
Vol.:(0123456789)1 3

Experimental Brain Research (2018) 236:1621–1630 
https://doi.org/10.1007/s00221-018-5242-2

RESEARCH ARTICLE

Kinematics of ventrally mediated grasp-to-eat actions: right-hand 
advantage is dependent on dorsal stream input

Clarissa Beke1 · Jason W. Flindall1,2   · Claudia L. R. Gonzalez1

Received: 12 October 2017 / Accepted: 21 March 2018 / Published online: 27 March 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Studies have suggested a left-hemisphere specialization for visually guided grasp-to-eat actions by way of task-dependent 
kinematic asymmetries (i.e., smaller maximum grip apertures for right-handed grasp-to-eat movements than for right-handed 
grasp-to-place movements or left-handed movements of either type). It is unknown, however, whether this left-hemisphere/
right-hand kinematic advantage is reliant on the dorsal “vision-for-action” visual stream. The present study investigates the 
kinematic differences between grasp-to-eat and grasp-to place actions performance during closed-loop (i.e., dorsally medi-
ated) and open-loop delay (i.e., ventrally mediated) conditions. Twenty-one right-handed adult participants were asked to 
reach to grasp small food items to (1) eat them, or (2) place them in a container below the mouth. Grasps were performed in 
both closed-loop and open-loop delay conditions, in separate sessions. We show that participants displayed the right-hand 
grasp-to-eat kinematic advantage in the closed-loop condition, but not in the open-loop delay condition. As no task-dependent 
kinematic differences were found in ventrally mediated grasps, we posit that the left-hemisphere/right-hand advantage is 
dependent on dorsal stream processing.
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Introduction

The two visual stream hypothesis states that there are dis-
tinct visual pathways in the human brain; the vision-for-per-
ception pathway and the vision-for-action pathway (Goodale 
and Milner 1992; Goodale et al. 2004; Milner and Goodale 
2008). This theory posits that after information passes from 
the retina to the primary visual cortex in the occipital lobe, 
that information is concurrently processed in both the tem-
poral cortex (ventral stream) and the parietal cortex (dorsal 
stream), and that these two streams use that information to 

serve discrete functions. The vision-for-perception (ventral) 
stream processes visual input in terms of form, colour, and 
relative size. This processing represents conscious vision, 
and is the basis for long-term visual memory. In contrast, 
the vision-for-action (dorsal) stream processes visual infor-
mation entirely for the purpose of informing motor action; 
it is unconscious and, because this system does not form 
memories, it is entirely online (Goodale et al. 1994; Hu 
et al. 1999). The online nature/real-time component of the 
dorsal visual stream is validated by kinematic studies show-
ing that ventrally mediated grasps (i.e., those performed 
without visual feedback of the moving limb, a.k.a “open-
loop” movements) are reliably distinguished from dorsally 
mediated movements (i.e., those performed with visual feed-
back, a.k.a “closed-loop” movements) through consistent 
kinematic differences, including longer overall movement 
times, lower peak velocities, wider maximum grip apertures 
(MGAs), and elongated deceleration phases (Flindall et al. 
2014; Hesse and Franz 2010; Hu et al. 1999; Westwood and 
Goodale 2003). While the shift from dorsal to ventral control 
is instantaneous (and contingent upon the removal of vision), 
the influence of the dorsally mediated movement plan may 
still be measured for a brief period in the kinematics of the 
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executed movement (Heath and Binsted 2007; Heath and 
Westwood 2003). The dorsally mediated plan decays expo-
nentially, with full decay occurring after, at most, 2000 ms—
these movements [i.e., “open-loop delay (2000 ms)” move-
ments; Heath and Westwood 2003; Hesse and Franz 2010] 
have been shown to be kinematically indistinguishable from 
ventrally mediated movements produced after longer delays 
(anywhere from 5 to 30 s; Hu et al. 1999).

During movements mediated by the dorsal stream, kin-
ematic asymmetries have been described in a number of 
pointing and aiming studies. That is to say, when we reach 
outward toward a target with an intent to point at or touch it, 
our kinematics differ depending on which hand we decide 
to use. In general, when right-handers are pointing with 
online visual feedback, the right hand is faster and more 
accurate while the left hand is quicker to initiate a movement 
(Boulinguez et al. 2001; Carson et al. 1990, 1993; Elliott 
et al. 1993), thus constituting a dominant-hand advantage 
for goal-directed aiming movements. There are a number 
of theories that put this advantage into context of a left-
hemisphere/right-hand advantage for goal-directed actions, 
including the dynamic dominance hypothesis (Mutha et al. 
2013) and the visual-feedback integration model (Roy et al. 
1994). The dynamic dominance hypothesis posits that there 
are distinct neural mechanisms responsible for the optimi-
zation of dominant vs. non-dominant aiming movements 
(Mutha et al. 2013). Specifically, the dominant arm-hem-
isphere system optimizes dynamic control of movements, 
whereas the non-dominant arm-hemisphere system opti-
mizes end-point equilibrium control. Pointing and aiming 
asymmetries supporting this hypothesis have been reported 
in multiple studies (Duff and Sainburg 2007; Schaefer et al. 
2009; Shabbott and Sainburg 2008; Tomlinson and Sain-
burg 2012; Wang and Sainburg 2007). The visual feedback 
integration model states that during movements, regardless 
of whether or not visual feedback is available, the left-hem-
isphere is more efficient at processing feedback in general, 
resulting in greater accuracy when using the right hand. 
This model posit that the left-hemisphere/right-hand sys-
tem requires either less time to detect and correct errors, 
and/or less information on which to base corrections (Roy 
et al. 1994). It is important to clarify that this model was pro-
posed in light of reach-to-point asymmetries, however, and 
therefore, may not apply to grasping movements; the asym-
metries predicted by this model have not been identified in 
simple grasp-to-lift or grasp-to-place actions (Tretriluxana 
et al. 2008). That is, despite the well-described dominant-
hand preference for grasping, reach-to-grasp actions show 
comparatively few asymmetries (Annett et al. 1979). When 
reaching movements are coupled with grasping actions, 
left- and right-handed movements show only minor (if any) 
kinematic asymmetries. Grosskopf and Kuhtz-Buschbeck 
(2006) found no significant difference between left- and 

