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Introduction

Bimanual movements are typically thought to require more 
complex movement preparation than their unimanual coun-
terparts (Swinnen and Wenderoth 2004). This complex-
ity may stem from concurrent selection of more than one 
response (Diedrichsen et al. 2001), from concurrent assem-
bly of multiple motor commands (Heuer and Klein 2006b; 
Spijkers et  al. 1997; Spijkers and Heuer 1995; Stelmach 
et al. 1988), or from some combination of these. Whatever 
the source of the complexity, a reasonable assumption is that 
more complex movement preparation requires more pro-
cessing time; therefore, increased reaction time in a reach 
task can be used as an indicator of increased complexity.

The majority of studies that have investigated the prep-
aration of bimanual movements have compared bimanual 
symmetric movements (i.e. the arms travel equivalent dis-
tances in the same directions) to unimanual movements in 
simple reaction-time tasks with spatial cues (Anson and 
Bird 1993; Di Stefano et al. 1980; Hughes and Franz 2007; 
Nagelkerke 2002; Ohtsuki 1981; Shen and Franz 2005; 
Taniguchi 1999a, b). The results from these studies have 
been inconsistent; some have shown simple reaction-time 
costs for bimanual symmetric movements (Anson and Bird 
1993, finger extension; Di Stefano et al. 1980; Hughes and 
Franz 2007; Ohtsuki 1981; Shen and Franz 2005; Tanigu-
chi 1999b) while others have not (Anson and Bird 1993, 
elbow flexion; Nagelkerke 2002; Taniguchi 1999a). Fur-
thermore, other studies did not statistically compare reac-
tion times of bimanual symmetric movements to unimanual 
movements (Fowler et al. 1991; Kawabe 1989; Kelso et al. 
1979; Marteniuk et al. 1984; Norrie 1964, 1967; Steenber-
gen et al. 1996).

Studies that have measured choice reaction times with 
spatial cues (Blinch et  al. 2011; Diedrichsen et  al. 2001, 
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2006; Heuer and Klein 2006b; Stelmach et  al. 1988; 
Weigelt and Cardoso de Oliveira 2003) have focused on the 
movement preparation of bimanual asymmetric movements 
(i.e. the arms travel different distances or directions) com-
pared to symmetric movements. Diedrichsen et  al. (2001) 
compared symmetric and asymmetric movements that were 
cued by spatial and symbolic cues. They found a large 
bimanual asymmetric cost with symbolic cues (55  ms in 
Experiment 1 and 94 ms in Experiment 2) and no cost with 
spatial cues. They argued that the asymmetric cost was the 
result of greater processing demands on response selec-
tion when two different symbolic cues required translation, 
which has been supported by other studies (reviewed by 
Wenderoth and Weigelt 2009).

Recent research has questioned whether there might be 
a small asymmetric cost with spatial cues. Heuer and Klein 
(2006b) and Diedrichsen et  al. (2006) found small asym-
metric costs (15–55  ms) and suggested the asymmetric 
cost is attenuated, but not eliminated, with spatial cues. 
They argued that the large and small asymmetric costs with 
symbolic and spatial cues revealed two forms of interfer-
ence. The small cost with spatial cues might be the result of 
greater processing demands on response programming for 
asymmetric movements. The large cost with symbolic cues 
includes the small cost and the larger interference from the 
translation of two different symbolic cues. We focused on 
bimanual costs with spatial cues in this study. In regard to 
spatial cues, the results from previous studies on the asym-
metric cost have been inconsistent. Some have shown 
choice reaction-time costs for bimanual asymmetric move-
ments (Diedrichsen et  al. 2006; Heuer and Klein 2006b; 
Stelmach et  al. 1988, young participants; Weigelt and 

Cardoso de Oliveira. 2003, non-transformed conditions) 
while others have not (Blinch et al. 2011; Diedrichsen et al. 
2001). The current study also examined potential bimanual 
symmetric costs in choice reaction-time conditions, which 
have not been looked at in great detail (Diedrichsen et al. 
2001, 2006; Stelmach et al. 1988).

