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Itaguchi Y. Toward natural grasping with a tool: effects of practice
and required accuracy on the kinematics of tool-use grasping. J
Neurophysiol 123: 2024–2036, 2020. First published April 22, 2020;
doi:10.1152/jn.00384.2019.—Studies have suggested that the profi-
ciency of an end effector is the primary factor that defines kinematics
of reach-to-grasp movements across the types of effectors, such as the
hand or a tool. In particular, the duration of the plateau, or the time of
static open aperture (i.e., the distance between tips of effectors), is
typically longer for tool use compared with natural grasping with a
hand. This study investigated how improvement in the proficiency of
tool use modifies the kinematics of reach-to-grasp movements. To
clarify the effects of required accuracy on the kinematics in tool-use
grasping, movement speed and difficulty of grasping were manipu-
lated. The results showed that plateau duration, the length of which
indicates that reaching and grasping components are temporally dis-
sociated, shortened as tool-use practice proceeded. These results
indirectly support the idea that shortened plateau duration was in-
duced by improvement in the proficiency of tool use. Moreover,
plateau duration was shortened at faster movement speeds or under
conditions not requiring accurate grasping, even without any practice
of tool-use grasping. Additional analyses found that plateau duration
did not scale with movement time. These results suggest that the
kinematic features supposed to be characteristic of tool-use grasping
are not inevitable but are greatly influenced by a strategy that is not
intentionally but rather automatically implemented to compensate for
the lack of proficiency of end effectors, in agreement with the idea that
the brain focuses on the tips of an end effector regardless of its
effector type in reach-to-grasp movements.

NEW & NOTEWORTHY This study is the first reporting the
relation between characteristic aperture time profile, called plateau
duration, and movement time of tool-use grasping. The results suggest
that improved coordination between reaching and grasping compo-
nents was induced by improvement in the proficiency of tool use but
not by just shortened movement time. The results also indicate the
possibility that the constraints for calculations in motor planning are
essentially the same between hand-use grasping and tool-use grasping.

disembodiment; embodiment of tool; motor embodiment; reach-to-
grasp movement; skill learning

INTRODUCTION

We sometimes feel as if a familiar tool is incorporated in our
own body. This sensation is called a sense of embodiment of
tool and has been previously addressed by behavioral and

neurophysiological research (Berti and Frassinetti 2000; Broz-
zoli et al. 2009, 2010; Cardinali et al. 2009, 2016; Farnè and
Làdavas 2000; Kao and Goodale 2009; Maravita et al. 2002a,
2002b; Martel et al. 2016; Umiltà et al. 2008). According to the
definition of De Vignemont and Farnè (2010) and de Vi-
gnemont (2011), embodiment refers to information process-
ing in which external objects are processed in the same way
as the properties of one’s body under certain circumstances,
and the sense of embodiment refers to the subjective feeling
of the embodiment. For instance, it has been reported that a
monkey’s neurons, which have a visual receptive field specific
to stimuli near the monkey’s own hand, responded to visual
stimuli along a tool surface only when the monkey actively
used it (Iriki et al. 1996; Ishibashi et al. 2000). That is, certain
cells responsible for perceiving one’s own body respond to an
external object through the experience of intentional voluntary
use of the object (in this case, a tool). Such neural plasticity is
sometimes considered evidence for neural substrates of the
embodiment (for review, see Martel et al. 2016). Although the
idea of embodiment of tool has been extensively investigated
(e.g., Povinelli et al. 2010), the fundamental link or distinction
made in the brain between body and tool has not received much
attention, especially in terms of motor control.

According to the literature, reach-to-grasp movements have
been used to explore the relation between body and tool.
Usually, when we reach for and grasp an object, a thumb and
index finger are the main contributors and the other fingers are
just supplementary (Jeannerod 1984; Napier 1956). In such a
“natural” reach-to-grasp movement, an aperture (i.e., the dis-
tance between tips of effectors, in this case, the thumb and
index finger) does not increase quickly but gradually in the
time course of the movement. The peak of the aperture open-
ing, called the maximum grip aperture (MGA), usually appears
at 60–80% of the time point of the movement (e.g., Itaguchi
and Fukuzawa 2014; Jakobson and Goodale 1991; Jeannerod
1984; Marteniuk et al. 1990; Povinelli et al. 2010; Smeets and
Brenner 1999; Tresilian and Stelmach 1997; Wing et al. 1986).
In contrast to natural grasping, when a tool such as a pair of
pliers or a prosthesis is used to grasp an object, the aperture
expands quickly and maintains almost the same size before
closing, which is called a “plateau” (Bongers 2010; Bongers et
al. 2012; Bouwsema et al. 2010; Gentilucci et al. 2004; Itagu-
chi and Fukuzawa 2014; Wing and Fraser 1983; Wing et al.
1986). That is, the reaching (shoulder and elbow joint move-Correspondence: Y. Itaguchi (itaguchi-y@inf.shizuoka.ac.jp).
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ment) and grasping (finger movement) components are tempo-
rally dissociated during tool-use grasping compared with nat-
ural grasping. Although we could control a tool with greater
accuracy and precision after extensive practice, these findings
are also reasonable considering that we cannot usually control
a novel tool skillfully without practice. The focus of the latter
fact may lead one to regard body and tool as distinct entities,
and most previous studies have tacitly assumed so.

