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a b s t r a c t

Research in the field of psychology and cognitive neuroscience has begun to explore the functional
underpinnings of voluntary actions and how they differ from stimulus-driven actions. From these
studies one can conclude that the two action modes differ with respect to their neural and behavioural
correlates. So far, however, no study has investigated whether the voluntary and stimulus-driven actions
also differ in terms of motor programming. We report two experiments in which participants had to
perform either voluntary or stimulus-driven reach-to-grasp actions upon the same stimulus. Using
kinematic methods, in Experiment 1 we obtained evidence that voluntary actions and stimulus-driven
actions translate into differential movement patterns. Results for Experiments 2 suggest that selecting
what to do, when to act, and whether to act are characterized by specific kinematic signatures and affect
different aspects of the reach-to-grasp movement in a selective fashion. These findings add to current
models of volition suggesting that voluntary action control results from an interplay of dissociable
subfunctions related to specific decision components: what action execute, when to execute an action,
and whether to execute any action.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Voluntary actions have been proposed to lie at one end of a
continuum that has stimulus-driven actions at the other end
(Haggard, 2008). Whereas the form, timing, and occurrence of
stimulus-driven actions are determined by an identifiable external
stimulus, voluntary actions are not directly determined – or, at
least, not entirely determined (Schüür and Haggard, 2011) – by an
external stimulation, but reflect a decision process.

Studies using both event-related potentials (ERPs; e.g., Waszak
et al., 2005) and functional imaging (e.g., Jenkins et al., 2000)
suggest that voluntary control and stimulus-driven control are
mediated by neurophysiologically and functionally distinct routes:
while stimulus-driven actions are controlled via a lateral network
including the parietal and premotor cortex, voluntary control
involves the fronto-median cortex (for review, see Krieghoff et al.,
2011). However, since both routes converge in a final common
pathway, it is not clear whether these two types of actions are also
implemented at a motor level differently.

In this respect, Waszak and colleagues (2005) report that the
response-locked RP (readiness potential, a movement-related
cortical potential that reflects preparation to response and is
measured over medial frontal structures) occurred earlier and
was more negative for voluntary actions than for stimulus-driven
actions. The response-locked LRP (lateralized readiness potential),
which represents increased cortical activity controlateral to the
forthcoming response and is thought to reflect specific motor
preparation, however, remained essentially invariant for stimulus-
driven and voluntary actions. This result was taken to suggest that
the specific motor programming did not differ between the two
conditions. Other studies contrasting voluntary and stimulus-
driven actions have similarly assumed that, despite being con-
trolled by different neural networks, the movements in the two
modes of action are the same (Astor-Jack and Haggard, 2005;
Cunnington et al., 2002). Very little empirical work, however, has
directly tested whether voluntary and stimulus-driven control do
lead to the same or different motor outputs.

1.1. Decisions in the motor system

The notion that motor programming is the same for volun-
tary and stimulus-driven control is consistent with traditional
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information-processing models of decision making, assuming that
the process of deciding is complete before the motor system is
brought into play (Donders, 1969; Sternberg, 1969). According to
these models, cognitive processing would lead to a decision and
the outcome would then be passed to the motor system to be
converted into action. Because the motor system is recruited only
after the decision outcome is complete, these sequential models
leave little room for the motor system to play an ongoing role in
the decision process itself (Kubanek and Kaplan, 2012).

The strict separation between the cognitive system and the
motor system is well suited to the problem-solving tasks in which
the relevant contingencies are purely abstract. In the natural
environment, however, decision alternatives are often associated
with actions and it is plausible that sensorimotor control is
engaged in parallel with evaluating different options (Cisek,
2012). In this view, recent accounts suggest that the processes of
action selection (i.e., selection between action alternatives that are
currently possible) and action specification (i.e., specification, at the
motor level, of the parameters or metrics of those actions) occur
simultaneously and continue even during overt performance of
movements (Cisek, 2007). In this perspective, motor structures
may have a role in decision formation, contributing to the evalua-
tion of different alternative options (Cisek, 2006, 2007, 2012;
Friston, 2008; Shalden et al., 2008; Cisek and Kalaska, 2010).
Support for this notion comes the finding that decisions influence
the competition between action representations in motor cortex
before the decision process is complete (Selen et al., 2012; Klein-
Flügge and Bestmann, 2012). For example, it has been demon-
strated that when subjects make perceptual decisions using arm
movements, their arm reflex gains is changed in parallel with the
decision variable that explains their choice behaviour, as if
decision process change the arm's preparatory state at the corti-
cospinal level (Selen et al., 2012). This has been taken to suggest
that decision processes can spill into the motor system and
influence the way the motor system chooses and implements
movements (Cisek, 2012; Doya and Shalden, 2012). On this
account, decisions about impeding actions – including the various
component decisions that lead up to the performance of a
voluntary action – may be expected to be continuously reflected
in many aspects of the motor system, including the specific
features of ongoing movements.

