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the slower speed—possibly the result of mechanical con-
straints of intercepting leftward-moving targets with one’s 
right hand.
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Introduction

We usually take for granted our visual system’s ability to 
guide hand movements when performing various everyday 
tasks. Whether we are picking up a morning cup of coffee 
or catching a ball while playing a game, we utilize visual 
information in our environment to interact with the world 
around us. When interacting with objects in our environ-
ment, we direct our gaze towards the object of interest and 
acquire visual information about its location and shape so 
that we may program the movement of our hand to reach 
out and grasp it (Desanghere and Marotta 2011; Hayhoe 
and Ballard 2005; Smeets et al. 1996).

Where we look is not random, but rather an active pro-
cess by the visual system to seek out information in our 
environment relevant to the task at hand (Henderson 2003). 
In reaching and grasping tasks, programming eye move-
ments to bring an object into our line of sight so that we 
may grasp it requires two main stages: first, selection of 
the object we want to look at and second, computation of 
a fixation and landing position on that object (Vishwanath 
and Kowler 2004). Fixating one’s gaze on an object directs 
the high-acuity fovea region of the eye’s retina towards 
that object, allocating greater attention to the task at hand. 
For this reason, we usually fixate on the object we want to 
interact with prior to reaching out to grasp it (Hayhoe and 
Ballard 2005; Hayhoe et al. 2003).

Abstract Grasping moving objects involves both spatial 
and temporal predictions. The hand is aimed at a location 
where it will meet the object, rather than the position at 
which the object is seen when the reach is initiated. Previ-
ous eye–hand coordination research from our laboratory, 
utilizing stationary objects, has shown that participants’ 
initial gaze tends to be directed towards the eventual loca-
tion of the index finger when making a precision grasp. 
This experiment examined how the speed and direction of 
a computer-generated block’s movement affect gaze and 
selection of grasp points. Results showed that when the 
target first appeared, participants anticipated the target’s 
eventual movement by fixating well ahead of its lead-
ing edge in the direction of eventual motion. Once target 
movement began, participants shifted their fixation to the 
leading edge of the target. Upon reach initiation, partici-
pants then fixated towards the top edge of the target. As 
seen in our previous work with stationary objects, final 
fixations tended towards the final index finger contact 
point on the target. Moreover, gaze and kinematic anal-
yses revealed that it was direction that most influenced 
fixation locations and grasp points. Interestingly, partici-
pants fixated further ahead of the target’s leading edge 
when the direction of motion was leftward, particularly at 

Electronic supplementary material The online version of this 
article (doi:10.1007/s00221-015-4413-7) contains supplementary 
material, which is available to authorized users.

 * Melissa C. Bulloch 
 melissabulloch@gmail.com

1 Perception and Action Lab, Department of Psychology, 
University of Manitoba, Winnipeg, MB R3T-2N2, Canada

2 Department of Psychology, University of Saskatchewan, 
Saskatoon, SK, Canada

http://crossmark.crossref.org/dialog/?doi=10.1007/s00221-015-4413-7&domain=pdf
http://dx.doi.org/10.1007/s00221-015-4413-7


3414 Exp Brain Res (2015) 233:3413–3423

1 3

Fixation locations appear to be tailored to meet the 
demands of specific tasks. For instance, fixations are typi-
cally directed towards the centre of mass (COM) of an 
object in perceptual tasks where participants are instructed 
to view the target as a whole, which may be ideal for 
determining the size and shape of the object (Brouwer 
et al. 2009; Desanghere and Marotta 2011; McGowan 
et al. 1998; Melcher and Kowler 1999; Vishwanath and 
Kowler 2004). In contrast, studies of object manipulation, 
where participants are instructed to grasp an object, have 
found that gaze is directed towards environmental features 
most important to manipulating hand movements, such 
as obstacles one must avoid, or specific grasp points on 
the objects (Brouwer et al. 2009; De Grave et al. 2008; 
Desanghere and Marotta 2011; Johansson et al. 2001). 
Recent experiments examining where participants look 
when grasping a stationary object with a precision grip—
where only the index finger and thumb make contact with 
the object—find that fixations favour the eventual index 
finger landing position on the object (Brouwer et al. 2009; 
Desanghere and Marotta 2008, 2011; Johansson et al. 
2001).

These investigations have provided valuable informa-
tion concerning visually guided grasping with stationary 
objects, but it is equally important that we investigate the 
complex processes involved in grasping moving objects. 
Imagine you are tossing a frisbee with a friend and that the 
frisbee has just been thrown to you. To successfully grasp 
the frisbee, your motor system rapidly makes elaborate cal-
culations based on visual information such as the frisbee’s 
position, orientation, and velocity. Since grasping mov-
ing objects involves both spatial and temporal predictions, 
hand movements must be aimed at the location the target 
is going to be at the time of contact, rather than the target’s 
location when the reach is initiated (Todd 1981). Thus, 
when grasping a moving object, it is crucial to find a bal-
ance between reaching quickly to maximize temporal accu-
racy and reaching carefully to maximize spatial accuracy 
(Tresilian et al. 2009). However, the kinematics of reach-
ing and grasping moving objects is only half the story. The 
other half involves where we look and what visual infor-
mation we use to coordinate our actions to grasp a moving 
object, which is less understood.

When an object of interest moves through our visual 
field, we track it by moving our eyes in an attempt to main-
tain fixation on the object and maximize its visibility (Mur-
phy 1978). This is also the case when reaching to intercept 
moving targets with a stylus or finger (Brenner and Smeets 
2007, 2009; Mrotek and Soechting 2007; Soechting and 
Flanders 2008). Previous research examining where partici-
pants look when catching a moving ball found that it was 
most essential for participants to obtain visual information 

about the ball at the beginning of its trajectory, and then 
again right before catching the ball (Lòpez-Moliner et al. 
2010; Lòpez-Moliner and Brenner 2014). If the trajectory 
of a moving object is known, it is likely unnecessary to 
track the object throughout its entire movement (Brenner 
and Smeets 2011). However, if the time at which partici-
pants are cued to grasp a moving object is varied, it is pos-
sible that they will spend additional time tracking the object 
in order to successfully grasp it. Similarly, if the moment 
at which participants must move to intercept the object is 
unknown, it is likely that they will maintain close fixation 
of the object throughout its trajectory, as this will provide 
additional visual information that can be used to grasp the 
object in a more precise and stable fashion (Brenner and 
Smeets 2011).