One, however, can assume that body and tool are merely
controlled objects not necessarily distinguished by the brain.
Itaguchi and Fukuzawa (2014) investigated the possible invari-
ance of the kinematics of reach-to-grasp movements between
body and tool. They compared the time courses of changes in
aperture in reach-to-grasp movements for four different effec-
tors that differed in the proficiency of motor control: grasping
with a thumb and index finger (proficient body-use grasping),
grasping with a thumb and middle finger (nonproficient body-
use grasping), grasping with chopsticks (proficient tool-use
grasping), and grasping with a novel tool (nonproficient tool-
use grasping). The study participants used chopsticks on a
daily basis from their childhood and were skillful enough to
use them. The study confirmed that coordination between
reaching and grasping components (temporal overlap of the 2
components during the movement) was highest in proficient
hand-use grasping and lowest in nonproficient tool-use grasp-
ing, by quantifying the aperture plateau as the “plateau dura-
tion.” The length of the plateau duration indicates the degree of
temporal decoupling between reaching and grasping compo-
nents and is therefore shorter when higher coordination is
achieved. More importantly, the study found that there were no
differences in plateau duration between nonproficient hand-use
and proficient tool-use grasping, which were between profi-
cient body-use grasping and nonproficient tool-use grasping in
plateau duration. This result suggests that a shared principle
(kinematic constraints) governs the motor control of reach-to-
grasp movement (e.g., Smeets and Brenner 1999; Verheij et al.
2012) depending on proficiency regardless of end effectors
(Itaguchi and Fukuzawa 2014), as opposed to the body-tool
dichotomy suggested by kinematic differences between grasp-
ing using a hand and “mechanical fingers” (Gentilucci et al.
2004).

Other reports also provide evidence for the idea that profi-
ciency of tool use predominantly affects kinematics in changes
in aperture. Using a pair of pliers, Golenia et al. (2014)
investigated the effect of two-day practice (200 trials of reach-
to-grasp movements in total) on aperture profile. Although they
found consistent decreases in movement time and plateau
duration, the size of grasping aperture did not change over
time. This result suggests that temporal aspects of kinematics
are sensitive to proficiency of tool use. Using a different
control method, Bouwsema et al. (2014) also indicated that
plateau duration could be shortened by practice. In their ex-
periment, able-bodied participants practiced using a myoelec-
tric prosthesis that could open and close its hand by exerting
forearm muscle force. Five-day practice shortened both move-
ment time and plateau duration of reach-to-grasp movements.
These studies suggested that increase in the proficiency of an
end effector reduced the characteristic temporal decoupling in
kinematics of tool use. However, the reason long plateau
duration appears in tool-use grasping and is reduced by prac-
tice is still unclear. Furthermore, no studies have quantified the

relation between plateau duration and movement time in tool-
use grasping, so it is possible that movement time and plateau
duration were just correlated owing to the mechanical nature of
grasping.

To further explore the relation between body and tool in
terms of motor aspects and to reveal the relation between
plateau and movement time, the present study conducted three
experiments. Experiment 1 tested the hypothesis that kinematic
features, especially plateau duration, of tool-use grasping ap-
proach those of skilled hand-use grasping as proficiency of an
end effector increases. To examine this, the present study
conducted an experiment wherein participants practiced a
reach-to-grasp movement with a novel tool for 10 days in 2 wk.
Furthermore, this study hypothesized that low coordination in
tool-use grasping is just due to a strategy to increase the
probability of success in grasping, which is however not
necessarily consciously adopted or controlled by the tool user.
To clarify whether high coordination between reaching and
grasping components as in hand-use grasping is impossible or
not when tool-use proficiency is insufficient, experiments 2 and
3 were conducted. In these experiments, the required accuracy
was experimentally varied in different ways, thereby implicitly
manipulating the use of possible strategies. However, in all
experiments, as described above, independent variables (such
as the practice period and accuracy demand) would change the
movement time as well as the plateau duration. The correlation
coefficients between kinematic measures and movement time
were therefore calculated to dissociate these factors. If the
short plateau duration during tool-use grasping is innate and
solely due to the long movement time, the individual differ-
ences in movement time, which has been reported to decrease
with tool-use practice (Bouwsema et al. 2014; Golenia et al.
2014), would correlate with the degree of coordination. This
investigation is important because speed-accuracy tradeoff
likely influences aperture profile in reach-to-grasp movement
(Bootsma et al. 1994); therefore, it is plausible that the plateau
evident in tool-use grasping is caused by a strategy to com-
pensate for the tradeoff.

MATERIALS AND METHODS

Participants and tasks. In experiment 1, seven right-handed partic-
ipants (22.8 yr old on average, 4 women) practiced reach-to-grasp
movement for a wooden cylindrical object for 2 wk with a novel tool.
The movement performance was evaluated before the practice (1st
session) and after 1 wk (2nd session) and 2 wk (3rd session). A
practice was conducted for 25 min/day excluding weekends (i.e., 5
days/wk). In the practice sessions, participants repeated reach-to-
grasp movements using the same setting as in the evaluation sessions
(described later). No special instructions were provided because the
present study focused on the natural development of tool-use profi-
ciency. Although the performance of hand-use grasping was also
assessed in the evaluation sessions, the participants did not practice
hand-use grasping but practiced tool-use grasping in the practice
sessions. The first and second evaluation sessions were conducted
before tool-use grasping practice in the same day. Evaluation of
hand-use grasping was performed before that of tool-use grasping in
the same procedure. This experiment was conducted to examine the
effect of proficiency of an end effector on plateau duration.

In experiment 2, another eight right-handed students (21.8 yr old on
average, 5 women) participated. The participants carried out reach-
to-grasp movements with the same tool used in experiment 1 but at
three different speeds: normal, faster, and fastest. Under the normal
speed condition, they were required to conduct movements at a
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comfortable speed for them. Under the faster speed condition, they
conducted movements faster than under the normal speed condition,
and under the fastest speed condition, they conducted movements at
the maximum speed. Under the faster and fastest speed conditions
especially, the participants were asked to prioritize speed over suc-
cessful grasping. When they failed to grasp an object, the trial was not
recorded and was repeated until successful. In the experiment, the
participants alternated the movement speed in ascending order trial by
trial and reverted to the normal-speed trial after the fastest-speed trial
(i.e., normal, faster, fastest, normal...). This experiment was con-
ducted to examine the effect of movement speed on plateau duration.