According to the what, whether, when model, three component
decisions are critical to voluntary action (Brass and Haggard, 2008;
Haggard, 2008): a component related to action selection, i.e., to
the decision about which action to perform (what component); a
component about whether to perform the selected action (whether
component); and finally, a component related to action timing, i.e.,
to the decision about when to perform the selected action (when
component). It has been demonstrated that what, whether, and
when decision components related to different neural processes,
occurring in different regions of the brain (Krieghoff et al., 2011).
To the best of our knowledge, however, no study has investigated
whether these different decision components also exert a specific
influence on motor planning and execution.

1.2. Measuring voluntary motor control

Initial evidence that motor programming differs between the
voluntary and the stimulus-driven mode was provided by Obhi
and Haggard (2004). By measuring electromyographic response
(EMG) from the first dorsal interosseous, these authors demon-
strated that free timing finger key presses – which can be
considered to be product of a when decisions – elicited signifi-
cantly greater muscle activation than externally triggered finger
presses. When preparation of the voluntary movement was
truncated by an external stimulus requiring the same motor

response than that the subject was already preparing, and parti-
cipants were therefore forced to switch from a voluntary mode of
response to an externally triggered mode, reaction time was
delayed. This suggests that the motor system cannot take advan-
tage of preexisting levels of motor preparation. Interestingly, the
basic characteristics of EMG signatures of internally and externally
generated presses were preserved in truncation, suggesting that
participants were indeed switching between the two modes of
action control rather than modifying the ongoing action. Other
studies using similar paradigms, however, failed to show inter-
ference. Rather they reveal an overlap of voluntary and stimulus-
driven action preparation. For example, Hughes et al. (2011) found
that voluntary motor preparation, measured by RPs amplitude,
was partially transferable to stimulus-driven action preparation,
suggesting that the two routes to action may converge on a
common preparatory mechanism. The question remains there-
fore open as to whether the motor system processes voluntary
and stimulus-driven actions separately. Moreover, it is not clear
whether and to what extent different decision components may
contribute to action specification.

Experimental designs such as the ones described examine the
relation between voluntary and stimulus-driven actions by testing
whether preparatory activity in one system is transferable to the
other when ‘switch to’ actions are exactly the same (Obhi et al.,
2008). Reaction times as well as EMG alone, however, may be
insufficient to determine whether exactly the same movements are
performed in the two modes of control. If not, this may provide
evidence that motor control of voluntary and stimulus-driven
action is indeed different (Glover, 2004). An alternative approach
to investigate whether voluntary and stimulus-driven actions are
independent or overlap is thus to examine the detailed spatio-
temporal pattern of movement kinematics in the two modes.

Following this approach, the present study was designed to
investigate whether and how voluntary decisions shape the
kinematics of reach-to-grasp movements. Specifically, we wanted
to determine i) how voluntary control impacts on the execution of
a reach-to-grasp movement; ii) to what extent specific decision
components contribute to the kinematic patterning of voluntary
and stimulus-driven movements. To this end, we employed a
paradigm that while maintaining direct comparability of voluntary
and stimulus-driven movements, allowed comparison of the
kinematic signature of what, when, and whether decision compo-
nents. In two experiments, participants were asked to perform
either voluntary or stimulus-driven reach-to-grasp movements
upon a large or a small object. In Experiment 1, participants were
free to decide what action to perform, whether to act, and when to
do so. In Experiment 2, what, whether, and when decision compo-
nents were dissociated and independently manipulated to clarify
the differential contribution of each component to movement
kinematics.

