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Abstract Manual asymmetries in the control of move-

ments have been investigated in a variety of experimental

paradigms. Initial studies demonstrated that the dominant

right hand has advantages over the non-dominant left hand

in many aspects of motor control. However, more recent

studies have shown that the presence and extent of these

asymmetries depends on the task context and accuracy

demands. Typically, manual asymmetries on a motor

planning and motor execution level are examined sepa-

rately. However, given that recent research has demon-

strated that specific task constraints do not influence both

levels equally, the purpose of the present experiment was

to investigate manual asymmetries in motor planning and

execution. To this end, initial grasp behavior (motor

planning) and kinematics (motor execution) were exam-

ined in thirteen right-handed participants during a uni-

manual grasping and placing task. We specifically

manipulated grasping hand, target location, object end

orientation, and object grasp time at the start location.

There were three main findings. First, motor planning or

movement execution was similar regardless of grasping

hand. Second, prospectively planned actions were influ-

enced by target location and the required end orientation of

the object. Third, the amount of time spent in an initial

posture did not influence initial grasp postures. However, it

did alter the movement kinematics during the grasping

(approach phase) and placing (transport phase) portion of

the task. We posit that grasping and placing movements are

comprised of an initial grasp and a transport component,

which are differentially influenced by task constraints.

Keywords End-state comfort � Motor planning and

execution � Manual asymmetries � Object manipulation

Introduction

Manual asymmetry, or handedness, is one of the most

obvious manifestations of laterality. For example, when

performing everyday tasks, such as writing or grasping a

cup, humans typically prefer one hand over the other, with

approximately 90% of the population exhibiting a prefer-

ence to use the right hand to perform one-handed manual

actions (Coren and Porac 1977). Coincident with the

preference to use one hand over the other is the observation

of manual asymmetries during the performance of uni-

manual actions. In one of the earliest investigations into the

control of human movements, Woodworth (1899) asked

participants to perform simple repetitive line-drawing

movements, with manipulations on the frequency of the

pacing metronome, movement distance, visual information

(eyes open or eyes closed), and hand (left or right). Along

with the general finding that movement accuracy decreased

as speed increased, Woodworth found that movements

performed by the dominant right hand were substantially

more accurate than those of the non-dominant left and that

this asymmetry became more pronounced at faster move-

ment speeds.
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Since Woodworth’s seminal work, research from vari-

ous motor tasks has revealed that the dominant hand

advantage extends to a number of motor execution

domains. For example, the dominant hand is often faster

and more consistent than the non-dominant hand during

repetitive finger tapping (Peters 1976; Peters and Durding

1979; Todor and Kyprie 1980; Todor et al. 1982), and

movement times of the dominant hand are generally shorter

than those of the non-dominant hand during unimanual

reaching and rapid aiming movements (Annett et al. 1979;

Carson et al. 1993; Roy and Elliott 1989). The longer

movement times for the non-dominant hand are typically

attributed to shorter time to peak velocity values, indicating

that more time is required to home in on the target in order

to maintain accurate movement performance (Boulinguez

et al. 2001; Elliott et al. 1995; Mieschke et al. 2001; Roy

et al. 1994; Todor and Cisneros 1985). Although the

underlying mechanisms for the right hand advantage are

still debated (see Elliott and Chua 1996 for a review), the

results of the aforementioned studies support the hypoth-

esis that the hemisphere contralateral to the dominant arm

(most often the left hemisphere) has advantages in the

control of both the dominant and non-dominant limbs

(Haaland and Harrington 1996).

There is also evidence suggesting that hemispheric

advantages extend to the motor planning level (Crajé et al.

2009; Hermsdorfer et al. 1999; Janssen et al. 2009, 2011;

Mutsaarts et al. 2005, 2007; Steenbergen et al. 2004).

Anticipatory motor planning implies that participants take

into account future task demands or intended action goals

(Johnson-Frey et al. 2004) and can be studied by examining

the initial grasp postures that people use to manipulate

objects. For example, Rosenbaum et al. (1990) asked par-

ticipants to reach for a bar and move it from a home

location to a target location. They found that participants

generally took hold of the bar in a way that ensured a

comfortable posture at the end of the movement even when

this necessitated an uncomfortable initial posture. This

phenomenon, termed the end-state comfort effect, has

been observed in a number of task contexts (Cohen and

Rosenbaum 2004; Herbort and Butz 2010; Rosenbaum

et al. 1993; Weigelt et al. 2006) and indicates that initial

grasp postures are planned prior to movement execution.

Recent studies have examined the presence of hemi-

spheric asymmetries during motor planning in both healthy

(Hughes et al. 2011b; Janssen et al. 2011) and patient

populations (Crajé et al. 2009). For example, Crajé et al.

