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a b s t r a c t
Human survival requires quick and accurate movements, both with and without tools. To overcome the
sensorimotor delays and noise, the brain uses internal forward models to predict the sensory consequences of an action. Here, we investigated whether these sensory predictions are computed similarly
for actions involving hand-held tools and natural hand movements. We hypothesized that the predictive
attenuation of touch observed when touching one hand with the other would also be observed for
touches applied with a hand-held tool. We first show that when touch is applied to the left index finger
with the right index finger, the perceived force sensation is attenuated, only when the fingers are aligned
in a manner that simulates direct physical contact and not when a distance of 25 cm is introduced
between the hands. We then show that touch applied to the left index finger with a tool held in the right
hand at a distance of 25 cm produces full sensory attenuation, similar to direct finger-to-finger contact.
Finally, we show that touch is attenuated only when the tip of the tool is aligned with the receiving left
index finger and not when the tip is placed at a distance of 25 cm. Collectively, these results suggest that
tool use and natural limb movements share the same computational mechanism for sensory predictions.
We submit that the brain uses effector-independent forward models: touch is predicted based on the
anticipated position of the current effector (i.e., the tip of the tool) rather than the body part per se.
Ó 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The ability to perform quick and accurate body movements is
fundamental for human survival. To achieve this despite the inherent delays and noise in the sensorimotor system, the brain relies on
predictive internal forward models that simulate the behavior of
the body and the environment (Miall & Wolpert, 1996; Wolpert,
Diedrichsen, & Flanagan, 2011; Wolpert & Kawato, 1998; Wolpert,
Miall, & Kawato, 1998). Using a copy of the motor command (efference copy), forward dynamic models predict the future state of the
body (e.g., its position), while forward sensory models predict the
associated sensory consequences (Wolpert & Ghahramani, 2000).
Both of these predictions facilitate the effective anticipatory control
of action without depending on the delayed and noisy actual sensory feedback (Flanagan, Bowman, & Johansson, 2006; Wolpert &
Flanagan, 2001).
The predictions of the forward sensory models also serve to
attenuate self-generated sensory feedback, thereby allowing the
central nervous system to allocate more processing resources to
⇑ Corresponding author at: Department of Neuroscience, Karolinska Institutet,
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external and unexpected information that is more critical for survival (Bays & Wolpert, 2008; Blakemore, Wolpert, & Frith, 2000;
Wolpert & Flanagan, 2001). The attenuation of self-produced touch
is a classic example of this phenomenon: touches applied by a participant herself feel weaker than identical touches applied by
another person because the former have been already anticipated
by the forward sensory model (Bays, Wolpert, & Flanagan, 2005;
Blakemore, Frith, & Wolpert, 1999; Blakemore, Wolpert, & Frith,
1998; Shergill, Bays, Frith, & Wolpert, 2003). A well-established
method to study sensory attenuation is the force-matching paradigm (Shergill et al., 2003) in which participants receive an externally generated force on their relaxed left index finger. Next, they
are asked to reproduce this reference force by pressing their right
index finger against their left index finger via a force sensor placed
between the fingertips. Participants consistently overestimate the
required forces, meaning that the self-produced force feels weaker
than the externally produced reference force.
The attenuation of self-produced touch has been shown to
depend on the causal relationship between the movement of the
active finger and the sensation on the passive finger. Sensory attenuation is significantly reduced when the hands are placed apart
from each other (Bays & Wolpert, 2008) or when delays are experimentally introduced between the force generated by the active
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finger and the force felt on the passive finger (Bays et al., 2005).
Moreover, when participants reproduce the external force by moving a joystick or slider the touch is not attenuated but is perceived
accurately because the relationship between the horizontal hand
movement and the received force is unusual (Shergill et al.,
2003). Thus, only conditions that resemble natural self-touch produce sensory attenuation.
The survival of humans depends not only on our ability to use
our limbs but also on our ability to use hand-held tools. Handheld tools enable us to achieve various tasks much more effectively
than would be possible with our hands alone because they allow
for greater reach, flexibility and force when interacting with
objects, other individuals and animals. Several behavioral studies
have suggested that using hand-held tools can expand the representation of space near the hand (Berti & Frassinetti, 2000; Farnè
& Làdavas, 2000; Maravita & Iriki, 2004), influence the perceived
length of the arm and hand (Cardinali, Brozzoli, Finos, Roy, &
Farnè, 2016; Cardinali et al., 2009; Miller, Longo, & Saygin, 2014),
and affect the kinematics of free-hand movements following tool
use (Cardinali et al., 2009, 2012). Although this evidence suggests
that tools are incorporated into the ‘‘body schema” to at least some
degree (Head & Holmes, 1911), it remains unknown whether and
how the forward sensory models predict the sensory consequences
of actions involving tools.
Here, we used the force-matching paradigm to investigate
whether hand-held tools attenuate self-produced touch. We found
that touching oneself with a drumstick produced sensory attenuation as strong as when using the index finger. Critically, the tool
acted as an ‘‘extension of the limb”, overcoming the actual distance
between the hands. We conclude that natural hand movements
and movements with hand-held tools involve the same predictive
mechanism, consisting of a common effector-independent forward
sensory model.
2. Materials and methods
2.1. Participants
After providing written informed consent, 12 naïve participants
(7 women and 5 men, 11 right-handed and 1 ambidextrous) aged
18–38 years old participated in Experiment 1, 12 naïve participants
(4 women and 8 men, 11 right-handed and 1 ambidextrous) aged
19–39 years old participated in Experiment 2, and 12 naïve participants (7 women and 5 men, all right-handed) aged 23–40 years
old participated in Experiment 3. The sample size was set based
on previous studies (Bays et al., 2005; Shergill et al., 2003). Handedness was assessed using the Edinburgh Handedness Inventory
(Oldfield, 1971). The Regional Ethical Review Board of Stockholm
approved all experiments.
2.2. General procedure
In all three experiments, participants rested their left hands
palm up, with the index finger on a molded support. The distance
between the participants’ left index finger and their body midline
was approximately 10–15 cm. In each trial, they received a constant force on the pulp of their relaxed left index finger from a
cylindrical probe (25 mm height) with a flat aluminum surface
(20 mm diameter) attached to a lever controlled by a DC electric
motor (Maxon Motor RE 40 for Experiments 1 and 2; Maxon EC
Motor EC 90 flat for Experiment 3; both manufactured in Switzerland). This presented force lasted 3 s. One small commercially available force sensor (FSG15N1A, Honeywell Inc., USA; diameter,
5 mm; minimum resolution, 0.01 N; response time, 1 ms; measurement range, 0–15 N) was placed inside the probe to measure