In experiment 3, another eight participants (21.3 yr old on average,
5 women) carried out reach-to-grasp movements for two different
objects to grasp. Under the lift condition, they executed the same
reach-to-grasp movements as in experiments 1 and 2. The participants
reached for the target object and lifted it up after grasping it. Under the
grasp-only condition, they reached for and grasped a hard sponge
object, the width and height of which were the same as those of the
target object used under the lift condition but showed different depth
to reduce the accuracy demand. The front of the sponge was curved to
show a round edge the same as that of the cylindrical object. In
addition, unlike the cylindrical object, the sponge object was fixed on
the table surface and therefore could not fall or be lifted. This grasping
condition was assumed to reduce the requirement of grasping accu-
racy compared with the lift condition; participants did not care so
much about possibilities of grasp failure, such as dropping the object,
deviating from the center of the object when it was grasped, etc. This
experiment was conducted to examine the effect of grasping difficulty
under a more natural condition, without learning and speed con-
straints, on plateau duration.

All the participants gave informed written consent before partici-
pating in the experiments. This study was conducted in accordance
with the Declaration of Helsinki and was approved by the Ethics
Committee on Human Research of Waseda University (2012-002,
2017-031).

Experimental setup and procedure. The evaluation methods of
reach-to-grasp movements followed those of Itaguchi and Fukuzawa
(2014). In all the experiments, the participants were seated and
reached for and grasped a cylindrical object on a table with fingers
(i.e., a thumb and index finger) or a scissor-like tool. Except for the
grasp-only condition in experiment 3, after grasping the target object,
the participants transported it to a location 10 cm right of the target.
The starting point and target object were 20 and 50 cm away from the

participants’ midline, respectively (Fig. 1A). In a trial, after an
experimenter gave a verbal cue, the participants started reaching for
the object in their own time with their fingertips or the tips of the tool
closed.

The scissor-like tool was the same as that used in the previous
study (Itaguchi and Fukuzawa 2014). Three different sizes of target
objects were used; their height was 2.0 cm, and their diameters were
1.5, 2.0, and 2.4 cm (Fig. 1B). The target objects were wooden but
were wrapped with a rubber band to prevent them from slipping and
being dropped. In experiment 1, 90 trials were conducted in total (30
trials � 3 targets) in each evaluation session. In experiment 2, 270
trials were conducted in total (30 trials � 3 targets � 3 speeds). Under
the lift condition of experiment 3, only the 1.5-cm object was used,
and under the grasp-only condition, a sponge was grasped. A total of
20 trials were performed, 10 under each condition. The sponge’s
height, width, and depth were 2.0, 1.5, and 4 cm, respectively. The
sponge was horizontally oriented and inclined 30° clockwise to the
participants’ midline, allowing the participants to grasp the sponge
more easily with their right hand. The number of failures in reach-
to-grasp movement was not recorded in the experiments.

The tool was reconstructed from a normal pair of scissors to have
wooden fingers suitable for grasping objects (Fig. 1C). Its total length
was 18 cm. The maximum aperture (i.e., opening distance) of the tool
was 8 cm, which was sufficient to grasp the target objects used in the
present study.

Kinematic analysis. The three-dimensional positions of reflective
markers attached to fingertips or the tips of the tool were recorded
using an optic-motion-capture system (SMARTTRACK, ART, Inc.)
operated at 60 Hz with spatial resolution of 0.05 mm. We analyzed the
reach-to-grasp part of the movement but not the transporting part after
grasping. The onset of the reaching movement was defined as the first
time point at which tangential velocity, smoothed by a 5-Hz Butter-
worth low-pass filter (3rd order), exceeded 1 cm/s. The offset of the
reach-to-grasp movement (i.e., the time of grasp) was determined as
the first time point at which tangential velocity fell below 5 cm/s after
the maximum velocity and the change in aperture was terminated.

To evaluate the effects of learning, speed, and difficulty on reach-
to-grasp movement, four kinematic measures from the positional data
were calculated following the methods of previous studies (e.g.,
Bongers 2010; Itaguchi and Fukuzawa 2014): MGA, MGA timing,
movement time, and plateau duration. MGA is the maximum distance
between tips of effectors, MGA timing is the relative timing of MGA
appearance in the movement time, movement time is the absolute time

Fig. 1. Experimental setting (A), target ob-
jects (B), scissor-like tool used for grasping
(C), and task schedule (D) in experiment 1.
In the evaluation sessions, tool-use and
hand-use grasping were assessed.
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duration from the onset of movement to the grasp, and plateau
duration is defined as the relative time the aperture was over 90% of
the MGA in the movement time. It has been reported that longer
plateau duration is evident in tool-use grasping (Bongers 2010;
Bouwsema et al. 2010; Gentilucci et al. 2004; Wing and Fraser 1983).
This measure was expected to decrease as proficiency increased the
efficiency of effectors in reach-to-grasp control (Golenia et al. 2014;
Itaguchi and Fukuzawa 2014) and as the priority of accuracy de-
creased (Alberts et al. 2000).

In experiment 1, plateau duration was predicted to shorten and the
other measures were not as practice proceeded. In experiment 2,
plateau duration would shorten in movements performed at the faster
speed because the capabilities of strategic and accurate grasping
would decrease owing to time pressure. In experiment 3, plateau
duration would shorten in movements for the sponge, which requires
less control accuracy.

Statistical analysis. In experiment 1, we conducted two-factor
(target size and evaluation phase) within-subject ANOVA for hand-
and tool-use grasping. We conducted two separate ANOVAs because
the two types of grasping were not treated in the same way; that is, the
participants practiced tool-use grasping but not hand-use grasping in
the experiment, and any changes in hand-use grasping in the evalua-
tion phases were not of interest in the current study. The hand-use-
grasping data are therefore considered reference data. In experiment 2,
we conducted two-factor (effector type and movement speed) within-
subject ANOVA to examine possible differences in the effect of
movement speed on reach-to-grasp movement. The target size was
collapsed to simplify the results and discussion. To conduct multiple
comparisons as post hoc analysis, we used Holm’s methods. In
experiment 3, paired t tests were conducted to compare the two
grasping conditions.

Furthermore, correlation analyses were conducted to reveal the rela-
tion between speed and the other kinematic measures, where plateau

duration was the particular focus of the present study. In the current
statistical design, these correlation analyses can quantify the relation
between variables including interindividual factors, which are qualita-
tively different from the results of the ANOVAs that provide information
on internal changes due to practice or the experiment conditions.