2. Experiment 1

In Experiment 1, participants were asked to reach towards and
grasp one of two objects (small vs. large) under either a ‘con-
strained’ or a ‘voluntary’ condition. For the ‘constrained’ condition,
the action sequence was entirely predetermined. Participants were
instructed regarding which object to grasp, whether to perform
the action, and when to perform the action. In the ‘voluntary’
condition, participants freely choose what action to perform, as
well as whether and when to perform it. The reach-to-grasp
movement towards large and small objects has been well char-
acterized experimentally under constrained conditions (e.g.,
Gentilucci et al., 1991; Jakobson and Goodale, 1991). Despite its
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simplicity, it can therefore assist in the differentiation of the two
modes of action.

If voluntary and stimulus driven control are independent, we
would predict that the kinematics of voluntary reach-to-grasp
movements would differ from the kinematics of constrained
reach-to-grasp movements aimed at the same target object (small
vs. large). Differences in the reach-to-grasp kinematic patterning
for the same object have been demonstrated depending on the
action end goal and intention (e.g. Ansuini et al., 2008; Ansuini
et al., 2006; Becchio et al., 2008a; Becchio et al., 2008b; Georgiou
et al., 2007). For example, movement duration is longer, amplitude
of maximum grip aperture is lower and is reached earlier in time
when the object is used to cooperate with a partner in comparison
to when it used to compete against an opponent (Georgiou et al.,
2007; Becchio et al., 2008b). Along similar lines, intentional
attitudes have been shown to influence key grasping parameters,
such time of peak grip opening and closing velocity (Sartori et al.,
2011). We reasoned that if voluntary control differs from stimulus
driven control, then differences in kinematic parameters con-
cerned with both the reaching and the grasping component
should be observed for movements aimed at the same object.
Alternatively, if the two systems overlap, we would expect the two
modes of actions to be characterized by a similar kinematic
patterning.

2.1. Methods

2.1.1. Participants
Thirteen subjects (6 females) between 18 and 30 years (female mean age¼

21.67 years, SD¼1.21 years; male mean age¼23.71 years, SD¼3.55 years) partici-
pated in the study. One participant was excluded from the final analyses due to
abnormal motor performance (bradykinesia) as compared to the other participants.
All participants were right-handed according to the Edinburgh Handedness
Inventory (Oldfield, 1971). Participants were naïve as to the purpose of the
investigation and gave informed written consent to participate in the study. The
local Institutional Review Board of the University of Padua in accordance with
the Declaration of Helsinki approved the experimental procedures.

2.1.2. Stimuli
The manipulandum consisted of a small cylinder (height 14 cm, diameter

1.5 cm; Fig. 1a) inserted within a larger cylindrical base (height 11 cm, diameter
7.5 cm; Fig. 1a). The small and large cylinders could be grasped with a precision and
power grip, respectively (Fig. 1b and c). In order to exclude that the greater height
of the smaller cylinder might have determined differences in spatial trajectories for
the index finger and thumb, a preliminary analysis on the y component concerned
with the movements of these two digits was performed. No significant differences
were detected. For the sake of clarity from now onwe shall refer to the small part of
the manipulandum as ‘small object’ and to the large part of the manipulandum as
‘large object’.

2.1.3. Apparatus
Movements were recorded by means of a three-dimensional motion analysis

system (SMART-D; BTS, Garbagnate Milanese, Italy) equipped with six infrared
cameras (frequency: 140 Hz). Reflective passive markers (diameter¼ .25 cm) were
fastened using double-sided tape to (a) the wrist, (b) the tip of the index finger,
(c) the tip of the thumb of the participants' right hand, and (d) on the top of the
visual stimuli. The wrist marker was used to measure the reaching component of
the action. The markers positioned on the index finger and the thumb were used to
measure the grasp component of the action. Coordinates of the markers were
reconstructed with an accuracy of .2 mm over the field of view. The standard
deviation of the reconstruction error was .2 mm for both the vertical (Y) and
horizontal (X and Z) axes. Data were reconstructed, filtered (10 Hz), and analyzed
by means of the SMART-D analyzer software.