the forces applied by the lever (probe sensor). Immediately after
receiving the force produced by the lever, the participants were
asked to generate a force that matched the presented force
(matched force) by pressing another identical force sensor for 3 s
(mobile sensor). This mobile force sensor could be placed at different locations, depending on the specific experimental conditions of
each experiment, and it controlled the force output of the lever
(further description below).
In all experiments, the participants wore headphones through
which white noise was administered to preclude the possibility
that any noise produced by the motor could serve as a cue for
the task. Auditory ‘go’ and ‘stop’ signals indicated the onset and
the offset of the periods of the presented and matched forces,
respectively. In addition, the participants were instructed to look
straight ahead at a fixation point on the wall (i.e., not look at the
equipment). The equipment and the participants’ hands were
peripherally visible and this was matched across the conditions
in all experiments.
Before the start of each experiment, the participants familiarized themselves with the equipment during five to fifteen test trials. Once the participants felt comfortable with the task, the
experiment commenced. No feedback was ever provided to the
participants concerning their performance during the training period and the experiments.
2.3. Experiment 1
2.3.1. Rationale
The purpose of the first experiment was to re-examine the
effect of the distance between the hands on the attenuation of
self-generated touch, in accordance with previous observations
(Bays & Wolpert, 2008), but more importantly, to define a distance
at which self-generated touch was not attenuated. That distance
between the hands would then be used in our subsequent experiments with tools to determine whether the tool could act as an
‘‘extension of the hand” and overcome the spatial constraint of
the self-touch attenuation.
2.3.2. Procedure
Experiment 1 consisted of four conditions in which the distance
between the hands was varied (0 cm, 15 cm and 25 cm). Each condition included 30 trials, with each presented force level (1 N,
1.5 N, 2 N, 2.5 N, 3 N and 3.5 N) pseudorandomly presented five
times. Participants reproduced the presented force by using their
right index fingers to press the mobile force sensor that was placed
on top of the probe sensor (0 cm lateral distance between the index
fingers), 15 cm to the right of their left index fingers or 25 cm to
the right of their left index fingers (Fig. 1A–C). Under all three conditions, the mobile sensor controlled the force output of the lever,
with the cylindrical probe pressing on their left index fingers. That
is, the on-line recordings of the mobile sensor (sensor f2 in Fig. 1)
were transmitted to the controller of the motor in order to precisely move the lever to apply the same force measured by the
probe sensor (sensor f1 in Fig. 1) on the participants’ left index finger (intrinsic delay of the system ’25 ms). In the fourth condition
– a classical control condition that assesses force perception
(Shergill et al., 2003) – the participants reproduced the presented
force by using their right hands to move the slider of a 13 cm linear
slide potentiometer, the midline of which was positioned 25 cm to
the right of their left index fingers (Fig. 1D). The lower limit (left
end) of the slider corresponded to 0 N, and the upper limit (right
end) corresponded to 5 N. The reproduction period always started
with the slider being at the left end (0 N). As with the mobile sensor, the slider controlled the force output of the lever pressing on
the participants’ left index fingers with the cylindrical probe. To
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Fig. 1. Conditions of Experiment 1. In each trial, a probe attached to a lever (l) controlled by a DC motor applied a brief constant force to the pulp of the participants’ left index
fingers, as measured by the probe sensor (f1). The participants then reproduced the force that they had just felt on the left index finger by using the right index finger to press
a mobile force sensor (f2) placed on top of the left index finger (0 cm lateral distance) (A), 15 cm to the right of the left index finger (B), or 25 cm to the right of the left index
finger (C). In the control condition, the participants used the right hand to move a slider (s) positioned 25 cm from the left index finger (D). Both the mobile sensor (f2) and the
slider (s) controlled the force output of the lever (f1) on the left index finger.