RESULTS

Experiment 1: learning task. Figure 2 shows average aper-
ture profiles obtained from one typical participant in experi-
ment 1. Figure 2, A–D, indicates that the aperture was modu-
lated by target size regardless of effectors. Aperture profiles in
tool-use grasping have a long plateau but are somewhat short-
ened in the third session. Figure 3 shows the kinematic mea-
sures in tool-use grasping. The main focus of the present
experiment was the effect of learning on the plateau duration
during tool-use grasping; therefore, the other statistical results
related to target effects are not entirely described.

To test whether the practice of tool-use grasping decreased
the plateau duration, two-way ANOVA was conducted. Target-
pooled plateau duration was 46.1 (SD � 3.9), 45.1 (SD � 3.9),
and 40.8% (SD � 4.0) in the first, second, and third sessions,
respectively. The ANOVA indicated a significant main effect
of the evaluation phase [F(2,12) � 8.14, P � 0.006, �p

2 �
0.57], and multiple comparisons revealed that plateau duration
in the third session was significantly shorter than those in the
first and second sessions [t(6) � 3.74, P � 0.02; t(6) � 3.99,
P � 0.02]; however, there was no statistical difference between
the plateau durations in the first and second sessions
[t(6) � 0.60, P � 0.57]. The main effect of the target size was

Fig. 2. Average aperture profiles of tool-use grasping (A) and hand-use grasping (B) of 1 participant in 3 evaluation sessions in experiment 1. The 1st session was
conducted before tool-use practice, and the 2nd and 3rd sessions were conducted after 1-wk and 2-wk practices, respectively. Background shadows indicate SD.
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not observed in the plateau duration [F(2,12) � 0.51, P �
0.61,�p

2 � 0.08].
ANOVAs on the other measures indicated the main effect of

evaluation phase on movement time [F(2,12) � 6.19, P �
0.014, �p

2 � 0.51] but not on MGA [F(2,12) � 2.33, P � 0.13,
�p

2 � 0.28] and MGA timing [F(2,12) � 3.19, P � 0.07, �p
2 �

0.35]. Movement time did not show any statistical difference
among the sessions [t(6) � 2.71, P � 0.10; t(6) � 2.35, P �
0.10; t(6) � 0.12, P � 0.90]. Although the main effect of target
size was statistically significant in MGA [F(2,12) � 123.15,
P � 0.001, �p

2 � 0.95] and MGA timing [F(2,12) � 5.43, P �
0.02, �p

2 � 0.48], it was not significant in movement time
[F(2,12) � 1.19, P � 0.34, �p

2 � 0.16]. None of the interaction
effects was statistically significant in all the ANOVAs in
tool-use grasping.

As reference data, kinematic measures in hand-use grasping
were analyzed (Fig. 4). ANOVAs did not find any statistically
significant main effects of evaluation phase: MGA [F(2,12) �
0.68, P � 0.52, �p

2 � 0.10], MGA timing [F(2,12) � 0.01, P �
0.93, �p

2 � 0.01], movement time [F(2,12) � 1.27, P � 0.31,
�p

2 � 0.18], and plateau duration [F(2,12) � 0.63, P � 0.54,

�p
2 � 0.10]. Target-pooled plateau duration was 26.0 (SD �

4.2), 23.9 (SD � 4.0), and 24.3% (SD � 3.6) in the first,
second, and third sessions, respectively.

Although the main effect of target size was statistically
significant in MGA [F(2,12) � 58.74, P � 0.001, �p

2 � 0.91]
and movement time [F(2,12) � 6.51, P � 0.01, �p

2 � 0.52], it

was not statistically significant in MGA timing [F(2,12) �
2.11, P � 0.16, �p

2 � 0.26] and plateau duration [F(2,12) �
1.17, P � 0.34, �p

2 � 0.16]. None of the interaction effects
were statistically significant in all the ANOVAs in hand-use
grasping. Figure 4B also shows that one participant’s MGA
timing consistently deviated from those of the other partici-
pants. This participant’s data were not excluded from the
analysis because in the present experiment the main focus was
not hand-use grasping and the main results did not change if
the data were excluded.

Furthermore, correlation analyses were conducted to reveal
the relation that includes interindividual factors between move-
ment time and other kinematic measures (Fig. 5). These cor-
relation coefficients are based on data across the participants
whereas the main effect of ANOVA was based on within-
participant effects. If the shortening plateau duration found in
the ANOVA is exclusively induced by shortening movement
time, plateau duration and movement time should be correlated
over individual differences. As indicated in Fig. 5, A–C, top,
however, the correlation coefficient between plateau duration
and movement time was small and not significantly correlated:
�0.10 [t(19) � 0.42, P � 0.68] and 0.20 [t(19) � 0.91, P �
0.38] in hand-use and tool-use grasping, respectively. The
correlation coefficients for MGA and MGA timing were �0.22
[t(19) � 0.99, P � 0.33] and �0.04 [t(19) � 0.16, P � 0.88]
in hand-use grasping, and �0.49 [t(19) � 2.47, P � 0.02] and
0.42 [t(19) � 1.99, P � 0.06] in tool-use grasping.

Fig. 3. Kinematic measures in tool-use grasping in experiment 1. A: maximum grip aperture (MGA). B: MGA timing. C: movement time. D: plateau duration.
The main effect of learning was statistically significant in movement time and plateau duration. Multiple comparisons revealed plateau duration in the 3rd session
was significantly shorter than those in the 1st and 2nd sessions. *P � 0.05, indicate significant difference between evaluation phases found in multiple
comparisons. Note that although multiple comparisons did not find any statistically significant differences in movement time among the sessions, the main effect
of evaluation phase was statistically significant. There were no significant interaction effects in any of the ANOVAs.

2028 TOWARD NATURAL GRASPING WITH A TOOL

J Neurophysiol • doi:10.1152/jn.00384.2019 • www.jn.org

Downloaded from journals.physiology.org/journal/jn (133.070.080.059) on May 12, 2020.



