dominant hand preference
across the workspace. For example, Przybyla et al. (2013)
demonstrated that right-handed participants’ hand selec-
tion decisions during a task requiring reaching many targets
across the frontal workspace depended on visual feedback
conditions. The choice to use the left hand was greater when
visual feedback of the cursor was unavailable than when
cursor feedback was available. This increase in left-hand
choice was associated with an accuracy advantage of the
non-dominant hand for most of the workspace under no-
vision conditions. We subsequently confirmed that the non-
dominant hand has a substantial speed-accuracy advantage
early in task practice under no-vision conditions. In contrast,
the dominant hand’s advantage emerges only after consid-
erable practice under predictable conditions (Dexheimer
and Sainburg 2021). Together, these findings suggested that
hand choice in a particular task might be directly linked to
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hand performance advantages. Further supporting this idea,
Stoloff (2011) showed that virtual performance outcomes
modulated an individual hand’s selection frequency to favor
one hand or the other. Thus, hand selection decisions are
likely dependent on a planning process that compares pre-
dictions about each hand’s movement outcomes, including
parameters such as task accuracy and efficiency. Such a pro-
cess might reflect Bayesian-like decisions biased by previous
outcomes (Rosenbaum and Kornblum 1982; Schweighofer
et al. 2015).

While it is likely that hand selection decisions are pri-
marily influenced by which hand might show performance
advantages in a particular task under specific conditions,
there also seems to be a bias toward the dominant hand,
regardless of performance advantage. For example, Philip
et al. (2021) recently showed that individuals who expe-
rienced a peripheral nerve injury affecting their dominant
hand continued to select this hand at rates similar to healthy
controls, even when the dominant hand was substantially
less dexterous due to nerve damage. This observed separa-
tion of performance and preference supports the concept of
an overall dominant hand bias for hand selection. Thus, it is
reasonable to conclude that the hand-selection process might
compare predicted movement outcomes, such as accuracy
and mechanical efficiency. Nonetheless, hand dominance
also contributes to bias in this process. Poole et al. (2018)
investigated the neural process that might underlie this deci-
sion process, measuring responses to transcranial magnetic
stimulation (TMS) in the motor cortex during a choice
reaction time task. They measured motor evoked potential
(MEP) amplitude during a warning cue immediately before
movement initiation. In trials where participants selected
the dominant hand, the corresponding corticospinal system
did not show increased excitation immediately prior to hand
selection. However, in trials where participants selected
their non-dominant hand, increased corticospinal excitation
occurred contralaterally, with corticospinal inhibition, meas-
ured ipsilaterally, during the ready cue prior to movement.
Thus, corticospinal excitability might reflect a dominant
hand selection bias, suggesting that greater neural resources
are required when the non-dominant hand is selected.

These findings suggest a dominant hand bias that partially
separates performance from preference in the hand selec-
tion decision-making process before reaching movements.
However, the relative roles of dominant hand bias and per-
formance advantages in hand selection decisions remain
poorly understood. Performance advantages can conflict
with the dominant hand bias when the non-dominant hand
shows performance advantages in a task or vice-versa. To
address this question, we now measure reaction time before
dominant and non-dominant hand reaching movements. Previ-
ous research has measured reaction time to evaluate conflicts
or consistency with biases in decision-making processes, as
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reflected by the Simon effect (Iani et al. 2014; Rubichi and
Nicoleti 2006; Simon and Rudell 1967). In the seminal work
of Simon and Rudell (1967), participants responded to an
auditory stimulus by pressing a left or right key as quickly
as possible. These stimuli were presented in either their left
or right ear and consisted of the words “left” or “right,” indi-
cating which key they should press in response. The results
showed that the reaction times were shortest when the verbal
stimulus presented matched the ear (i.e., left ear and the word
“left”), while they were slowest when the verbal stimulus
presented was contralateral to the ear (i.e., left ear and word
“right”). This difference in reaction time between ipsilateral
vs. contralateral stimuli is known as the Simon effect. Other
studies have also demonstrated this reaction time difference
with stimuli that do not have spatial representations, such
as shapes (Rubichi and Nicoleti 2006) and auditory pitches
(Simon and Small Jr 1969). The Simon effect appears the
largest in the dominant workspace. For stimuli presented in
the right workspace (for right-handers), reaction times of the
dominant right hand are significantly shorter than those of
the left hand. However, there is a smaller difference between
the right and left hand’s reaction times for stimuli presented
in the left workspace (Rubichi and Nicoleti 2006; Tagliabue
et al. 2007). Thus, in the non-dominant workspace, the dif-
ference in reaction times between the hands was lower than
in the dominant workspace, supporting a role of a dominant
hand bias during hand selection.