Research in the visuomotor field has seen much pro-
gress in recent years, but still lacks a complete under-
standing of how a moving object influences human gaze 
and grasp locations. The present study examined how 
gaze and grasp locations were influenced by a horizon-
tally translating computer-generated target block, moving 
at one of two speeds in different directions. It was hypoth-
esized that whether viewing a slow- or fast-moving tar-
get, participants would initially fixate their gaze above the 
COM, towards the eventual index finger contact point—
since the target would initially be stationary. This was 
based on previous research with stationary objects illus-
trating that initial fixations favoured the eventual index 
finger landing position on the object (Brouwer et al. 2009; 
Desanghere and Marotta 2008, 2011; Prime and Marotta 
2013). Alternatively, we hypothesized that participants 
might anticipate the movement of the target and initially 
fixate the target’s eventual leading edge—the edge facing 
the direction of eventual motion. For slow-moving targets, 
it was predicted that participants would track the leading 
edge or COM of the target until initiating their reach, at 
which point they would shift their fixation towards the 
top edge of the target, and the eventual index finger con-
tact point. In contrast, it was hypothesized that for fast-
moving targets, participants would make a series of quick 
eye movements placing their fixation further ahead of 
the target (in anticipation of the grasp tone) until initiat-
ing their reach, at which point they would shift their fixa-
tion towards the top edge of the target, towards the even-
tual index finger contact point. In sum, regardless of the 
gaze strategies participants made prior to reaching, it was 
expected that their final fixation locations would be biased 
towards the index finger landing position on the target. 
Overall, the goal of this experiment was to demonstrate 
the effects of target speed, direction, and translational 
movement in a novel way to further our understanding of 
eye–hand coordination.
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Methods

Participants

Twelve undergraduate psychology students (7 females) 
between the ages of 19 and 27 years (M = 22.6) were 
recruited through the University of Manitoba’s Psychology 
Department Participant Pool and received course credit as 
part of their Introductory Psychology course. All partici-
pants were strongly right-handed, as determined by a modi-
fied version of the Edinburgh Handedness Inventory (Old-
field 1971), and had normal or corrected-to-normal vision. 
Informed consent was obtained from all individual partici-
pants included in the study. All procedures were approved 
by the Psychology/Sociology Research Ethics Board 
(PSREB) at the University of Manitoba.

Stimuli and materials

Participants were required to perform a grasping task to a 
white computer-generated block (4 × 4 cm) presented on 
a black background on a 24-in. (60.96 cm) computer moni-
tor. The block appeared with its trailing edge positioned 
1 cm from either the far left or right edge of the screen. 
The monitor was positioned 55 cm away from a chin rest 
mounted on the edge of a table.

Grasping movements were recorded with an Optotrak 
Certus 3-D recording system (Northern Digital, Inc., 
Waterloo, ON, Canada). A total of six infrared light-emit-
ting diodes (IREDs) were fastened onto each participant’s 
right hand and wrist. Two IREDs were placed on the par-
ticipant’s index finger (positioned on the nail and left side 
of the cuticle), two on their thumb (positioned on the nail 
and right side of the cuticle), and two on their wrist (posi-
tioned on the radial portion of the wrist). An EyeLink II 
head-mounted eye tracking system (SR Research Ltd., 
Mississauga, ON, Canada) was used to record binocular 
eye movements. MotionMonitor (MM) software (Inno-
vative Sports Training, Inc., Chicago, IL, USA) was used 
to integrate eye, head, and hand data into a common spa-
tial and temporal frame of reference sampled at 130 Hz. 
MM was also used to generate the two-dimensional target 
block and calculate eye and finger positions relative to the 
target’s COM for each trial. Custom software, developed 
using MATLAB (R2008a, The MathWorks Inc., Natick, 
MA, USA), was used to generate an 8-kHz auditory tone, 
which signalled the participants to make a grasping move-
ment. The software was run on an Inspiron 545 Dell com-
puter (Duo Core 3.16 GHz). Both eyes were calibrated 
using a nine-point calibration/validation procedure on the 
monitor. To ensure accurate calibration of less than 1-cm 
error and reliability of binocular eye data, accuracy checks 
were conducted immediately following calibration and at 

the beginning and end of each of the four blocks of trials. 
This was accomplished by having participants fixate on a 
dot at the centre of the monitor and comparing the position 
of their fixation to the position of the dot.

Procedure

Figure 1 shows the general experimental paradigm. Each 
experimental trial began with presentation of the computer-
generated target block on either the far right or left edge of 
the monitor. The target remained stationary for 1.5 s and 
then moved horizontally towards the opposite end of the 
monitor at either a “slow” speed (5 cm/s, 5.2 deg/s) or a 
“fast” speed (10 cm/s, 10.4 deg/s). At the start of a trial, 
participants were unaware of the speed the target would 
move. They could, however, infer the direction of move-
ment by the starting position of the stimulus. Participants 
kept their right hand on the start position on the tabletop 
40 cm in front of the centre of the monitor until they were 
prompted to reach and “grasp” the target by an auditory 
tone. The tone (600 ms in duration) was programmed to 
sound 1 s or 3.5 s after the target’s movement began, such 
that the target approached the central region of the monitor 
so that participants made mechanically consistent reaches 

Fig. 1  Experimental set-up (a) and in the MotionMonitor virtual 
environment (b), demonstrating how the eye and hand data are inte-
grated into a common reference frame in real time
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when grasping the target (Fig. 1). The distance between 
the centre of the target block at its starting position on the 
edge of the screen and the centre of the screen was 24 cm 
(25 deg).

Participants were instructed to grasp the target upon 
hearing the tone using a vertical precision grip. They were 
not instructed about where to grasp on the target block, 
only to reach out and grasp the target “quickly but natu-
rally” as if they were going to grab it off the screen. To 
make the task more closely resemble grasping a real object, 
the target block was programmed to stop moving just prior 
to participants’ fingers making contact with the screen, 
detected by the Optotrak via position information when the 
index finger or thumb IREDS came within 6 cm (resultant 
vector) from the centre of the target. Participants were then 
required to return their hand to the starting position once 
target movement stopped to await the next trial. Partici-
pants were not instructed about how they should track or 
look at the target block.