right-handed movements when participants were asked to 
grasp-to-place a small cylinder onto a nearby target. Simi-
larly, when Tretriluxana et al. (2008) asked participants 
to grasp-to-lift cylinders of varying sizes while occluding 
vision of their moving hands and limbs, they observed only 
minor asymmetries in the scaling of early grip aperture 
velocity to target size for the left hand, but not the right 
hand, during the first 150 ms of the movement. No such dif-
ference existed at time of maximum grip aperture (MGA). 
In another study, when participants were asked to grasp illu-
minated wooden dowels, the results showed no differences 
between the hands in terms of MT, PV, MGA, or the timing 
of any of these variables (Carnahan 1998). Critically, none 
of these studies reported kinematic asymmetries in MT or 
RT that would be expected from the reach-to-point literature; 
however, these studies also used grasping tasks with sim-
ple non-functional (or semi-functional) goals (e.g., grasp-
to-hold, -lift, or -place), when studies have shown that the 
purpose of a movement may significantly affect the manner 
in which it is performed.

Several studies have shown that differences in kinematics 
of reach-to-grasp movements with different end-goals may 
partially depend on the functional purpose of those move-
ments. That is, two movements, both made with the domi-
nant hand, and both with identical mechanical requirements, 
may show robust kinematic differences if those movements 
serve different functional purposes. These differences, 
such as changes in MGA and finger positioning, have been 
observed when comparing grasp-to-place and grasp-to-
eat actions (Ferri et al. 2010; Flindall and Gonzalez 2013, 
2014; Flindall et al. 2015; Naish et al. 2013), and grasp-
to-place, grasp-to-lift, and grasp-to-throw actions (Ansuini 
et al. 2008; Armbrüster and Spijkers 2006; Marteniuk et al. 
1987). If the after grasp movements have different end goals, 
the movement parameters (e.g., the deceleration phase prior 
to object contact; Armbrüster and Spijkers 2006), and the 
positioning of the fingers at target contact (Ansuini et al. 
2008) of the reach and grasp movement change. For exam-
ple, Ansuini et al. (2008) asked participants to complete five 
grasping actions toward a bottle of water, with each grasp 
having a different end-goal. Participants were asked to either 
lift and throw the bottle, pour out its contents, place it accu-
rately on a target, pass it to the experimenter, or simply grasp 
and hold it. They found that the movement time for each of 
the grasp types was significantly affected by the purpose 
of the grasp; MTs were longest in the simple grasp-to-hold 
task and shortest in the grasp-to-throw task, consistent with 
the idea that the initial outward movements are facilitative 
towards the secondary (in this case, hold or throw) actions. 
Similarly, in a seminal study by Marteniuk et al. (1987), 
researchers found that when participants were asked to grasp 
a disk using their thumb and index finger and either place it 
or throw it into a box, the duration of the deceleration phase 
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was longer when grasping-to-place than when grasping-to-
throw. Together, these studies show that the planning and 
execution of a sequence of actions is modified based on the 
intention that drives the movement (Ansuini et al. 2008; 
Armbrüster and Spijkers 2006; Ferri et al. 2010; Marteniuk 
et al. 1987).

One such movement with distinct kinematics is the grasp-
to-eat action. Our lab has published numerous reports on a 
lateralized, task-dependent kinematic signature associated 
with this movement. Specifically, we show that participants 
produce smaller MGAs when grasping-to-eat (or even sim-
ply bringing to the mouth; Flindall and Gonzalez 2014, 
2016) small targets, compared to when grasping-to-place 
those same targets in a near-mouth container (Flindall and 
Gonzalez 2013, 2014). Interestingly, this task-dependent 
effect on MGA manifests as a kinematic asymmetry in a 
reach-to-grasp movement; because it is limited to right-
handed movements, the effect suggests a differentiation 
between the grasp-to-eat and grasp-to-place actions local-
ized within the left-hemisphere. Note that this task-depend-
ent effect of smaller MGAs in the right-handed grasp-to-eat 
action may be described as a kinematic advantage favor-
ing the right hand, as grip closing time, peak grip closing 
velocity, and metabolic energy requirements are decreased 
when MGA more closely matches the absolute target size 
(Bootsma et al. 1994; Flindall and Gonzalez 2017). How-
ever, because larger MGAs may also constitute a kinematic 
advantage (e.g., in cases of reduced actor confidence, or 
reduced visual feedback availability, when larger MGAs 
allow for a larger margin of error while grasping), we refer 
to the effect as a kinematic signature in the absence of data 
respecting metabolic cost or actor confidence (Flindall and 
Gonzalez 2017). Still, even among the majority of left-
handers, this signature is lateralized to right-handed move-
ments; left-handed movements normally show no such task-
dependent difference, except in children younger than age 
10 (Flindall et al. 2015) and in a fraction of left-handed 
adults (Flindall et al. 2015). However, these studies have 
all featured visually guided actions, and as such it remains 
unknown if this kinematic signature relies on dorsal stream 
processing. The purpose of the present study is to address 
this question.