(2009) examined differences in initial grasp posture plan-

ning in individuals with left- or right-sided congenital

hemiparesis. In this task, participants grasped a rod placed

in varying start orientations with their unimpaired hand and

placed it vertically into a tight fitting box. The majority of

participants (75%) with left congenital hemiparesis (i.e.,

right brain damage) employed a consistent switching

strategy. In contrast, individuals with right congenital

hemiparesis (i.e., left brain damage) either did not adjust

their initial grasp postures (40%) or switched their grips in

an inconsistent manner (30%). Based on the finding that the

deficits in motor planning are more pronounced in indi-

viduals with right hemiparesis, compared to individuals

with left hemiparesis, the authors suggest that the left

hemisphere has a specialized role in motor planning

processes.

Complementary evidence for left-hemisphere special-

ization for motor planning has come from the bimanual

grasping and placing literature. In two recent studies,

Janssen et al. (2009, 2011) found that participants are more

likely to grasp an object with initial grasp postures that

ensure comfortable end states with the right hand, com-

pared to the left hand. Furthermore, the increased sensi-

tivity toward comfortable end postures for the right hand

was observed regardless of whether individuals were left-

or right-handed. Taken together, the findings from both

healthy individuals and patient populations suggest that the

planning of initial grasp postures might arise from left-

hemisphere specialization.

Although the presence and extent of manual asymme-

tries has been extensively examined in a variety of exper-

imental paradigms (see Goble and Brown 2008 for a

review), there are few studies that have examined whether

these asymmetries are evident during both the motor

planning and execution during the same task (see Hughes

et al. 2011b for an exception). Examining motor behavior

at different levels (i.e., on both a kinematic and a grasp

posture level) has provided fruitful insight into the plan-

ning and control of object manipulation tasks, with the

results of such studies, demonstrating that task constraints

do not influence motor planning and motor execution

equally. For example, Hughes et al. (2011a) recently

examined how two specific task constraints (physical

object coupling, end-orientation congruency) influence the

planning of initial grasp postures and movement kinemat-

ics during a bimanual grasping and placing task. Partici-

pants were asked to simultaneously grasp two objects and

place them to identical or different end orientations on a

target board. One group of participants performed the task

when the objects were not connected, whereas another set

of participants performed the task when the objects were

physically connected with a spring. They found that

although end-orientation congruency altered both initial

grasp behavior (motor planning) and interlimb coupling

(motor execution), physically connecting the two objects

influenced motor execution but not motor planning.

Based on the suggestion that different constraints evoke

unequal effects on these two levels of motor control, the

aim of the present study was to investigate asymmetries in

Exp Brain Res

123



both motor planning (i.e., end-state comfort) and execution

(i.e., kinematics) during a unimanual object manipulation

task. In this task, participants grasped a cylindrical object

with the dominant right hand, or the non-dominant left

hand, and placed it to a left or right target. In addition, the

end orientation of the object was manipulated, so that the

object was transported without rotation or transported and

rotated 180�.

Based on the previous manual asymmetry literature

suggesting that the hemisphere contralateral to the domi-

nant hand is specialized for motor execution, it was

hypothesized that dominant arm advantages would be

observed during the execution of the movement. Specifi-

cally, we expected shorter approach and transport time

values, and shorter deceleration times, for the dominant

right arm, compared to the non-dominant arm. With regard

to the planning of initial grip postures, it was hypothesized

that the dominant right hand should exhibit a greater

preference for comfortable end postures than the non-

dominant left hand. Such a finding would support the claim

that the left hemisphere is specialized for motor planning.

However, as Hughes et al. (2011a) have recently argued,

task constraints exert differential effects on motor planning

(e.g., initial grasp postures) and movement execution (e.g.,

interlimb coupling). Thus, we must also entertain the

notion that the presence and/or extent of manual asym-

metry may influence only one level of motor behavior.

A secondary purpose of the present study was to

examine whether end-state comfort can be explained by the

desire to minimize the total time spent in awkward pos-

tures. That is, grasping and placing tasks typically require

more time at the end, rather than the start, of the move-

ment. Thus, grasping the object with an initially awkward

grasp posture would not only afford comfortable end pos-

tures but also maximize the amount of time the arm spends

in a comfortable posture. A previous study (Rosenbaum

et al. 1990) tested this hypothesis by varying the precision

demands at the end of the movement. In that study, par-

ticipants rotated a cylindrical rod 180 degrees and placed

the end of the rod into either a small or a large disk.

Because placing the object into the small disk is more

precision demanding, Rosenbaum et al. (1990) hypothe-

sized that participants they would be more likely to grasp

the object initially with a thumb down (rather than a thumb

up) grasp posture if they were trying to minimize times in

awkward postures Although their findings did not confirm

this hypothesis, a limitation of that study is that placing the

object to the end position required more time than grasping

the object (for both the small and the large disk). Thus,

grips that satisfied end-state comfort also allowed partici-

pants to minimize the amount of time in an awkward

posture. In the present study, we reexamined the issue and

removed the possible confound between end-state comfort

and time spent in a certain posture by manipulating the

amount of time participants had to hold onto the object at

the start location (0 or 9 s) before moving it to the end

location. If participants attempt to minimize the amount of

time in awkward postures, we would expect a decrease in

end-state comfort satisfaction as the amount of time par-

ticipants have to hold onto the object at the home location

increases.