Distractor trials were incorporated in a third of the total 
trials. Distractor trials were similar to the experimental tri-
als except the auditory tone, which was presented either 1 
or 3.5 s after the object’s movement began, sounded when 
the object approached noncentral screen positions. In the 
slow condition, distractor trials had a tone delay of 1 s, 
resulting in reaches close to the object’s starting position. In 
the fast condition, distractor trials had a tone delay of 3.5 s, 
resulting in reaches towards the far quadrant of the screen. 
The experimental and distractor trials were randomly inter-
leaved to keep participants alert, and prevent them from 
being able to predict when the tone would sound.

Three practice trials were completed before beginning 
the experiment to acquaint participants with the task. Par-
ticipants then completed 120 randomized trials, divided 
into four blocks with 20 experimental trials and 10 distrac-
tor trials per block. Sessions took approximately 1.5 h to 
complete.

Data analyses

A within-subjects design was utilized in which all partici-
pants completed 120 trials in a randomized order. There 
were eight different trial conditions in total, four of which 
were experimental trials: (a) Fast-leftward; (b) Fast-right-
ward; (c) Slow-leftward; and (d) Slow-rightward. The other 
four trial conditions were distractor trials excluded from 
analysis. Gaze coordinates (both horizontal X and verti-
cal Y positions) were recorded for the full duration of each 
trial and were characterized into fixations based on a dis-
persion algorithm (see Salvucci and Goldberg 2000), with 
a minimum duration threshold of 100 ms and a maximum 
dispersion threshold of 1 cm. The dispersion algorithm 
identified fixations from the raw eye position data points 

when consecutive data points were located within a speci-
fied spatial window (maximum dispersion threshold) for 
a minimum period of time (minimum duration threshold). 
Analyses of eye fixation positions were conducted along 
the horizontal and vertical axes. Analyses of hand data 
were conducted on the index finger grasp position along 
the horizontal axis of the block, maximum grip aperture 
(MGA) between the index finger and thumb when partici-
pants reached for the moving target, the peak wrist velocity, 
and the total reach duration. Horizontal and vertical coor-
dinates of the gaze and the hand were examined relative to 
the target block’s centre (i.e. the block’s COM).

Two separate three-way 4 × 2 × 2 repeated measures 
ANOVAs (Time × Speed × Direction) were conducted on 
fixation locations in both horizontal and vertical dimen-
sions, calculated relative to the target’s COM. The four dif-
ferent time points for the Time factor were: when the target 
block appeared (Target Appears), when target movement 
was initiated (Target Moves), when hand movement was 
initiated (Reach Initiation), and at grasp (Target Grasped). 
Speed had two levels: Slow and Fast, and Direction had 
two levels: Right and Left. A detailed examination of the 
fixations at each time point will be discussed separately. 
Additionally, three separate 2 × 2 repeated measures ANO-
VAs (Speed × Direction) were conducted on the peak 
wrist velocity, MGA, and the total reach duration. Post hoc 
Tukey HSD tests were performed when necessary.

Results

Excluded fixations, frames, and trials

Any fixations that fell outside the boundaries of the monitor 
were excluded from analysis, as these values corresponded 
to eye angles exceeding the calibration range of the eye 
tracker. When combined with data lost due to equipment 
failures, 1.78 % of fixations, 0.39 % of frames (in root-
mean-square error calculation), and 2.2 % of trials were 
excluded from the analysis. Prior to calculating the root-
mean-square error, all frames containing gaze coordinates 
further than 15 cm away from the target block’s COM once 
its movement began were filtered out to remove any noise, 
blinks, and drops of corneal reflection. Table 1 shows the 
mean horizontal and vertical fixation positions during the 
experimental trial conditions.

Overall gaze analysis

For horizontal fixation position, we found a significant 
main effect for Direction [F(1, 11) = 1326.99, p < .01], 
showing that overall gaze was left of the COM for left-
ward-moving target blocks (M = −3.3 cm, SE = 0.09) 
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and right of COM for rightward-moving target blocks 
(M = 2.5 cm, SE = 0.1) when collapsing across Time and 
Speed. However, as shown in Table 1, mean fixation posi-
tion was directed to the leading edge of the target block 
at both the time points Target Appears and Target Moves 
(left of the COM for leftward motion and right of the COM 
for rightward motion), but gaze appeared closer and to the 
left of the COM in the Reach Initiation and Target Grasped 
time points, irrespective of direction and speed. These 
observations were confirmed by the significant interac-
tions Time × Direction [F(3, 33) = 1219.77, p < .01] and 
Time × Speed × Direction [F(3, 33) = 23.58, p < .01]. 
Post hoc Tukey tests conducted to unpack the three-way 
interaction yielded significant differences when comparing 
the Target Appears and Target Moves time points against 
each other, and both of these time points against Reach Ini-
tiation and Target Grasped for all different levels of direc-
tion and speed. No significant effects were found for any 
of the comparisons between the time points of Reach Ini-
tiation and Target Grasped. No significance was found for 
main effect of Time [F(3, 33) = 0.39, p = .76] or Speed 
[F(1, 11) = 2.64, p = .13], nor was there a significant inter-
action for Time × Speed [F(3, 33) = 0.941, p = .43] or 
Speed × Direction [F(1, 11) = 0.007, p = .94].