Reaction time has also been used to investigate decision-
making during the movement planning process. In general,
choice ambiguity, or the amplitude of difference between
two outcomes, has also been shown to modulate reaction
time, where greater ambiguity, or uncertainty, coincides
with a linear increase in reaction time (Bartz 1971; Bern-
stein et al. 1967; Bonnet et al. 2008; Caplan 2002; Wifall
et al. 2016). Suppose hand selection decisions involve a
comparison of predicted performance outcomes for each
hand. In that case, choice ambiguity may modulate reac-
tion time, with longer reaction times occurring in regions
of space where predicted performance is similar. In regions
where predicted outcomes between the hands show a larger
difference, such as in the far-right or far-left workspaces,
reaction times may be shorter. Reaction time has also been
shown to increase linearly during decision making as the
logarithm of the number of required decisions increases,
a phenomenon known as Hick’s Law (Hick 1952). Wright
et al. (2019) recently demonstrated Hick's Law in the context
of hand selection by comparing reaction times among two
different response selection tasks. In the stylus task, par-
ticipants used one hand to move a stylus to a corresponding
target location. In contrast, participants placed fingers from
both hands on a keyboard and pressed corresponding keys as
targets appeared in the key-press task. The authors showed
an increase in reaction time consistent with Hick’s Law in
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the key-press task: as the number of stimulus—response alter-
natives doubled, reaction time increased by an average of
91 ms for expert typists and 51 ms for novice typists (com-
pared to 50 and 34 ms, respectively, for the stylus task). The
authors concluded that the reaction time was substantially
longer in the effector selection tasks when compared to tasks
where response involved only a single effector. Similarly,
Rosenbaum (1980) compared the reaction times across
reaches requiring various movement planning decisions:
hand selection, reach direction, and reach extent. Participant
reaction times increased the most in trials for which a hand
selection decision was required compared to trials requiring
only a decision on reach direction or extent. Thus, one could
expect a longer reaction time in a condition in which there is
a choice of which hand to use. Further, reaction time would
modulate with choice ambiguity, perhaps due to differences
in the predicted performance of each hand.

In summary, the studies above indicate that reaction time
represents a planning process that includes decisions about the
use of intended effectors in the context of the impending task.
However, the extent to which these decisions are weighed
by previous performance or rely on a dominant hand bias
requires further investigation. In the present study, we have
designed a hand selection task to examine this relationship:
we distributed target locations across each participant’s left,
middle, and right workspace, and we compared reach perfor-
mance and reaction time across two groups: those selecting
which hand to use on a trial-by-trial basis (termed the choice
group) and those performing the task with a preassigned hand
(the no-choice group). To our knowledge, no previous study
has analyzed how reaction times during hand selection deci-
sions are modulated both by differing workspace locations and
which hand is selected. Under the hypothesis that a dominant
hand bias is present for hand selection decisions, we would
expect to see reaction times favor the dominant hand in choice
conditions only. We would also expect this bias to persist
across all workspace areas. However, under the hypothesis
that reaction times of hand selection decisions vary based on
similarity or difference between predicted performance of
each effector (choice ambiguity), we would expect to see a
dependence on spatial location for reaction times in the choice
group. Space regions reached most often by one hand (i.e., far-
right workspace) should demonstrate reaction times similar
to those in the no-choice group, indicating a shorter aspect of
total planning time associated with the hand selection process.

Methods
Participants

Twenty-six healthy young adults (18-35 years old) partici-
pated in this study. Informed consent was obtained for each

participant. All procedures were approved by the institu-
tional review board of The Pennsylvania State University
and conducted according to the Declaration of Helsinki
ethical guidelines. All participants were right-hand domi-
nant, as confirmed by 100% right-handedness scores on
the Edinburgh Handedness Inventory (Oldfield 1971). This
questionnaire asks participants to self-report their preferred
hand for various daily tasks. Any potential participant scor-
ing less than 100% on this questionnaire was excluded from
the study.

