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Abstract

A central claim of many embodied approaches to cognition is that understanding others’ actions is achieved by covertly
simulating the observed actions and their consequences in one’s own motor system. If such a simulation occurs, it may be
accomplished through forward models, a component of the motor system already known to perform simulations of actions
and their consequences in order to support sensory-monitoring of one’s own actions. Forward-model simulations cause an
attenuation of sensory intensity, so if the simulations hypothesized by embodied cognition are indeed provided by forward
models, then action observation should trigger this sensory attenuation. To test this hypothesis, the experiments reported
here measured the perceived intensity of a touch sensation on the finger when participants observed an active touch (a finger
reaching to touch a ball) vs. a passive touch (a ball rolling to touch an unmoving finger). The touch sensation was perceived
as less intense during observation of active touch in comparison with observation of passive touch, providing evidence
that forward models are indeed engaged during action observation. The strength of this sensory attenuation is compared
and contrasted with a well-established sensory-amplification effect caused by visual attention. This sensory-amplification
effect has not generally been considered in studies related to sensory attenuation in action observation, which may explain
conflicting results reported in the field.

Keywords Action observation - Forward models - Sensory attenuation - Embodied cognition

Introduction

Embodied theories of cognition often argue that we can
gain a deeper understanding of others’ actions if we simu-
late those actions and their sensory consequences within our
own motor-control system (Prinz 1987). Such hypothesized
simulations are highly reminiscent of forward models, a
well-established component of our motor-control system.
Forward models (reviewed in more detail below) predict the
sensory consequences of our own action plans (Aliu et al.
2009). These predictions are then used for several critical
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purposes, one of which is to prevent self-caused sensations
from interfering with our ability to process sensations aris-
ing from external causes. Sensations which match forward-
model predictions are tagged as ‘self-caused’ and their per-
ceived intensity is attenuated, so that they are not confused
with ‘other-caused’ sensations. This sensory attenuation is
a hallmark of forward-model engagement. The similarity
between forward-model simulations and the simulations
hypothesized by embodied cognition leads to the proposition
that these simulations are, in fact, the same thing. This pro-
posal would simply mean that the role of the forward-model
system has expanded from simulating one’s own actions to
simulating others’ actions as well. If this is correct, then sen-
sory attenuation should occur for an observer when watching
another person performing an action. The experiments below
test this prediction by comparing the perceived intensity of
a touch stimulus when participants observe another person’s
hand actively touching a ball vs. observing another person’s
hand being passively touched by a ball. These experiments
find that observing another’s actions does indeed cause sen-
sory attenuation. This attenuation is contrasted with sensory
amplification, an effect that has already been established to
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occur when a person pays visual attention to a touch event
(Ro et al. 2004; Johnson et al. 2006). This amplification is
shown in the experiments below by comparing the perceived
intensity of a touch stimulus when the observer views a
touch action (active or passive) in comparison with viewing
an ‘empty’ video with no visual indication of a touch event.

The possible role of forward models as the mechanism of
simulation in various forms of embodied cognition has been
suggested by several researchers (e.g., Wolpert and Flanagan
2001; Grush 2004; Schubotz 2007), and previous work has
addressed the question of whether action observation trig-
gers forward models and consequent sensory attenuation.
For example, Voisin et al. (2011), using electroencepha-
lography (EEG), showed that participants’ somatosensory
cortex was less responsive to a touch stimulus delivered to
their fingers when they watched a touching action in com-
parison with when they watched an unrelated video. Similar
brain-imaging studies have been done by Rossi et al. (2002)
and Avikainen et al. (2002). This is important brain-imaging
data which the current experiments seek to complement with
behavioral data.

Embodied approaches to action observation

The idea that we understand others’ behavior by modeling
that behavior within ourselves has a long history and is still
hotly debated (Hickok 2014; Goldinger et al. 2016; Spauld-
ing 2018).

First of all, there is evidence that seeing another person
performing an action does indeed trigger related activity in
the observer’s own motor system. Transcranial Magnetic
Stimulation studies have provided much of this evidence,
showing that motor evoked potentials for muscles are facili-
tated when participants watch actions that would involve
those muscles, but muscles that would not be involved are
not similarly facilitated (e.g., Fadiga et al. 1995; Strafella
and Paus 2000; Enticott et al. 2010, 2011), though the degree
to which this involves forward models is debated (Mathew
et al. 2017).

Complementary evidence comes from brain imaging
studies. Buccino et al. (2001), using functional Magnetic
Resonance Imaging (fMRI), found that areas of the motor
cortex activate in effector-specific patterns when participants
view actions that are performed with various effectors. That
is, mouth-relevant parts of the motor cortex activate when
viewing actions involving the mouth (and similarly for foot
and hand actions). That mouth-relevant parts of the motor
cortex are activated by seeing actions involving the mouth
(including speech—Pulvermiiller et al. 2006) relates to
embodied approaches to speech perception (e.g., Liberman
and Mattingly 1985; Schwartz et al. 2008), many of which
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argue for a role of forward models (e.g., Skipper 2007;
Hickok et al. 2011; Scott 2016; Yeung and Scott 2021).

