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Abstract The goal of this study was to elucidate the
underlying mechanisms of hand and tool grasping con-
trol. We assumed that there is a single principle-governing
grasping control irrespective of its effectors and that the
degree of prior experience of the effector determines the
smoothness of aperture control. Eight participants per-
formed a reach-to-grasp task with four different effectors:
index finger and thumb, middle finger and thumb, chop-
sticks, and a scissor-like tool. Although we employed dif-
ferent effectors with large mechanical variations and differ-
ent degrees of prior use, maximum grip aperture was scaled
as a function of object size and appeared at almost the same
timing in all four types of grasping movements. Moreover,
reaching time did not substantially differ among grasping
conditions. However, plateau duration of the aperture pro-
file differed by effector. Plateau duration was the longest
in the unfamiliar scissor-like tool grasping condition. There
was no difference between the unfamiliar hand-use grasp
with the thumb and the middle finger and the familiar tool-
grasp with chopsticks. The familiar hand-use grasp with the
thumb and the index finger had the shortest plateau dura-
tion. These results supported the idea that there is an effec-
tor-independent continuity between hand-use and tool-use
in motor control as a function of prior degree of use, rather
than the conventionally assumed dichotomy between them.
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Introduction

It is not surprising that we use our hands skillfully, but per-
haps somewhat surprising that we manipulate various tools
as dexterously as if they were parts of our own body. This
“embodiment” of tools has been extensively investigated
(see Maravita and Iriki 2004; de Vignemont and Farne
2010); tool-use can update not only our peripersonal space
but also our body representation (body schema) itself (Berti
and Frassinetti 2000; Brozzolli et al. 2009, 2010; Cardinali
et al. 2009; Farné and Ladavas 2000; Kao and Goodale
2009; Maravita et al. 2002a, b). Although these findings
show the remarkable plasticity of our body representation,
the functional characteristics of tools embodied in the body
are still unknown. Based on our assumption of continuity
between hand-use and tool-use of motor control, our hand
is just one of our most familiar tools. Therefore, the degree
of prior experience should be the important difference
between our body parts and external tools in terms of the
neural representation of motor control. To test this idea, the
present study investigated the temporal aspects of grasping
motor control in hand-use and tool-use grasping with both
familiar and unfamiliar effectors.

One body of research suggests different representations
subserving motor control for tool-use grasping and natural
hand-use grasping. Gentilucci et al. (2004) suggested that
the two types of grasping were achieved in similar ways
but with different means. In their experiment, grasp aper-
ture in tool-use grasping developed differently from hand-
use grasping, particularly in the aperture-opening phase;
the aperture in tool-use grasping had a long plateau before
it reached maximum grip aperture (MGA). Other stud-
ies have also reported differences in the temporal aspects
of aperture control (Bongers 2010; Bouwsema et al. 2010;
Wing and Fraser 1983).
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Some neuropsychological symptoms also seem to sup-
port the existence of different representations for tool-use.
For example, patients with ideomotor apraxia show a selec-
tive disorder in tool-use; they often fail to use tools, or if
they can, they use them inappropriately. Previous studies
have explained these symptoms in terms of disorder of the
gesture engram (motor program) for tool-use (see Osiurak
et al. 2011). Although these findings do not necessarily lead
to the idea of effector-dependent representations for grasp-
ing control, they do suggest that tool-use and hand-use
grasping could be achieved independently.

Conversely, other motor control theories do not attrib-
ute the contrast in grasping aperture between hand and tool
to a difference in the control principal, but rather to a dif-
ference in the parameters of the controlled effector (e.g.,
proficiency). For example, Arbib and his collogues (Arbib
et al. 1985; Hoff and Arbib 1993) assumed a common com-
putational principle underlying tool control and biological
hand control. Similar to this model, the constraints and
calculation methods of other computational motor theories
have been applied not only to hand-use, but also to tool-use
(e.g., Flash and Hogan 1985; Uno et al. 1989; Harris and
Wolpert 1998). Although their predictions of grasping con-
trol vary, these models predict tool grasping behavior based
on the same principle as natural grasping (Jeannerod 1988;
Rosenbaum et al. 2001; Smeets and Brenner 1999; Wing
and Fraser 1983).

Based on this idea that the same principle governs grasp-
ing motor control irrespective of the effector, we assumed
that there is continuity in grasping motor control between
hand-use and tool-use and that proficiency with an effector
is more important than effector type (hand vs. tool). Our
hypothesis was that the degree of smoothness in motor con-
trol depends on proficiency with a particular effector. This
hypothesis is in line with recent studies of how tool-use
modifies perceived peripersonal space or personal space
in neurotypical individuals (Cardinali et al. 2009; Mara-
vita et al. 2002b; Witt et al. 2005), in patients (Berti and
Frassinetti 2000; Farné and Ladavas 2000; Maravita et al.
2002a), and where the same neuron fires to both hand and
tool in observation (Iriki et al. 1996), and in execution
(Umilta et al. 2008). These studies also provide evidence
for the compatibility of the representation between hand
and tool within our brain system, supporting the idea of
their continuity.