Methods

Comfort ratings

Because the experimental setup in the present study (ver-

tical start orientation of the object) differed from that used

in the previous studies (Rosenbaum et al. 1990), we

obtained an independent measure of grasp comfort for

adopted grip postures (‘‘Thumb up’’ versus ‘‘Thumb

down’’) to obtain estimates of perceived comfort of

grasping the cylinder in every static posture that was pos-

sible in the main experiment. These ratings were later used

to quantify initial grasp postures that lead to end postures

that satisfied end-state comfort.

Participants

Twenty individuals from Bielefeld University (6 men, 14

women) with a mean age 26.6 years (SD = 3.73) partici-

pated in this task in exchange for course credit. All par-

ticipants were right-handed (mean score = 1.00,

SD = 0.00) as assessed using the Revised Edinburgh

Handedness Inventory (Dragovic 2004), which ranks

handedness on a scale ranging from -1.00 (strongly left-

handed) to 1.00 (strongly right-handed). Participants had

normal or corrected to normal vision and did not have any

known neuromuscular disorders. The experiments were

conducted in accordance with local ethical guidelines and

conformed to the Declaration of Helsinki.

Apparatus and procedure

The experimental apparatus was placed on a shelf, which

was adjusted to participants’ chest height. It consisted of a

home base and two target bases. The bases were square

blocks made of PVC (18 cm 9 18 cm 9 3 cm) and con-

tained a centrally located well of 3 mm depth and 7 cm

(home base) or 9.6 cm (target base) in diameter. The home

base was vertically arranged to coincide with the partici-

pants’ body midline. The target bases were located 28.5 cm

to either side of the home base. The cylindrical object

(16 cm in height, 7 cm in diameter, and 787 g in weight)

was colored red on one end and gray on the other.
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Prior to each trial, participants were informed of the

initial grasp posture (‘‘thumb up’’ or ‘‘thumb down’’),

which hand to use (left, right) the required object end

orientation (no object rotation or object rotation) and the

final target location (left or right target). Participants

grasped the object from the home base and provided a

rating of the initial grasp comfort on a scale ranging from 1

(very uncomfortable) to 5 (very comfortable).1 Participants

then moved the object to the target location in the required

end orientation and provided a second rating of comfort

with respect to the end posture. Each condition was per-

formed six times, yielding a total of 96 trials. The order of

presentation was randomized.

Grasping task

Participants

Fourteen students from Bielefeld University were recruited

to take part in this experiment. These students did not

participate in the comfort rating task. The dataset from one

participant was removed prior to analysis because the

participant did not understand the instructions. This left us

with a sample of 13 participants (mean = 23.2, SD = 3.0,

3 men, 10 women) who participated in exchange for

experimental course credit. All participants were right-

handed (mean score = 0.93, SD = 0.26) as assessed by the

Revised Edinburgh Handedness Inventory (Dragovic

2004). Participants had normal or corrected to normal

vision and did not have any known neuromuscular disor-

ders. The experiments were conducted in accordance with

local ethical guidelines and conformed to the Declaration

of Helsinki.

Apparatus and stimuli

The experimental apparatus was identical to that used in

the comfort rating task with the following exceptions. A

flat plastic disk served as the start button (7 cm in diame-

ter), which was embedded in a square PVC block

(11 cm 9 11 cm 9 3 cm). The start button was also ver-

tically arranged with the participants’ body midline and

located 26 cm apart from the home base. In addition, the

end location and object end orientation for each trial were

presented on a 1700 flat screen monitor (Sync Master 943T,

Samsung), placed 50 cm in front of the participants and

controlled via Presentation� (Neurobehavioral Systems).

The stimuli consisted of a visual representation of the

object (16 cm in height, 7 cm in width) and indicated the

required target location (left/right) and end orientation of

the object (no rotation of the object required/rotation

required) (Fig. 1). A countdown timer displayed the

amount of time a participant was to grasp the object at the

home base.

To collect kinematic data, three retro-reflective markers

(14 mm in diameter) were placed on the distal end of

dorsal third metacarpal, the styloid process of ulna, and the

styloid process of radius of the left and right hands. Data

were recorded using an optical motion capture system

(VICON Motion Systems, Oxford, UK) consisting of 10

Bonita cameras with a temporal and spatial resolution

of 200 Hz and 1 mm, respectively. The experiment was

videotaped using a Basler Pilot DV camera (Basler AG,

Ahrensburg, Germany), which was synchronized with the

motion capture system.