eliminate non-specific effects of time or order of conditions, the
participants performed the four conditions in a randomized order.
2.4. Experiment 2
2.4.1. Rationale
In the second experiment, we tested the hypothesis that selfproduced touches applied with a tool would be attenuated, even
at a distance between the hands that would normally abolish
attenuation when no tool is used (see Experiment 1 above). Therefore, we used a drumstick that was sufficiently long and extended
beyond the spatial constraint of self-touch attenuation, it is a rigid
object that ensures minimal deformation, and it is also a very common tool that can be handled without training. We also wanted to
compare the degree of sensory attenuation observed during tool
use with the attenuation observed when the right index finger
was directly touching the left index finger (i.e., 0 cm distance).
2.4.2. Procedure
Experiment 2 consisted of three conditions, two that were similar to the conditions used in Experiment 1 and one new condition
involving the tool. Each condition included 30 trials, with each presented force level (1 N, 1.5 N, 2 N, 2.5 N, 3 N and 3.5 N) pseudorandomly presented five times. In the two first conditions, the
participants reproduced the presented force by pressing directly
on the probe sensor (0 cm lateral distance) or by moving the slider
placed at 25 cm to the right of their left index fingers (Fig. 2A
and B). In the critical tool condition, the participants reproduced
the presented force by pressing the probe sensor with the tip of
a tool held in their right hands (Fig. 2C). This tool was a 41 cm commercial rigid drumstick (Wincent 5AXL, made from hickory wood).
A red mark on the drumstick indicated where it should be held to
produce a distance of 25 cm between the right and left index fingers when pressing. At the beginning of each trial, the tool was
placed in front of the participants and was clearly visible. When