For vertical fixation position, the three-way ANOVA 
yielded significance for Speed [F(1, 11) = 16.71, p < .01] 
and Direction [F(1, 11) = 6.44, p = .02]. Gaze was 
higher in the slow and rightward conditions (M = 0.9 cm, 
SE = 0.2) compared to the fast and leftward conditions 
(M = 0.7 cm, SE = 0.15). The main effect for Time was 
significant [F(3, 33) = 27.007, p < .01] and follow-up 
post hoc Tukey tests yielded significant results (p < .05) 
when Target Appears (M = 0.62 cm, SE = 0.16) and Tar-
get Moves (M = 0.49 cm, SE = 0.18) were compared to 
Target Grasped (M = 1.17 cm, SE = 0.18) and a marginal 
significant comparison (p = .059) between Target Moves 
and Reach Initiation (M = 0.92 cm, SE = 0.16), col-
lapsing across Speed and Direction. In general, gaze was 
directed more towards the top edge of the target block at 
the Target Grasped time point. Other patterns that are 

revealed in Table 1 show that mean vertical fixation posi-
tions appear to be generally higher in the slow and the 
rightward conditions compared to fast and leftward, par-
ticularly at the earlier time points of Target Appears and 
Target Moves. These observations were confirmed by the 
significant Time × Direction [F(3, 33) = 8.87, p < .01] 
and Time × Speed × Direction [F(3, 33) = 5.85, p < .01] 
interactions. No significant differences were found for 
the Time × Speed [F(3, 33) = 1.04, p = .39] and the 
Speed × Direction [F(1, 11) = 0.006, p = .94] interactions.

The results from the three-way ANOVAs for both hori-
zontal and vertical fixation positions revealed significant 
two-way interactions between Time and Direction and 
three-way interactions between Time, Direction, and 
Speed. Since we were primarily interested in examin-
ing gaze behaviour at the four selected time points, and to 
show more clearly how gaze changed within the trial, we 
included more specific post hoc Tukey tests that were con-
ducted to follow up these significant interactions separated 
for each time point in the following sections.

Fixations when the target block first appeared

Since participants had no way of knowing whether the tar-
get block would eventually move at a fast or slow speed 
at this time point, we collapsed speed and calculated their 
fixation positions according to the side of the screen the tar-
get appeared at the start of the trial. Mean fixation positions 
were 0.3 cm above (SE = 0.18) and 8.7 cm (SE = 0.26) to 
the right of the COM, when the object appeared on the left 
side, and 0.9 cm (SE = 0.19) above and 9.5 cm (SE = 0.14) 
to the left of the COM, when the target appeared on the 
right side of the screen. These differences in both the hori-
zontal and vertical dimensions were statistically significant 
(p < .01).

Fixations when the target block began to move

Figure 2 shows the mean horizontal and vertical fixation 
positions for both speeds when the target block began 

Table 1  Mean horizontal (X) and vertical (Y) fixation positions (cm) during the four time points of interest throughout each experimental trial 
condition

Positive and negative horizontal positions indicate right and left of object’s COM, respectively. Positive and negative vertical positions indicate 
above and below object’s COM, respectively. Standard errors of the means are in parentheses

Condition Object Appears Object Moves Reach Initiation Object Grasped

X Y X Y X Y X Y

Fast-left −10.25 (0.23) 0.32 (0.18) −2.99 (0.19) 0.28 (0.18) −0.47 (0.18) 0.80 (0.16) 0.16 (0.15) 1.05 (0.16)

Slow-left −8.84 (0.21) 0.39 (0.19) −3.31 (0.20) 0.28 (0.19) −0.70 (0.17) 1.00 (0.17) −0.35 (0.11) 1.27 (0.19)

Fast-right 9.12 (0.32) 0.77 (0.17) 1.93 (0.18) 0.63 (0.20) −0.29 (0.18) 0.90 (0.16) −0.94 (0.17) 1.15 (0.18)

Slow-right 8.30 (0.31) 1.02 (0.20) 2.34 (0.24) 0.75 (0.20) −0.0048 (0.20) 0.99 (0.21) −0.42 (0.18) 1.20 (0.19)
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moving leftward (Fig. 2a) and rightward (Fig. 2b). For both 
fast- and slow-moving targets, mean horizontal fixations 
were to the left of the COM for leftward-moving targets 
and to the right of the COM for rightward-moving targets. 
Post hoc Tukey comparisons between the four mean hori-
zontal fixation positions revealed no significant differences 
between speeds within the same direction condition (i.e. the 
comparisons between fast-moving and slow-moving condi-
tions in the leftward direction, and between fast-moving 
and slow-moving conditions in the rightward direction, all 
p > .05), while all other comparisons differed significantly 
from one another (all p < .01). Nonsignificant results were 
also found for mean vertical fixation positions when com-
paring speeds within each direction condition (p > .05): 
participants fixated above COM in all conditions.

Fixations when participants initiated reaches

Mean horizontal fixation positions in the leftward direc-
tion condition were 0.7 cm (SE = 0.17) and 0.47 cm 
(SE = 0.18) left of COM for slow- and fast-moving speeds, 
respectively. Mean horizontal fixations in the rightward 
direction condition were 0.005 cm (SE = 0.2) and 0.29 cm 

(SE = 0.18) left of COM for slow- and fast-moving speeds, 
respectively. No significant differences were found for 
horizontal fixations between any of the four different com-
binations of speed and direction. Mean vertical fixation 
positions in the leftward direction condition were 0.8 cm 
(SE = 0.16) and 1 cm (SE = 0.21) above COM and in the 
rightward direction condition were 1 cm (SE = 0.17) and 
0.9 cm (SE = 0.17) above COM for slow- and fast-moving 
speeds, respectively. No significant differences were found 
for vertical fixations between any of the four different com-
binations of speed and direction (p > .05), except between 
slow- and fast-moving targets in the leftward direction con-
dition (p < .05).

Fixations when participants grasped the target block

Figure 2 shows the mean horizontal and vertical fixa-
tion positions for both speeds when participants grasped 
leftward-moving (Fig. 2c) and rightward-moving (Fig. 2d) 
targets. Unlike the other time points, the mean horizontal 
fixation positions when grasping a leftward-moving target 
were to the right of the COM during the fast-moving con-
dition and to the left of the COM during the slow-moving 

Fig. 2  Mean fixation positions 
when (a) the target block began 
moving leftward, (b) the target 
block began moving rightward, 
(c) participants grasped a 
leftward-moving target, and (d) 
participants grasped a right-
ward-moving target. Centre of 
mass = COM. Positive fixation 
location values on the y-axis 
indicate that fixations were 
above the target block’s COM. 
Negative fixation location val-
ues on the x-axis indicate that 
fixations were to the left of the 
target block’s COM. Error bars 
represent the standard error of 
the mean
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condition. In both the slow- and fast-moving rightward 
conditions, mean horizontal fixations were to the left of the 
COM. No significant differences were found between these 
horizontal fixations (p > .05), except between leftward and 
rightward directions in the fast speed condition (p < .01). 
For leftward-moving targets, the mean vertical fixations 
were significantly higher in the slow-moving condition 
than they were in the fast-moving condition (p < .01). In 
the rightward condition, the mean vertical fixations were 
above the COM for both fast- and slow-moving speeds. No 
significant differences were found between all other com-
parisons (p > .05).