To this end, we asked participants to perform grasp-to-
eat and grasp-to-place actions in two sessions; one session 
under closed-loop conditions, with full visual feedback, and 
another session under open-loop delay conditions (i.e., mem-
ory-guided; see Heath and Binsted 2007; Heath and West-
wood 2003). Given the results of our previous investigations, 
we predicted that right handed grasp-to-eat movements 
performed with full visual feedback (i.e., under closed-loop 
conditions) would produce significantly smaller MGAs than 
right-handed grasp-to-place movements and left-handed 
movements in either task. A priori contrasts were planned 

according to these predictions. If the kinematic signature 
for grasp-to-eat actions were dependent on dorsal stream 
processing, then we should find no difference between grasp-
to-eat and grasp-to-place MGAs in the open-loop delay con-
dition. If instead the kinematic signature is independent of 
visual feedback then grasp-to-eat actions will display signifi-
cantly smaller MGAs than grasp-to-place movements in both 
closed-loop (CL) and open-loop delay (OL-D) conditions.

Methods

Participants

Twenty-one right-handed undergraduate students (14 
females; mean age of 20.9 years) participated in the experi-
ment in exchange for course credit. All participants gave 
written informed consent before beginning the study. Par-
ticipants were able to withdraw from the study at any time 
without consequence. Handedness of each individual was 
self-reported and confirmed via modified Waterloo/Edin-
burgh Handedness Questionnaire (Cavill and Bryden 2003; 
Oldfield 1971; Stone et al. 2013). The E-WHQ asks partici-
pants to report their hand preference for 22 common actions 
via a 5-point Likert scale, where − 2/− 1 indicates always/
usually left, and + 1/+ 2 indicates usually/always right. Thus, 
a score of − 44 would suggest a participant always uses her 
left hand, and a score of + 44 suggests she always uses her 
right hand. Participants reported an average handedness 
score of 33.95 ± 4.31 (range 24–44), indicating a moder-
ate to strong right-hand preference for all participants. Note 
that participants were not recruited or excluded based on 
handedness, as we have previously shown that left-handers 
behave similarly to right-handers with respect to grasp-to-eat 
kinematics (Flindall et al. 2015).

Instrumentation

Materials and methods were similar to those used in previ-
ous studies by Flindall and Gonzalez (2013, 2014, 2016; 
Flindall et al. 2015). Three infrared light emitting diodes 
(IREDs) were placed on the participant’s hand: one on the 
distal phalanx of the thumb, slightly lateral with respect 
to the nail; one on the distal phalanx of the index finger, 
slightly medial with respect to the nail; and one on the wrist, 
at the medial aspect of the styloid process of the radius. An 
Optotrak Certus camera bar (Northern Digital, Waterloo, 
ON, Canada), positioned overhead, recorded IRED posi-
tion during each trial at 200 Hz for 4000 ms. Throughout 
the experiment, the participants wore Plato Liquid-crystal 
glasses (Translucent Technologies, Toronto, ON, Canada) to 
control visual feedback availability. Participants wore a con-
tainer (specifically, a child’s bib) under their neck where they 
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were asked to place the targets during the grasp-to-place 
task. The bib was also worn during the grasp-to-eat task. 
All conditions were controlled using Superlab 4.5 (Cedrus 
Corporation, San Pedro, CA, USA) and NDI First Principles 
(Northern Digital, Waterloo, ON, Canada).

Procedure

Participants were seated on a chair in front of a rectangular 
pedestal that was positioned at sternum height. Individual 
cereal food items (presented one at a time) of two different 
sizes, small (Cheerios®, mean diameter of 11 mm) and large 
(Froot Loops®, mean diameter of 15 mm), were placed on 
the pedestal in pseudorandom order. The distance between 
the participant and the pedestal was adjusted to each par-
ticipant’s maximum stationary reach-to-grasp distance (i.e., 
100% of comfortable reach distance, with elbow at full 
extension, without leaning forward).

Protocol

The study used a within-subject design in which the par-
ticipants were instructed to complete a closed-loop condi-
tion and an open-loop delay condition in two sessions. To 
avoid the potential confounds of fatigue and inattention, 
sessions were completed at the same time on 2 days sepa-
rated by 48 h (for a similar design, see Castiello et al. 1998). 
Session order and starting condition were counterbalanced 
between participants. During each session, the participants 
performed grasp-to-eat actions and grasp-to-place actions 
in blocks of 20 trials each (10 small targets, 10 large targets, 
pseudo-randomly presented) per hand, for a total of 40 tri-
als per-hand per-session (160 trials total). Block-order was 
counterbalanced between participants, but was kept con-
stant within-participants for each hand and visual-feedback 
condition.