Procedure

After filling out the informed consent form, retro-reflective

markers were placed on both hands, and participants stood

in front of the shelf so that the home and the target bases

were within comfortable range. At the start of each trial,

the message ‘‘Put your hand on the start key!’’ was dis-

played in German, and the participant placed their hand flat

against the start button. A fixation cross was then pre-

sented, and after a random interval (500–1,500 ms), the

stimulus appeared. The participant grasped the object from

the home base,2 activating the countdown timer. After the

countdown timer reached ‘‘0.0’’, the word ‘‘Los!’’ (‘‘Go!’’

in German) appeared, and participants moved the object to

the target location and end orientation indicated on the

computer monitor. At the end of the trial, participants

brought their hand back to the start position and waited for

the next trial to begin. Participants were told to grasp the

object with a full grip, using either a ‘‘thumb up’’ or a

‘‘thumb down’’ posture. Furthermore, the instructions

emphasized that participants should move at a comfortable

speed, and movement accuracy was stressed.

There were 16 different conditions consisting of the

factors hand (dominant, non-dominant), target location

(left, right), object end orientation (no rotation, rotation),

and time spent at start position (0.0, 9.0 s). Each condition

was performed four times, yielding a total of 64 trials. The

factors time spent at start position and hand were blocked,

and the order of blocks was randomized across participants.

1 A Likert-type scale is commonly used to measure attitude,

providing a given range of responses to a given statement. The

response categories in Likert scales have a rank order, but the

intervals between values cannot be presumed equal (Blaikie 2003).

2 In order to control for perceptual effects associated with object

perception, half of the subjects performed the task when the object

was placed red end down at the start of the trial and the other half

performed the task when the object was placed grey end down at the

start of the trial.
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Within each block, the order of presentation was

randomized.

Data collection and reduction

The 3D coordinates of the retro-reflective markers were

reconstructed and labeled. The marker with the fewest

missing data points3 was used for future analyses, and any

missing data (less than 10 frames) were interpolated using

a cubic spline and filtered using a Woltring filter (Woltring

1986) with a predicted mean square error value of 5 mm2

(Vicon Nexus 1.5).4 Kinematic variables were calculated

using custom written MatLab programs (The MathWorks,

Version R2010a).

For each trial, the time series was divided into the

approach phase and the transport phase. The approach

phase was defined as the time period between when the

hand left the start key to the time the hand contacted the

object. The transport phase was defined as the time period

between when the object was lifted from the home base to

the time the object contacted the end target. Movement

onset for each phase was determined as the time of the

sample in which the resultant velocity of the hand exceeded

5% of peak velocity of the corresponding phase. Movement

offset was determined as the time of the sample in which

the resultant velocity dropped and stayed below 5% of peak

velocity of the corresponding phase.

Approach time (AT) was defined as the time period

between approach phase movement onset and approach

phase movement offset, and transport time (TT) was

defined as the time period between transport phase move-

ment onset and transport time movement offset. Movement

velocity for the approach and transport phases was calcu-

lated using a first-order central difference technique, and

time normalized to 100 data points prior to calculation of

peak velocity and time to peak velocity.

Statistical analysis

In order to assess differences in initial grasping posture

(‘‘thumb up’’, ‘‘thumb down’’), analyses were performed

on the factors hand (dominant, non-dominant), object end

orientation (no rotation, rotation), target location (left,

right), and time spent at the start position (0.0, 9.0 s).

Differences in the kinematic and the timing structure were

examined using separate repeated measures ANOVAs on

the factors hand (dominant, non-dominant), object end

orientation (no rotation, rotation), target location (left,

right), and time spent at the start position (0.0, 9.0 s) on the

following variables: approach time (ms), transport time

(ms), approach phase peak velocity (mm/s), transport phase

peak velocity (mm/s), approach phase time to peak velocity

(% approach phase), and transport phase time to peak

velocity (% transport phase).

Results

Comfort ratings

Comfort at the start and end location was analyzed using

separate repeated measures ANOVA’s on the factors 2

initial grip (‘‘thumb up’’, ‘‘thumb down’’) 9 2 end orien-

tation (no rotation, rotation) 9 2 target location (left/,

right) 9 hand (left, right).

Analysis of comfort at the start location (when partici-

pants grasped the object from the home base) indicated that

‘‘thumb up’’ grip postures (mean comfort rating = 4.75)

were significantly more comfortable than a ‘‘thumb down’’

grip (mean comfort rating = 2.47), [F(1,19) = 97.86,

P \ 0.001]. No other effect or interaction reached

significance.

Analysis of comfort at the end location (when the object

was placed at the target) revealed higher comfort ratings

Fig. 1 a Front view of the

experimental setup. b Bird’s eye

view of the experimental setup.