In natural grasping, hand aperture does not open
quickly but gradually. Maximum hand aperture, conven-
tionally called maximum grip aperture (MGA), usually
appears about 75 % of the way through the movement
and is scaled to object size (e.g., Jeannerod 1984; Meu-
lenbroek et al. 2001; Smeets and Brenner 1999; Tresilian
et al. 1997). When a tool was used to grasp an object,
the aperture opened quickly, peaked in the early phase of
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movement, maintained almost the same size of the aperture
(plateau), and finally closed to adjust to the target object
(Bongers 2010; Gentilucci et al. 2004). This plateau was
also observed in grasping with prosthesis (Bouwsema et al.
2010; Wing and Fraser 1983).

If there is continuity between hand-use and tool-use and
if the degree of prior experience using an effector is a criti-
cal variable in grasping motor control, the characteristics
of tool-use grasp should gradually vary with the degree
of prior experience, but not with whether the effector is
a hand or a tool. The present study employed two hand-
use grasps and two types of tools-use grasps with differ-
ent degrees of prior experience. We predicted that the most
frequently used grasp, a typical thumb and index finger
grasp, would show the finest aperture profiles followed by
an atypical hand-use grasp, a typical tool-use grasp, and
an atypical tool-use grasp in that order. Further, the fun-
damental nature of grasping control should be constant
irrespective of the effectors. To test whether smoothness
of aperture control varied with the types of grasping based
on different degrees of prior experience, we focused on
the plateau duration as one clear index of grasping control
profile.

Methods
Participants

Eight right-handed student participants (24.0 £ 1.7 years
old) with no visuomotor problems performed a reach-to-
grasp task.

Experimental setup

The participants reached for and grasped an object on a
table in front of them and transported it to a target location
at a comfortable speed. The starting point and the object
were placed 20 and 50 cm, respectively, away from the par-
ticipants and 10 cm right of the participants’ midline. The
target was located 10 cm to the right of the target object
as shown in Fig. la. The target objects were wooden cyl-
inders 2 cm in height with three different diameters: 1.5, 2,
and 2.4. The object sizes were chosen because participants
would not drop them during the tool-use grasping task. In
addition, target objects were wrapped with a rubber band
to prevent them from falling from the tips of the fingers or
tools.

Procedure

After a verbal “Go” cue from the experimenter, the par-
ticipants started reaching at own timing with their fingers
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Fig. 1 a Experimental setting and b the atypical tool. Participants
performed a reach-to-grasp task in the setting using four different
types of effectors with their eyes open. The present study defined this
scissor-like tool as an atypical tool to grasp an object

or tips of the tool closed. They performed the reach-
to-grasp task under four conditions: typical hand (TH),
atypical hand (AH), typical tool (TT), and atypical tool
(AT) conditions. These conditions correspond to the par-
ticipants grasping the object with their index finger and
thumb, their middle finger and thumb, chopsticks, and
a scissor-like tool, respectively. These conditions were
assumed to differ by how frequently they were used for
ordinary grasping. The present study used chopsticks as
a typical tool for grasping because Japanese participants
were accustomed to using them. In contrast, the scis-
sor-like tool was not a common tool. None of the par-
ticipants had any experience using this tool, which was
designed with special mechanical characteristics for this
experiment.

The participants carried out a total of 240 trials (20 tri-
als x 4 conditions x 3 object sizes). The presentation order
of conditions and object sizes were counterbalanced among
participants.

Tool mechanics

The scissor-like tool was reconstructed from a normal scis-
sors but with wooden fingers for grasping objects (Fig. 1b).
The total length was 18 cm. The fulcrum of the scissor-like
tool was located at about half of the total length of the tool.
Therefore, the opening distance between the tips of the tool
and fingers were nearly identical.

The chopsticks were 22 cm in length with the fulcrum
located very near the power point. Maximum opening
ranges of the scissor-like tool and the chopsticks were 8 and
13 cm. Both of these opening ranges were wide enough to
easily grasp the largest object in this study, which required
only a 5 cm opening.

Data collection and preparation

Using the Optotrak system (Northern Digital Inc.), we
obtained three-dimensional positions of infrared LED
markers with a sampling rate at 200 Hz. Data recording
started before the movement onset and stopped after the
end of one trial. Three markers were attached to the tips of
the effectors and the wrist. The wrist marker was used for
detection of movement.

Position data were smoothed using a fourth-order But-
terworth low-pass filter. We studied the reaching part of
movement from onset to time of grasp, omitting the trans-
port of the object. Trials in which participants failed to
grasp the object or markers were invisible were excluded
from analyses. Movement onset was determined as the first
point where wrist velocity exceeded 5 cm/s, and movement
end (the time of grasp) as the first point where wrist veloc-
ity fell below 5 cm/s after the peak velocity. Trials that
did not satisfy these criteria for movement end were also
removed from further analyses. In total, 3.39 % of the data
were rejected.