The bimanual symmetric and asymmetric reaction-
time costs deserve further investigation, as these effects 
have been inconsistent and difficult to detect due to the 
small sample sizes used in the majority of previous stud-
ies on bimanual costs (Maxwell 2004). An examination of 
bimanual symmetric and bimanual asymmetric costs across 
simple and choice reaction-time tasks within a single study 
and with sufficient power is needed if we want to isolate 
the processes of movement preparation where bimanual 
reaches produce interference.

Our logic for isolating these processes in the current 
study was the following. Simple reaction time reflects the 
time required to recognise the imperative stimulus and ini-
tiate a response, assuming that participants fully program 
their movements prior to the imperative stimulus (Fig. 1). 
Furthermore, stimulus recognition is unlikely to be longer 
for bimanual tasks (which involve two visual onsets and 
therefore, more stimulus energy) than for unimanual ones. 
Therefore, if we find a bimanual cost in simple reaction-
time tasks, then it is probably the result of greater pro-
cessing during response initiation. Choice reaction time, 
on the other hand, reflects the time required to recognise 
the imperative stimulus, discriminate the targets, select 
an appropriate response, program that response, and initi-
ate the response (Fig. 1). With spatial targets, we eliminate 
or attenuate the effects of response selection (Diedrichsen 

Fig. 1   Movement preparation 
processes during simple and 
choice reaction-time conditions. 
The processes that are unique to 
choice conditions are target dis-
crimination, response selection, 
and response programming
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et  al. 2001; Goodman and Kelso 1980). Furthermore, we 
can reasonably assume that imperative stimulus recognition 
and response initiation demands are equivalent between 
simple and choice reaction-time tasks. Therefore, if there 
is a bimanual cost in choice reaction time, but not in simple 
reaction-time tasks, then it is probably the result of target 
discrimination, response programming, or both processes.

Method

Participants

Twenty participants were tested from the university com-
munity (mean age of 25.1 years, 8 females). All participants 
reported being right-handed and had normal or corrected-
to-normal vision. The research ethics board at the Univer-
sity of British Columbia approved the study, and partici-
pants gave written informed consent before participation.

Apparatus

Participants were seated at a table in a dimly lit room 
(Fig. 2). Virtual stimuli were projected on the surface of the 
table by an LCD monitor positioned over the table. Mid-
way between the table and the monitor was a half-silvered 
mirror; it created the illusion that the stimuli appeared on 
the table. Participants were seated so that their mid-sagittal  
plane was in the middle of a three-row by two-column 
array of circle outlines displayed on the table. The circles 
in the closest row were the two home positions, and they 
had a radius of 3.4  mm. The remaining four circles were 

the short- and long-distance targets for the left and right 
arms. Each target had a radius of 15.3 mm, and the short 
and long targets were 100 and 200  mm from the home 
positions. A fixation cross was displayed in the middle of 
the four targets. Filling any of the circle outlines cued that 
target; this is subsequently referred to as illuminating a 
target (Fig. 2a). A light was always on under the mirror so 
that the participants could see their arms and the hand-held 
styli that they moved to the targets without obstructing the 
stimuli.

Procedure

Bimanual trials began with the outlines of the four potential 
targets and the two home positions appearing on the surface 
of the table. The home positions were illuminated as a cue 
for the participants to press the tips of the hand-held styli in 
them. Participants could see their arms, the styli, and two 
small circles that were displayed on the table surface to 
represent the locations of tips of the styli in real time. Once 
the styli were in the home positions, the real-time feedback 
disappeared and the 1–2s variable foreperiod began. A fixa-
tion cross appeared between the four targets, and partici-
pants were instructed to fixate on it until after they reached 
for the targets. In simple reaction-time blocks, the outlines 
of the correct targets would change colour (from blue to 
yellow) during the foreperiod to encourage movement 
preparation before the imperative stimulus. The eight dif-
ferent types of unimanual and bimanual movements were 
tested in eight, separate simple reaction-time blocks.

Two targets, one for each arm, were illuminated (by 
filling the circle in with blue) as the imperative stimuli. 