Stimulus indicating the time to

be spent at initial grasp and the

required end orientation and

target. In the depicted example,

participants were required to

grasp and hold the object for

9 s, before placing it onto the

right target with the gray end

down

3 For all participants, this was the marker located on the styloid

process of radius.
4 The Woltring filter is commonly in the analysis of motion capture

data and is equivalent to a double Butterworth filter. The benefit to the

Woltring filter is that higher-order derivatives can be calculated from

the analytic derivative of the polynomial spline.
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for an initial ‘‘thumb up’’ posture (mean comfort rat-

ing = 3.44), compared with an initial ‘‘thumb down’’

posture (mean comfort rating = 3.24), [F(1,19) = 17.31,

P = 0.001]. In addition, higher comfort ratings were

obtained when the object was to be rotated (mean comfort

rating = 3.41), compared to when no rotation was required

(mean comfort rating = 3.28), F(1,19) = 6.72, P = 0.018.

The main effect of hand was not significant, F(1,19) =

2.75, P = 0.114. Moreover, perceived end comfort was

influenced by target location and hand. For the left hand,

comfort ratings were higher for the left target location

(mean comfort rating = 3.57) compared to the right target

location (mean comfort ratings = 3.01). In contrast, for the

right hand, comfort ratings were higher for the right target

location (mean comfort = 3.65) compared to the left target

location (mean comfort = 3.14), [F(1,19) = 37.41,

P \ 0.001].

Most importantly, there was a significant initial grip by

end-orientation interaction, F(1,19) = 103.68, P \ 0.001.

When the movement did not require rotation, participants

rated end position comfort as more comfortable when they

grasped the object with an initial ‘‘thumb up’’ posture

(mean comfort rating = 4.48) than with an initial ‘‘thumb

down’’ posture (mean comfort rating = 2.07). In contrast,

when the movement required rotation, participants rated

end position comfort as more comfortable when they ini-

tially grasped the object with a ‘‘thumb down’’ posture

(mean comfort rating = 4.42) than with an initial ‘‘thumb

up’’ posture (mean comfort rating = 2.40).

Based on these results, during trials that did not require

rotation, end-state comfort was defined by the adoption of

initial ‘‘thumb up’’ postures. In contrast, when the object

required rotation, end-state comfort was defined by the

adoption of initial ‘‘thumb down’’ postures.

Grasping task

Grasp postures

Chi-square tests revealed no differences in end-state com-

fort satisfaction between the dominant and non-dominant

hands [v2(1) = 0.276, P = 0.599], the left and right targets

[v2(1) = 0.125, P = 0.724], or as a function of time

[v2(1) = 1.12, P = 0.289]. However, the proportion of

total trials that participants ended in a comfortable posture

was significantly higher when no rotation of the object was

required (98%), compared to when 180� rotation was

required (61%), v2(1) = 42.0, P \ 0.001. Most interest-

ingly, for the 180� rotation trials, the sensitivity toward

comfortable end postures was influenced by hand and tar-

get location. For the dominant right hand, end-state com-

fort satisfaction was higher for the right (73%), compared

with the left target location (41%). In contrast, for the non-

dominant left hand, end-state comfort satisfaction was

higher for the left (80%), compared to the right target

location (46%) v2(1) = 18.1, P \ 0.001. Thus, end-state

comfort satisfaction was significantly lower for the con-

tralateral target location for both the dominant and non-

dominant hands (Fig. 2a).

Kinematic data

Approach time values were, on average, shorter when the

object was transported without rotation (1,042 ms),
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compared to when the object was rotated 180� (1,133 ms),

F(1,12) = 15.05, P = 0.002. For 180� rotation trials,

approach time values were similar for the dominant

(1,127 ms) and the non-dominant hand (1,139 ms). In

contrast, when the object did not require rotation, approach

times for the non-dominant hand were faster (1,020 ms)

than the dominant hand (1,065 ms), F(1,12) = 6.43,

P = 0.026.

In addition, peak velocity values were significantly

higher for those trials that did not require rotation

(712 mm/s), compared with trials that required 180� object

rotation (627 mm/s), F(1,12) = 11.49, P = 0.005. The

decelerative portion of the velocity profile of the approach

phase was longer for 180� rotation trials (39%), compared

with trials that did not require object rotation (41%),

F(1,12) = 12.17, P = 0.004. A significant object end ori-

entation by target location interaction was observed,

F(1,12) = 4.84, P = 0.048. For trials that did not require

rotation, the decelerative portion of the velocity profile was

similar for the left and the right target (both 41%). In

contrast, for trials that required 180� rotation, the decel-

erative portion was longer for the left (38%), compared to

the right target (40%).