the application of the presented force was finished for each trial
of the tool condition, the participants grasped and held the drumstick according to the instruction and placed the tip of the tool on
the probe sensor. Then, they started pressing with the tool when
the ‘go’ signal was presented. After the force reproduction period,
the participants removed the tool from the sensor and placed it
back on the table. The posture of the right index finger was the
same when the participants pressed with the finger (Fig. 2A) and
when they pressed with the tool (Fig. 2C). The three conditions
were presented to the participants in a random order.
2.5. Experiment 3
2.5.1. Rationale
The rationale of the final experiment was to determine whether
the tip of the tool obeys the same spatial constraint as the tips of
the digits (Experiment 1), and to also rule out putative unspecific
force effects related to the handling of the tool. Thus, we compared
two conditions in which the participants applied force using the
tool such that its tip was either directly above the receiving left
index finger or 25 cm lateral to the left index finger (Fig. 3). The
hypothesis was that only the former condition should produce sensory attenuation.
2.5.2. Procedure
Experiment 3 consisted of two conditions. Each condition
included 30 trials in which each presented force level (1 N, 1.5 N,
2 N, 2.5 N, 3 N and 3.5 N) was pseudorandomly presented five
times. In the first condition, the participants reproduced the presented force by pressing the probe sensor with the tip of the tool
held in their right hands (Fig. 3A), as described in Experiment 2.
Under this condition, the distance between their right and left
index fingers was 25 cm, and the distance between the tip of the
tool and the left index finger was 0 cm. In the second condition,
the participants used the tool to press the mobile sensor placed
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the ‘go’ signal. Consistent with previous studies (Bays & Wolpert,
2008), we focused on this time period because at these time points,
the force level had been stabilized, and the participants had not yet
started to release the force. Before each experiment, the participants had been explicitly informed that only the last second of
their response would be analyzed and that they were allowed to
adjust their force in the beginning of each trial to find the force
level that best matched the presented force. The force data during
the first 2 s were more variable and unreliable and were therefore
not included in the analysis. We then averaged the matched force
across the five repetitions of each presented force level, in accordance with earlier studies (Bays & Wolpert, 2008). The data were
processed using MATLAB R2015a and analyzed using R (R version
3.3.2, RStudio Version 1.0.136).
3. Results
3.1. Experiment 1: spatial constraint without the tool

25 cm to the right of their left index fingers (Fig. 3B). Under this
condition, the distance between their right and left index fingers
was 50 cm, and the distance between the tip of the tool and the left
index finger was 25 cm. As in the previous experiments, the mobile
sensor controlled the force output of the lever pressing on their left
index finger through the probe. In both conditions, the participants
were instructed to grasp the tool with the right index finger at the
red1 mark 25 cm from the tip (identical to the instructions in Experiment 2). The conditions were presented to the participants in a random order.

In the first experiment (Experiment 1), we investigated how the
distance between the index fingers of the two hands influenced the
attenuation of self-produced touch in conditions when no tool was
used. Based on a previous study (Bays & Wolpert, 2008), we
expected the attenuation to be strongly reduced at a distance of
25 cm between the hands. The results from this experiment are
summarized in Fig. 4.
A repeated-measures analysis of variance (ANOVA) of the
matched forces revealed a significant main effect of the presented
force (F(5, 55) = 155.62, p < 0.001), an important significant main
effect of the condition (F(3, 33) = 3.44, p = 0.028) and no significant
interaction between the presented force and the condition (F
(15, 165) = 1.53, p = 0.099). The residual errors were normally distributed (Shapiro-Wilk test, p = 0.809). Unsurprisingly, post hoc
comparisons revealed significant differences between all 15 pairs
of presented force levels, confirming that the participants were
performing the task as instructed (all p values < 0.001). With
respect to the condition-specific differences, the matched forces
were significantly stronger when the participants pressed at 0 cm
compared to all the other conditions: 15 cm (t(11) = 2.22,
p = 0.048, CI = [0.002, 0.461]), 25 cm (t(11) = 3.01, p = 0.012, CI =
[0.11, 0.74]), and the slider condition (t(11) = 2.29, p = 0.042, CI =
[0.02, 0.92]). This result shows that only the condition that simulates natural self-touch, i.e., with the two index fingers’ positions
aligned (0 cm), elicits a strong attenuation of self-produced touch.
The matched forces at 15 cm did not differ significantly from those
applied at 25 cm (t(11) = 1.54, p = 0.150, CI = [0.08, 0.47]) or
those produced in the slider condition (t(11) = 1.13, p = 0.284,
CI = [0.23, 0.71]). Similarly, forces applied with the finger at
25 cm were not significantly different from those generated in
the slider condition (t(11) = 0.27, p = 0.795, CI = [0.32, 0.40]).
Together, these findings suggest that when a distance between
the two hands is introduced, the attenuation phenomenon is not
elicited. Given that no significant sensory attenuation was
observed at either distance between the hands (i.e., 15 cm and
25 cm), we opted for the most conservative distance (25 cm) to test
for an effect of tool use in the following experiments.