Experimental setup

Participants were randomized to complete either the choice
or no-choice condition, which are outlined individually in
detail below. Both experiments involved a reaching task
conducted in a 2-D virtual reality workspace, as shown in
Fig. 1A. Each participant’s forearms were supported in the
horizontal plane with an air sled to limit arm fatigue and
reduce friction, and the participant’s wrist and fingers were
immobilized in a resting splint. Participants were unable
to see their arms during the task but could view images
reflected onto a chin-level mirror from an LCD screen above,
including a cursor representing each hand’s fingertip loca-
tion, as well as a start position and a target. We placed two
6-DOF magnetic sensors (trakSTAR, NDI) on both the left
and right dorsal hand and upper arm of each participant,
and bony landmarks were digitized relative to each sensor.

Experimental task

Regardless of whether the participant was randomized to
experiment #1 or #2, each individual had to place the cur-
sor for each hand into its respective start circle (2.5 cm
diameter) to initiate each trial, see Fig. 1B. This start circle
was placed at the location of the fingertip cursor when the
participant’s internal elbow angle was 75°, and their exter-
nal shoulder angle was 25°. Once the participant remained
in this start circle for 300 ms, an auditory tone signaled
the start of the trial, and a target appeared. Targets were
3.5 cm in diameter and would appear in one of 32 differ-
ent target locations. These locations were normalized to
percentages of the participant’s maximal forward reach, as
shown in Fig. 1B. Target rows were placed at 25%, 40%,
55%, and 70% of reach, respectively, while target columns
were spaced at 25% of the total distance between each start
circle (represented by ‘D’ in Fig. 1B). The instruction was
to reach the target in one discrete motion as quickly and
accurately as possible. Participants had visual feedback of
their cursor location for the duration of the reach. Reward
points were awarded based on the reach’s final position
accuracy, and following the reach, participants would
receive feedback on their cursor path and final cursor
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Fig.1 (A) Side view of virtual
reality workspace set-up; (B)
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Table 1 Experimental conditions

Number of Hand used
participants
Experiment #1
Choice condition 10 Trial-by-Trial Choice
Experiment #2
No-choice condition Left hand
Right hand
Total 26

position. They would then return their cursor to the start
circle to begin the next trial. The entire experiment lasted
approximately 40 min, and each participant completed 320
total trials, reaching to the 32 different target locations
distributed across the left and right workspace in a pseu-
dorandom order.

Participants randomized to experiment #1, the choice
condition, were instructed to reach a target displayed at
each trial with whatever hand they preferred. Thus, par-
ticipants selected which hand to use for each reach on a
trial-by-trial basis.

Participants randomized to experiment #2, the no-
choice condition, were instructed to complete the task with
the assigned hand. This hand was predetermined prior to
the start of the task. Table 1 outlines participant group
sizes. Because previous research has shown that the left
hand is selected significantly less frequently than the right
in hand selection reaching tasks (Przybyla et al. 2013), we
designed the study with a larger sample size for the choice
experiment (ten participants) when compared to the no-
choice experiment (eight participants using the left hand,
eight participants using the right hand) to account for the
smaller expected amount of left hand reaches within this

group.
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Data analysis

Kinematic analysis of reaching movements was coded and
executed in a scientific data analysis software environment
(Igor Pro 8.04, WaveMetrics). Displacement data of each
reach were smoothed by filtering using an 8 Hz low-pass
Butterworth filter (3rd-order, dual-pass) and differenti-
ated to yield velocity and acceleration profiles. The first
minimum of tangential velocity under 8% of peak velocity
defined the movement onset. Similarly, movement offset
was defined as the first minimum of tangential velocity
occurring after peak velocity that was lower than 8% of
peak velocity.

The movement performance was quantified using the fol-
lowing measures: initial direction error (direction error at
peak velocity), final position error, deviation from linearity,
magnitude of peak velocity, and reaction time. The initial
direction error was defined as the angle between the vector
from the start circle to the target and the vector from the
start position and the 2-D fingertip position at peak velocity.
Peak velocity generally occurs mid-way through the duration
of the reach in simple point-to-point reaching movements
and scales with target distance, so this measure provides
information on online trajectory errors (Georgopoulos 1986;
Gordon et al. 1994; Messier and Kalaska 1999). The final
position error was defined as the 2-D Euclidean distance
from the final cursor location to the center of the target at
movement offset and provides information on online error
corrective mechanisms (Desmurget and Grafton 2000). The
deviation from linearity was defined as the ratio between
the minor and major axis of the hand path and provides
information on curvature of the hand path throughout the
entire duration of the reach. The reaction time was calculated
as the difference between the “go” stimuli and the move-
ment onset determined from the first minimum of tangential
velocity below 8% of peak velocity.
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Statistical analysis