Gaze relative to grasp position

To determine how closely participants’ fixations cor-
responded to their final index finger contact point when 
grasping the target block, difference scores between final 
fixation locations and final index finger contact points 
in the horizontal axis were calculated and run through a 
2 × 2 repeated measures ANOVA to compare the effects 
of Speed (slow and fast) and Direction (leftward and right-
ward). The analysis showed that there was a significant 
main effect for Speed [F(1, 11) = 9.95, p = <.01], but no 
significance was found for main effect of Direction [F(1, 
11) = 0.27, p = .61], nor was there a significant interac-
tion for Speed × Direction [F(1, 11) = 1.45, p = .25]. Col-
lapsing across Direction, it was found that participants fix-
ated on average 0.17 cm (SE = 0.2) right of the final index 
finger contact point when grasping fast-moving targets and 
0.04 cm (SE = 0.2) left of the final index finger contact 
point when grasping slow-moving targets. On average, par-
ticipants grasped the target block 0.46 cm (SE = 0.2) left 
of its COM across all conditions. Additionally, participants’ 
final fixations in the vertical axis when grasping the targets 
were 1.17 cm (SE = 0.2) above the COM.

Root‑mean‑square error analysis

To examine the extent to which participants’ eyes did not 
reproduce the target block’s motion, root-mean-square 
error (RMSE) values of participants gaze locations rela-
tive to the target’s COM were computed (Fig. 3). Signifi-
cant main effects were found for Speed [F(1, 11) = 49.59, 
p < .001] and Direction [F(1, 11) = 9.81, p < .01]. Addi-
tionally, a significant Speed × Direction interaction was 
found [F(1, 11) = 9.21, p < .01] (Fig. 3). Post hoc Tukey 
pair-wise comparisons between the four average RMSEs 
revealed that all conditions differed significantly from one 
another (p < .05), except for the fast-moving rightward and 
slow-moving rightward conditions (p > .05). Overall, it 
was found that participants consistently fixated towards the 
leading edge of the moving targets.

Reach and grasping kinematics

We were also interested in examining how the reaching and 
grasping kinematics might differ between the four target 
movement conditions. We analysed the MGA, peak wrist 
velocity, and total reach duration. For MGA, a significant 
main effect for Speed was found [F(1, 11) = 6.74, p < .05], 
but no significance was found for main effect of Direction 
[F(1, 11) = 0.72, p = .42], nor was there a significant inter-
action for Speed × Direction [F(1, 11) = 2.30, p = .16]. 
Collapsing across Direction, it was found that participants 
had an average MGA of 5.27 cm (SE = 0.1) when grasping 
fast-moving target blocks and an average MGA of 5.17 cm 
(SE = 0.1) when grasping slow-moving target blocks.

The analysis of peak wrist velocity showed a significant 
main effect for Speed [F(1, 11) = 8.66, p < .05] and Direc-
tion [F(1, 11) = 14.19, p < .01], as well as a significant 
Speed × Direction interaction [F(1, 11) = 10.61, p < .01]. 
Post hoc Tukey pair-wise comparisons between the peak 
wrist velocity averages for the four conditions revealed 
that all conditions differed significantly from one another 
(p < .05), except for the fast-moving rightward and slow-
moving rightward conditions (p > .05). The average peak 
wrist velocities for each of the experimental conditions are 
shown in Table 2. Overall, it was found that participants 
moved faster for the leftward-moving targets than for the 
rightward-moving targets.

The analysis of total reach duration showed a significant 
main effect for Direction [F(1, 11) = 6.13, p < .05], but 
no significance was found for main effect of Speed [F(1, 
11) = 0.73, p = .41], nor was there a significant interac-
tion for Speed × Direction [F(1, 11) = 3.66, p = .08]. 
Collapsing across Speed, it was found that participants 
reached more quickly towards leftward-moving targets 
(M = 528 ms, SE = 33) compared to rightward-moving 
targets (M = 552 ms, SE = 32).

Fig. 3  Root-mean-square error for horizontal gaze locations as a 
function of speed and direction throughout all four experimental con-
ditions. Centre of mass = COM. Error bars represent the standard 
error of the mean. Positive gaze location values indicate how far par-
ticipants looked ahead of the target’s COM during target motion
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Summary

To bring together all of these findings and better illus-
trate what occurred in a typical trial, Fig. 4 presents the 
key frames (i.e. the four fixation locations of interest) of 
an animation of a randomly selected typical slow-moving 
trial. The animations were created using a custom data 
analysis program made in the Perception and Action Lab-
oratory at the University of Manitoba using MATLAB® 
(R2011a, The MathWorks Inc., Natick, Massachusetts, 
USA). The program used the collected eye and hand data 
to construct an animation of each trial, showing where par-
ticipants’ gaze, index finger, and thumb were relative to 
the target block at any point during the trial. In the illus-
trated slow-moving target trial, the participant first fixated 
ahead of the leading edge of the target block (Fig. 4a). 
Once the target began moving, the participant adjusted his 
or her gaze to fixate towards the leading edge of the tar-
get (Fig. 4b) and fixated there quite consistently according 
to the RMSE analysis. Upon hearing the tone and initiat-
ing movement of his or her hand, the participant fixated 
towards the top edge of the target block, closer to the 
COM (Fig. 4c). Finally, the participant looked towards the 
top edge of the target, near the contact point of the index 
finger (Fig. 4d).

Discussion

The goal of the present study was to gain new insight 
into how vision is used to guide hand movements when 
reaching to grasp moving targets. To accomplish this, we 
examined how people use vision to guide their grasping of 
slow- and fast-moving computer-generated blocks travel-
ling horizontally across a monitor. It was hypothesized that 
for both slow- and fast-moving targets, participants would 
initially fixate their gaze above the COM, towards the top 
edge, favouring the eventual index finger contact point. 
Alternatively, participants may have anticipated the move-
ment of the targets and initially fixated what would be the 
leading edge of the moving target—the edge facing the 
middle of the monitor.