The 7-mm-diameter marker could not be put on the
exact tip of the effector, creating a difference between the
final aperture and the actual object size. We determined
where the movement ended based on tangential velocity,
which could cause a slight discrepancy between the final
aperture and the object size. However, this calculation was
equally applied to all data, so this should not influence the
main findings.

Data analysis

To examine the effects of effectors and objects size, we
executed a three within-subject ANOVA on four indices:
movement time, maximum grip aperture (MGA), relative
timing at which MGA appears in the standardized move-
ment time, and plateau duration of aperture profile against
the standardized movement time. Multiple comparisons
were carried out with Shaffer’s method. We used the first
three indices to confirm the classical features of grasping
control, which would remain constant across the condi-
tions. In contrast, plateau duration reflects proficiency of
grasping control and was expected to vary with the con-
dition. We conducted a paired ¢ test to determine whether
there was a difference in plateau duration between the
AH and TT conditions, which could not be tested in the
ANOVA. All measures were calculated for each trial and
then averaged for one participant.

The present study defined plateau duration as the per-
centage of time that aperture was over 90 % of its MGA
before MGA. Previous studies have also used the criterion
of 90 % to distinguish aperture variation, but in a some-
what different context (Bongers et al. 2012). Bouwsema
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Fig. 2 Aperture profiles of the typical participants. Each panel cor-
responds to the types of effectors. The point of 0 in the abscissa indi-
cates the onset of reaching movements and 1 indicates the time of the

et al. (2010) defined the duration of the plateau phase as
the period from the end of the finger opening to the start
of finger closure, leading to the detection of only extreme
aperture changes, which did not appear in the present study.
Although the value of 90 % was arbitrary, we assumed that
it was sufficient to distinguish characteristics of the aper-
ture profiles between effecters.

To show averaged aperture profiles graphically, we
divided the aperture profile of each trial into 50 points and
computed an average and standard error within each condi-
tion (Fig. 2).

Results

The analyses of grasping control revealed four main
results. (1) The plateau in the atypical tool condition was
considerably longer than in the other three conditions.
Typicality and effector type both related to the proficiency
of effector influenced grasping control. Importantly, the
atypical hand and typical tool conditions were not differ-
ent in plateau duration but longer than the typical hand-use
grasping. (2) Effector type affected maximum grip aperture
(MGA) and movement duration. The tool-use conditions
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grasp. Aperture profile of each trial was divided into 50 points and
averaged within a condition. The standard error at each time point
was drawn as error bar

showed smaller MGA than the hand-use conditions. (3)
Neither effector type nor typicality themselves influenced
the timing of MGA or the variance of aperture control. (4)
Object size effect on MGA was observed in the all effector
conditions.

Figure 2 shows averaged aperture profiles of a single
participant. Each panel corresponds to a type of effector.
The point of O in the abscissa indicates the onset of reach-
ing movement and 1 indicates the time of the grasp. The
standard error at each time point is drawn as an error bar.
The shapes of the aperture profiles of the AT condition
differ from the other conditions. In the AT condition, the
rising phase was shorter, and the curve before the MGA
flatter. This feature, however, was not limited to the AT
condition but was also seen in the AH and TT conditions,
although not to such a striking degree.

We first investigated how grasping type affected plateau
duration in relation to the hypothesis and then analyzed the
other indices to confirm the classical features of grasping
control. Generally, all the results were consistent with our
hypothesis.

First, the plateau of the aperture profile, the focus of the
present study, was examined. As expected, plateau duration
was longest in the AT condition, followed in descending
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order by the TT, AH, and TH conditions (Fig. 3). The
relative time of the plateaus which appeared in the aper-
ture profiles were 19.3 £ 4.6, 24.3 £+ 3.8, 24.0 + 4.5,
and 38.2 £ 5.4 % of the movement time in the TH, AH,
TT, and AT conditions, respectively. ANOVA found main
effects of typicality and effector (F(1,7) = 53.95, p < .001,
ng = 0.204; F(1,7) = 92.06, p < .001, n% = 0.193) and an
interaction effect between them (F(1,7) = 14.51, p < .01,
né: 0.056). The main effect of object size was not signifi-
cant (F(2,14) = 2.83, n.s., né: 0.001). To further exam-
ine the interaction effect between typicality and effecter,
simple effect tests were conducted. They demonstrated that
typicality and effector effects were significant at all levels
(p < .01). In contrast, there was no difference between the
AH and TT conditions (#(1,7) = 0.29, n.s., d = 0.090).
These statistical results indicated that plateau duration
was longer either when the typicality of effector was high
or when a hand was used for grasping, but one pair of tool-
use and hand-use conditions was similar in grasping con-
trol. Further, the interaction effect demonstrated that pla-
teau duration in the AT condition was considerably longer
than the others. Taken together, this analysis revealed that
the two factors both related to the proficiency level of the
effector influenced grasping control and that the conven-
tional distinction between hand-use and tool-use does not
distinguish aperture profile in reach-to-grasp movement.
Second, movement time varied by effector type, but
not by typicality and object size. As shown in Fig. 4, there
seemed to be differences between the hand-use conditions
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Fig. 3 Plateau duration in the four grasping conditions. Error bar
indicates standard deviation. ANOVA found main effects of typicality
and effector (F(1,7) = 53.95, p < .001, ng = 0.204; F(1,7) = 92.06,
p < .001, p% = 0.193) and an interaction effect between them
(F(1,7) = 14.51, p < .01, né: 0.056). The main effect of object size
was not significant (F(2,14) = 2.83, n.s., né = 0.001). Simple effect
tests demonstrated that typicality and effector effects were significant
at all levels (p < .01). In contrast, there was no difference between the
AH and TT conditions (¢#(1,7) = 0.29, n.s., d = 0.090)
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Fig. 4 Movement time in the four grasping conditions. Error bar
indicates standard deviation. ANOVA revealed a significant main
effect of effector type (F(1,7) = 9.20, p < .05, r]é: 0.047), but there
were no other significant effects (F(1,7) = 0.53, n.s., né = 0.001;
F(2,14) = 3.32, n.s., 7= 0.002)