2.6. Statistical analysis

3.2. Experiment 2: effect of a hand-held tool

We analyzed the force data from all experiments in the same
way. We calculated the mean of the force data recorded by the
probe sensor on the passive left index finger at 2000–2500 ms after

Experiment 2 tested the hypothesis that touch applied with a
tool held by the right hand at a distance of 25 cm between the
two hands would lead to sensory attenuation of touch despite this
distance being sufficiently large to eliminate sensory attenuation
when not using a tool (see Experiment 1 above). We also compared
the tool condition to the condition in which the participants

Fig. 2. Conditions of Experiment 2. The participants reproduced the force they had
first felt on their left index fingers (presented force) by using the right index finger
to press the probe sensor f1 (matched force) attached to the motor lever that
contacted the left index finger (0 cm lateral distance) (A) or by moving the slider at
25 cm (B). In the tool condition (C), the participants reproduced the force by
pressing the probe sensor (f1) attached to the motor lever with the tip of a
drumstick (d) held in the right hand. A red mark on the tool indicated where
participants should hold it and press to achieve a 25 cm distance between the right
and left index fingers. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

1
For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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Fig. 3. Conditions of Experiment 3. The participants reproduced the force felt on the left index finger (presented force) by pressing with the tip of the tool (matched force)
either on the probe sensor f1 attached to the motor lever (A) or on the mobile sensor f2, placed 25 cm to the right of the left index finger, that controlled the force output of the
lever (f1) (B). Note that although the distances between the left and the right index fingers were 25 cm (A) and 50 cm (B) in the two conditions, the distances between the tip
of the tool and left index finger were 0 cm and 25 cm.

Fig. 4. Results of Experiment 1. Forces generated by the participants (matched
forces) as a function of the externally generated forces (presented forces) (mean ± SE
across participants). The dotted line indicates the theoretically perfect performance.
Colored lines represent the fitted regression lines for each condition. For illustration
purposes, the position of the markers has been adjusted to the right to avoid
overlapping points. The matched forces were significantly stronger at 0 cm (red
line) compared to the other three conditions, meaning that the strongest attenuation of self-touch occurred when the hands where spatially aligned, similar to
direct physical contact. Importantly, the matched forces at 15 cm (yellow line) and
25 cm (cyan line) were not significantly different from those applied with the slider
(purple line), indicating that no significant somatosensory attenuation occurred
when the hands were separated. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

pressed with their right index finger directly above the left index
finger (0 cm distance). The results are consistent with our hypothesis and are summarized in Fig. 5.
ANOVA revealed a significant main effect of the presented force
(F(5, 55) = 168.62, p < 0.001) and a significant main effect of the
condition (F(2, 22) = 12.91, p < 0.001) but no significant interaction
(F(10, 110) = 0.91, p = 0.526). The residual errors were normally
distributed (Shapiro-Wilk test, p = 0.376). Post hoc comparisons
revealed significant differences between all 15 pairs of force levels,
reflecting a successful force-discrimination performance (all p values < 0.002). Confirming our hypothesis of a tool-specific effect,
planned comparisons showed that the matched forces applied with
the tool were significantly stronger than the matched forces
applied with the slider (t(11) = 4.25, p = 0.001, CI = [0.46, 1.44])
but did not differ from the matched forces using the finger at

Fig. 5. Results of Experiment 2. Forces generated by the participants (matched
forces) as a function of the externally generated forces (presented forces) (mean ± SE
across participants). The dotted line indicates the theoretically perfect performance.
Colored lines represent the fitted regression lines for each condition. For illustration
purposes, the position of the markers has been adjusted to the right to avoid
overlapping points. Importantly, the matched forces delivered by the tool (brown
line) were significantly stronger than those when using the hand to move the slider
at 25 cm (purple line). This result demonstrates that the hand-held tool produces
significant sensory attenuation of self-produced touch (p = 0.001). Critically, the
matched forces generated with the tool (brown line) were not significantly different
from those generated when the right index finger pressed directly on the left index
finger (0 cm, red line), suggesting that hand-held tools produce a degree of selftouch attenuation similar to that of fingers (p = 0.850). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