On average, transport time values were smaller when the

object did not require rotation (1,282 ms), compared to

when the object required 180� rotation (1,410 ms),

F(1,12) = 31.14, P \ 0.001. Transport time values were

also shorter when participants transported the object

immediately after grasping it (1,288 ms), compared to

when they had to hold onto the object for 9 s (1,403 ms),

F(1,12) = 16.86, P = 0.001. A significant target loca-

tion 9 hand interaction was observed, F(1,12) = 23.33,

P \ 0.001. For the non-dominant hand, transport times

were faster to the left target (1,302 ms), compared to the

right target (1,354 ms). In contrast, for the dominant hand,

transport times were faster to the right target (1,320 ms),

compared to the left target (1,405 ms). Thus, transport

times were significantly shorter for movements to the

ipsilateral target for both the dominant and non-dominant

hands (Fig. 2b).

In addition, a target location 9 time spent at start

position interaction was observed, F(1,12) = 8.30,

P = 0.014. Transport time values were similar between the

two target locations when participants had to hold onto the

object for 9 s before transporting the object (left target:

1,398 ms, right target: 1,408 ms). In contrast, when par-

ticipants did not have to hold onto the object before

transporting it, transport time values were smaller for the

right target (1,267 ms), compared to the left target

(1,310 ms).

Peak velocity values were significantly higher for tri-

als that required 180� rotation (582 mm/s), compared

with trials that did not require rotation (535 mm/s),

F(1,12) = 7.77, P = 0.016. For both hands, peak velocity

values were higher for the left target location than the right

target location. However, this was more pronounced for the

non-dominant hand (left target: 594 mm/s, right target:

568 mm/s) compared with the dominant hand (left target:

551 mm/s, right target: 543 mm/s), F(1,12) = 8.06,

P = 0.015.5

Discussion

In this study, we examined whether manual asymmetries

are evident on both a motor planning and a motor execution

level during a unimanual object manipulation task, in

which target location, target orientation, and time spent in

an initial posture were manipulated. The following main

findings were observed. First, manual asymmetries were

not observed during either motor planning or movement

execution. Second, initial grasp postures and kinematics

were in large part influenced by target location and the

required end orientation of the object. Third, end-state

comfort was not influenced by the amount of time spent in

an initial posture. However, it did alter the movement

kinematics of the task. The discussion will focus primarily

on these new findings.

Based on previous findings from both healthy (Janssen

et al. 2009, 2011) and patient populations (Crajé et al.

2009; Steenbergen et al. 2004), it was hypothesized that

end-state comfort would be more pronounced for the right,

compared with the left hand. However, our findings did not

support this hypothesis, as end-state comfort satisfaction

was similar irrespective of hand. One possible explanation

for the divergent results obtained in the present experiment

(see also Hughes et al. 2011b) and those of Steenbergen

et al. (Crajé et al. 2009; Janssen et al. 2009, 2011; Steen-

bergen et al. 2004) is the degree of precision at the end of

the movement. For example, in the studies of Janssen et al.

(2011), participants placed a CD casing into a box, and in

the Crajé et al. (2009) study, participants grasped and

placed the object ‘‘vertically with the marker facing

upwards in a tight fitting box’’ (Crajé et al. 2009, p. 60). In

contrast, in the present study, the object (7 cm in diameter)

was placed onto a target (9.6 cm) that had a depth of 3 mm.

5 We are aware that the differences in kinematics between the

rotation and no rotation trials are in part due to the initial grasp

posture (thumb up versus thumb down). We would have examined

differences in kinematics based on the initial grasp posture; however,

a number (n = 6) of the participants used the same initial grasp

posture in 100% of the trials for each condition (no rotation versus

rotation). Thus, when pooling the data across initial grasp posture, we

encountered an empty cell problem. We do not use partial deletion

techniques (listwise or pairwise) to treat the data because such

techniques would have reduced the dataset to seven participants, (and

thus decreased statistical power).
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Thus, we believe that these ‘‘fitting’’ tasks require a higher

level of precision at the end of the movement than the

‘‘placing’’ tasks that we have employed and that the pres-

ence of manual asymmetries during the planning of initial

grasp postures is influenced by the precision demands of

the task (Hughes et al. 2011a, b).

In addition, counter to the expectation that the dominant

right arm would have a strong advantage over the non-

dominant hand during motor execution, we did not observe

any manual asymmetries. Concurrent with the previous

research, we hypothesize that the presence and degree of

manual asymmetries in motor performance are influenced

by the context in which the task is performed. For example,

Flowers (1975) examined the performance of left- and

right-handed individuals in a simple rhythmical tapping

task and a complex manual-aiming task. Although large

asymmetries between the two hands were observed during

the manual-aiming task, there were negligible asymmetric

differences in the tapping task. Furthermore, it has also

been shown that precision demands (Bryden and Roy

1999), the spatial variability of the movement trajectory,

and the number of spatial axis in which the movement must

be controlled (Roy et al. 1995) all contribute to the degree

of manual asymmetry. Thus, we believe that the presence

and extent of manual asymmetry varies depending on the

context in which the task is performed (Bryden 2000) and

the complexity of the task (Hausmann et al. 2004).