and tool-use conditions. Mean and standard deviation of
the movement times of each condition were 0.74 £ 0.13,
0.75 £ 0.12, 0.84 £ 0.14, and 0.81 £ 0.10 s in the TH,
AH, TT, and AT conditions, respectively. ANOVA revealed
a significant main effect of effector type (F(1,7) = 9.20,
p < .05, né = 0.047), but there were no other significant
effects (F(1,7) = 0.53, n.s., ng = 0.001; F(2,14) = 3.32,
n.s., né = 0.002). These results indicated that tool-use
grasping prolonged reach-to-grasp movement time.

Third, all three factors affected MGA. In Fig. 2, each
color corresponds to a different object size, and it shows
that there was a size effect on MGA in all the grasp-
ing conditions, as also seen in Fig. 5. Indeed, ANOVA
demonstrated a significant main effect of object size
(F(2,14) = 103.10, p < .001, né: 0.094). In addition, there
were significant main effects of typicality and effector
type (F(1,7) = 10.51, p < .05, ng= 0.039; F(1,7) = 18.59,
p < .01, né: 0.190), but no interaction effects. MGA was
3.96 + 0.80, 4.53 £ 0.76, 3.14 £ 0.54, and 3.39 + 0.51 cm
in the TH, AH, TT, and AT conditions, respectively. Mul-
tiple comparisons found significant differences in MGA
between all pairs of objects with different sizes (p < .05).
That is, MGA increased with object size in a linear fashion.
Further, MGA in hand-use grasping was larger than in tool-
use grasping, and MGA in atypical grasping was slightly
larger than in typical grasping. These analyses confirmed
the classical object size effect as well as showed that the
opening range of the tips of the effectors was influenced
both by typicality and type of effector.

Fourth, the timing of the maximum grip aperture
occurred at about 75 % of the way through the movement
time irrespective of the effectors. As Fig. 6 shows, MGA
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Fig. 5 Maximum grip apertures in the four grasping conditions.
Error bar indicates standard deviation. ANOVA showed a significant
main effect of object size (F(2,14) = 103.10, p < .001, né: 0.094).
In addition, there were significant main effects of typicality and
effector type (F(1,7) = 10.51, p < .05, n4 = 0.039; F(1,7) = 18.59,
p < .01, ng = 0.190), but no interaction effects. Multiple comparisons
found significant differences in MGA between all pairs of objects
with different sizes (p < .05)
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Fig. 6 MGA timing in the four grasping conditions. Error bar indi-
cates standard deviation. ANOVA did not find any significant effects
(F2,14) = 2.42, ns., 7% = 0.126; F(1,7) = 2.25, n.s., & = 0.022;
F(1,7) = 1.39, n.s., ng = 0.006)

timing did not vary with object size or type of effector.
MGA appeared at 74.9 + 8.6, 72.3 + 7.7, 77.7 £ 9.5, and
73.2 &+ 7.1 % of the movement times in the TH, AH, TT,
and AT conditions, respectively. ANOVA did not find any
significant effects at all (F(2,14) = 2.42, n.s., né: 0.126;
F(1,7) = 225, ns., n4 = 0.022; F(1,7) = 1.39, ns.,
n&=0.006).