Participants were seated directly behind a pedestal with 
their reaching hand placed comfortably on their lap with 
index and thumb fingertips touching, in a way that all three 
markers were visible to the overhead Optotrak Certus cam-
era. Trials began with participants seated in a rest position 
with the glasses in a translucent (closed) state. The experi-
menter would place a target (Cheerio® or Froot Loop®) 
on the pedestal before the trial began. As may be seen in 
Fig. 1, closed-loop trials began with the glasses transition-
ing to a transparent (open) state, at which time the Optotrak 
would begin recording. 1000 ms later, an audible beep (go 
signal) would signal the participant to initiate the reach-to-
grasp movement toward the target. The participant would 
then grasp the target to either eat it or place it in the bib, 
depending on the current block’s instructions. After com-
pleting the movement, participants would return to the rest 
position, the glasses would transition back to a translucent 
(closed) state, and the experimenter would replace the food 
item for the next trial. In the open-loop delay sessions, par-
ticipants would begin each trial in the rest position, just as 
they would in the closed-loop trials. As shown in Fig. 1, the 
open-loop delay trials began when the Plato goggles tran-
sitioned to a transparent state, allowing the participant to 
view the to-be-grasped target. This viewing period lasted 
1500 ms,1 after which point the goggles transitioned back 

Fig. 1   The experimental design 
with a timeline of the two con-
ditions: closed-loop and open-
loop delay. Vision represents 
when the Plato goggles are in 
a transparent (open) state. No 
vision represents when the Plato 
goggles are in an translucent 
(closed) state. Movement rep-
resents the average amount of 
time participants are perform-
ing the outward reach-to-grasp 
action

1  During pilot testing, the open-loop delay condition viewing period 
was set at 1000 ms to match that of our closed-loop condition. How-
ever, participants expressed frustration at this seemingly short view-
ing period and blamed subsequent errors on its brevity; specifically, 
they would often knock the target off the pedestal, perform the move-
ment with excessive slowness, and/or express that they were unable to 
even identify the target before the viewing period would end. We con-
cluded that the viewing period was too brief, and added 500 ms. This 
elongated viewing period eliminated the majority of both trial errors 
and participant frustrations. While the difference in the viewing 
period length may have had a significant effect on reaction times, we 
consider this a necessary trade-off in exchange for consistently suc-
cessful movements in the open-loop delay condition. In light of this 
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to their opaque state. After a 2000 ms delay, the go signal 
would again serve to instruct the participant to begin grasp-
ing the target. Optotrak recording would begin 1000 ms into 
the delay period (i.e., after the glasses had transitioned to 
their opaque state, but prior to the go signal for the start of 
the movement). After the participant completed the grasp-
ing movement, they would return to the rest position and 
await the start of the next trial. We chose a 2000 ms delay 
as this reflects the maximum interval necessary for dorsal 
stream information to fully decay (i.e., there is no signifi-
cant difference with respect to kinematics between a 2000 
and 5000 ms, or even a 30,000 ms delay; Heath and Binsted 
2007; Heath and Westwood 2003; Hu et al. 1999).

Data processing

Infrared light emitting diodes position data were collected 
via NDI First Principles, with kinematic calculations per-
formed on unfiltered data with Microsoft Excel 2010. Sta-
tistical analyses were completed using IBM SPSS Statistics 
19.0. Trials were excluded from the analysis if the partici-
pant failed to grasp the target correctly; these “incorrect 
grasps” included those trials where the participants failed 
to react to the go signal, used an inappropriate grasp (e.g., 
with thumb and middle finger), or accidently knocked the 
target from the pedestal. In such cases the participant was 
gently reminded of the instructions, and the offending trial 
was removed from analyses and not repeated. As a result of 
these errors, an average of 0.345% of trials were removed 
per participant (closed-loop average 0.45%, range 0–2 trials 
per participant; open-loop delay average 0.24%, range 0–1 
trials per participant).

While our primary variable of interest was MGA, addi-
tional kinematics of both the reach and grasp are included 
in our primary analyses. Movement time (MT) is reported 
in milliseconds, and represents the span during which the 
participant reached outward toward the target. It is calculated 
as the difference between reaction time [the point at which 
resultant velocity at the wrist exceeds 5% of peak velocity 
(PV)] and time of grasp onset, determines as the point when 
(a) the participant’s grip aperture reached a stable state (GA 
remained within ± 1 mm of a given aperture for a minimum 
of 10 frames, determined on a per-trial basis), and (b) the 
participant’s wrist velocity reached a nadir prior to the return 
movement. PV was calculated as the maximum resultant 
velocity of the wrist marker during the outward movement; 

its time of occurrence (PVt) is reported as a percentage of 
MT. Resultant velocities were computed from raw position 
information via the two-step method, expressed by the for-
mula v(n)=[P(n + 1) − P(n − 1)]/Δt, where v is velocity, P 
is position, n is a single frame in the output data, and Δt 
is time elapsed between frames n − 1 and n + 1. Maximum 
grip aperture (MGA) was calculated as the maximum result-
ant distance between thumb and index finger IREDs prior 
to grasp onset; its time of occurrence (MGAt) is reported 
as a percentage of MT. To enable within-participant com-
parisons between hands, a correction factor was subtracted 
from all MGA values. We calculated this correction factor 
by measuring closed-grip IRED separations at the beginning 
of each trial, removing outliers (those ± 2.5 SDs from the 
within-hand resting grip aperture mean), and averaging the 
remaining values by hand × vision condition (Flindall and 
Gonzalez 2013; Flindall et al. 2015). Variability of MGA 
(vMGA) and variability of MT (vMT) are calculated as the 
standard deviation of MGA and MT respectively within each 
visual feedback × hand × task × size condition.