2.1.4. Procedure
Participants sat at a table with their right hand on a starting platform. A pressure

sensitive switch was embedded in the starting platform so that when the reaching
movement towards the target commenced, the switch was released indicating the
movement onset. Movement offset was calculated as the time at which the object was
lifted from theworking surface for two consecutive frames (14 ms). Themanipulandum
was aligned with the participant’s body midline and located at a 35-cm distance from
the hand starting position. Participants were instructed to reach towards and grasp the
designated part of the manipulandum in two experimental conditions: a ‘constrained’

and a ‘voluntary’ condition. For the ‘constrained’ condition, the action sequence was
entirely predetermined. Before the beginning of each trial, the participants were
instructed to grasp either the large or the small object. Prior of trial onset, one of two
possible auditory informed participants whether or not an action had to be performed:
a low-pitch tone (Hz¼400; duration¼300 ms) indicated that no action had to be
performed, whereas a high-pitched tone (Hz¼700; duration¼300 ms) signalled
that the action should be executed. In this latter case, a second tone (Hz¼550;
duration¼70 ms) randomly delivered between 2000 and 2500 ms after the first tone
indicated when the action should start. Each participant performed 27 trials for each
type of object (21 Go trials; 6 No Go trials). This resulted in a total of 54 trials. In the
‘voluntary’ condition, participants were asked to freely select what action to make,
whether to make it, and when to make it. After the presentation of a tone (Hz¼550;
duration¼70 ms), they were given a 5 s time window to decide which object to grasp,
whether to perform the action, and when to start their movement. Each participant
performed 15 movements towards the large object and 15 movements towards the
small object, for a total amount of 60 trials. The order of conditions was randomized
across participants. Participants underwent a practice session before the experimental
session commenced.

2.1.5. Dependent variables and data analysis
To test for possible differences in the kinematics of the reach-to-grasp move-

ment as a function of experimental conditions a repeated measures analysis of
variance (ANOVA) with ‘Condition’ (constrained, voluntary) and ‘Object Size’ (large,
small) as within-subjects factors was conducted. Simple effects were used to
explore the means of interest and Bonferroni corrections (alpha level: p o .05)
were applied when necessary. The statistical analysis considered key reach-to-
grasp kinematic landmarks, which are known to vary depending on movement
speed (e.g., Wing et al., 1986) and action intention (Becchio et al., 2008a; Becchio
et al., 2008b; Georgiou et al., 2007; Sartori et al., 2009; Sartori et al., 2011). These
included: (i) movement duration, calculated as the time between the release of the
starting switch and the closure of the fingers around the object; (ii) amplitude of
maximum grip aperture, corresponding to the maximum distance reached by the
thumb and index finger during the unfolding of the action; (iii) time of maximum
grip aperture, calculated as the point in time at which index finger and thumb
reached the of maximum distance; (iv) time of peak grip opening velocity,
corresponding to the point in time at which the velocity of distancing the thumb
and the index finger reached its maximum value; and (v) time of peak grip closing
velocity, indicating the point in time at which the velocity of thumb-index finger
during the closing phase reached its maximum value. In addition to these
measures, we also considered (vi) delay between the start of the reaching action
and the initiation of fingers opening. This variable was analyzed to quantify the
coordination between the reach and the grasp component at movement start.
Lastly, we measured (vii) movement onset, calculated as the time between the
presentation of the tone (second tone for the ‘constrained’ condition) and the
release of the starting switch.

2.2. Results and discussion

The repeated measures ANOVA revealed a significant main effect
of ‘Condition’ for movement onset, F(1,12)¼11.273; po.01 ηp2¼ .484,

movement duration, F(1,12)¼28.22, po.0001, ηp2¼ .720, time of

maximum grip aperture, F(1,12)¼23.13, po.001, ηp2¼ .678, time of

peak grip opening velocity, F(1,12)¼10.60, po .01, ηp2¼ .491, and time

of peak grip closing velocity, F(1,12)¼28.60, po.0001, ηp2¼ .722.
Movement onset was anticipated for the ‘constrained’ compared to
the ‘voluntary’ condition (518736 vs. 628762 ms). Movement
duration was significantly longer for the ‘constrained’ than for the
‘voluntary’ condition (11217132 vs. 9727106 ms). Maximum grip
aperture was reached later in time for the ‘constrained’ compared to
the ‘voluntary’ condition (699782 vs. 577764 ms). Similarly, time of
peak velocity of grip opening and grip closing occurred later for the
‘constrained’ than for the ‘voluntary’ condition (392735 vs.
288733ms and 898795 vs. 769785 ms, respectively). The main
effect of ‘Object Size’was significant for movement duration, F(1,12)¼
32.26, po.0001, ηp2¼ .746, amplitude of maximum grip aperture, F