All statistical analyses were done using SAS Version 9.4
(SAS Institute Inc., 2013) where significance was defined as a
two-sided alpha <0.05. Our primary objective was to analyze
non-dominant (i.e., left) and dominant hand (i.e., right) per-
formance differences within the choice and no-choice experi-
ments. Because of the large difference in contralateral reach
frequency between the right and left hands in the choice con-
dition, we limited our analyses to ipsilateral reaches only (see
Fig. 1B). For this reason, the midline row of targets was not
included, a restriction that controlled for hand performance
differences purely due to reach type (ipsilateral vs. contralat-
eral). To analyze the effect of workspace location on reaction
time, we then separated ipsilateral reaches into two subcat-
egories: medial target columns and lateral target columns (see
Fig. 2A). Mean performance measures were evaluated with a
mixed model analysis using the MIXED procedure in SAS,
and included person-specific random intercepts that adjusted
for the correlation of the repeated observations contributed
by each participant. Explanatory variables in this analysis
included: experiment (choice, no choice), hand (left, right),
and workspace (lateral, medial).

Results
Hand selection patterns

Hand selection patterns for the choice experiment and
example hand paths are shown in Fig. 2. Example reaches
within one participant for the left and the right hand are
displayed in Fig. 2A. Figure 2B shows mean percentages
of each reach type (ipsilateral, contralateral) performed by

Fig.2 (A) Example reaching ( A)
paths for a single subject and
target row along with their asso-

Lateral Target Columns —\

each subject. Participants reached with their dominant right
hand, on average, 81.9% of the time. Almost two-thirds of
those reaches were to ipsilateral target locations. Conversely,
participants selected their non-dominant left hand an average
of 18.1% of the time, with 93.4% of those being reaches to
ipsilateral locations. Thus, participants selected their right
hand to reach for left workspace targets just as much, if not
more, than their left hand, despite this being a contralateral
reach. However, this trend was not observed in the far-right
workspace, where contralateral left-hand reaches occurred
only sporadically. Due to the small number of contralateral
reaches performed by the left hand, we limited the remaining
analyses in this study to ipsilateral reaches only (outlined
further in Fig. 1B) to appropriately compare performance
differences between the hands. These reaches were then
separated into two categories for analysis: medial target
columns and lateral target columns (Fig. 2A). Of the ipsi-
lateral reaches included in the analysis, 44% and 56% were
to lateral and medial target locations, respectively.

Ipsilateral reach performance differences: direction
error, position error, deviation from linearity,
and peak velocity

Ten right-handed participants completed the choice experi-
ment, performing the entire task with both hands and select-
ing which hand to use on a trial-by-trial basis, while 16 right-
handed participants completed the no-choice experiment,
performing the entire task with a preassigned hand, either
their right or left. Figure 3 shows the performance means
for each experiment, hand, and workspace. Initial direction
error was measured as the difference in degrees between the
linear path to the target and the cursor’s position at the time
of peak velocity (Fig. 3A). The analysis revealed a main

ciated tangential velocity pro- T
files. Other target locations for
the task are shown in gray and
separated into two categories for
analysis: medial target columns
and lateral target columns; (B)
Reaching frequency for the
choice experiment, separated by
hand and reach type (contralat-
eral, ipsilateral), along with
mean percentage + SE displayed

Tangential
Velocity

0.2

M/s
0.2 SEC

Medial Target Columns
1 T 1 [ 1

B 100% .
( ) Reaching Frequency (%)
Contralateral Reach 59 3. 469
T 1 [_Ilpsilateral Reach "7
75%7
50%,,,,,,,,,,,_________________:‘i ________
25%] 1.2+.5% 52.6 +1.3%
faae===—ww
16.9+5.4%
0%
Left Hand Right Hand
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effect of workspace [F(1, 42)=5.6; p=0.02], along with
experiment X workspace [F(1,40)=7.0; p=0.01] and hand
X workspace [F(1, 40)=8.7; p=0.005] interactions. These
interactions reflect significantly higher direction errors in
the medial vs. lateral workspace in the choice experiment
(1.7+0.4 deg; p=0.0004), but no difference between the
workspaces in the no-choice experiment (p =0.93). The left
hand had significantly higher overall direction errors in the
medial workspace when compared to the lateral (1.8 +0.5;
p=0.0005), while the right hand performed with similar
direction errors across both workspaces (p =0.76).