In addition to the above analyses, we examined the vari-
ance of aperture profiles within each condition to illustrate
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Fig. 7 Aperture variance in the four grasping conditions. Error bar
indicates standard deviation. ANOVA on group data found no signifi-
cant effects of object size, typicality, and effector type, but the inter-
action effect between typicality and effector type (F(2,14) = 3.67,
ns., 75 = 0.015; F(1,7) = 0.82, ns., n4 = 0.002; F(1,7) = 1.51,
n.s., ng = 0.002). A significant simple main effect of typicality was
found in the atypical grasping condition (F(1,7) = 5.79, p < .05.,
n%=0.083)

the variability in grasping control (Fig. 7). ANOVA on
group data found no significant effects of object size,
typicality, and effector type, but the interaction effect
between typicality and effector type (F(2,14) = 3.67, n.s.,
ng=0.015; F(1,7) = 0.82, n.s., ng= 0.002; F(1,7) = 1.51,
n.s., né = 0.002). A significant simple main effect of
typicality was found in the atypical grasping condition
(F(1,7y=5.79, p < .05., nzG= 0.083). These results indicate
that variance of aperture control did not vary systematically
with typicality or effector type. Moreover, there were no
significant differences among grasping conditions except
for between the AH and AT conditions.

Discussion

The results supported the idea that the proficiency level of
the effector produces continuity in motor control between
hand-use and tool-use grasping. On the one hand, the aper-
tures of each of the four different effectors showed the
well-known invariant features of grasp aperture. On the
other hand, the aperture profile shapes differed in terms of
their plateau duration by effector. As expected, grasping
in the atypical hand and typical tool conditions prolonged
the plateau compared with the typical hand-use condi-
tion. Moreover, aperture plateau duration was considera-
bly longer in the atypical tool condition than in the other
conditions. However, there was no difference in plateau
duration between the atypical hand and typical tool condi-
tions, despite the difference in the type of grasping effector.
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These findings supported the hypothesis, suggesting that
there should be a principle-governing grasping control,
which is not sensitive to effectors, but sensitive to the profi-
ciency level of the effector.

In addition to supporting our hypothesis, the present
results also confirmed and extended previous findings.
First, in all of the grasping conditions, object size effect
was observed regardless of the effector in accordance with
previous reports on natural hand-use grasping (Jakobson
and Goodale 1991; Jeannerod 1984; Smeets and Brenner
1999). Tool-use grasping (Gentilucci et al. 2004) and left-
hand grasping (Grosskopf and Kuhtz-Buschbeck 2006)
also follow this principle. To our knowledge, the present
study is the first report to show that the object size effect
is also observed in four different types of grasping, includ-
ing the use of two different tools. Second, MGA appeared
at about the 75 % point in the reaching movement in all
the conditions. In natural hand-use grasping, this aperture
profile feature has been repeatedly reported as well. While
previous reports have failed to show consistent results of
MGA in hand-use and tool-use grasping (Bongers 2010;
Gentilucci et al. 2004), the present study demonstrated
that aperture peak timing was almost the same, not only in
hand-use but also in tool-use. In the next section, we will
discuss what factors influence the length of the plateau
duration.

Plateau in aperture profile

Duration of the plateau in the current study differed
gradually across effectors, suggesting that the difference
depended on the degree of prior use of the effector. We
grasp with the index finger and the thumb most frequently,
not with the middle finger and the thumb (Ingram et al.
2008; Napier 1956), although our middle finger is flexible
enough to be dexterously controlled. Therefore, it is reason-
able that we observed relatively little difference in aperture
profiles between the typical and atypical hand-use grasp-
ing. In contrast, there was a large difference between the
aperture profiles of the two types of tools; aperture control
with chopsticks was much more similar to natural grasp-
ing, rather than to grasping with the scissor-like tool. This
superiority of the chopsticks in smoothness of control over
the scissor-like tool was not surprising as the participants
used chopsticks to eat since childhood, whereas they had
never used the scissor-like tool. Rather, it was surprising to
find that grasp aperture with chopsticks was almost as fine
as that with the two types of hand-use grasps. This similar-
ity in aperture between the hand-use grasp and the familiar
tool-use grasp is in line with the hypothesis. Accordingly,
duration of the plateau in the present study suggests that
aperture control is not determined solely by the type of the
effector, but by the degree of prior use of the effector.

Previous studies have also observed an aperture pla-
teau in grasping movement with tool-use. Gentilucci et al.
(2004) used a tool with two mechanical fingers, which
opened and closed by squeezing and releasing its handles.
The aperture quickly reached a peak, gradually decreased
in size during the plateau phase and closed to grasp an
object. In a more extreme example of tool-use, Bongers
(2010) reported that a 40-cm pliers resulted in a similar
aperture profile. Studies of Wing and Fraser (1983) and
Bouwsema et al. (2010), where prosthesis users grasped an
object, found that reach and grasp components were decou-
pled. These studies reported roughly the same aperture
profiles with a long plateau flanked by quick opening and
closure. Although a long plateau was observed in the unfa-
miliar tool-use in the present study as well, it is inconsist-
ent with the previous reports in three critical points.