(1,12)¼146.54, po.0001, ηp2¼ .993, time of maximum grip aperture, F

(1,12)¼13.17, po.005, ηp2¼ .545, time of peak grip opening velocity, F

(1,12)¼40.11, po.01, ηp2¼ .785, time of peak grip closing velocity, F

(1,12)¼10.24, po .001, ηp2¼ .482, and delay, F(1,12)¼25.27, po.0001,
ηp2¼ .697. Movement duration was shorter for the large than for the
small object (9917102 vs. 11027142 ms). As expected, maximum
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grip aperture was wider (11978 vs. 6375 mm) and it was reached
later in time (695775 vs. 581749ms) for the large compared to the
small object. Both time of peak grip opening and closing velocity
occurred earlier for the small compared to the large object (302740
vs. 378742 ms, and 780784 vs. 886793ms, respectively). Delay
was significantly reduced for movements aimed at the large than the
small object (177722 vs. 280731 ms). A significant two-way inter-
action ‘Condition’ by ‘Object Size’ was found for time of peak grip
closing velocity, F(1,12)¼8.57, p o.05, ηp2¼ .438. For the voluntary
condition, peak velocity for grip closing was reached earlier for the
small than for the large object (851791 vs. 686776ms). No such
difference was detected for the constrained condition (9207104 vs.
875793ms, p4.05).

In sum, these findings indicate that voluntary and stimulus-driven
control led to different motor outputs. This suggests that over and
above the effect of object size, the mode of control – voluntary versus
stimulus-driven – specifically influenced the motor programming of
reach-to-grasp movements, contributing to action specification.

3. Experiment 2

The result of Experiment 1 showed that the kinematics of
reach-to-grasp movements is different depending on whether the
determination of which action to perform, whether and when to
perform it is voluntary or constrained. To clarify the contribution
of specific decision components to movement kinematics, in
Experiment 2, we independently constrained what, whether, and
when components.

3.1. Method

3.1.1. Participants
Fourteen participants (7 females; (female mean age¼24.43 years), SD¼2.51

years; male mean age¼25.14 years, SD¼3.93 years) participated in the study. None
of Experiment 2 participants took part in Experiment 1.

3.1.2. Stimuli, apparatus, and procedure
Stimuli, apparatus, and procedure were the same as those for Experiment 1, with

the exception that there were four experimental conditions: ‘what constrained’,
‘whether constrained’, ‘when constrained’ and ‘voluntary’. In the ‘what constrained’
condition, prior to the beginning of each trial, participants were instructed to grasp
either the large or the small object. They were free to decide whether to perform the
action and, if they decided to act, when to grasp the object. After a tone (Hz¼550;
duration¼70 ms) was presented, they had 5 s to decide whether and when to
perform the action. In the ‘whether constrained’ condition participants were free to
choose which object to grasp and when to start the movement, but whether to
perform the action was dictated by an external cue. In this condition one of two
possible auditory tones was randomly presented. A low-pitch tone (Hz¼400;
duration¼300 ms) indicated that no action had to be performed, whereas a high-
pitched tone (Hz¼700; duration¼300 ms) signalled that the action should be
executed. After the high-pitched tone was presented, participants had 5 s to decide
which object to grasp and when to start the action. In the ‘when constrained’
condition participants were free to decide which object to grasp and whether to
perform the action, but not when to start the movement. In this condition a tone
(Hz¼550; duration¼70 ms) indicated the onset of the trial. After a random interval
(ranging from 1000 to 5000 ms), a second tone was presented (Hz¼550;
duration¼70 ms). After hearing the second tone participants had 2 s to reach and
grasp one of the two stimuli. For the ‘voluntary’ condition, as for Experiment 1,
participants were asked to freely select what action to make, whether to make it, and
when to make it. After the presentation of a tone (Hz¼550; duration¼70 ms),
participants were given 5 s to choose whether to perform or not the action, which
object to grasp, and when to start their movement. Each participant performed 120
trials, 15 movements towards the large object and 15 movements towards the small
object for each condition. The order of conditions was randomized across participants.