Kinematic variables were averaged by size within each 
block condition, with a 4-way repeated-measures analysis 
of variance [vision (closed-loop/open-loop delay) × hand 
(left/right) × task (eat/place) × size (small/large)] run on 
those means. Means ± SE and ANOVA results are reported 
in Table 1. Respecting our main variable of interest (MGA), 
trials were considered outliers if the absolute value of the 
MGA’s within-hand z-score for that trial was > 2.5; these 
trials were also removed from analyses (closed-loop, aver-
age 0.77%, range 0–1 trials per participant; open-loop delay 
average 0.54%, range 0–2 trials per participant). The same 
technique was used to screen for outlier trials with respect to 
MT (closed-loop, average 1.2%, range 0–3 trials per partici-
pant; open-loop delay 1.2%, range 0–5 trials per participant). 
A secondary analysis was performed whereby data was split 
by visual condition, collapsed across size, and submitted 
to two 2-way ANOVAs (factors hand × task). Alpha signifi-
cance for each ANOVA was set at p < 0.025. Post hoc and 
planned a priori comparisons were conducted via paired-
sample t tests, with Bonferroni corrections applied for the 
former, as appropriate. Estimate of effect size is reported 
using partial η2. To ensure that outlier removal did not have 
a significant effect on our results, we ran concurrent analyses 
on both cleaned and uncleaned datasets; all main effects and 
interactions were consistent, indicating that outlier removal 
had no effect on the overall shape of our data.

Results

Between-subject means and standard errors of all measure-
ments are reported in Table 1. Significant main effects and 
interactions of the initial 4-way ANOVA are reported below.

confound, and because our participants were specifically instructed 
to “move at a comfortable pace, with an emphasis on accuracy, not 
speed,” we do not include analyses on reaction time in the current 
report.

Footnote 1 (continued)
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4‑way ANOVA

Vision

A main effect of vision was observed on all variables, 
all F(1, 20) ≥ 13.4, p ≤ 0.002, η2 ≥ 0.401. Relative to 
open-loop delay (OL-D) movements, grasps completed 
within the closed-loop (CL) blocks had higher PVs 
[1.591 ± 0.055 m/s (CL) vs. 1.399 ± 0.56 m/s (OL-D)], 
shorter [871 ± 39  ms (CL) vs. 1509 ± 70  ms (OL-D)] 
and more consistent [92 ± 6  ms (CL) vs. 275 ± 15  ms 
(OL-D)] MTs, later relative PVts [32.1 ± 0.7%MT 
(CL) vs. 20 ± 0.7%MT (OL-D)], as well as smaller 
[25.21 ± 0.97 mm (CL) vs. 33.36 ± 1.61 mm (OL-D)], 
less variable [3.39 ± 0.16 mm (CL) vs. 4.25 ± 0.23 mm 
(OL-D)], and relatively later [57.9 ± 1.8%MT (CL) vs. 
42.0 ± 1.2%MT (OL-D)] MGAs.

Hand

No main effects of hand were found for any variable (all 
p > 0.05).

Task

No main effects of task were found for any variable (all 
p > 0.05).

Size

A main effect of size was observed on all variables (except 
vMGA), all F(1, 20) ≥ 5.811, p ≤ 0.026, η2 ≥ 0.225, wherein 
participants had higher PVs [1.501 ± 0.052 m/s (small) vs. 
1.489 ± 0.052 m/s (large)], longer [1264 ± 59 ms (small) 
vs. 1116 ± 48 ms (large)] and less consistent [215 ± 14 ms 
(small) vs. 152 ± 9 ms (large)] MTs, earlier relative PVts 
[24.7 ± 7%MT (small) vs. 27.6 ± 6%MT (large)], as well 
as smaller [26.09 ± 1.16 mm (small) vs. 32.49 ± 1.23 mm 
(large)] and relatively earlier [46.8 ± 1.3%MT (small) vs. 
53.1 ± 1.2%MT (large)] MGAs.

Interactions

A vision × task interaction was observed on vMT, 
F(1, 20) = 6.263, p = 0.021, η2 = 0.238. Follow-up t 
tests revealed that this interaction is due to MTs being 

Table 1   Between-participant means and average standard errors of reach (MT, PV, PVt, vMT) and grasp (MGA, MGAt, vMGA) kinematics by 
block conditions

Significant main effects and interactions revealed by statistical analyses are reported below each variable’s respective column (V vision, H hand, 
T task, S size)

MT (ms) PV (m/s) PVt (%MT) vMT (ms) MGA (mm) MGAt (%MT) vMGA (mm)

Closed-loop Left Eat Small 923 ± 45 1.58 ± 0.06 30.7 ± 0.9 102 ± 12 22.91 ± 1.1 54.8 ± 2.4 3.26 ± 0.3
Large 835 ± 36 1.58 ± 0.06 33.4 ± 0.8 75 ± 6 28.51 ± 1.3 62.8 ± 2.1 3.40 ± 0.3

Place Small 932 ± 50 1.59 ± 0.06 31.3 ± 1.4 106 ± 13 23.82 ± 1.0 52.9 ± 2.3 3.61 ± 0.4
Large 833 ± 40 1.57 ± 0.06 34.8 ± 1.3 72 ± 7 29.32 ± 1.2 61.2 ± 2.1 3.69 ± 0.3

Right Eat Small 937 ± 45 1.60 ± 0.06 29.9 ± 0.9 139 ± 19 20.79 ± 1.0 54.2 ± 2.2 3.18 ± 0.2
Large 821 ± 35 1.60 ± 0.06 33.2 ± 0.9 75 ± 9 26.12 ± 1.0 62.5 ± 2.1 2.98 ± 0.2