First, MGA in our study did not appear as early as in pre-
vious studies. While previous studies found MGA occurred
in an earlier phase than in natural grasping (Bongers 2010;
Bouwsema et al. 2010; Gentilucci et al. 2004; Wing and
Fraser 1983), we found that MGA timing in grasping with
the scissor-like tool did not differ from the other types of
grasping, even in the salient plateau phase. Second, MGA
size in tool-use grasping was not larger than natural grasp-
ing with the index finger and thumb, whereas previous
studies reported considerably wider MGA with tool-use
grasping (Bongers 2010; Gentilucci et al. 2004). Third, the
movement time in tool-use grasping did not deviate from
that of the natural grasping in the present study, whereas
previous studies reported much longer tool-use grasping
movement times (Bongers 2010; Gentilucci et al. 2004).

Before considering the results of plateau duration, we
should mention the possible effects of effector proficiency
on aperture profiles. In general, proficiency level is very
likely to influence not only plateau duration but other kin-
ematics in grasping movement. First, tool-use grasping in
the present study prolonged movement time but typicality
had no effect. This may be because the participants may
not have been cautious in grasping objects with the thumb
and middle finger and the scissor-like tool. Moreover, these
two types of atypical grasping may have required no spe-
cial effort to grasp the objects without dropping them. Sec-
ond, MGA was smaller in the tool-use conditions and in
the typical conditions. This may be because the tools might
have required much more effort to open widely due to
mechanical factors. Further, participants may have opened
the tips widely in atypical grasping due to the difficulty in
the control. These factors related to proficiency level might
be responsible for the present results. More importantly,
however, the classical features of grasping (size effect, tim-
ing of MGA) were confirmed in all effector conditions,
even with the wide variety of differences in the types of

grasping.
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The mechanical features of the particular tools used may
have influenced handleability, causing the discrepancies
of aperture profile shape between the studies. That is, the
reason previous studies had long plateaus flanked by quick
opening and closure may have been due to the type of tools
used. The two tools used in the present study were easily
manageable, whereas the tools used in Gentilucci et al.
(2004) and Bongers (2010) seem relatively hard to operate
due to their mechanical properties. Gentilucci et al. (2004)
used a tool with a handle and spring, and Bongers (2010)
used extremely long pliers. These tools may have been hard
to control due to the force and coordination required to use
them; they required force to hold or compress as well as
coordination of biological hand motion with the distant tips
of the tool. In addition, the orientation of the tool’s fingers
was not aligned to the biological hand, but was vertical to
the participants’ arm. In contrast, although our scissor-like
tool was a new object for participants, its mechanical fin-
gers were light and easy to control. Chopsticks, of course,
are a simple and good tool for grasping objects. Difficulty
or lack of proficiency in using a tool may cause a deviation
in the aperture profile. With such a variety of tool types,
it is reasonable that differences in the aperture plateau
between the previous studies and the present study exist.

Movement factors other than the degree of prior use
of the effector may also cause a plateau in specific situa-
tions. Bongers et al. (2012) found that participants some-
times showed plateau patterns with natural hand-use grasp-
ing, which the mechanism assumed in the present study
did not predict. However, the reach-to-grasp movements
in Bongers’s study differed considerably from those of the
present study. In Bongers’s study, hand movements started
at a rightmost position or a position behind the body, which
necessitated trunk rotation. Hand movements in the pre-
sent study always occurred in front of the body without
requiring trunk motion. Previous studies have reported
that a simple reaching movement with trunk motion yields
almost the same trajectory and velocity profile as arm-only
reaching movement (Adamovich et al. 2001; Kaminski
et al. 1995) and that reach-to-grasp movement with trunk
motion maintains invariant kinematic components related
to grasping (Wang and Stelmach 1998). These studies used
a relatively small space in front of the body compared with
Bongers et al. (2012). Therefore, plateau trials observed in
Bongers et al. (2012) were likely to have been caused by
the extreme range of movement requiring large joint rota-
tions of the elbow, shoulder, and trunk. The present study
observed an evident plateau pattern only in the AT condi-
tion, where joint rotation ranges of the elbow and shoulder
were almost the same among the four conditions. Accord-
ingly, movement factors seem to also cause a plateau in
aperture profile, which may be independent of those factors
responsible for the plateau in unfamiliar grasping.
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Continuity in grasping control

Our results supporting the assumption of continuity between
hand-use grasping and tool-use grasping also accord with
neurophysiological studies. Using macaque monkeys,
Umilta et al. (2008) also demonstrated that the neurons in
F5 were able to code the concept of “grasp” through long-
term training regardless of how the tool was controlled.
This neural plasticity may be a common substrate for both
hand-use and tool-use behaviors in primates. This finding
implies that tool-use and hand-use could be governed by the
same principle of motor control. Although the present study
provided only evidence of behavioral similarity of aperture
profiles between various types of grasping, it extends the
idea of goal-directed motor control and suggests that there
might not be a simple dichotomy between a hand and a tool
in grasping control. Rather, continuity due to the influence
of one control principle should prevail, without denying the
possibility that an effector-dependent representation of the
tool may play some role in grasping control.