Fig. 2   Apparatus and display. 
Participants reached to target 
positions on the table surface 
beneath the mirror. The mirror 
set-up allowed for the unob-
structed presentation of visual 
stimuli. A light was always 
on under the mirror so that 
the participants’ arms and the 
hand-held styli were visible 
during the entire experiment. a 
The stimuli and the imperative 
stimuli seen by the participants 
on bimanual asymmetric Long–
Short trials
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Participants were instructed to “hit the targets as fast as 
possible”. At the end of the bimanual movement (the tips 
of the styli were pressed down on the surface), the fixa-
tion disappeared and the endpoint of each movement was 
displayed. Each endpoint and the correct target were dis-
played in green for a target hit and red for a target miss. 
Participants were encouraged to use this feedback to help 
them with subsequent trials. The trial was then labelled as 
“good” or “bad”. Bad trials were recycled to the end of the 
block. Examples of bad trials were target misses, anticipa-
tion (reaction time <100 ms), distraction (reaction time or 
movement time >1,000 ms), and asynchronous movement 
initiation (>60  ms reaction time difference between the 
pens). If it was a bad trial, then a message explained the 
problem, but the participants were not told that these trials 
were recycled. In total, 4.5  % of all the trials were recy-
cled. Every trial ended with a blank screen, and then the 
next trial would begin when the participants lifted the styli.

Unimanual blocks were similar except that only one 
home position was illuminated and the imperative stimulus 
consisted of illuminating one target. The participants held 
only the required stylus for each unimanual block.

Design

The experiment consisted of testing unimanual, bimanual 
symmetric, and bimanual asymmetric movements in simple 
and 2-choice reaction-time conditions. Each combination 
of these conditions was tested in a separate block, which 
resulted in 12 blocks (Table 1). The order of these blocks 
was counterbalanced first by the type of reaction time (sim-
ple or 2-choice) and then by the type of movement (uni-
manual or bimanual). The order of the blocks that fell 
within this counterbalance was randomised; for example, 
the order of the four unimanual simple blocks (left long, 
right long, right short, right long) was randomised.

A block consisted of a practice phase and a test phase. 
In simple reaction time, there were 9 practice trials (1 was 

a catch trial with no imperative stimulus) and 36 test tri-
als (4 were catch trials). The number of trials was doubled 
in 2-choice reaction time (18 practice, 72 test trials). There 
were two potential movements in 2-choice blocks, so half 
of the trials were one type of movement. The order of these 
movements was randomised in each block, and the same 
randomisation was used for each participant.

Two important considerations for choice conditions are 
the number and kind of movement choices. It is impor-
tant to have the same number of choices in unimanual and 
bimanual conditions as the number of choices can influence 
reaction time (Hick 1952; Hyman 1953; cf. Favilla 1996; 
Wright et  al. 2007). However, there may be an unequal 
number of choices when comparing unimanual movements 
in 4-choice to bimanual symmetric and asymmetric move-
ments in 4-choice. Unimanual 4-choice requires the partici-
pant to select the arm that will move (left or right) as well 
as the distance of the movement (long or short). The arms 
do not need to be selected in bimanual 4-choice because 
both arms are required on all trials. In other words, uni-
manual 4-choice requires one arm to be selected after the 
imperative stimulus, whereas both arms can be selected 
before the imperative stimulus in bimanual 4-choice. This 
difference could lengthen reaction times in unimanual 
4-choice and eliminate a potential bimanual symmetric 
cost. Our solution was to test unimanual and bimanual 
movements in 2-choice blocks (unimanual left, unimanual 
right, bimanual symmetric, bimanual asymmetric). This 
ensured that the arm (unimanual blocks) or arms (bimanual 
blocks) could be selected before the imperative stimulus in 
all blocks.

As for the kind of movement choice, if both symmet-
ric and asymmetric bimanual movements are tested in one 
4-choice block, then participants may strategically pre-
pare for the harder, asymmetric movements. That is, par-
ticipants might always prepare asymmetric movements 
in order to decrease the potential reaction time difference 
between movement types. Strategically preparing for the 
worst-case scenario has been shown when movements are 
made with or without visual feedback (cf. Elliott and Allard 
1985; Zelaznik et  al. 1983). We did not alter visual feed-
back in the current study, but the principle of preparing 
for the worst-case scenario may still apply. Therefore, we 
tested symmetric and asymmetric movements in separate 
2-choice blocks.

Data acquisition and analysis

A microswitch in each stylus was sampled at 250  Hz to 
determine when the stylus tip was pressed against the table 
and when it was lifted. The signal from the microswitch 
was used to calculate reaction time (time from the impera-
tive stimulus to stylus lift).