Final position error is displayed in Fig. 3B, and this per-
formance metric was calculated as the 2-D distance from
the final cursor location to the center of the intended tar-
get at the end of the reach. The analysis demonstrated a
main effect of hand [F(1, 42)=9.9; p=0.003], with overall
higher final position errors observed in left hand reaches
(0.28 £0.09 cm). There were no significant main effects of
experiment (p=0.71) and workspace (p =0.95).

Deviation from linearity describes hand path curvature
during the reach, with higher values representing more
curved reaches, and this performance measure is shown
in Fig. 3C. The analysis revealed a main effect of both

(A)

Left Hand
Lateral Workspace
Medial Workspace

8- Right Hand
-- - Lateral Workspace

Direction — Medial Workspace
Error at
Peak 67
Velocity ?
(deg) iy

)

Choice Experiment No Choice Experiment

0.14+

(C)

0.12

Deviation °
from
Linearity |
(au)

0.06-{

0.04

(D)

Choice Experiment No Choice Experiment

workspace [F(1, 42)=13.6; p=0.0006] and hand [F(1,
42)=15.5; p=0.0003], along with a significant hand X
workspace interaction [F(1, 41)=7.0; p=0.01]. The left
hand performed significantly more curved reaches over-
all in the medial workspace when compared to the lateral
(0.03 £0.007 au; p <0.0001), while the right hand per-
formed similarly across the workspaces (p =0.34). These
interlimb differences consistent across both the choice and
no-choice experiments have previously been attributed to
hemispheric differences in control of limb dynamics (Bag-
esteiro and Sainburg 2002).

Peak velocity is shown in Fig. 3D. The analysis revealed
no significant performance differences between the hands
(p =0.40), but a main effect of both workspace [F(1,
42)=14.5; p=0.0004] and experiment [F(1, 42)=11.3;
p=0.002]. For both the left and right hands, reaches
to the lateral workspace were significantly faster when
compared to the medial workspace (mean difference:
0.06+0.01 m/s), and reaches in the no-choice experiment
were significantly faster than those in the choice experi-
ment (0.15 +0.04).

(B)

2.5+

2.3+

Final
Position
Error
(cm)

2.0

1.8

1.5

Choice Experiment No Choice Experiment

0.9+

Peak 081

Velocity
(m/s)

0.7

Choice Experiment  No Choice Experiment

Fig. 3 Performance variables across the experiments, hands, and ipsilateral workspaces (lateral and medial): (A) Initial direction error; (B) Final

position error; (C) Deviation from linearity; (D) Peak velocity
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Reaction time differences: movement preparation

Reaction time differences for each experiment are dis-
played in Fig. 4. The analysis revealed a main effect of both
experiment [F(1, 42)=10.7; p=0.0021] and hand [F(1,
42)=22.7; p<0.0001], along with a significant experiment
X hand interaction [F(1, 42)=11.4; p=0.0016]. Reaction
times for the left hand in the choice group were significantly
longer than right hand choice reaches (mean difference + SE:
43 +8 ms; p<0.0001) and left-hand no-choice reaches
(78 +15; p<0.0001). Right hand reaction times were not
significantly different between the choice and no-choice
experiments (p =0.24). There was no effect of workspace
on reaction time (p =0.10).

Discussion

In the present study, we conducted two experiments to exam-
ine performance and preparation time associated with hand
selection in a reaching task. In the first experiment, partici-
pants reached various targets with the hand of their choice
(choice experiment). In the second experiment, participants
reached targets with a preassigned hand (no-choice experi-
ment). Within each experiment, we compared each hand’s
performance and reaction time, separated into two ipsilateral
workspaces: lateral workspace and medial workspace. Our
results support the hypothesis of an underlying dominant
arm bias present during hand selection decisions.

Interlimb differences in hand selection behavior

In this study, the pattern of hand selection was substantially
biased towards the choice of the dominant right hand. Par-
ticipants selected the dominant right hand for approximately

320+ Left Hand
Lateral Workspace
Medial Workspace

Right Hand
280 --- Lateral Workspace
— Medial Workspace

Reaction
Time 2404
(ms)

200+

Choice Experiment No Choice Experiment

Fig.4 Reaction time of each hand and workspace for both the choice
and no-choice experiments

80% of total reaches when given a choice. This finding is
consistent with previous reports demonstrating the domi-
nant right-hand preference for targets located ipsilaterally
and in the midline (Bryden and Roy 2006; Coelho et al.
2013; Przybyla et al. 2013). We also observed the domi-
nant right-hand preference for reaching contralateral targets
in about 30% of all reaching movements to the left space,
despite contralateral reaches being mechanically less effi-
cient (Liang et al. 2018). In contrast, contralateral reaches
with the non-dominant hand happened only sporadically,
approximately 1% of the time. This finding is consistent with
previously reported non-dominant hand selection rates in
similar reaching tasks (Coelho et al. 2013; Przybyla et al.
2013). Furthermore, contralateral reaching with the domi-
nant hand was more frequent than ipsilateral reaching with
the non-dominant hand.