The concept of the continuity between hand and tool
may also be in accord with the framework of forward
and inverse models in computational motor control. If
the hypothesis of the present study is true, tool-use grasp
would be implemented differently from hand-use grasp
before the tool is completely embodied. Perceptual aspects
of tool embodiment (Iriki et al. 1996; Maravita et al. 2002a,
b) and motor embodiment (Umilta et al. 2008) could be
achieved by tool-use. These embodiments may be realized
by neural substrates where the goal of action (i.e., “grasp”
in this context) is substantiated. In the computational view,
a forward model realizes such a representation of the goal
of action. Completing a goal of action requires calculating
how to achieve it using a particular set of effectors based
on an inverse model. Previous studies have shown that
acquisition of an inverse model is much slower than a for-
ward model (Bhushan and Shadmehr 1999; Flanagan and
Johansson 2003; Gentili et al. 2010; Kawato and Wolpert
1998). To master a new tool requires a new inverse model,
which is not effector-independent but effector-specific
(Malfait and Ostry 2004; Williams and Gribble 2012). One
could speculate that an effector-independent representation
of a forward model operates in an early phase of tool-use.
After long practice, an effector-specific controller of the
inverse model might then allow skillful tool-use similar to
hand-use. Thus, the proposed idea of continuity of profi-
ciency in grasping control based on one principle may cor-
respond to the computational framework, which consists of
a fast-acquired, effector-independent forward model and
slow-acquired, effector-specific inverse model. This cor-
respondence between our results and computational motor
theory may help explain grasping control but requires fur-
ther investigation.
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To confirm the idea that a relatively unused effector is
subject to the same principle of motor control and acquires
efficient control through experience, further research
should investigate the practice-dependent variance of
grasping aperture. If aperture profiles in grasping control
with any type of effector are subject to the same principle,
long-term training with the tool should improve aperture
profiles and decrease their plateaus. Further, if once the
embodiment of the tool is completed, stiffness control of
the upper limb and its position perception would adjust to
the new environment, that is, the updated upper limb (Bur-
det et al. 2001; Franklin and Milner 2003; Darainy et al.
2004; Itaguchi and Fukuzawa 2012a, b). These experiments
remain as the subject for future study.

References

Adamovich SV, Archambault PS, Ghafouri M, Levin MF, Poizner
H, Feldman AG (2001) Hand trajectory invariance in reaching
movements involving the trunk. Exp Brain Res 138:288-303

Arbib MA, Iberall T, Lyons D (1985) Coordinated control programs
for movements of the hand. In: Goodwin AW, DarianSmith I
(eds) Hand function and the neocortex, pp 111-129

Berti A, Frassinetti F (2000) When far becomes near: remapping of
space by tool use. J Cogn Neurosci 12:415-420

Bhushan N, Shadmehr R (1999) Computational nature of human
adaptive control during learning of reaching movements in force
fields. Biol Cybern 81:39-60

Bongers RM (2010) Do changes in movements after tool use depend on
body schema or motor learning? In Haptics: generating and perceiv-
ing tangible sensations. Springer Berlin Heidelberg, pp 271-276

Bongers RM, Zaal FT, Jeannerod M (2012) Hand aperture patterns in
prehension. Hum Mov Sci 31:487-501

Bouwsema H, der Sluis CKV, Bongers RM (2010) Movement charac-
teristics of upper extremity prostheses during basic goal-directed
tasks. Clin Biomech 25:523-529

Brozzoli C, Cardinali L, Pavani F, Farneé A (2010) Action-specific
remapping of peripersonal space. Neuropsychologia 48:796-802

Brozzolli C, Pavani F, Urquizar C, Cardinali L, Farne A (2009) Grasp-
ing action remap peripersonal space. Neuroreport 20:913-917

Burdet E, Osu R, Franklin DW, Milner TE, Kawato M (2001) The
central nervous system stabilizes unstable dynamics by learning
optimal impedance. Nature 414:446-449

Cardinali L, Frassinetti F, Brozzoli C, Urquizar C, Roy AC, Farne
A (2009) Tool-use induces morphological updating of the body
schema. Curr Biol 19:R478-R479

Darainy M, Malfait N, Gribble PL, Towhidkhah F, Ostry DJ (2004)
Learning to control arm stiffness under static conditions. J Neuro-
physiol 92:3344-3350

De Vignemont F, Farne A (2010) Widening the body to rubber hands
and tools: what’s the difference? Rev Neuropsychol 2:203-211

Farne A, Ladavas E (2000) Dynamic size-change of hand peripersonal
space following tool use. Neuroreport 11:1645-1649

Flanagan JR, Johansson RS (2003) Action plans used in action obser-
vation. Nature 424:769-771

Flash T, Hogan N (1985) The coordination of arm movements: an
experimentally confirmed mathematical model. J Neurosci
5:1688-1703

Franklin DW, Milner TE (2003) Adaptive control of stiffness to stabi-
lize hand position with large loads. Exp Brain Res 152:211-220

Gentili R, Han CE, Schweighofer N, Papaxanthis C (2010)
Motor learning without doing: trial-by-trial improvement in
motor performance during mental training. J Neurophysiol
104:774-783