3.1.3. Dependent variables and data analysis
The same dependent variables described in Experiment 1 were considered. A

repeated measures ANOVA with ‘Condition’ (voluntary, what constrained, whether
constrained, when constrained), and ‘Object Size’ (large, small) as within-subjects
factors was conducted. Simple effects were used to explore the means of interest
and Bonferroni corrections (alpha level: p o .05) were applied when necessary.

3.2. Results and discussion

The main effect of ‘Condition’ was significant for movement
onset, F(3,39)¼7.062, p ¼ .001, ηp2¼ .352, movement duration, F
(3,39)¼3.53, p o .05, ηp2¼ .213, and the time of maximum grip

Fig. 1. Graphical representation of the experimental set up, the objects used as targets, the hand starting position adopted by each subjects at the beginning of each trials and
the position of the markers. Note that the large and the small cylinders were grasped with a power and a precision grip, respectively.
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aperture, F(3,39)¼4.57, p o .05, ηp2¼ .260. Post-hoc contrasts
indicated that movement onset was significantly anticipated for
the ‘when constrained’ condition in comparison to the ‘whether
constrained’ condition (631755 ms vs. 10757140 ms; p ¼ .011).
The differences between the ‘when constrained’ condition and the
‘voluntary’ (11517205 ms) and the ‘what constrained’ condition
(9647144 ms) were not significant, but there was a trend for time
of action onset to be shorter in the ‘when constrained’ condition
(respectively, p ¼ .062 and p ¼ .056). Movement duration was
significantly longer for the ‘voluntary’ compared to the ‘what
constrained’ and the ‘whether constrained’ conditions (ps o .05;
Fig. 2a). Maximum grip aperture was reached later in time for the
‘voluntary’ compared to the ‘what constrained’ and the ‘when
constrained’ conditions (ps o .05; Fig. 2b).

The main effect of ‘Object Size’ was significant for movement
duration, F(1,13)¼57.24, p o .0001, ηp2¼ .815, amplitude of max-

imum grip aperture, F(1,13)¼553.58, p o .0001, ηp2¼ .977, time of

maximum grip aperture, F(1,13)¼125.51, p o .0001, ηp2¼ .906, time

of peak grip velocity opening F(1,13)¼43.85, p o .0001, ηp2¼ .771,
time of peak grip velocity closing, F(1,13)¼88.60, p o .0001,
ηp2¼ .872, and delay, F(1,13)¼25.38, p o .0001, ηp2¼ .661. As expe-
cted, movement duration was shorter for the large than for the
small object (8187901 vs. 10067118 ms). Maximum grip aper-
ture was wider (1227105 vs. 62757 mm) and it was reached
later in time (632773 vs. 437754 ms) for the large compared to
the small object. The time of both peak grip opening and closing
velocity occurred earlier for the small compared to the large object
(204732 vs. 290743 ms, and 636775 vs. 800795 ms, respec-
tively). The delay was significantly reduced when the large rather
than the small object was grasped (151726 vs. 274739 ms). The
two-way interaction ‘Condition’ by ‘Object Size’was not significant
for any of the considered dependent measures (ps 4 .05).

All in all, these findings indicate that selecting what to do,
when to act, and whether to act affect different aspects of the
reach-to-grasp movement in a selective fashion. In particular,
whereas what decisions affect both movement time and time to
maximum grip aperture, whether decisions only influence move-
ment time. Finally, when decisions appear to influence the time of
maximum grip aperture, but not the overall movement duration.

4. General discussion

The aim of the present research was to determine how
voluntary and stimulus-driven control impact on action selection
and specification. To do so, in two experiments we measured the
kinematics of voluntary and constrained movements. In Experi-
ment 1, we contrasted voluntary and stimulus-driven reach-to-
grasp movements performed upon a small or a large object. We
found that some aspects of the kinematic patterning that char-
acterizes reach-to-grasp movements aimed at large or smaller
object changed depending on whether or not the action reflected a
free decision. In Experiment 2, whether different decision compo-
nents would influence the reach-to-grasp movement in a selective
fashion was investigated. Kinematical analysis revealed that what,
whether, and when decision components selectively affected dif-
ferent movement characteristics.