Table 1   Movements performed in each of the 12 blocks in the  
experiment

The target for the left arm is indicated before the hyphen and the right 
arm’s target is indicated after the hyphen. Short–Long, for example, 
cues a short-distance movement with the left arm and a long-distance 
movement with the right arm

Unimanual Bimanual

Simple 2-Choice Simple 2-Choice

Long– Long– Long–Long Long–Long

Short– Short– Short–Short Short–Short

      –Long       –Long Long–Short Long–Short

      –Short       –Short Short–Long Short–Long
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Mean reaction times for each participant were calcu-
lated for each arm, distance, and movement type in the 
twelve blocks. These were then collapsed into three move-
ment types (unimanual, bimanual symmetric, bimanual 
asymmetric) for the two reaction-time conditions (simple, 
choice). The bimanual symmetric and asymmetric costs 
were investigated by statistical analysis on reaction times in 
simple and choice conditions with a 3 movement type (uni-
manual, bimanual symmetric, and bimanual asymmetric) 
repeated measures ANOVA. When local sphericity was vio-
lated (as indicated by Mauchly’s test, p < .10), the Huynh–
Feldt correction was used when the ε was greater than or 
equal to .75 and the Greenhouse–Geisser correction was 
used otherwise. The uncorrected degrees of freedom and 
the ε values were reported (Huynh–Feldt εHF, Greenhouse–
Geisser εGG). When the effect of movement type was sig-
nificant, two a priori comparisons were performed: uni-
manual movements were compared to bimanual symmetric 
movements and symmetric movements were compared to 
asymmetric movements. The Sidak correction was used to 
control the familywise error rate.

The analyses on reaction times were also performed on 
the probabilities of target misses. Probabilities were nor-
malised with the arcsine square-root transformation before 
statistical analysis; the data reported are percentages. 
Between-arm movement time and amplitude correlations 
were calculated for the four types of bimanual movements 
(Long–Long, Short–Short, Long–Short, and Short–Long). 
These correlations were transformed with Fisher’s r to z 
transformation before analysis with movement type (Long–
Long, Short–Short, Long–Short, and Short–Long) ANO-
VAs. Simple and choice conditions were analysed with 
separate ANOVAs. The data reported are r values.

There may be a bias when comparing the mean choice 
reaction time of bimanual asymmetric movements to sym-
metric movements. Choice reaction times are influenced 
by the duration of the movement, with long duration 
movements resulting in longer reaction times than short 
duration movements (Klapp 1995, 2003). As Long–Long 
movements have longer movement times than Short–Short 
movements, we predicted that Long–Long movements 
would also have longer reaction times. For asymmetric 
movements, temporal assimilation occurs that results in 
movement times for the long- and short-distance move-
ments that are similar to Long–Long movements (Kelso 
et al. 1979). If we consider only the influence of movement 
times on reaction times, then Long–Long, Long–Short, and 
Short–Long movements should have comparable reaction 
times that are longer than Short–Short movements. These 
differences could result in a bimanual asymmetric cost, as 
Short–Short movements have shorter reaction times than 
the other movements. We, therefore, compared the reac-
tion times of only Long–Long movements to asymmetric 

movements with a repeated measures t test. This isolated 
an asymmetric cost that is the result of greater processing 
demands for asymmetric movements compared to symmet-
ric movements (and not the result of the influence of move-
ment duration on reaction times). Values are reported as the 
mean ± standard error.

Results

Reaction times in simple and choice conditions for uni-
manual, bimanual symmetric, and asymmetric movements 
are shown in Fig.  3. One obvious difference is that reac-
tion times were longer in 2-choice (287  ±  7.0  ms) than 
simple conditions (258  ±  6.1  ms). Movement times are 
shown in Fig.  4; these data were collapsed across choice 
(simple, 2-choice) and the unimanual data were also col-
lapsed across arm (left, right). The movement times of uni-
manual long (311  ±  11.4  ms) and bimanual Long–Long 
movements (334  ±  12.9, 328  ±  12.3  ms) were substan-
tially longer than unimanual short (234 ± 9.0) and biman-
ual Short–Short movements (260 ± 10.7, 252 ± 10.2 ms). 
Asymmetric Long–Short (331 ± 12.8, 306 ± 12.1 ms) and 
Short-Long movements (309 ± 12.4, 319 ± 11.7 ms) had 
movement times that were more like bimanual Long–Long 
movements than Short–Short movements. This last result 
was indicative of temporal assimilation for asymmetric 
movements. 