Experiment 2: speed task. Before the speed-effect analysis,
speed manipulation will be confirmed in the experiment. In
tool-use grasping, the maximum tangential velocities were 86.7
(SD � 9.1), 101.1 (SD � 11.0), and 112.5 cm/s (SD � 12.9)
under the normal, faster, and fastest speed conditions, respec-
tively. In hand-use grasping, the maximum velocities were
93.6 (SD � 10.3), 110.8 (SD � 10.3), and 125.1 cm/s (SD �
13.1) in the same order, respectively. Although the two types
of grasping (i.e., tool- and hand-use grasping) showed different
overall maximum velocities, this result indicates that the par-
ticipants controlled the movement speed well according to the
instruction.

Experiment 2 was conducted to test whether plateau duration
is modulated by movement speed. Figure 6 shows the average
kinematic measures in experiment 2. In tool-use grasping,
plateau duration was 40.3 (SD � 3.9), 37.3 (SD � 5.3), and
33.3% (SD � 5.7) under the normal, faster, and fastest speed
conditions, respectively. In hand-use grasping, plateau duration
was 19.8 (SD � 5.6), 17.8 (SD � 3.8), and 17.3% (SD � 2.9)
in the same order, respectively. An ANOVA on plateau dura-
tion found statistically significant main effects of both effector
type [F(1,7) � 54.74, P � 0.001, �p

2 � 0.89] and movement
speed [F(2,14) � 11.04, P � 0.001, �p

2 � 0.61] and also a

Fig. 4. Kinematic measures in hand-use grasping in experiment 1. Note that the participants did not practice hand-use grasping in the experiment; therefore, these
data are just the result of repetition of evaluation over time, indicating reliability or replicability of the kinematic measures. A: maximum grip aperture (MGA).
B: MGA timing. C: movement time. D: plateau duration. The main effect of evaluation phase was not statistically significant in all the measures.

Fig. 5. Relations between movement time and the other 3 kinematic measures in experiment 1. The data of object sizes were collapsed. Markers connected by
a line indicate data for 1 participant. A: maximum grip aperture (MGA). B: MGA timing. C: plateau duration. Correlation coefficients for each grasping movement
are indicated in A–C, top. Triangles, circles, and squares indicate data obtained in the 1st, 2nd, and 3rd sessions, respectively.
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statistically significant interaction effect [F(2,14) � 11.64,
P � 0.001, �p

2 � 0.62]. Although tool-use grasping showed a
statistically significant simple main speed effect [F(2,14) �
19.57, P � 0.001, �p

2 � 0.74], hand-use grasping did not
[F(2,14) � 2.74, P � 0.10, �p

2 � 0.28]. Multiple comparisons
for tool-use grasping revealed that the plateau durations were
all significantly different; that is, the shortest plateau duration
occurred under the fastest speed condition and the longest
occurred under the normal speed condition [t(7) � 6.16, P �
0.05; t(7) � 4.80, P � 0.05; t(7) � 2.69, P � 0.05]. These
results indicate that plateau duration shortened as movement
speed increased in tool-use grasping but not in hand-use
grasping.

The results of ANOVAs for the other measures are as
follows. In MGA, effector type and speed showed statistically
significant main effects: [F(1,7) � 14.84, P � 0.001, �p

2 �
0.90] and [F(2,14) � 19.06, P � 0.001, �p

2 � 0.73], respec-
tively. Although the interaction effect was statistically signif-
icant [F(2,14) � 25.99, P � 0.001, �p

2 � 0.79], the simple
main effect was statistically significant in both tool-use grasp-
ing [F(2,14) � 4.34, P � 0.034, �p

2 � 0.38] and hand-use
grasping [F(2,14) � 25.18, P � 0.001, �p

2 � 0.90]. In MGA
timing, although the main effect of speed was statistically
significant [F(2,14) � 24.24, P � 0.001, �p

2 � 0.78], the main
effect of effector type was not [F(1,7) � 0.62, P � 0.45, �p

2 �
0.08], and the interaction effect was not statistically significant
[F(2,14) � 0.15, P � 0.86, �p

2 � 0.02]. In movement time,
although the main effect of speed was statistically significant

[F(2,14) � 71.60, P � 0.001,�p
2 � 0.91], the main effect of

effector type was not [F(1,7) � 4.07, P � 0.08, �p
2 � 0.36],

and the interaction effect was not statistically significant
[F(2,14) � 0.18, P � 0.83, �p

2 � 0.03].
Furthermore, to examine the relations, including interin-

dividual factors between movement time and the other
kinematic measures, the correlation coefficients were calcu-
lated (Fig. 7). As shown in experiment 1, the correlation
coefficients between plateau duration and movement time
were small and not statistically significant for both hand-use
and tool-use grasping: �0.12 [t(22) � 0.57, P � 0.58] and
0.07 [t(22) � 0.31, P � 0.76], respectively. Note that Fig.
7C for plateau duration, although there seems to be a
specific pattern connected by lines in tool-use grasping, the
lines are caused by a within-participant factor not by an
interindividual factor. In contrast to plateau duration, the
correlation coefficients for MGA and MGA timing were
statistically significant: �0.83 [t(22) � 7.06, P � 0.001]
and 0.66 [t(22) � 4.11, P � 0.001] in hand-use grasping,
and �0.58 [t(22) � 3.37, P � 0.003] and 0.68 [t(22) �
4.34, P � 0.001], in tool-use grasping.

Experiment 3: easy task. To assess the effect of required
grasping accuracy on plateau duration, two types of tool-use
grasping movements were compared: reach-to-grasp move-
ment without lifting an object (i.e., grasp-only movement)
and reach-to-grasp movement with lifting an object. Figure
8 shows the kinematic measures in experiment 3. The
average plateau duration was 43.2 (SD � 4.8) and 49.1%
(SD � 4.6) under the grasp-only and lift conditions, respec-

Fig. 6. Kinematic measures in tool- and hand-use grasping in experiment 2. The object-size data were collapsed. In plateau duration, although tool-use grasping
showed a statistically significant simple main effect of speed, hand-use grasping did not. *P � 0.05, statistically significant main effect or a simple main effect
of movement speed; n.s., effect was not statistically significant. Neither maximum grip aperture (MGA) timing nor movement time showed any statistically
significant interaction effect.
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tively, and a paired t test found a statistically significant
difference between them [t(7) � 2.40, P � 0.048,
d � 0.85). The t tests also found significant differences in
MGA timing [t(7) � 4.28, P � 0.004, d � 1.51] and move-
ment time [t(7) � 2.70, P � 0.03 d � 0.96] but not in MGA
[t(7) � 0.56, P � 0.59, d � 0.20].