0 cm (t(11) = 0.19, p = 0.850, CI = [0.53, 0.44]). Moreover, the
matched forces applied with the finger at 0 cm were significantly
stronger than those applied using the slider at 25 cm (t(11) =
4.88, p < 0.001, CI = [0.50, 1.31]), reproducing the findings of Experiment 1.
To statistically test whether the tool overcomes the spatial constraint of self-attenuation at 25 cm as revealed in Experiment 1, we
directly compared the two conditions in which the right hand was
positioned at 25 cm from the left hand across the two experiments
(Figs. 1C and 2C). That is, we compared the condition in Experiment
1 in which the right index finger was used to press the force sensor
at 25 cm with the condition in Experiment 2 in which the tool was
used to produce the force from the same distance (Fig. 6). To this
end, the matched forces from each condition were first subtracted
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Fig. 6. Comparing the results from Experiments 1 and 2. A comparison of the data
from Experiments 1 and 2 showed that the matched forces at 25 cm were
significantly stronger (p = 0.004) when using the tool (brown line) than when using
the finger (cyan line). The dotted line indicates the theoretically perfect performance. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

from the corresponding slider condition in each of the two experiments and then analyzed using a mixed ANOVA, with the condition
as the between-group factor and the presented force level as the
within-group factor. This ANOVA revealed a significant main effect
of the presented force (F(5, 110) = 3.04, p = 0.013), a significant
main effect of the condition (F(1, 22 = 10.65, p = 0.004), and no significant interaction between them (F(5, 110) = 0.20, p = 0.962). The
residual errors were normally distributed, confirming the validity
of this parametric analysis (Shapiro-Wilk test, p = 0.355). In support
of our hypothesis, we found that at the same 25 cm spatial separation of the hands, the forces applied with the tool were significantly
stronger than those applied with the finger alone, indicating that
the tool could overcome the distance and produce sensory attenuation (t(22) = 3.26, p = 0.004, CI = [0.33, 1.47]).

Fig. 7. Results of Experiments 3. The matched forces generated when using the tool
were significantly stronger (p < 0.001) when the tip of the tool was on top of the left
index finger (25 cm distance between the hands, brown line) than those generated
when the tip was placed at a 25 cm distance from the left hand (50 cm distance
between the hands, light purple line). The dotted line indicates the theoretically
perfect performance. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

tip at 0 cm were significantly stronger than those using the tool
with the tip at 25 cm (t(11) = 5.50, p < 0.001, CI = [0.50, 1.17]).
Thus, only the condition that resembles a direct touch of the left
index finger with the tip of the tool produces self-attenuation of
the perceived force. The significance of the interaction term was
driven by the significant differences between matched forces corresponding to different levels of the presented force between conditions. Importantly, for each level of presented force (1 N, 1.5 N,
2 N, 2.5 N, 3 N, and 3.5 N) the matched forces generated using
the tool tip at 0 cm were significantly stronger than the matched
forces applied with the tool tip at 25 cm (all p values < 0.001 for
the six comparisons).
4. Discussion

3.3. Experiment 3: spatial constraint with a tool
In Experiment 3, we wanted to exclude the possibility of a nonspecific effect on the force generated using the hand-held tool.
More specifically, we wanted to demonstrate that close spatial
proximity between the tip of the tool and the receiving finger is
essential for the tool-induced attenuation effect. Thus, we compared two otherwise equivalent tool conditions in which the participants applied force either to the probe sensor (0 cm distance
between the tip and the left index finger, with a 25 cm distance
between the hands) or to the mobile sensor placed 25 cm to the
right of the left index finger (25 cm distance between the tip and
the left index finger, with a 50 cm distance between the hands).
We hypothesized that only the condition with the tool tip at
0 cm would produce the attenuation of self-touch. The results support this hypothesis and are summarized in Fig. 7.
ANOVA revealed a significant main effect of the presented force
(F(5, 55) = 124.5, p < 0.001), a significant main effect of the condition (F(1, 11) = 30.29, p < 0.001) and a significant interaction
between the force and condition (F(5, 55) = 9.78, p < 0.001). The
residual errors were normally distributed (Shapiro-Wilk test,
p = 0.136). Post hoc t-tests revealed significant differences between
distances for all 15 pairs of force levels (all p values < 0.001). Consistent with our hypothesis, the matched forces applied with the

Our results demonstrate that self-produced touch applied with
a hand-held tool is subject to sensory attenuation just like that
when touching one’s own body directly with the digits or other
body parts. This finding implies that the somatosensory consequences of actions involving hand-held tools are predicted and
attenuated in the same way as those of natural actions without
tools. This conclusion is supported by the following observations:
(i) the tool-induced sensory attenuation was equal in magnitude
to the attenuation produced when the left index finger was directly
touched with the right index finger (Experiment 2); and (ii) the
attenuation effect depended on the proximity between the tip of
the tool and the receiving finger (Experiment 3), thus effectively
mirroring the spatial constraint when the force was applied with
digits (Experiment 1). Below, we discuss our findings in relation
to the computational mechanism proposed for sensory attenuation
and the implications of internal forward models for tool use.
Experiment 2 showed that when the participants reproduced the
force they had just felt on their left index finger, they applied significantly stronger forces when using a hand-held tool than when they
were using the slider, during which the force reproduction was
more accurate. This overproduction of force in the tool condition
indicates that actions performed with hand-held tools do involve
attenuation and therefore the prediction of somatosensory