No costs in simple reaction time

In simple reaction time, the effect of movement type was 
not significant, F(2, 38)  =  2.4, p  =  .11. Thus, reaction 
times were not significantly different between unimanual 

Fig. 3   Mean reaction times (±SE) for unimanual, bimanual sym-
metric, and bimanual asymmetric movements in simple and 2-choice 
conditions. *p < .01
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(261 ± 6.0 ms), bimanual symmetric (254 ± 6.7 ms), and 
asymmetric movements (259  ±  6.3  ms; Fig.  3). These 
results suggested that there was neither a bimanual sym-
metric cost nor a bimanual asymmetric cost in simple reac-
tion-time tasks.

Bimanual asymmetric cost in choice reaction time

In 2-choice reaction time, there was a tendency for reac-
tion times to increase from unimanual (276  ±  8.1  ms), 
to bimanual symmetric (284  ±  6.5  ms), to asymmetric 
movements (300  ±  8.1  ms; Fig.  3). Statistical analysis 
showed that the effect of movement type was significant,  
F(2, 38) = 11.0, p < .001. The a priori comparisons showed 
that reaction times were not significantly different between 
unimanual and bimanual symmetric movements (p = .21), 
which suggest that there was no bimanual symmetric cost. 
There was support for an asymmetric cost, as asymmetric 
movements had significantly longer reaction times com-
pared to symmetric movements (p < .01). We controlled for 
the influence of movement duration on the asymmetric cost 
in choice conditions by comparing only Long–Long move-
ments to asymmetric movements and found that asymmet-
ric movements (300 ±  8.1  ms) had longer reaction times 
than Long–Long movements (289 ± 6.6 ms), t(19) = 2.4, 
p = .03.

Target misses, movement amplitudes, and between‑arm 
correlations

Statistical analysis on target misses revealed that they were 
not significantly different for unimanual, symmetric, and 

asymmetric movements in simple and choice conditions 
(ps >  .23; Table 2). This supported that the reaction times 
were not influenced by a speed-accuracy trade-off.

Movement amplitudes were relatively consistent in all 
conditions; long amplitudes ranged from 200.2  ±  0.40 
to 202.0  ±  0.43  mm and short amplitudes ranged from 
97.1 ±  0.38 to 99.8 ±  0.41 mm. The amplitudes showed 
no trend towards amplitude assimilation, which is more 
often seen when fast reversal movements are made without 
emphasis on accuracy.

Between-arm movement time and amplitude correla-
tions were also examined (Table  3). These correlations 
were larger for movement times compared to amplitudes. 
The movement time correlations were not significantly 
different for any of the bimanual movements in simple 
or choice conditions (ps  >  .26). Amplitude correlations 
in simple and choice conditions showed the typical result 
that symmetric movements (Long–Long, Short–Short) had 
larger correlations than asymmetric movements (Long–
Short, Short–Long).

Discussion

The goal of this study was to determine the process or pro-
cesses most likely to be involved in reaction-time costs 
for spatially cued bimanual reaching. The advantage of 
this experiment, compared to previous experiments, was 
that bimanual symmetric costs and bimanual asymmetric 
costs were examined in simple and choice reaction-time 
tasks within a single study. The simple reaction-time task 
allowed us to isolate bimanual symmetric and asymmetric 

Fig. 4   Mean movement times (±SE) for unimanual movements 
(Long, Short) and bimanual movements (Long–Long, Short–Short, 
Long–Short, and Short–Long)

Table 2   Mean target misses ± SE (%)

Simple 2-Choice

Unimanual 2.6 ± 1.1 2.6 ± 0.7

Bimanual symmetric 1.8 ± 0.6 2.0 ± 0.4

Bimanual asymmetric 2.1 ± 0.6 1.9 ± 0.3

Table 3   Mean between-arm movement time and amplitude correla-
tions ± SE (r)