Surprisingly, participants anticipated the movement of 
the target even more than expected by fixating an average 
of 7.1 cm ahead of the target block’s leading edge (9.1 cm 
ahead of the block’s COM). By initially fixating “ahead” of 
the target block, rather than on it, participants would reduce 
the likelihood of expending the cognitive effort to “catch-
up” to a target that has already started moving (Daye et al. 
2014; De Brouwer et al. 2002; Schütz and Souto 2011). 
Anticipatory look-ahead fixations have been described in 
previous research as reflecting early planning that provides 
behavioural advantages for later movements (Mennie et al. 
2007).

The analysis of fixation locations at specific time points 
of interest combined with the RMSE tracking error analy-
sis suggests that participants consistently tracked the lead-
ing edge of the moving targets, regardless of target speed. 

Table 2  Mean peak wrist velocity (cm/s) for each experimental trial 
condition

Standard errors of the means are in parentheses

Condition Mean

Fast-left 34.5 (3.8)

Slow-left 28.9 (2.5)

Fast-right 24.9 (1.5)

Slow-right 25.4 (1.6)

Fig. 4  Snapshots from an animation of a typical slow leftward-
moving trial showing adjustments in gaze position from the time the 
target block appeared on the screen (a), to when the target started to 
move (b), to when the reach was initiated and (c), to the when the tar-
get was grasped (d). Axes are labelled in world coordinates
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However, it was found that participants preferred to look 
further ahead of the target block’s leading edge when the 
direction of motion was leftward, particularly for the 
slow-moving target. This may be the result of mechanical 
constraints involved when intercepting leftward-moving 
objects with one’s right hand (Brenner and Smeets 2007). 
Since all participants used their right hand, it was necessary 
to reach across their bodies to grasp a target approaching 
the left edge of the screen, while they could simply move 
their arm forward to grasp an object approaching the right 
edge of the screen. Thus, a position further ahead of the 
leftward-moving target may have been selected to accom-
modate for this mechanical requirement. This possibility 
is further supported by the finding that participants moved 
faster to reach leftward-moving targets compared to those 
moving rightward.

One reason why slow- and fast-moving target blocks 
may have produced such similar patterns of behaviour is 
that the fast condition may not have been “fast enough” 
to require different gaze behaviour. In studies examining 
eye movements only, targets have to be moving at speeds 
greater than 30 deg/s to warrant such movements (De Brou-
wer et al. 2002; Rashbass 1961). However, because this 
study sought to examine gaze strategies for grasping mov-
ing target blocks, it was necessary to provide participants 
with sufficient time to reach and grasp the targets, while 
they were still visible and within reach on the screen. Addi-
tionally, if the movement of the target was too fast, partici-
pants’ reaching movements would likely have become more 
ballistic and interceptive, changing the nature of the type 
of action being studied (i.e. a precision grasp). Thus, the 
arm length of participants, as well as the size of the moni-
tor, limited the speed at which the moving targets could be 
presented. Even though fast- and slow-moving targets pro-
duced similar gaze patterns, it should be noted that there 
was a small but significant effect of target speed on MGA. 
Participants tended to open their hand a little wider when 
grasping the fast-moving targets—a possible reflection of 
stimulus uncertainty (Schlicht and Schrater 2007).

When the tone sounded and participants initiated their 
reach towards the target blocks, they fixated towards the 
top edge of the block, above the COM, under both slow and 
fast conditions. Furthermore, it was shown that participants 
fixated towards the eventual index finger contact point 
when they grasped the target under all of the experimen-
tal conditions. The fact that fixations upon reach initiation 
were closer to the eventual index finger contact point than 
fixations prior to the tone suggests that participants tended 
to make online adjustments during the trajectory of their 
grasp such that their gaze closely monitored the eventual 
index finger contact point on the target. By the time partici-
pants completed their grasp, their fixations fell even closer 
to where their index finger had landed, further suggesting 

that previous research findings regarding stationary objects 
may generalize to moving objects, particularly that gaze 
functions to guide the index finger for the specific needs of 
a task (Brouwer et al. 2009; Desanghere and Marotta 2008, 
2011; Johansson et al. 2001; Prime and Marotta 2013). 
Overall, it can be concluded that participants typically 
began looking towards their intended grasp site (where 
the index finger would make contact) when initiating their 
reach. Additionally, participants fixated their gaze towards 
the eventual index finger grasp site rather than the thumb’s, 
consistent with previous research (Brouwer et al. 2009; De 
Grave et al. 2008; Desanghere and Marotta 2008, 2011; 
Johansson et al. 2001; Prime and Marotta 2013).

Of course, when conducting a grasping study with 2D 
targets, one does have to be concerned whether these find-
ings will generalize to the 3D objects we interact with in 
our everyday lives. With 2D targets, the visual system is 
missing depth information about the object’s structure pro-
vided when viewing 3D objects, and the motor system is 
missing the haptic feedback that would come from actu-
ally picking up the object. Furthermore, there have been 
several studies that have demonstrated that 3D grasping 
and 2D pantomimed grasping differ in both kinematics 
and their neural underpinnings (e.g. Goodale et al. 1994; 
Króliczak et al. 2007; Vingerhoets 2014). To address some 
of these concerns, the target blocks were programmed to 
stop moving just as participants’ fingers made contact with 
the screen. In addition, the fact that on average, partici-
pants grasped the target 0.46 cm left of its horizontal COM 
demonstrates that they were grasping close to the midline 
of the target block, which is considered a stable grasp. A 
stable grasp is important when grasping real 3D objects, 
since an unstable grasp could result in the object slipping 
out of the person’s hand. In contrast, grasping computer-
generated targets with an unstable grasp does not have 
any negative consequences; the target will stop its move-
ment when the hand contacts the screen regardless of the 
stability of the grasp. However, the fact that participants 
grasped close to the midline of the target blocks in the cur-
rent study suggests that they were making stable grasps, 
treating the computer-generated target targets as if they 
were “real”, despite not being instructed about where to 
grasp on the target (Desanghere and Marotta 2008, 2011; 
Richtsfeld and Vincze 2011). Other studies have also 
shown support for the use of 2D objects in grasping stud-
ies. For instance, after comparing grasping of symmetrical 
3D and 2D objects, Kwok and Braddick (2003) suggested 
that the underlying processes driving perception of both 
stimuli are the same in both grasping and perceptual size-
estimation tasks. Another study by Westwood et al. (2002) 
found similar results and suggested that the visual control 
of grasping does not require haptic or depth information. 
The gaze and grasping behaviours made towards the 2D 
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target blocks used in the present study are comparable to 
much of the previous work in our laboratory utilizing 3D 
objects (Desanghere and Marotta 2008, 2011; Prime and 
Marotta 2013).