K. Kilteni, H.H. Ehrsson / Cognition 165 (2017) 1–9

feedback. It has been previously theorized that the brain flexibly
forms forward models of hand-held tools (Higuchi, Imamizu, &
Kawato, 2007; Imamizu, 2010; Imamizu & Kawato, 2012;
Imamizu, Kuroda, Miyauchi, Yoshioka, & Kawato, 2003; Imamizu
et al., 2000). Internal cerebellar models similar to those for body
control (Blakemore, Frith, & Wolpert, 2001; Blakemore, Wolpert, &
Frith, 1999; Blakemore et al., 1998; Kawato, 1999; Shadmehr &
Krakauer, 2008; Wolpert et al., 1998) have also been proposed for
tool use (Higuchi et al., 2007; Imamizu et al., 2000, 2003). For example, it has been previously suggested that cerebellar activity elicited
when learning to use novel tools, as well as when using common
tools, likely reflects the acquisition of new models and/or the use
of existing internal models encoding the input-output properties
of the tools (Higuchi et al., 2007; Imamizu et al., 2000, 2003). However, conclusive experimental evidence supporting a link between
tool use and predictions of forward models has been lacking. Our
finding that self-touch with a drumstick is perceived as being
weaker than external touch demonstrates for the first time that for-

7

ward sensory models predict the sensory consequences of a common hand-held tool and that these sensory predictions are used to
attenuate the sensations produced by their use.
The combined data from Experiments 1 and 2 show that the
tool acted as an ‘‘extension” of the upper limb, overcoming the spatial constraint of self-touch attenuation observed without a tool.
Specifically, in Experiment 1, the magnitude of sensory attenuation
was greatest when the two fingers were aligned (0 cm) and was
eliminated when the fingers were spatially separated by 15 cm
or by 25 cm. In contrast, when the drumstick was used to apply
the force in Experiment 2, sensory attenuation was observed when
the distance between the hands was 25 cm, and at this distance,
the attenuation had the same magnitude as the maximal attenuation observed during finger touch when the fingers were aligned
(0 cm). Therefore, it could be argued that when handling the drumstick, ‘the finger becomes distalized’ to the tip of the tool (Arbib,
Bonaiuto, Jacobs, & Frey, 2009). The data from Experiment 3
strongly support this argument by showing that the attenuation