Movement time Amplitude

Simple 2-Choice Simple 2-Choice

Symmetric

 Long–Long .67 ± .05 .76 ± .04 .47 ± .03 .43 ± .04

 Short–Short .70 ± .03 .73 ± .03 .37 ± .04 .49 ± .03

Asymmetric

 Long–Short .72 ± .04 .70 ± .04 .20 ± .04 .15 ± .05

 Short–Long .70 ± .03 .70 ± .03 .20 ± .04 .20 ± .04
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costs related to response initiation, and the choice reac-
tion-time task allowed us to isolate bimanual costs related 
to target discrimination, response selection, and response 
programming.

In simple reaction time, there was neither a bimanual 
symmetric cost nor a bimanual asymmetric cost. This sug-
gests that the total duration of imperative stimulus recogni-
tion and response initiation was comparable for unimanual, 
symmetric, and asymmetric movements. The first novel 
finding of this experiment is, therefore, that the dura-
tion of response initiation is comparable for unimanual, 
bimanual symmetric, and asymmetric movements. In this 
regard, unimanual movements are as complex as bimanual 
movements.

In choice reaction time, there was no bimanual symmet-
ric cost but there was a bimanual asymmetric cost. Impor-
tantly, there was still a bimanual asymmetric cost when we 
controlled for the influence of movement duration on reac-
tion times. Thus, the asymmetric cost is likely the result of 
greater processing demands for asymmetric movements 
compared to symmetric movements. This asymmetric cost 
suggests a form of bimanual interference. We should, more 
accurately, refer to this interference as bimanual asymmet-
ric interference, as there was no bimanual symmetric cost.

Why did we find a small but significant bimanual asym-
metric cost when previous studies (e.g. Diedrichsen et  al. 
2001; Hazeltine et  al. 2003) have suggested that there is 
no asymmetric cost with spatial cues? Diedrichsen et  al. 
(2001) found a large bimanual asymmetric cost (~100 ms) 
with symbolic cues and they did not find an asymmetric 
cost with spatial cues. The cost with symbolic cues has 
been attributed to greater processing demands on response 
selection in several studies (e.g. Albert et  al. 2007; Die-
drichsen et al. 2003; Weigelt et al. 2007). Two recent stud-
ies found a small but significant asymmetric cost with spa-
tial cues (Diedrichsen et al. 2006; Heuer and Klein 2006b). 
They showed that the asymmetric cost is attenuated, but 
not eliminated, with spatial cues. Both studies argued that 
the large and small asymmetric costs reveal two compo-
nents of interference. The large cost with symbolic cues is 
mostly caused by greater processing demands on response 
selection, and the small cost with spatial cues is caused by 
greater processing demands on response programming. 
Heuer and Klein suggested that the small cost with spatial 
cues escaped discovery in previous studies because of its 
small effect size. This present study confirms that there is a 
small but significant asymmetric cost with spatial cues.

Diedrichsen et al. (2006) and Heuer and Klein (2006b) 
reasoned that the asymmetric cost with spatial cues was 
caused by greater processing demands on response pro-
gramming, but this has not been tested. The asymmetric 
cost could be the result of increased processing demands 
on any process or processes of movement preparation 

(imperative stimulus recognition, target discrimination, 
response selection, response programming, and response 
initiation). From the present results, we now have evidence 
that it is unlikely that imperative stimulus recognition and 
response initiation contributed to the bimanual asymmet-
ric cost. This is supported by a comparable total duration 
of imperative stimulus recognition and response initiation 
for unimanual, symmetric, and asymmetric movements in 
simple reaction time. Therefore, the bimanual asymmet-
ric cost is most likely the result of one or more prepara-
tion processes that are unique to choice conditions. These 
processes are target discrimination, response selection, and 
response programming.

Discrimination of symmetric targets may take less time 
than asymmetric targets as symmetric targets can become 
grouped as a gestalt because of their horizontal alignment 
and closer proximity than asymmetric targets (Han et  al. 
1999). However, it has been shown that the perceptual 
similarity or dissimilarity of the bimanual targets does not 
affect reaction time (Albert et  al. 2007). Given that per-
ceptually dissimilar targets are unlikely to be grouped as a 
gestalt, this argues against a role for target discrimination 
in the bimanual asymmetric cost.