Why are reaction times asymmetric under choice
conditions?

In the current study, we observed an asymmetry in reaction
times for ipsilateral reaching when a hand selection deci-
sion was required. This was evident in both the dominant
and non-dominant hands. In the choice experiment, the non-
dominant hand demonstrated significantly longer reaction
times when compared to the dominant hand. In contrast,
there were no significant differences between the hands in
the no-choice experiment. This asymmetry between the
hands under choice and no-choice conditions demonstrates
that the overall reaction time required for a hand selection
decision cannot simply be attributed to additional prepara-
tion requirements regardless of the hand selected or deci-
sion itself. We have previously demonstrated, under the
same reaching conditions to the same set of targets, that
ipsilateral reaches are substantially more efficient in kine-
matics, energetics, and time, when compared to contralateral
reaches (Liang et al. 2018; Przybyla et al. 2013). Thus, the
decision within our choice experiment to use the ipsilateral
hand, whether dominant or non-dominant, was not surpris-
ing. However, why did this decision take longer for the non-
dominant hand when compared to the dominant?

While hand selection decisions are likely influenced by
which hand might show performance advantages in a par-
ticular task or condition, the current findings also support
the concept of a dominant hand bias. In the choice experi-
ment, we observed a longer reaction time in the non-domi-
nant hand but no significant differences in this reaction time
across the lateral and medial workspaces. In contrast, the
no-choice experiment revealed an overall difference in reac-
tion time when compared to the choice experiment, but no
difference between the hands or workspaces. We propose
that a dominant hand bias may explain this observed asym-
metry within the hand selection process itself, which causes
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increased reaction times when the controller undergoes the
process of selecting the non-dominant hand.

This bias may also explain the performance differences
observed in the current study. Contralateral reaching by the
dominant hand occurred for approximately 30% of total
reaches in the choice experiment, despite these reaches being
less mechanically efficient when compared to non-dominant
hand ipsilateral reaching (Coelho et al. 2013; Liang et al.
2018; Przybyla et al. 2013). Suppose hand selection deci-
sions reflect a comparison of predicted task performance
outcomes for each hand, which is modulated by a dominant
hand bias. In that case, we might expect the dominant hand’s
selection under conditions where the opposite hand’s per-
formance is more advantageous in mechanical efficiency,
accuracy, or speed. Liang et al. (2018) previously showed
that, in a reaching task, selection of the dominant hand for
contralateral reaches increased when participants were asked
to complete reaches with rising demands for memory and
visual search. Because these reaches across the midline are
less mechanically and kinematically efficient than ipsilateral
reaches with the non-dominant hand, those findings sug-
gested that increased cognitive load reduced the efficiency
of the hand-decision process, reverting decisions to the
influence of a simple dominant hand bias. This bias might
also explain the large number of contralateral reaches we
observed in our current study under choice conditions. A
more profound effect of dominant hand bias in hand selec-
tion was recently reported by Philip et al. (2021), who
showed that individuals with peripheral nerve injury con-
tinue to select their injured dominant hand for a block build-
ing task at rates similar to healthy controls, despite the non-
dominant hand showing substantially greater dexterity in
standardized tests of hand function. This study emphasized
the importance of understanding hand-selection conditions
for clinical conditions affecting unilateral hand and hand
function.