Alternatively, it is possible that the lack of hand dif-

ferences is due to the task and experimental design of the

present study.6 We leave open the possibility that a more

natural task (e.g., pouring water into a cup) might better

detect differences in manual asymmetries during both

motor planning and motor execution. For example, it

would be worthwhile to examine manual asymmetries

during goal-directed actions across a variety of task con-

texts. If manual asymmetries are, in part, influenced by the

ecological validity, then one would expect to see increased

asymmetries for more naturalistic tasks. Future researchers

should investigate this issue in greater depth.

A second finding of the present study is that although

end-state comfort and kinematics were not influenced by

hand, both motor planning and execution were affected by

object rotation requirements. Specifically, the tendency to

adopt initially uncomfortable postures was lower when the

object required rotation (61%), compared to when the

object did not require rotation (98%). This finding is

intriguing, given that previous unimanual studies typically

report much higher end-state comfort proportions (Rosen-

baum and Jorgensen 1992; Rosenbaum et al. 1990; Weigelt

et al. 2006). Note that in those studies, participants grasped

the object from a horizontal start position and rotated it 90�

to place it into a vertical end position, whereas in the

present study, the object was to be transported and rotated

180� from a vertical start position to a vertical end position.

In both unimanual (Rosenbaum and Jorgensen 1992; Ro-

senbaum et al. 1990; Weigelt et al. 2006) and bimanual

situations (Hughes et al. 2011b; Weigelt et al. 2006) where

90� internal or external rotation is required, end-state

comfort proportions are typically higher than 90%. In

contrast, when 180� rotation is required, end-state comfort

is typically much lower (Hughes and Franz 2008; Hughes

et al. 2011a, b). Thus, it appears that the sensitivity toward

end-state comfort is strongly influenced by the degree of

object rotation.

We observed longer approach and transport times and

smaller time to peak velocity values during the approach

phase, when the object was rotated 180�, compared to

when the object was not rotated. These findings are con-

gruent with the previous work, demonstrating that move-

ment kinematics is influenced by the required angle of

rotation. For example, Mason and Bryden (2007) asked

participants to transport a cubic object to a target located

away from the body, while also rotating the object 45� or

90�. The authors found that participants took longer to

perform the task when the object required 90�, than when

the object required 45� rotation. Based on these results, the

authors state that hand transport and hand rotation are not

independently controlled processes. Similarly, in the pres-

ent study, we also observed that transporting and rotating

the cylinder were performed in tandem rather than in

succession, supporting this assumption.

It is possible that the decrease in end-state comfort

satisfaction during trials that required 180� object rotation

arises from mental rotation processes. Mental rotation

involves forming an internal visual representation of an

object and then transforming the internal image by rotating

it until it reaches the intended end position (Shepard and

Cooper 1982). In general, response times increase in a

linear fashion with larger rotation angles (Shepard and

Metzler 1971) and that the cognitive load imposed by the

stimuli is proportional to the number of degrees that the

stimuli needed to be rotated (Cooperau and Shepard 1973;

Fischer and Pellegrino 1988). Thus, it is possible that the

increased cognitive load associated with mentally rotating

the object 180� may have impeded the ability to plan initial

grasp postures that satisfy end-state comfort.

Alternatively, it is possible that the decrease in end-state

comfort satisfaction is due to biomechanical factors.

Compared to the 90� object rotations (horizontal-to-vertical

position) in previous studies (e.g., Rosenbaum et al. 1990),

satisfying end-state comfort in 180� object rotation tasks

(vertical-to-vertical position) like in the present study

requires tolerating more initial discomfort (see also Cohen

and Rosenbaum 2011). This is because (initial) ‘‘thumb6 We thank an anonymous reviewer for pointing this out.
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down’’ postures are generally perceived as more uncom-

fortable compared to (initial) ‘‘underhand’’ postures (see

Janssen et al. 2009, 2011; Rosenbaum et al. 1990). That is

to say, in horizontal-to-vertical transports (90� object

rotation), the overall comfort is higher when people satisfy

end-state comfort, compared to when they do not satisfy

end-state comfort, whereas in the vertical-to-vertical

transports (180� object rotation) it is similar regardless of

whether people satisfy end-state comfort or not. Thus, the

weighting of the two postures might have changed causing

the decrease in end-state comfort satisfaction for the rota-

tion trials in the present experiment (see also Hughes et al.

in 2011b for a similar argument.