Place Small 894 ± 45 1.60 ± 0.06 30.0 ± 0.7 104 ± 14 22.32 ± 1.1 53.7 ± 2.3 3.57 ± 0.4
Large 795 ± 37 1.59 ± 0.06 33.5 ± 1.0 65 ± 5 27.92 ± 1.1 61.2 ± 2.5 3.43 ± 0.3

Sig. CL 2-way ANOVA results H, T
Open-loop delay Left Eat Small 1573 ± 70 1.40 ± 0.05 18.9 ± 0.7 316 ± 25 29.92 ± 2.1 40.1 ± 1.0 4.41 ± 0.4

Large 1381 ± 62 1.39 ± 0.05 21.3 ± 0.7 216 ± 25 37.14 ± 2.1 44.7 ± 1.3 4.75 ± 0.4
Place Small 1583 ± 78 1.41 ± 0.06 19.3 ± 1.0 324 ± 32 30.67 ± 2.0 40.3 ± 1.4 4.01 ± 0.4

Large 1370 ± 59 1.38 ± 0.06 21.7 ± 0.7 240 ± 26 37.53 ± 2.0 45.0 ± 1.5 4.29 ± 0.3
Right Eat Small 1628 ± 93 1.41 ± 0.06 18.8 ± 0.9 288 ± 24 29.31 ± 1.8 40.0 ± 1.7 3.83 ± 0.4

Large 1466 ± 81 1.39 ± 0.06 20.5 ± 0.9 218 ± 15 36.83 ± 1.7 43.3 ± 1.8 4.03 ± 0.3
Place Small 1640 ± 94 1.41 ± 0.06 18.9 ± 0.9 343 ± 26 28.96 ± 1.6 38.4 ± 1.8 4.25 ± 0.4

Large 1430 ± 77 1.40 ± 0.06 22.0 ± 1.3 252 ± 27 36.53 ± 1.7 44.2 ± 1.7 4.41 ± 0.4
Sig. OL-D 2-way ANOVA results T
Sig. 4-way ANOVA results V, S, V × S V, S V, S V, S, V × T, V × S V, S, V × S V, S, V × S V
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significantly more variable in the OL-D condition when 
grasping to place the target (349 ± 22  ms) than when 
grasping to eat the target (310 ± 89 ms), t(20) = − 2.962, 
p = 0.008. The difference between tasks was not significant 
in the CL condition (p > 0.2).

Vision × size interactions were observed on MT, F(1, 
20) = 22.234, p < 0.001, η2 = 0.526, vMT, F(1,20) = 6.186, 
p = 0.022, η2 = 0.236, MGA, F(1, 20) = 9.273, p = 0.006, 
η2 = 0.317, and MGAt, F(1, 20) = 25.424, p <0 .001, 
η2 = 0.560. Follow-up t tests revealed that all differences, 
both between-vision/within-size and between-size/within-
vision, are significant and consistent with main effects (all 
p < 0.001). To investigate whether the interaction might 
be attributed to a magnitude effect, between size differ-
ences were calculated for all participants by subtract-
ing MT, vMT, MGAt, and MGA values for small targets 
from their corresponding values for large targets. We 
compared these difference scores between visual feed-
back conditions via paired-sample t tests, the results of 
which indicate that a magnitude effect was responsible 
for the observed vision × size interactions on MT, MGA, 
and MGAt. With respect to MT, the difference between 
small and large targets was larger in the OL-D condition 
(− 194 ± 25 ms) than in the CL condition (− 101 ± 11 ms), 
t(20) = 4.709, p < 0.001. With respect to MGA, the differ-
ence between small and large targets was also larger in the 
OL-D condition (7.29 ± 0.54 mm) than in the CL condition 
(5.51 ± 0.30 mm), t(20) = − 3.352, p = 0.003. Finally, with 
respect to MGAt, the between-size difference was signifi-
cantly larger in the CL condition (8.0 ± 0.9%MT) than it 
was in the OL-D condition (4.6 ± 0.7%MT), t(20) = 5.042, 
p < 0.001. The vision × size interaction on vMT could not 
be attributed to a magnitude effect, as the difference scores 
both between sizes and between-vision conditions were 
not significantly different from one another (p > 0.1). No 
other main effects or interactions were observed.

As we found vision and size to produce such large 
effects, and because these effects were consistent with 
those reported extensively in the literature (Berthier 
et al. 1996; Castiello et al. 1993; Hu et al. 1999; Hu and 
Goodale 2000; Paulignan et al. 1997), we divided our data 
by visual feedback condition and collapsed all variables 
across size to run in-depth analyses more relevant to our 
hypothesis (see Grosskopf and Kuhtz-Buschbeck 2006, for 
similar analyses). Two 2-way ANOVAs with conditions 
of hand (left, right) and task (eat, place) were run on the 
resultant data sets. To control for the added likelihood of 
type I errors, we employed a Bonferroni-corrected alpha of 
p < 0.025. Main effects and interactions of those ANOVAs 
are reported below.