4.1. Voluntary vs. stimulus driven control

Experiment 1 showed that movement duration was longer and
time of maximum grip aperture was reached later in time for
‘constrained’ movements in comparison to ‘voluntary’ movements.
In Experiment 2, in contrast, we found that movement duration was
longer for ‘voluntary’movements in comparison to ‘what constrained’
and ‘whether constrained’ movements. Moreover, time of maximum
grip aperture was reached later in time for ‘voluntary’ than for ‘what
constrained’ and ‘when constrained’ movements. This suggests that
the pattering found in Experiment 1 was not determined by a specific
decision component, but rather reflected the need to integrate
different components.

Under natural circumstances (i.e., when the target remains
stationary), movement time is largely determined by planning
processes operating prior to movement execution (Glover, 2004).
In particular, planning is hypothesized to slow down movements
made towards ‘hard’ targets (e.g., small targets) to allow for the
control system more time to operate during action execution. One
factor that in Experiment 1 could have influenced movement
duration is task complexity. Research from a number of disciplines
(e.g., accounting, finance, consumer behavior) has found that an
increase in task demands decreases decision quality and increases
the time required to make a decision (e.g., Hart, 1986). Similarly,
task complexity has been shown to impact on movement plan-
ning, increasing movement duration (Meulenbroek et al., 2004).

In Experiment 1, before the beginning of each trial, participants
were instructed to grasp either the large or the small object. Then,
two tones were administered in sequence. The first tone specified
whether or not an action had to be performed. The second tone
indicated when the action should start. Prolongation of movement
duration may have been determined by the necessity to accom-
modate the processing required to integrate these instructions.

This is further confirmed by the finding that time of maximum
grip aperture was delayed for the ‘constrained’ condition in
comparison to the ‘voluntary’ condition. Because participants were
instructed to start the action at the presentation of the second
tone, it is plausible that in the ‘constrained’ condition, after
movement onset (that was indeed anticipated in comparison to
the ‘voluntary’ condition), they slowed down to recover and

Fig. 2. Movement duration and time to maximum grip aperture for the different
experimental conditions in Experiment 2. Bars represent the standard error
of means.
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implement the instruction about which object to grasp (‘what’
component).

4.2. The www model

As previously reported, what, whether, and when decision com-
ponents can be dissociated at a functional level (Brass and Haggard,
2008; Haggard, 2008). Furthermore, while there are still some
inconsistencies, there is evidence that these components may be
partly dissociable at a neuroanatomical level (Krieghoff et al., 2011).
In the following, the specific effects of what, whether, and when
decision components on kinematics are discussed in relation to
behavioural and neuroimaging evidence.

4.2.1. What component: deciding what do
The ‘what’ component reflects the decision of which action to

perform and is commonly tested in free choice paradigms in which
participants can freely choose between different action alternatives
(e.g., Lau et al., 2004; Müller et al., 2007). For example, in a functional
MRI (fMRI) experiment, Lau et al. (2004) compared a free selection
condition in which participants selected a target with a specified
condition in which they had to move the cursor to a specified target.
The comparison of freely selected versus specified actions revealed
activations in different parts of the fronto-median cortex including
the anterior cingulated cortex, the presupplementary motor area
(preSMA), and the parietal cortex. Others studies, using similar
paradigms, report activations in the anterior cingulated cortex and
the pre-SMA, suggesting that these areas might be specifically
involved in the intentional selection between different response
alternatives (e.g., Müller et al., 2007; Krieghoff et al., 2009).

In the present study, the what decision component was oper-
ationalized as a choice between a small and large target object. We
found that constraining this choice (Experiment 2) selectively
affected two key measures, namely movement time and time to
maximum grip aperture. In particular, as reported above, movement
time was longer and maximum grip aperture was reached later in
time for the ‘voluntary’ compared to the ‘what constrained’ condi-
tion. We suggest that this pattern might reflect the intentional
processing of response alternatives in the ‘voluntary’ condition. To
elaborate, in the ‘what constrained’ condition, participants were told
which action to make prior to the beginning of each trial. In the
‘voluntary’ condition, by contrast, there were no instructions about
which action to make and participants freely selected one action
amongst two alternatives (grasp the large target vs. grasp the small
target). To the extent that for the ‘voluntary’ condition both alter-
natives were simultaneously represented at a motor level (Cisek and
Kalaska, 2005; Klein-Flügge and Bestmann, 2012), this could explain
the increase in movement duration.