Initial grip behavior and kinematics were also influenced

by target location. In line with the previous unimanual

reaching literature (Carey et al. 1996; Carey and Otto-de

Haart 2001; Fisk and Goodale 1985), we observed shorter

transport times when movements were made to targets

located on the same side of the body (ipsilateral) as the

grasping arm, compared to movements made to targets

located on the opposite side of the body (contralateral) as

the grasping arm for both the dominant and non-dominant

hands. In addition, we also observed lower end-state

comfort satisfaction (during 180� rotation trials) to move-

ments performed to the contralateral, compared to the

ipsilateral target. Based on behavioral (Brinkman and

Kuypers 1972; Haaxma and Kuypers 1975; Lawrence and

Kuypers 1968a, b) and neurophysiological evidence

(Colebatch et al. 1991; Grafton et al. 1993; Kim et al. 1993;

Nirkko et al. 2001) demonstrating stronger additional

ipsilateral brain activation for movements involving axial

and proximal limb muscles (e.g., shoulder) compared to

distal muscles (finger) (see also Evarts 1966; Gazzaniga

et al. 1967), we hypothesize that these ipsilateral target

advantages arise from corticospinal projections to the distal

and proximal muscles. For example, Colebatch et al.

(1991) used fMRI to examine the relative contributions

from primary and secondary motor areas during discrete

unilateral distal finger and proximal shoulder movements.

They found that the contralateral primary sensorimotor

cortex (SM1) was exclusively activated during the distal

finger opposition task. However, during the proximal

shoulder circling task, in addition to observing contralateral

activation, there was approximately 30% ipsilateral acti-

vation. In the present study, movements to the ipsilateral

target require the involvement of elbow, hand, and finger

muscles. In contrast, movements to the contralateral target

locations require the additional involvement of the shoul-

der muscles, thereby activating both contralateral and

ipsilateral motor areas. Consistent with neurophysiological

findings, we suggest that these ipsilateral advantages dur-

ing both planning and execution may have resulted from

the more exclusive contralateral corticospinal activation of

the distal musculature during movements to the ipsilateral

target.

A corollary purpose of this study was to examine whe-

ther end-state comfort is influenced by the amount of time

spent in an initial posture. Our findings, however, did not

support our hypothesis since we did not observe a decrease

in end-state comfort satisfaction as the amount of time

participants had to hold onto the object at the home loca-

tion increased. To explain this lack of results, it could be

argued that the stimuli were too complex and participants

could not attend to all relevant information before initiating

their movements. In the current task, the stimuli contained

information about the required object’s end orientation and

target location, as well as the time participants had to hold

onto the object prior to moving it. Given the large amount

of information, it is possible that participants focused pri-

marily on the object’s end orientation and target location

and ignored the countdown timer. Alternatively, it is pos-

sible that participants sought to reduce the load on the

elbow and shoulder joint by relaxing the arm and shoulder

muscles during trials that required them to hold the object

at the start position for 9 s before moving. This strategy

lowered the physical demands and awkwardness associated

with holding the limb in a specific posture for a certain

amount of time. Current experiments in our laboratory are

aimed at investigating these hypotheses.

Interestingly, although the amount of time spent in an

initial posture did not influence end-state comfort, it did

alter the movement kinematics of the task. We observed

shorter transport times when participants could transport

the object immediately after grasping it, compared to when

they had to hold onto the object for 9 s. In the 0 s condi-

tion, participants were able to grasp the object while still

moving and thus did not need to fully stop their hand while

grasping the object. Because participants did not need to

overcome inertia in order to transport the object, this

grasping strategy allowed for faster movement times dur-

ing the transport portion of the task. In contrast, in the 9 s

condition, the constraint to hold onto the object at the start

position required that participants arrest their hand move-

ments. In order to initiate the transport phase of the task,

participants had to produce more inertial force to move the

hand and object from a static position; resulting in

increased transport times.

In summary, initial grasp behavior and kinematics were

similar regardless of hand. However, target location and

object end orientation altered both initial grasp behavior

and kinematics. In contrast, time spent in an initial posture

did not influence end-state comfort (initial grasp behavior),

but it did influence how the movement was executed. The

divergent influence of specific constraints on initial grasp

behavior and kinematics has also been observed in

bimanual grasping and placing movements (Hughes et al.
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2011a). Hughes et al. (Hughes and Franz 2008; Hughes

et al. 2011a) postulate that successful task performance is

contingent on the action goals of the task, which guide the

selection of lower-level action features (e.g., initial grasp

postures), as well as the manner in which the task is per-

formed (e.g., kinematics). In particular, grasping and

placing movements can be separated into an initial grasp

and a transport component, within which there are a

number of constraints that the system seeks to satisfy. For

example, the study of Hughes et al. (2011a) examined how

physically connecting two objects might influence biman-

ual grasping and placing movements to identical or dif-

ferent object end-orientation targets. They found that

although object end-orientation congruency influences both

the grasping and transport components of the task, physi-

cally connecting the two objects altered only the degree of

interlimb coupling between the hands (e.g., on a kinematic

level). Taken together, these results indicate that con-

straints may not elicit equal effects on both the grasping

and transport components, and a more holistic approach to

human object manipulation may provide insights that

might not be apparent otherwise. The challenge now is to

examine how specific constraints mediate motor behavior

and to investigate how these constraints interact with one

another during object manipulation tasks.
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