Closed‑loop (CL) ANOVA

A main effect of hand was observed on MGA, F(1, 
20) = 6.010, p = 0.024, η2 = 0.231, wherein participants pro-
duced smaller MGAs when grasping with their right hands 
(24.27 ± 0.97 mm) than when grasping with their left hands 
(26.14 ± 1.12 mm). A main effect of task was also observed, 
F(1, 20) = 11.330, p = 0.003, η2 = 0.362, wherein participants 
produced smaller MGAs when grasping to eat the target 
(24.58 ± 1.00 mm) than when grasping to place the target in a 
container below the mouth (25.83 ± 0.99 mm). No other main 
effects or interactions were observed (p > 0.025).

To investigate whether our results were consistent with 
those we have previously reported (Flindall and Gonzalez 
2013, 2014, 2016; Flindall et al. 2015) we conducted planned 
a priori t-tests comparing eat and place MGAs within each 
hand condition. (Note that because these comparisons were 
planned a priori, a per comparison alpha of 0.05 is appropri-
ate; Veazie 2006). These tests revealed a significant differ-
ence between right-hand eat (23.44 ± 0.97 mm) and right-hand 
place (25.09 ± 1.07 mm) MGAs, t(20) = − 2.524, p = 0.020. 
Right-hand eat MGAs were also significantly smaller than left-
hand eat MGAs (25.72 ± 1.20 mm) (Fig. 2). While the trend 
was similar during left-handed movements (i.e., eat MGAs 
smaller than place MGAs), the difference between tasks was 
not significant (p = 0.207).

Open‑loop delay (OL‑D) ANOVA

Consistent with the vision × task interaction identified in our 
4-way ANOVA, a main effect of task was observed on vMT, 
F(1, 20) = 11.762, p = 0.003, η2 = 0.370. Again, this effect was 
due to MTs being significantly more variable when grasping to 
place (349 ± 22 ms) than when grasping to eat (310 ± 89 ms). 
No other main effects or interactions were observed.

Again, to investigate whether participant behaviour (now 
in the absence of visual feedback) was consistent with that 
which we have previously reported, we once more conducted 
planned a priori paired-sample t tests comparing MGAs 
between hands and tasks. These tests revealed no significant 
differences between eat and place conditions in either hand 
(p > 0.47), nor did they show any MGA differences between 
left and right hands in either task (p > 0.36) (Fig. 2). Thus, 
the expected task differences found both in previous inves-
tigations and here, in the CL condition, were entirely absent 
when visual feedback was unavailable.

Discussion

Recent studies in our lab have identified a right hand grasp-
to-eat signature when performing visually guided grasp-to-
place and grasp-to-eat actions (Flindall and Gonzalez 2013, 
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2014, 2016; Flindall et al. 2015). Specifically, right-handed 
grasp-to-eat actions are performed with smaller MGAs than 
grasp-to-place actions despite those actions being performed 
toward identical targets. It is unknown whether this signature 
is reliant on dorsal stream processing; i.e., whether online 
visual feedback is necessary for smaller MGAs to mani-
fest during grasp-to-eat movements. In the present study, 
we asked participants to perform the same grasp-to-eat 
and grasp-to-place actions used in previous studies, with 
and without online visual feedback. We found that visually 
guided grasp-to-eat actions showed both a main effect of 
Hand and a main effect of Task. While it is tempting to 
declare that these effects constitute evidence in support of 
a general asymmetry with respect to MGA production in 
grasping, our planned follow-up analyses revealed that the 
difference between left and right hands was only present 
when participants grasped the target with intent to eat. When 
grasping to place the same target no such asymmetry was 
observed, eliminating both the dynamic dominance hypoth-
esis and the feedback integration model as relevant frame-
works for our results. This is consistent with both the reach-
to-grasp kinematic literature and results we have reported 
previously. Importantly, this task-dependent kinematic dif-
ference was absent during the memory-guided grasps. Based 
on these results, we conclude that the right-hand grasp-to-eat 
kinematic signature depends on processing of visual infor-
mation from the dorsal visual stream.

When comparing the kinematics of visually guided grasps 
to those of memory-guided grasps, several differences 
emerge, including larger MGAs, higher PVs and longer 
MTs when movements are guided by memory (Flindall 

et al. 2014; Heath and Binsted 2007; Heath and Westwood 
2003; Hesse and Franz 2010; Hu et al. 1999; Westwood 
and Goodale 2003). Our study replicated these differences 
between visual feedback conditions, implying that our CL 
and OL-D conditions coincided with a shift from dorsal-
stream to ventral-stream mediated grasps, respectively. 
With respect to the kinematic signature of interest, we found 
significant differences between the left- and right-handed 
MGAs in the closed-loop grasp-to-eat task, consistent with 
those we have previously described (Flindall and Gonzalez 
2013, 2014, 2016; Flindall et al. 2015). This MGA effect 
was not found in the open-loop delay condition, suggesting 
that dorsal stream function is critical for neural distinction 
between mechanically identical but functionally distinct 
reach-to-grasp actions. This is the first investigation to 
describe a link between task-dependent kinematic differ-
ences and on-line dorsal stream processing.