Gentilucci M, Roy AC, Stefanini S (2004) Grasping an object natu-
rally or with a tool: are these tasks guided by a common motor
representation? Exp Brain Res 157:496-506

Grosskopf A, Kuhtz-Buschbeck JP (2006) Grasping with the left and
right hand: a kinematic study. Exp Brain Res 168:230-240

Harris CM, Wolpert DM (1998) Signal-dependent noise determines
motor planning. Nature 394:780-784

Hoff B, Arbib MA (1993) Models of trajectory formation and tempo-
ral interaction of reach and grasp. J Mot Behav 25:175-192

Ingram JN, Kérding KP, Howard IS, Wolpert DM (2008) The statis-
tics of natural hand movements. Exp Brain Res 188:223-236

Iriki A, Tanaka M, Iwamura Y (1996) Coding of modified body
schema during tool use by macaque postcentral neurones. Neu-
roreport 7:2325-2330

Itaguchi Y, Fukuzawa K (2012a) Effects of arm stiffness and muscle
effort on position reproduction error in the horizontal plane. Per-
cept Mot Skills 114:757-773

Itaguchi Y, Fukuzawa K (2012b) The influence of the indicator arm on
end point distribution in proprioceptive localization with multi-
joint arms. Exp Brain Res 222:77-88

Jakobson LS, Goodale MA (1991) Factors affecting higher-order
movement planning: a kinematic analysis of human prehension.
Exp Brain Res 86:199-208

Jeannerod M (1984) The timing of natural prehension movements. J
Mot Behav 16:235-254

Jeannerod M (1988) The neural and behavioural organization of goal-
directed movements. Clarendon Press/Oxford University Press

Kaminski TR, Bock C, Gentile AM (1995) The coordination between
trunk and arm motion during pointing movements. Exp Brain Res
106:457-466

Kao KLC, Goodale MA (2009) Enhanced detection of visual targets
on the hand and familiar tools. Neuropsychol 47:2454-2463

Kawato M, Wolpert D (1998) Internal models for motor control. In:
Sensory guidance of movement (Novartis Foundation Sympo-
sium 218), Wiley, Chichester, pp 291-307

Malfait N, Ostry DJ (2004) Is interlimb transfer of force-field adapta-
tion a cognitive response to the sudden introduction of load? J
Neurosci 24:8084-8089

Maravita A, Iriki A (2004) Tools for the body (schema). Trends Cogn
Sci 8:79-86

Maravita A, Clarke K, Husain M, Driver J (2002a) Active tool use
with the contralesional hand can reduce cross-modal extinction of
touch on that hand. Neurocase 8:411-416

Maravita A, Spence C, Kennett S, Driver J (2002b) Tool-use changes
multimodal spatial interactions between vision and touch in nor-
mal humans. Cognition 8§3:B25-B34

Meulenbroek RG, Rosenbaum DA, Jansen C, Vaughan J, Vogt
S (2001) Multijoint grasping movements. Exp Brain Res
138:219-234

Napier JR (1956) The prehensile movements of the human hand. J
Bone Joint Surg 38:902-913

Osiurak F, Jarry C, Le Gall D (2011) Re-examining the gesture
engram hypothesis. New perspectives on apraxia of tool use.
Neuropsychologia 49:299-312

Rosenbaum DA, Meulenbroek RG, Vaughan J, Jansen C (2001) Pos-
ture-based motion planning: applications to grasping. Psychol
Rev 108:709-734

Smeets JB, Brenner E (1999) A new view on grasping. Mot Control
3:237-271

Tresilian JR, Stelmach GE, Adler CH (1997) Stability of reach-
to-grasp movement patterns in Parkinson’s disease. Brain
120:2093-2111

@ Springer



Exp Brain Res

Umilta MA, Intskirveli I, Grammont F et al (2008) When pli-
ers become fingers in the monkey motor system. PNAS
105:2209-2213

Uno Y, Kawato M, Suzuki R (1989) Formation and control of opti-
mal trajectory in human multijoint arm movement. Biol Cybern
61:89-101

Wang J, Stelmach GE (1998) Coordination among the body segments
during reach-to-grasp action involving the trunk. Exp Brain Res
123:346-350

@ Springer

Williams A, Gribble PL (2012) Observed effector-independent motor
learning by observing. J Neurophysiol 107:1564-1570

Wing AM, Fraser C (1983) The contribution of the thumb to reaching
movements. Q J Exp Psychol 35:297-309

Witt JK, Proffitt DR, Epstein W (2005) Tool use affects perceived dis-
tance, but only when you intend to use it. J Exp Psychol Hum
Percept Perform 31:880-888



	Hand-use and tool-use in grasping control
	Abstract 
	Introduction
	Methods
	Participants
	Experimental setup
	Procedure
	Tool mechanics
	Data collection and preparation
	Data analysis

	Results
	Discussion
	Plateau in aperture profile
	Continuity in grasping control

	References