In the current study, we also observed significant inter-
limb differences in performance across the workspaces. The
left hand reached with higher initial direction errors and
greater deviations from linearity for the medial workspace
when compared to the lateral. The right hand did not dem-
onstrate significant differences in these performance meas-
ures between the medial and lateral workspaces. We have
previously shown that, in a reaching task to target locations
requiring increasing amounts of shoulder joint excursion,
the non-dominant arm demonstrated greater deviations in
linearity that scaled with increasing shoulder joint excursion.
The dominant arm’s trajectory linearity remained consist-
ent regardless of target location (Bagesteiro and Sainburg
2002; Sainburg and Kalakanis 2000). We have proposed
that the dominant hemisphere is specialized for the predic-
tion of interaction torques between limb segments, while
the non-dominant hemisphere is specialized for impedance
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control mechanisms resulting in accurate steady-state posi-
tioning (Bagesteiro and Sainburg 2002, 2003; Sainburg
2002). These specializations may have contributed to the
patterns of interlimb differences in performance across the
workspaces observed in the present study: the non-dominant
hand reached with higher initial direction and final position
errors and greater deviations from linearity to target loca-
tions requiring greater shoulder joint excursion, while the
dominant hand demonstrated consistent performance across
the workspaces.

It is important to note that these interlimb differences
in performance did not vary with reaction time. Previous
research has detailed a relationship between reaction time
and task accuracy, such that faster reaction times coincide
with lower rates of task-specific accuracy. In contrast, longer
reaction times predict higher rates of accuracy. This phe-
nomenon has been demonstrated in a variety of tasks, such
as button pressing (Spieser et al. 2017), reading compre-
hension/word recognition (Rinkenauer et al. 2004), and
visuomotor adaptations for reaching (Fernandez-Ruiz et al.
2011). Thus, we might expect that the increase in reaction
time for left-hand reaches in the choice experiment might
coincide with more advantageous task performance when
compared to the no-choice experiment. However, we did not
observe this pattern in the present study. Overall, the non-
dominant left hand reached with significantly higher initial
direction error and deviation from linearity in the medial
vs. lateral workspace but showed no difference in reaction
time between these workspaces. The dominant right hand
performed with consistent levels of final position error, ini-
tial direction error, and deviation from linearity across the
workspaces, along with consistent reaction times. While
previous research has suggested that movements for each
hand are planned in parallel and “compete” for the selection
(Cisek and Kalaska 2010; Fitzpatrick et al. 2019; Hirayama
et al. 2021), the findings of the present study demonstrate a
reaction time difference during the hand selection process
that suggests the non-dominant hand takes a longer time
to be selected for the task. Although speculative, we sug-
gest that dominant hand bias may disrupt or delay the motor
planning process for the non-dominant hand, and this may
explain both the reaction time and performance differences
observed in the current study: the choice condition left hand
showed a disrupted relationship between reaction time and
task-specific performance when compared to the no-choice
left hand.

Under the concept of choice ambiguity, we would have
expected to observe a modulation in reaction time for hand
selection decisions based on the ambiguity of predicted
outcomes (i.e., Hick’s Law). For example, in the choice
group, decisions with low ambiguity might be workspace
areas where predicted performance for the right and left
hands are very different, such as for a target in the far-left
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or far-right workspace. Therefore, we might expect shorter
reaction times for this hand selection decision. Areas of the
workspace with similar predicted performance, such as for
a target location along the midline, may have higher choice
ambiguity and coincide with relatively longer reaction times.
In the present study, we observed an overall difference in
reaction time between the hands in the choice group, but
this did not vary with the region of space or any specific
performance variable we measured. It is possible that the
weighing of predicted outcomes in the decision-making pro-
cess might involve a variable or set of variables not reported
in this study, such as mechanical efficiency or the end-state
comfort effect. For example, Coelho et al. (2014) has previ-
ously demonstrated the impact of the end-state comfort on
a hand selection task. Participants were asked to grasp and
position one of their chosen hands onto a dowel for manipu-
lation into a target. They selected their non-dominant hand
to position in a thumbs-up grasp more frequently than they
used their dominant hand in a thumbs-down grasp, a posi-
tion the authors deemed to have “lower” end-state comfort
than the thumbs-up grasp. The authors concluded that the
end-state comfort might be weighed and prioritized over
hand dominance during hand selection decisions, depend-
ing on task demands. Consistent with this conclusion, it
has also previously been suggested that action selection, in
general, may dynamically prioritize the amount in which
different variables, such as the end-state comfort, inform
choice depending on the specific task demands (Rosenbaum
et al. 2001). In the present study, while we did not observe
hand selection and performance patterns consistent with the
concept of choice ambiguity for the variables we measured,
further investigation is required to determine the extent to
which choice ambiguity in hand selection decision-making
affects reaction time.