Many studies have demonstrated kinematic differences 
between grasps with different end-goals (e.g., grasp-to-
place and grasp-to-throw actions; see Marteniuk et al. 
1987). It may be argued, however, that the specific kine-
matic differences described in those studies serve to facili-
tate the secondary2 movement associated with the task. For 
example, grasp-to-pass and -lift movements are performed 
with lower peak velocities and shorter movement times 

Fig. 2   MGA displayed by hand × task. Values shown are the mean 
and standard errors of MGA in each vision × hand × task condition, 
collapsed across size. In the closed-loop condition, place and eat 
tasks were significantly different from each other in right-handed 
movements only; movements made with the left-hand were not sig-
nificantly affected by task. Right-handed place movements were not 
significantly different from left-handed movements of either type. In 

the open-loop delay condition, there were no significant differences 
between place and eat tasks in either right- or left-handed move-
ments. In sum: right handed grasp-to-eat actions generated smaller 
MGAs than right handed grasp-to-place actions, and left handed 
actions of either type, but only when visual feedback of the move-
ment was available

2  “Secondary” referring here to the portion of the grasping move-
ment occurring after target acquisition; we would argue that the 
grasp-to-throw movement, from initiation of the grasp, to grasp onset 
and target acquisition, to follow-through and target release, is a single 
unified movement, at least with respect to neural control.
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than grasp-to-throw movements; it may be argued that the 
secondary act of throwing is itself a ballistic movement, 
and would, therefore, be facilitated by a more aggressive 
outward reach-to-grasp movement. If these kinematic dif-
ferences are indeed facilitatory, then they are susceptible 
to interference by opposing environmental conditions; 
conditions which may normally result in contradictory 
changes to kinematics. As an example, the increase in 
speed observed in closed-loop grasp-to-throw movements 
may be countered by the decrease in speed necessitated by 
the uncertainty created by an open-loop delay condition. 
While no such study has been conducted, altered kinemat-
ics in this hypothetical study could not safely be attrib-
uted to either task-dependent changes or to natural changes 
after visual-stream control shifts. Luckily, the kinematic 
difference we observe between the grasp-to-eat and grasp-
to-place task is arguably not facilitory (though it may have 
been in our evolutionary past; see Flindall and Gonzalez 
2013), and is unique to right-handed movements. Because 
the shift from dorsal to ventral control not only eliminated 
the difference between tasks but also negated the lateral-
ized kinematic signature within the grasp-to-eat task, we 
may conclude that the task-dependent difference is entirely 
reliant on dorsal stream function. We provide a novel con-
tribution to the literature, in that we show task-dependent 
differences (and, by extension, the distinct neurocircuitry 
from which they must arise) are contingent upon contribu-
tion from the dorsal visual stream.

The right-hand lateralization of this kinematic signature 
suggests that the neural circuits responsible for the grasp-to-
eat/hand-to-mouth action are located within the left hemi-
sphere (Flindall and Gonzalez 2013). The current results 
suggest that in addition to being left-hemisphere lateralized, 
the motor program responsible for the grasp-to-eat action 
is also likely localized in areas inaccessible to the ventral 
stream. Essentially, this finding ties the grasp-to-eat kin-
ematic signature (and any advantage which it may bestow 
on right-handed movements) with online visual processing; 
this may be relevant with respect to the evolution of right-
hand dominance in humans. Consider that all visual systems 
ultimately serve to guide behavior—and, that primates are 
visual (i.e., perceptual) animals that make discriminative 
decisions based on relevant visual stimuli to produce their 
motor actions (Milner and Goodale 2006). Additionally, 
many primates show right-hand preferences for grasping-
to-eat (Hopkins et al. 2011, 2005), especially when they 
adopt a bipedal posture (Hopkins et al. 1993; Hopkins and 
de Waal 1995). If this right-hand preference for grasp-to-eat 
movements is related to the kinematic signature we have 
identified, then it stands to reason that the reliance on visual 
feedback and advantage for right-hand movements may work 
in tandem to encourage use of the right hand for grasp-to-eat 
and other evolutionarily significant movements. This may 

explain why such a large proportion of the global human 
population is right-handed.

In the present study, we show that the grasp-to-eat motor 
plan is reliant on dorsal stream function. What is still unclear 
is whether the grasp-to-eat motor plan may be considered 
multi-phasic (i.e., consisting of an outward transport and 
grasp phase inextricable coupled with an inward transport 
to the open mouth) or if the grasp-to-eat action effectively 
ends after target acquisition, with the transport to the mouth 
representing a secondary action with its own motor plan. 
Ansuini et al. (2009) conducted a study wherein they sepa-
rated phases of a grasp-to-pour movement with a 0, 1000, or 
1800 ms delay at time of target contact. They found that in 
conditions where the grasp-to-pour action was interrupted 
after target contact, the kinematics of the outward move-
ment changed; delayed secondary phases caused longer MTs 
within the initial grasp, and an increase in the size of the 
participants’ grip aperture. We hypothesize that if a similar 
delay was inserted into the grasp-to-eat movement at the 
time of target contact, then it would similarly increase MGA. 
Such a finding would indicate that the grasp-to-eat motor 
program ends at contact/acquisition; alternatively, if grasp-
to-eat MGA is unaffected by delay, then we may conclude 
that the outward grasp and subsequent transport to the mouth 
are conjoined and inseparable aspects of the grasp-to-eat 
action. Ongoing experiments in our lab aim to address this 
question.

Conclusions

To summarize, the current study found that there are no kin-
ematic differences between grasp-to-eat and grasp-to-place 
actions during memory-guided movements. The kinematic 
signature associated with right-handed grasp-to-eat actions 
was no longer present when that action was performed after 
a 2000 ms delay. This finding suggests that the grasp-to-
eat kinematic signature is ultimately dependent upon dorsal 
stream processing, which in turn suggests that task-specific 
motor programs may be localized to dorsal stream regions. 
This link may be responsible for the preponderance of right-
hand dominance among the human population.
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