In contrast to movement duration, time to maximum grip
aperture has been proposed to reflect control during movement
execution rather than advanced planning (Glover, 2004). That time
to maximum grip aperture was also delayed might indicate that
control processes for voluntary reach-to-grasp actions were
slowed down.

4.2.2. Whether component: deciding whether to do it
The whether decision component has been proposed to have both

an early motivational component (earlywhether decisions) and a final
predictive check (late whether decisions), related to the possibility to
cancel an already selected action (Haggard, 2008). One possibility
to investigate this latter inhibitory component is to ask participants to
first prepare an action and then to decide for themselves whether to
perform or inhibit it. Following this approach, Brass and Haggard
(2007) instructed participants, in an fMRI study, to prepare and
perform simple key pressers at a time of their own choosing, but to

withhold the action at the last possible moment on some trials. The
dorsal frontomedian cortex, an area located dorsally to the anterior
cingulated cortex associated with what decisions, was activated in
veto trials more than in trials in which participants made actions.
Similarly, Kühn and Brass (2009) found differential activation within
the dorsal frontomedian cortex when contrasting trials with a
voluntary decision to inhibit with trials with a voluntary decision to
proceed with the prepared action. Interestingly, the analyses revealed
a significant correlation between each participant’s percentage of
inhibited trials and inhibition-related activity in the dorsal frontome-
dian cortex, further supporting the view that this area may act as a
‘brake’ on motor output.

At a behavioural level, responses which depend on late whether
decisions are characterized by longer delays (600 ms) as compared
to instructed responses (Filevich et al., 2013). This has been taken
to suggest that the free decision to respond or transiently inhibit a
response involved a time-consuming cognitive process that may
delay movement preparation. Our findings of longer movement
duration for voluntary compared to whether instructed decision
add to this evidence, suggesting that not only the initiation of a
response, but also the programming of movement time may be
influenced by late whether decision components. In particular, it
could be hypothesized that longer movement durations for volun-
tary compared to ‘whether constrained’ movements reflect the
preactivation of a voluntary ‘neural brake’ mechanisms, which,
without stopping the movement, slows down its execution so to
enable a quicker late whether decision when it is needed (Aron,
2011).

4.2.3. When component: deciding when to do it
Whereas the timing of stimulus-driven actions is determined

by an external stimulus, voluntary actions often depend on a when
decision component related to when to perform the action. Using
free choice paradigms, several studies have compared brain
activity between self-paced conditions, in which the participant
themselves decides when to make an action, and externally
triggered conditions, in which the participant makes a similar
action in response to a stimulus. Activity within the dorsolateral
prefrontal cortex and the frontomedian cortex has been identified
by this comparison (e.g., Deiber et al., 1999; Krieghoff et al., 2009;
Soon et al., 2008). Recent attempts to disentangle the what and
when components of voluntary actions suggest that whereas the
preSMA may be specifically associated with the free choice of the
executed movements (what), free timing of movement execution
(when) may rely crucially on the SMA, the insula, and the bilateral
anterior putamen and globus pallidus, which together with the
preSMA motor area are known as the medial premotor system
(Hoffstaedter et al., 2013).

Experiment 2 suggests that at a kinematic level, the influence
of the when decision component was confined to the time of
maximum grip aperture. This was reached earlier for ‘when
constrained’ actions in comparison to ‘voluntary’ actions, indicat-
ing that voluntary selection of the timing of an action may
influence approach parameters.

Interestingly, despite movement onset was generally shorter
for ‘when constrained’ action, the when decision component did
not influence the overall duration of the action. This suggests that
the internal selection of the action (what decision component), but
not the internal timing of the action (when decision component),
may impact on advanced movement planning.

5. Conclusions

Voluntary actions involve several decisions components that are
absent from stimulus-driven actions: decisions about what to do,
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decisions about whether to do it, and decisions of when to do it
(Brass and Haggard, 2008). Our results provide the first demonstra-
tion of how these decision components influence different aspects of
the reach-to-grasp movement in a selective fashion. These findings
add to current models of volition suggesting that (i) voluntary and
stimulus-driven control are differently implemented at a motor level;
(ii) voluntary motor control results from an interplay of subfunctions
related to the decision of what action execute, when to execute an
action, and whether to execute any action or not.
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