Conclusion

This study has provided a novel exploration of eye–hand 
coordination when grasping moving computer-generated 
targets. When grasping stationary objects, participants typi-
cally direct their gaze towards the top edge of the object, 
above the object’s COM, and near the index finger contact 
point on the object. The findings from the present study 
show that participants first fixate the leading edge of mov-
ing target blocks until they initiate their reach, at which 
point they also fixate closer to the index finger contact 
point, towards the top edge of the target block. Grasping 
studies incorporating complexity, such as object move-
ment, are essential to gaining greater insight into how peo-
ple interact with the world around them, and the pursuit of 
a more detailed model of visually guided grasping.

Eye–hand coordination plays a crucial role in our every-
day lives. Therefore, an understanding of the fundamental 
processes involved has widespread implications. Addition-
ally, an improved understanding of eye–hand coordination 
when interacting with moving objects may lead to new 
training strategies for various sports, as well as the develop-
ment of new free-moving robotics and control systems in 
dangerous or menial work environments.

Acknowledgments This research was supported by the Undergrad-
uate Student Research Award (USRA) from the Natural Science and 
Engineering Research Council of Canada (NSERC) and the Univer-
sity of Manitoba’s Undergraduate Research Award held by M.C.B, 
and a grant from NSERC held by J.J.M. Special thanks are due to 
Amir Meghdadi for his programming support.

Compliance with ethical standards 

Ethical standard All procedures performed in studies involving 
human participants were in accordance with the ethical standards of 
the institutional and/or national research committee and with the 1964 
Helsinki Declaration and its later amendments or comparable ethical 
standards.

References

Brenner E, Smeets JBJ (2007) Flexibility in intercepting moving 
objects. J Vision 7:1–7. doi:10.1167/7.5.14

Brenner E, Smeets JBJ (2009) Sources of variability in intercep-
tive movements. Exp Brain Res 195:117–133. doi:10.1007/
s00221-009-1757-x

Brenner E, Smeets JBJ (2011) Continuous visual control of 
interception. Hum Mov Sci 30:475–494. doi:10.1016/j.
humov.2010.12.007

Brouwer A, Franz VH, Gegenfurtner KR (2009) Differences in fixa-
tions between grasping and viewing objects. J Vision 9:1–24. 
doi:10.1167/9.1.18

Daye PM, Blohm G, Lefèvre P (2014) Catch-up saccades in head-
unrestrained conditions reveal that saccade amplitude is cor-
rected using an internal model of target movement. J Vision 
14:1–18. doi:10.1167/14.1.12

De Brouwer S, Yuksel D, Blohm G, Missal M, Lefèvre P (2002) What 
triggers catch-up saccades during visual tracking? J Neurophys-
iol 87:1646–1650. doi:10.1152/jn.00432.2001

De Grave DDJ, Hesse C, Brouwer A, Franz VH (2008) Fixation loca-
tions when grasping partly occluded objects. J Vision 8:1–11. 
doi:10.1167/8.7.5

Desanghere L, Marotta JJ (2008) Gaze strategies while grasping: 
what are you looking at?! J Vision 8:495. doi:10.1167/8.6.299

Desanghere L, Marotta JJ (2011) “Graspability” of objects affects 
gaze patterns during perception and action tasks. Exp Brain Res 
212:177–187. doi:10.1007/s00221-011-2716-x

Goodale MA, Jakobson LS, Keillor JM (1994) Differences in the 
visual control of pantomimed and natural grasping movements. 
Neuropsychologia 32:1159–1178

Hayhoe M, Ballard D (2005) Eye movements in natural behavior. 
Trends Cognit Sci 9:188–194. doi:10.1016/j.tics.2005.02.009

Hayhoe MM, Shrivastava A, Mruczek R, Pelz JB (2003) Visual 
memory and motor planning in a natural task. J Vision 3:49–63. 
doi:10.1167/3.1.6

Henderson JM (2003) Human gaze control during real-world scene 
perception. Trends Cognit Sci 7:498–504. doi:10.1016/j.
tics.2003.09.006

Johansson RS, Westling G, Bäckström A, Flanagan JR (2001) 
Eye-hand coordination in object manipulation. J Neurosci 
21:6917–6932

Króliczak G, Cavina-Pratesi C, Goodman DA, Culham JC (2007) 
What does the brain do when you fake it? An FMRI study of 
pantomimed and real grasping. J Neurophysiol 97:2410–2422. 
doi:10.1152/jn.00778.2006

Kwok RM, Braddick OJ (2003) When does the Titchener circles 
illusion exert an effect on grasping? Two- and three-dimen-
sional targets. Neuropsychologia 41:932–940. doi:10.1016/
S0028-3932(02)00324-X

Lòpez-Moliner J, Brenner E (2014) When must one look at 
the ball in order to be able to catch it? J Vision 14:843. 
doi:10.1167/14.10.843

Lòpez-Moliner J, Brenner E, Louw S, Smeets JBJ (2010) Catching 
a gently thrown ball. Exp Brain Res 206:409–417. doi:10.1007/
s00221-010-2421-1

McGowan JW, Kowler E, Sharma A, Chubb C (1998) Saccadic 
localization of random dot targets. Vision Res 38:895–909. 
doi:10.1016/S0042-6989(97)00232-0

Melcher D, Kowler E (1999) Shapes, surfaces and saccades. Vision 
Res 39:2929–2946. doi:10.1016/S0042-6989(99)00029-2