Lastly, the relations including interindividual factors be-
tween movement time and the other kinematic measures in
experiment 3 were analyzed (Fig. 9). Correlation analysis
revealed that plateau duration and movement time were not
significantly correlated: 0.27 [t(6) � 0.68, P � 0.52] and 0.15
[t(6) � 0.37, P � 0.72] under the grasp-only and lift condi-
tions, respectively. The correlation coefficients for MGA and
MGA timing were �0.19 [t(6) � 0.47, P � 0.66] and 0.01
[t(6) � 0.00, P � 0.99] under the grasp-only condition and
0.24 [t(6) � 0.60, P � 0.57] and �0.03 [t(6) � 0.07, P �
0.95] under the lift condition.

DISCUSSION

The results of experiment 1 showed that plateau duration, the
length of which indicates how “tool use like” grasping move-
ment is, decreased as tool-use practice proceeded. In addition,
MGA and MGA timing were not influenced by the practice
period. These results support the hypothesis that kinematics of
tool-use grasping becomes similar to that of natural hand-use
grasping as proficiency of tool use increases, consistent with
the idea that a shared principle operates the motor control of
reach-to-grasp movement depending on the proficiency of
effectors regardless of effector type (Itaguchi and Fukuzawa
2014). The results of experiments 2 and 3 showed that even
without practice, shortened plateau duration similar to that of
hand-use grasping was achieved if one prioritized movement
speed over grasping accuracy and if there was no worry about
dropping the target object. These results suggest that long

Fig. 7. Relations between movement time and the other 3 kinematic measures in experiment 2. The data of object sizes were collapsed. Markers connected by
a line indicate the data obtained for 1 participant. A: maximum grip aperture (MGA). B: MGA timing. C: plateau duration. Correlation coefficients for each
grasping movement are indicated in A–C, top. Triangles, circles, and squares indicate data obtained under the normal, faster, and fastest speed conditions,
respectively.

Fig. 8. Effects of type of grasping movement
on kinematic measures in tool-use grasping.
Only 1 size of object was used. The 4 mea-
sures did not show any statistically signifi-
cant difference between the 2 types of grasp-
ing movements. *P � 0.05, statistically sig-
nificant difference between the conditions.
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plateau duration is not innate in tool-use grasping but could be
modulated by proficiency or required accuracy. The character-
istic plateau of tool-use grasping may be caused by a strategy
that might be employed to compensate for the lack of profi-
ciency of end effectors. At the same time, the relatively small
effects on plateau duration observed in all the experiments
suggest that it is difficult to realize successful grasping without
the characteristic plateau in the aperture, at least unless users
experienced long-term practice. Furthermore, quantification of
the interindividual relation between movement time and pla-
teau duration implies the aperture plateau is not simply mod-
ulated by movement time but by the difference in the profi-
ciency of an effector.

Practice and plateau duration. The present study provided
further evidence that improvement in tool use brought about
more hand-use-like kinematics in tool-use grasping, consistent
with previous studies (Bouwsema et al. 2014; Golenia et al.
2014). This result strengthens the idea that low effector profi-
ciency is involved in low-coordinated movements with longer
plateaus. However, it should be noted that the effect size of
practice on plateau duration of tool-use grasping was small
considering the plateau duration of hand-use grasping. Al-
though, as predicted, the length of plateau duration was short-
ened by the 2-wk tool-use practice, the difference was only
~5% (i.e., from 46.1% in the 1st session to 40.8% in the 3rd
session), which was far from the 26.0% achieved for hand-use
grasping. This may be partly because of the relatively short
practice period; that is, in the present experiment, the practice
period was only 25 min/day for 10 days, although this was
considerably longer than those in previous studies, e.g., 2 days
in Golenia et al. (2014) and 5 days in Bouwsema et al. (2014).
Such training period greatly differs from that for hand-use
grasping and even for grasping with chopsticks, which were
used in a previous study and reportedly resulted in a more
hand-use-like kinematic profile (Itaguchi and Fukuzawa 2014).
The important finding in that study is that the plateau duration
did not differ between the atypical hand-use and chopstick-use
grasping, which is consistent with the current results. One
could argue that an initial difficulty in coordinating reach and
grasp components in tool-use grasping had brought shortened
plateau duration by practice. This possibility is reasonable, but
it is important here that plateau duration has shortened, which

was not necessarily expected; there were possibilities for pla-
teau duration to be prolonged or unchanged by practice. Al-
though this effect of tool-use practice was indeed consistent
with the hypothesis, it still remains unclear whether extended
practice will induce the same changes to further shorten plateau
duration.

The shortened movement time and plateau duration by 2-wk
practice may reflect improvement of the participants’ skill to
use the novel tool. Although we cannot escape the speed–
accuracy tradeoff in conducting bodily movement (Bootsma et
al. 1994; Fitts 1954), motor learning enables us to break the
limit of the existing speed–accuracy function and achieve
greater performance (Itaguchi and Fukuzawa 2018; Reis et al.
2009; Shmuelof et al. 2012). In addition, it has been shown that
in the learning phase, speed and accuracy independently im-
prove (Itaguchi and Fukuzawa 2018). That is, speed and
accuracy may not improve together in one type of training, at
least in a short practice period. In experiment 1, it is reasonable
to assume that the participants likely always prioritized grasp-
ing the object without dropping it as instructed. Although the
results found a statistically significant main effect of movement
time, there were no statistical differences between any pairs of
sessions. In contrast, plateau duration significantly and consis-
tently reduced as practice proceeded. These results suggest that
improvement of the motor control of tool-use grasping was
reflected mainly in plateau duration, roughly maintaining the
original speed-accuracy tradeoff if “accuracy” is defined as
grasping success. Accordingly, it is likely that in reach-to-
grasp movements, extra effort and/or strategy is reduced as
controlling an end effector improves, resulting in smooth
kinematics of the grasping aperture. The success rate and the
number of unsuccessful trials were not counted in the present
experiment, which is one of the limitations of the present study.
Nevertheless, the results of experiment 1 support that practice
substantially increased the proficiency of tool-use grasping and
shortened plateau duration.