For response selection, symmetric movements involve 
the selection of the same response for both arms. This is 
either a long-distance movement (Long–Long) or a short 
movement (Short–Short). Asymmetric movements involve 
the selection of a different response for each arm (Long–
Short or Short–Long). It has been argued that there is a 
savings to response selection when selecting identical 
responses for both arms (Albert et  al. 2007; Diedrichsen 
et al. 2003; Hazeltine et al. 2003). This, however, has been 
shown when the targets are cued symbolically. An example 
of a symbolic cue is presenting the word “Long” or “Short” 
to indicate a long- or short-distance target. Symbolic cues 
result in greater processing demands on response selection 
compared to the direct, spatial cues used in this experiment 
(Diedrichsen et al. 2001). It has been shown that prepara-
tion costs with symbolically cued movements are either 
eliminated or attenuated with spatial cues (Diedrichsen 
et al. 2001; Goodman and Kelso 1980). As we used spatial 
cues that place minimal demands on response selection, it 
is unlikely that response selection results in the bimanual 
asymmetric cost observed in this experiment.

It has been suggested that there is a savings to response 
programming when programming identical responses for 
both arms (Spijkers et al. 1997), so response programming 
of two movements with identical distances (symmetric) 
may be shorter than two movements with different dis-
tances (asymmetric). Stelmach et al. (1988) and Heuer and 
Klein (2006b) also argued that the asymmetric cost was 
the result of interference during response programming. 
Stelmach et  al. (1988) reasoned that the programming of 
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asymmetric movements are more complex than symmet-
ric movements, as asymmetric movements require the 
programming of two different amplitudes and symmetric 
movements require the programming of the same ampli-
tude twice. Heuer and Klein (2006b) argued that concur-
rently programming two different amplitudes resulted in 
the asymmetric cost, a process they referred to as “transient 
parametric coupling during amplitude specification” (pp. 
238; cf. Heuer 1986). Therefore, the bimanual asymmet-
ric cost that we observed is most likely the result of greater 
processing demands on response programming.

The greater processing demands on response pro-
gramming are related to the movement parameters for 
asymmetric movements compared to symmetric move-
ments. Compared to symmetric movements, the asym-
metric movements used in this study had asymmetric 
movement amplitudes and asymmetric target locations. 
Thus, asymmetric amplitudes, asymmetric targets, or 
both could have caused the asymmetric cost. Two studies 
have attempted to determine the contributions of various 
asymmetric movement parameters to the bimanual asym-
metric cost (Heuer and Klein 2006a; Weigelt 2007). The 
issue with these studies is that the changes in reaction 
times with symmetric and asymmetric parameters were 
confounded by other changes that influenced reaction 
times. In the study by Heuer and Klein, the number of 
movement choices depended on the starting locations of 
the movements. This is a problem because reaction times 
can increase with the number of movement choices (Hick 
1952; Hyman 1953; cf. Favilla 1996; Wright et al. 2007). 
In the study by Weigelt, the movements were cued sym-
bolically, so movements with two different symbolic cues 
had longer reaction times than movement with two iden-
tical cues. Further studies are required to determine the 
contribution of various asymmetric movement parameters 
to the asymmetric cost.

In summary, we observed neither a bimanual symmet-
ric cost nor an asymmetric cost in simple reaction times. 
We can conclude that unimanual, bimanual symmetric, 
and bimanual asymmetric movements have compara-
ble complexity for response initiation. There was also no 
bimanual symmetric cost for choice reaction-time tasks, so 
unimanual and bimanual symmetric movements have com-
parable preparation complexity. We did observe a bimanual 
asymmetric cost in choice reaction times, so the prepara-
tion of asymmetric movements is more complex than 
symmetric movements. This bimanual asymmetric cost 
in a choice task could be the result of greater processing 
demands on target discrimination, response selection, or 
response programming. Our results support that the most 
likely source of the asymmetric cost is response program-
ming. The strength of our study was its use of spatial tar-
gets and a simple reaction-time task control condition, for 

they allowed us to examine bimanual reach costs that were 
independent of response selection and response initiation 
costs. However, further experiments are needed to confirm 
that response programming is the source of the asymmetric 
cost.
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