Mennie N, Hayhoe M, Sullivan B (2007) Look-ahead fixations: antic-
ipatory eye movements in natural tasks. Exp Brain Res 179:427–
442. doi:10.1007/s00221-006-0804-0

Mrotek LA, Soechting JF (2007) Target interception: hand–eye coor-
dination and strategies. J Neurosci 27:7297–7309. doi:10.1523/
JNEUROSCI.2046-07.2007

Murphy BJ (1978) Pattern thresholds for moving and stationary grat-
ings during smooth eye movement. Vision Res 18:521–530. 
doi:10.1016/0042-6989(78)90196-7

Oldfield RC (1971) The assessment and analysis of handed-
ness: the Edinburgh inventory. Neuropsychologia 9:97–113. 
doi:10.1016/0028-3932(71)90067-4

Prime SL, Marotta JJ (2013) Gaze strategies during visually-guided 
versus memory-guided grasping. Exp Brain Res 225:291–305. 
doi:10.1007/s00221-012-3358-3

http://dx.doi.org/10.1167/7.5.14
http://dx.doi.org/10.1007/s00221-009-1757-x
http://dx.doi.org/10.1007/s00221-009-1757-x
http://dx.doi.org/10.1016/j.humov.2010.12.007
http://dx.doi.org/10.1016/j.humov.2010.12.007
http://dx.doi.org/10.1167/9.1.18
http://dx.doi.org/10.1167/14.1.12
http://dx.doi.org/10.1152/jn.00432.2001
http://dx.doi.org/10.1167/8.7.5
http://dx.doi.org/10.1167/8.6.299
http://dx.doi.org/10.1007/s00221-011-2716-x
http://dx.doi.org/10.1016/j.tics.2005.02.009
http://dx.doi.org/10.1167/3.1.6
http://dx.doi.org/10.1016/j.tics.2003.09.006
http://dx.doi.org/10.1016/j.tics.2003.09.006
http://dx.doi.org/10.1152/jn.00778.2006
http://dx.doi.org/10.1016/S0028-3932(02)00324-X
http://dx.doi.org/10.1016/S0028-3932(02)00324-X
http://dx.doi.org/10.1167/14.10.843
http://dx.doi.org/10.1007/s00221-010-2421-1
http://dx.doi.org/10.1007/s00221-010-2421-1
http://dx.doi.org/10.1016/S0042-6989(97)00232-0
http://dx.doi.org/10.1016/S0042-6989(99)00029-2
http://dx.doi.org/10.1007/s00221-006-0804-0
http://dx.doi.org/10.1523/JNEUROSCI.2046-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.2046-07.2007
http://dx.doi.org/10.1016/0042-6989(78)90196-7
http://dx.doi.org/10.1016/0028-3932(71)90067-4
http://dx.doi.org/10.1007/s00221-012-3358-3


3423Exp Brain Res (2015) 233:3413–3423 

1 3

Rashbass C (1961) The relationship between saccadic and smooth 
tracking eye movements. J Physiol 159:326–338

Richtsfeld M, Vincze M (2011) Robotic grasping of unknown objects. 
In: Goto S (ed) Robot arms. InTech, Rijeka, Croatia, pp 123–136

Salvucci DD, Goldberg JH (2000) Identifying fixations and sac-
cades in eye-tracking protocols. Proceedings of the eye tracking 
research and applications symposium. ACM Press, New York, pp 
71–78

Schlicht EJ, Schrater PR (2007) Effects of visual uncertainty on 
grasping movements. Exp Brain Res 182:47–57. doi:10.1007/
s00221-007-0970-8

Schütz AC, Souto D (2011) Adaptation of catch-up saccades during 
the initiation of smooth pursuit eye movements. Exp Brain Res 
209:537–549. doi:10.1007/s00221-011-2581-7

Smeets JBJ, Hayhoe MM, Ballard DH (1996) Goal-directed arm 
movements change eye-head coordination. Exp Brain Res 
109:434–440

Soechting JF, Flanders M (2008) Extrapolation of visual motion for 
manual interception. J Neurophysiol 99:2956–2967

Todd JT (1981) Visual information about moving objects. 
J Exp Psychol Hum Percept Perform 7:795–810. 
doi:10.1037/0096-1523.7.4.795

Tresilian JR, Plooy AM, Marinovic W (2009) Manual intercep-
tion of moving targets in two dimensions: performance and 
space-time accuracy. Brain Res 1250:202–217. doi:10.1016/j.
brainres.2008.11.001

Vingerhoets G (2014) Contribution of the posterior parietal cortex in 
reaching, grasping, and using objects and tools. Front Psychol 
5:151. doi:10.3389/fpsyg.2014.00151

Vishwanath D, Kowler E (2004) Saccadic localization in the pres-
ence of cues to three-dimensional shape. J Vision 4:445–458. 
doi:10.1167/4.6.4

Westwood DA, Danckert J, Servos P, Goodale MA (2002) Grasp-
ing two-dimensional images and three-dimensional objects in 
visual-form agnosia. Exp Brain Res 144:262–267. doi:10.1007/
s00221-002-1068-y

http://dx.doi.org/10.1007/s00221-007-0970-8
http://dx.doi.org/10.1007/s00221-007-0970-8
http://dx.doi.org/10.1007/s00221-011-2581-7
http://dx.doi.org/10.1037/0096-1523.7.4.795
http://dx.doi.org/10.1016/j.brainres.2008.11.001
http://dx.doi.org/10.1016/j.brainres.2008.11.001
http://dx.doi.org/10.3389/fpsyg.2014.00151
http://dx.doi.org/10.1167/4.6.4
http://dx.doi.org/10.1007/s00221-002-1068-y
http://dx.doi.org/10.1007/s00221-002-1068-y

	Anticipatory gaze strategies when grasping moving objects
	Abstract 
	Introduction
	Methods
	Participants
	Stimuli and materials
	Procedure
	Data analyses

	Results
	Excluded fixations, frames, and trials
	Overall gaze analysis
	Fixations when the target block first appeared
	Fixations when the target block began to move
	Fixations when participants initiated reaches
	Fixations when participants grasped the target block
	Gaze relative to grasp position
	Root-mean-square error analysis
	Reach and grasping kinematics
	Summary

	Discussion
	Conclusion
	Acknowledgments 
	References