The present study assumes that skillful control of a tool
results in a higher level of temporal coordination between
multiple joints involved in the kinematics of the tool-use
grasping. It has been shown that greater multijoint coordination
is observed in action with a skillful effector (e.g., Sainburg and
Kalakanis 2000) and that the deceleration phase of a movement

Fig. 9. Relations between movement time and the other 3 kinematic measures in experiment 3. A: maximum grip aperture (MGA). B: MGA timing. C: plateau
duration. Correlation coefficients for each grasping movement are indicated in A–C, top. Triangles and squares indicate the data obtained under the grasp-only
and lift conditions, respectively.
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is prolonged when accuracy demand is high (e.g., Fisk and
Goodale 1989; MacKenzie et al. 1987) to improve end point
accuracy by using online feedback control. In normal situations
without any strategy, end point distribution of the movements
was largely affected by the mechanical property of the limb
(Itaguchi and Fukuzawa 2012; Lametti et al. 2007; Lametti and
Ostry 2010). Increase in muscle cocontraction in the last part of
the movement, however, contributes to reduced end point
variability when greater target accuracy is required (Gribble et
al. 2003), but it can be decreased (Osu et al. 2002; Thorough-
man and Shadmehr 1999) and optimized for the task in the
external space (Darainy et al. 2004; Domkin et al. 2005) after
extensive practice. Based on these previous findings, the pro-
longed plateau duration typical in the reach-to-grasp move-
ments with a low-proficient effector (i.e., a novel tool) or with
higher accuracy demand can be interpreted as a strategy to
improve the stability of the action; stiffening and fixing a
joint(s) would cause decoupling of temporal coordination and
slowing but stabilize the action.

Speed, accuracy, and plateau duration. In experiments 2 and
3, on the other hand, varying movement speed and grasping
difficulty showed that improvement of proficiency was not
necessarily required to just shorten aperture plateau in tool-use
grasping. In experiment 2, time pressure of the movement
significantly shortened plateau duration without any practice. This
result disagrees with the idea that we “cannot” execute well-
coordinated reach-to-grasp movements, which have shorter
plateau duration, with an unfamiliar tool. It rather supports the
idea that we do not execute coordinated movements with an
unfamiliar tool, consciously or unconsciously, to prioritize
grasping accuracy, owing to lack of proficiency with the tool.
One of the possible reasons for these strategies might be
careful attention under novel motor control conditions. In
accordance with the result of experiment 2, experiment 3 found
that decreasing the required grasping accuracy shortened pla-
teau duration. These findings together indicate that manipula-
tion of required grasping accuracy can alter the method of
grasping, thereby suggesting that plateau duration in unskillful
tool-use grasping is due to a strategy to achieve successful
grasping. However, this idea was not directly justified by the
present experiment, and it is possible that aperture plateau is
merely related to movement time.

Nevertheless, the correlation analyses including interindi-
vidual factors may refute the possibility that shortened plateau
duration was caused simply by shortened movement time. In
the three experiments, the correlation coefficients between
movement time and plateau duration were calculated, and none
of them showed any reliable correlation. Whereas the ANOVA
used in the current study investigated internal changes induced
by a specific factor and within-participant noise from motor
planning and execution, the correlation analyses on data in-
cluding both within-participant and interindividual factors pro-
vide integrative information on the relation between variables;
that is, more fundamental and innate characteristics that may
govern the grasping motion. If shortening plateau duration is
exclusively induced by shortening movement time, they should
be correlated over individual differences. However, they were
not correlated at all in any of the experiments. On the contrary,
MGA and MGA timing in experiment 2 were consistently
correlated with movement time regardless of the type of
effector, suggesting that they are strongly influenced by move-

ment time, whereas plateau duration is not. Note that this
modulation of MGA and MGA timing by movement speed was
observed both in the ANOVAs and correlation analyses. Al-
though the correlation between MGA and movement time was
for tool-use grasping in the current study, this finding is
consistent with those of previous studies investigating hand-
use grasping (Bootsma et al. 1994; Grosskopf and Kuhtz-
Buschbeck 2006; Mason and Carnahan 1999; Wing et al.
1986), suggesting that those relations are innate. Furthermore,
this study is the first reporting the relation between plateau
duration and movement time. In addition to the correlation
analysis, the results of experiment 1 support that plateau
duration is not affected only by movement time. Although
there was no statistically significant change in movement time
between sessions 2 and 3, plateau duration was shortened
between the sessions. Taken together with the overall results, it
is reasonable to consider that longer plateau duration is pri-
marily relevant to the strategy to increase grasping accuracy,
which varies according to task requirement or proficiency of
the effector rather than according to time period, wherein
movement is executed, even though speed-accuracy tradeoff is
inevitable.

The cause of longer plateau duration in tool-use grasping
would be complex. It is natural to assume, for the primary
factor, that participants open and close the tool fingers quickly
to securely grasp the object. First, quick opening offers partic-
ipants sufficient time to wait before closing the tool fingers;
therefore, it is easy to grasp the object because participants are
required only to close the tool fingers at the appropriate time.
Second, the quick closing at late timing renders the pincer
movement straighter and more perpendicular to the object. It is
also beneficial that the reaching movement becomes slow close
to the target. Although studies so far cannot determine whether
this strategy is employed consciously or unconsciously, it
might require extra muscle effort. In addition to this strategy,
changes in perception are possibly involved in the character-
istic kinematics. Smeets and colleagues (Smeets and Brenner
2008; Smeets et al. 2002) proposed that grasping action is
controlled by object position (location). If perception of perip-
ersonal space or body length is changed by tool use (e.g.,
Cardinali et al. 2009; Farnè and Làdavas 2000), position
perception of the tool fingers and/or target object location are/is
also subject to the illusion. This might be one of the causes of
the disturbed coordination between reaching and grasping
movements and might explain why reduced plateau duration
accompanied tool-use practice.