Fig. 8. A model for predicting the tactile consequences of self-touch with or without a tool. The internal forward dynamic model predicts the future state (e.g., position – gray
dotted line) of the active finger (right index finger in the present study) based on the copy of the motor commands sent to the right index finger (efference copy) and its
currently estimated state (gray solid line). The internal forward sensory model compares this predicted position with the predicted position of the passive left finger, which
should not change over time (left comparator). When the future positions of the fingers are close, the forward sensory model predicts a contact between the fingers (pink
dotted line), and the perception of the actual touch (solid pink line) is attenuated (right comparator). When there is a distance between the hands, the predicted positions of
the fingers are far apart. Thus, the forward sensory model does not predict any contact of the fingers. When the drumstick is used to apply the touch, the forward dynamic
model predicts the future position of the tip of the tool based on the motor command sent to the hand holding the tool (the right hand in the present study). Touch is now
predicted when the future position of the tip of the tool, rather than that of the right index finger, is close to the predicted position of the passive left index finger. This implies
that touch produced by hand-held tools should be attenuated independently of their length. The proposed model is based on previous proposals of how internal forward
models are used to determine self-generated sensory feedback (Blakemore, Frith, et al., 1999) and to estimate the limb’s position during a reaching movement (Shadmehr &
Krakauer, 2008; Wolpert & Ghahramani, 2000). Note that the question of whether forward dynamic models separately predict the position of the finger and the tool or the
position of the finger-and-tool complex remains open and that future studies are needed. These two possibilities are indicated in the top part of the figure. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of self-touch applied with a tool follows the same spatial principles
as the attenuation of self-touch applied with the digit alone. Specifically, touch was only attenuated when the tip of the tool was close
to the passive finger (0 cm) and not when the tip of the tool was
pressing a sensor placed at a distance of 25 cm from the receiving
left index finger. Thus, self-generated touch applied with the tip of
a hand-held tool and touch applied with a finger are predicted and
attenuated according to the same spatial rules, indicating the
involvement of a common computational mechanism.
What might this common mechanism be? It is well-established
that the brain uses forward dynamic models to predict the future
state of the body (e.g., its position) and forward sensory models
to predict the sensory consequences of this predicted state
(Wolpert & Ghahramani, 2000). Under self-generated touch without using a tool (Experiment 1), the forward dynamic model predicts the future position of the right index finger based on the
efference copy and its current position. Then, the forward sensory
model compares this predicted position with the predicted position of the immobile left index finger to estimate whether a direct
contact between the fingers is likely to occur at the end of the
movement. If the predicted positions of the fingers are close, the
forward sensory model predicts touch with a high probability,
and the perception of actual touch will be attenuated accordingly.
However, when the active and passive fingers are predicted to be
far apart (e.g., 25 cm), the forward sensory model no longer predicts a contact between the fingers, and touch is therefore not
attenuated. Critically, the results from Experiments 2 and 3 suggest
that this same mechanism is involved in actions with hand-held
tools. When using the drumstick to touch the body (Experiment
2), the forward dynamic model predicts the future state of the tool
based on its currently estimated position and the efference copy, as
it would for the right index finger. If the forward sensory model
compared the predicted positions of the two fingers (as it would
for actions without tools), because these positions are far apart
(25 cm), touch would not be predicted and attenuated. However,
the finding that the self-touch attenuation when using the tool
was equal in magnitude to that when using the index finger suggests a complete referral of sensory predictions to the tip of the
tool. This implies that the forward sensory model uses the predicted position of the tool tip instead of the active finger to anticipate touch. Accordingly, touch is only predicted and attenuated
when the predicted position of the tip of the tool is close to the left
index finger. Taken together, our findings suggest that forward
sensory models predict the sensory consequences of the actions
not on the basis of the predicted state of the body part per se but
rather on the current effector, i.e., our digits during natural manual
interactions or the tip of the tool during tool use. This proposed
shared computational mechanism (Fig. 8) suggests that forward
sensory models are effector-independent, allowing hand-held tools
to act as versatile extensions of the hands in terms of sensorimotor
predictions.
Although our findings suggest that forward sensory models are
effector-independent, it remains unknown whether the same is
true for the forward dynamic models. There are at least two possible scenarios. In the first, two different forward dynamic models
predict the respective states of the right index finger and the tool,
but the forward sensory model only uses the predicted state of the
current effector as input. This scenario is consistent with the modular architecture of internal models proposed for motor control, in
which internal models are switched on and off depending on the
context (e.g., using or not using a tool) (Wolpert & Kawato,
1998). A second and probably less computationally expensive scenario would be that the same forward dynamic model of the finger
is now used to predict the state of the finger-and-tool complex, and
it is this predicted state that is used by the forward sensory model
(Rieger, 2012). This last scenario implies that hand-held tools are

fully incorporated into the ‘‘body schema” by updating internal
parameters of the forward model, such as the length, the rigidness,
the mass, and the kinematic properties of the digit, to precisely
predict the sensory consequences of this complex based on the
motor command. Our data cannot favor one alternative over the
other because under both scenarios, the forward sensory models
would predict and attenuate the touch applied by the hand-held
tool. Previous observations that hand-held tools produce an unconscious elongation of the perceived arm length (Cardinali et al.,
2009) would fit the latter, although it should be mentioned that
the observed change in estimated arm length corresponded to a
small percentage of the actual tool length and thus cannot explain
the strong sensory attenuation observed in the present study.
A well-known anecdotal observation is that when holding a pen
or a stick in the hand to touch another object or surface, the tactile
sensations are experienced as arising from the tip of the tool
(Descartes, 1637; Merleau-Ponty, 1996; Paillard, 1993). Here, we
show that a complete referral of sensory predictions to the tool
tip occurs during tool use. From an evolutionary perspective, the
attenuation of touch produced by tools makes sense: feeling the
touch on the body from a tool held in the hand – the tip of a spear,
for example – is much less important than when this sensation is
unexpected and produced by a tool held by another individual.
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