Reaction time costs and the emergence
of lateralization

Regardless of the exact mechanisms surrounding hand selec-
tion, the phylogenetic emergence of handedness may have
arisen, in part, as a mechanism to reduce planning time.
Specialization of each hemisphere/limb system could bias
this process for different aspects of unimanual tasks (i.e.,
holding projectiles with the non-dominant hand while
throwing with the dominant hand) or bimanual tasks (i.e.,
stabilizing a stone with the non-dominant hand while ham-
mering with the dominant hand). Our laboratory has previ-
ously reported performance differences across the hands,
leading to a bi-hemispheric model of motor control termed
the dynamic dominance hypothesis (Bagesteiro and Sain-
burg 2003; Mutha et al. 2013; Sainburg 2002; Yadav and
Sainburg 2011, 2014). This hypothesis proposes that the
dominant and non-dominant hemispheres are specialized

for different but complementary aspects of motor control.
Specifically, the dominant hemisphere and its contralateral
arm are specialized in predictive control of intersegmental
dynamics, which results in straighter, more mechanically
efficient movements (Bagesteiro and Sainburg 2002; Przyb-
yla et al. 2012), while the non-dominant hemisphere/arm
is specialized in impedance control, which results in better
performance under unpredictable movement perturbations
when compared with the dominant arm (Bagesteiro and
Sainburg 2003; Dexheimer and Sainburg 2021; Schabowsky
et al. 2007). In the absence of these performance asym-
metries, deciding which hand to use for each function could
be taxing and result in relatively long planning delays and a
more significant cognitive load for relatively simple tasks.
Indeed, asymmetry in motor function does not seem to be
a necessary result of asymmetry in hemispheric motor con-
trol processes. Language is a strongly lateralized process in
which the behavioral expression of verbal language does
not express the separation of functions reflected by each
hemisphere (i.e., prosody and emotional expression by the
right hemisphere and lexicon and syntax by the left hemi-
sphere). Our previous research suggests that the functional
neuroanatomy that underlies hemispheric specializations
for motor control is reflected by tertiary cortical areas that
are not directly connected with spinal cord ascending and
descending systems. Thus, it should be possible for each arm
to reflect contributions from each hemisphere. Why, then,
should hemispheric lateralization for motor control lead to
behavioral asymmetries? We now suggest that this behavio-
ral asymmetry may have conferred substantial advantages in
hand selection during the course of evolution.

This hemispheric lateralization may have allowed for
parallel processing in each hemisphere, thus optimizing
neural resources for each process and, in turn, reducing
cognitive load and planning time. Similar neurobehavioral
asymmetries have been elaborated for a large range of ani-
mals and behaviors, including affective, communication,
prey—predator behavior, and visual processing domains,
among others (MacNeilage et al. 2009). The ability to plan
different aspects of control in a parallel rather than in series
could have been advantageous to survival during the course
of evolution (Rogers 2000; Vallortigara and Rogers, 2005).
For example, an animal would benefit from the timely dis-
crimination between dangerous and non-threatening stimuli
while simultaneously developing an appropriate response to
that stimulus. In the context of motor control, fMRI studies
have shown bilateral activation of many relevant brain areas
during both unimanual and bimanual movement, including
the thalamus, premotor cortex, and posterior parietal cortex
(Culham et al. 2003; Fitzpatrick et al. 2019; Kertzman et al.
1997; Vingerhoets 2014).

Furthermore, lesion studies have shown that specific
movement deficits manifest bilaterally, despite the unilateral
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nature of the lesion, perhaps indicating a disruption in this
parallel processing (Maenza et al. 2021; Mani et al. 2013;
Noskin et al. 2008; Schaefer et al. 2007). Our model of
motor lateralization is a bi-hemispheric model that is con-
sistent with the idea that each hemisphere contributes dif-
ferent processes to motor planning and control, as reflected
by previously published simulation studies (Jayasinghe et al.
2020; Yadav and Sainburg 2011, 2014). We now suggest
that, during the course of evolution, reduction in reaction
time through hand specialization and selection bias may
have aided in the performance of many primitive tasks, such
as rapid escape and combative behaviors.

Conclusion

The present study investigated the processes that underlie
hand selection in motor behaviors. We observed differences
in reaction time between the dominant and non-dominant
hands under choice conditions but no difference in reac-
tion time between the hands under no-choice conditions.
While the exact mechanisms behind this asymmetry remain
unknown, we propose that a dominant hand bias for hand
selection may have contributed to increased non-dominant
hand reaction times observed during reaching under the
hand-choice condition. Further investigation is necessary to
resolve the extent to which a dominant hand bias interacts
with predicted performance advantages to influence the hand
selection decision-making process.
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