In experiment 3, movement time and MGA timing were
modulated by the experimental condition as well as plateau
duration. When assuming speed-accuracy tradeoff, the short-
ened movement time in the grasp-only condition, which re-
quires less accuracy, is reasonable. The earlier MGA timing in
the grasp-only condition compared with the lift condition was,
however, opposite to the effect observed in experiment 2,
where MGA was observed at earlier timing in faster condi-
tions. In experiment 2, earlier MGA timing in relative time is
explained by assuming that the time for closing fingers is fixed
to achieve successful grasping. In experiment 3, if the finger
closing movement speeds up due to less required grasping
accuracy, MGA timing in relative time would be delayed.
Further studies are needed to test these possibilities for under-
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standing of the relation among characteristic components of
grasping kinematics.

Tool-use practice and motor embodiment. The present re-
sults agree with the idea that one shared principle operates
motor control of reach-to-grasp movement depending on the
proficiency of effectors. Active tool use has been known to
induce phenomena relevant to the idea called “embodiment of
tool” not only in motor terms (Umiltà et al. 2008) but also in
perceptual ones (Iriki et al. 1996; Maravita et al. 2002a;
Maravita and Iriki 2004). From a computational view, percep-
tual embodiment can be regarded as a state wherein a forward
model of an action has been generalized to an external object
(i.e., a tool), and motor embodiment, the state in which a tool
is processed in the same way as a part of one’s body for motor
tasks (de Vignemont 2011), can be regarded as a state wherein
an effector-dependent inverse model of the action has been
acquired (Grafton 2010; Itaguchi and Fukuzawa 2014). These
two models are suggested to be stored in different brain areas,
each of which is separate from the areas responsible for
functional knowledge of tools (Fogassi and Luppino 2005;
Goldenberg and Spatt 2009; Imamizu and Kawato 2008; Ima-
mizu et al. 2000; Ramayya et al. 2010; Yoo et al. 2013).
Acquisition of an inverse model usually takes longer than that
of a forward model (Flanagan and Johansson 2003; Gentili et
al. 2010), which is consistent with the small effect of tool-use
practice observed in the present study. The hypothesis of the
present study is consistent with the computational theory that a
single constraint is shared between simple reaching and reach-
to-grasp movements (Verheij et al. 2012).

It is, however, still debatable that the hand-use and tool-use
grasping share a common motor control principle, because the
current study does not offer direct evidence for the idea. It
would be advantageous to define the level of the shared
principle. This study presumes that the kinematics of the tips of
an effector were the focus of the motor control in the brain,
which is a rather common idea in the literature (Hoff and Arbib
1993; Smeets and Brenner 1999; Verheij et al. 2012) and
supported by several consistent characteristics of aperture pro-
files in grasping movement under various conditions (e.g.,
Jakobson and Goodale 1991; Jeannerod 1984; Wing et al.
1986). Although there are not as many studies of tool-use
grasping as of natural grasping, characteristic features of ap-
erture profiles such as MGA scaled by target size and relative
timing of MGA have been observed even for tools without
practice (Bootsma et al. 1994; Gentilucci et al. 2004). Practice
induced shortened plateau duration (Golenia et al. 2014), the
length of which is the largest difference in the kinematics
between the two types of grasping. The time course of aperture
changes including plateau duration of hand grasping with
thumb and middle finger did not differ from that of proficient
tool-use grasping (Itaguchi and Fukuzawa 2014). To clarify the
possibility that the two types of grasping share a control
principle at the level of aperture kinematics, more convincing
evidence is required by studying the use of tools with various
mechanics and proficiency.

The small effects of practice and experimental conditions
observed in the current study indicate that it may be difficult to
achieve “natural” grasping movement with a novel tool without
long-term practice. However, the present results suggest that
reduction of the required accuracy of multijoint movements
would contribute to achievement of more coordinated move-

ment. In daily practice (such as playing musical instruments
and sports) and in clinical rehabilitation, improvement in
multijoint coordination is of particular interest. Stroke patients
suffering sensorimotor deficits are also in need of improving
motor coordination. With the aim of application toward such
people, further studies are expected to reveal the efficacy of
tool-use learning requiring less grasping accuracy to develop
more efficient technique.

Conclusion. This study addressed plateau duration of tool-
use grasping by three different experimental tasks. Consistent
with the findings of previous studies (Bouwsema et al. 2014;
Golenia et al. 2014), the results of experiment 1 confirmed that
the practice of tool-use grasping reduced the length of plateau
duration, the effect size of which remained small compared
with the effect size of natural grasping. Experiments 2 and 3
showed that reduced required accuracy induced shorter plateau
duration without practice. Further analyses revealed that short-
ened plateau duration was not due to shortened movement time
but was induced by practice, which has not been examined in
previous studies. These results also suggested that characteris-
tic kinematics in tool-use grasping are caused by a strategy that
could be unconsciously employed for successful grasping
movement. One of the limitations of this study is the small
number of participants. However, if the number of participants
was increased, the main results would remain the same because
the results were stable (the effect size was considerable: �p

2 �
0.57). Another limitation is that in experiment 3, both the type
of action (lift versus grasp-only) and the object (cylindrical
object versus sponge object) were modified, which could be a
confounding factor when considering the differences between
the two conditions (normal versus easy). The present study
focused on the motor aspects of tool-use grasping and did not
investigate the perceptual and neural changes accompanied by
long-term tool-use practice (e.g., Rochat et al. 2010; Yoo et al.
2013). As Martel et al. (2016) argue, the tool-use paradigm
provides us with many insights into body representation. Ac-
cordingly, future studies must systematically clarify the rela-
tion among tool-use-induced motor, perceptual, and neural
changes, thereby establishing a theory that explains not only
embodiment of tool but also brain-damage-induced “disem-
bodiment” and distinction of self from other.
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