Similarly, a large body of research has shown that soma-
tosensory cortex is activated in humans when acting or
when observing another person’s actions. This is related to
the topic of mirror neurons which were first discovered in
the macaque motor cortex and which are highly relevant to
action observation—these neurons respond when the mon-
key performs an action or when it observes another agent
performing the action (Pellegrino et al. 1992). There is
significant research on mirror neurons in humans as well
(reviewed in Molenberghs et al. 2012); however, most of
this research is indirect in nature (stemming from ethical
limitations on invasive studies in humans) and so the exist-
ence of mirror neurons in humans, while often assumed, has
continued to be debated (Heyes and Catmur 2022). An over-
view of the neurophysiology of mirror neurons and action
observation is provided in the General Discussion (Section
“Neurophysiology”) below.

The overlap between the embodied cognition and mirror-
neuron literatures is extensive (e.g., Caramazza et al. 2014;
Keysers et al. 2018). While the experiments reported below
are obviously compatible with a mirror-neuron explanation
of action observation, they are not tied to such an interpre-
tation. The experiments here test whether forward models
are engaged by action observation—this activation may or
may not turn out to be tied to mirror neurons, but that is an
independent issue which these experiments do not address.

Forward models

Forward models are a component of our motor-control sys-
tem whose function is to predict the sensory consequences
of our own actions (Aliu et al. 2009). This simulation has
several uses in motor-control and has proposed connections
to many aspects of cognition (e.g., Haggard et al. 2002;
Grush 2004; Sato 2009; Scott and Chiu 2021), but the key
use, in terms of the theory explored here, is the ‘sensory-
tagging’ function: Forward-models provide a way to ‘tag’
self-produced sensations as such and so avoid the confusion
between self-caused and other-caused sensations that would
otherwise occur. Confusing a self-caused sensation, such as
the impact of the ground against one’s foot when walking,
with an other-caused sensation, such as something on the
ground attacking one’s foot, could have fatal consequences.

This tagging function is achieved, at least in part, by
means of an attenuation of sensations that match the for-
ward-model predictions. This sensory dampening is seen
across sensory modalities (Schafer and Marcus 1973; Roy
and Cullen 2004; Sylvester et al. 2005; Bristow 2006), and
has been shown using both behavioral methods (Weiskrantz
et al. 1971; Blakemore et al. 1999; Shergill et al. 2003;
Voss et al. 2006; Scott 2013) and brain-imaging approaches
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(Blakemore et al. 1998; Eliades and Wang 2004; Biss et al.
2008; Greenlee et al. 2011; Harrison et al. 2021). An over-
view of the neurophysiology of forward models is provided
in the General Discussion (Section “Neurophysiology”)
below.

The experiments reported here examine whether action
observation (of a touch event) triggers forward models in
the observer and leads to sensory attenuation of a simulta-
neously presented touch stimulus. This would support the
embodied cognition view that we understand others by simu-
lating their actions in ourselves, and that forward models are
involved in this simulation.

Sensory amplification

A complication for trying to find sensory attenuation in
action observation is that observing any instance of touch
is known to actually amplify the perceived intensity of the
touch. That is, when a person observes a hand being touched
and feels a simultaneous touch on their own hand, they will
report that the touch on their own hand seems more intense
than in a control condition in which there is no touch event
shown (Ro et al. 2004; Johnson et al. 2006). This sensory
amplification is a potential confounding factor when exam-
ining sensory attenuation due to action observation, so the
experiments below control for it by including a condition in
which there is no observable action.

Prediction

The prediction tested in this paper is that when observing
another person performing a touching action, participants
will simulate the action in their own motor system and so
engage their forward models, leading to a perceived attenu-
ation of a simultaneously presented touch stimulus (in com-
parison with observing a person being passively touched).
However, because of the amplification effects of visual atten-
tion, observing a touching action (active or passive) will
result in sensory amplification in comparison with a control
condition in which no touching action is shown.

To test these predictions, throughout the experiments
reported below, participants rested the tip of the middle fin-
ger of their left hand on a vibrotactile device that delivered a
tap, while they watched videos of either active touch, passive
touch, or no touch. Participants saw two of these videos in
turn, one as the ‘Reference’ (first video) and the other as the
‘Target’ (second video). The participants’ task was to adjust
the intensity of the tap they experienced during the Target
video until it felt equal to the intensity of the tap during the
Reference video.

If a Target video induces sensory attenuation, participants
should need to raise the Target video intensity to compen-
sate for the perceived attenuation, so that it feels equivalent

to the unattenuated Reference video. In contrast, if a Target
video induces sensory amplification, participants should
need to lower the Target video intensity to compensate for
its perceived amplification.

Experiment one
Participants

There were 25 female participants [age = 20.56 (1.65 sd),
4 left handers]. All were students at United Arab Emirates
University (UAEU) who received course credit or mone-
tary compensation for their participation. Only female par-
ticipants were recruited as the department only has female
students.

Participants signed a consent form to participate and both
the experiment design and consent form had been approved
by the UAEU ethics committee. There were no clear ante-
cedent experiments to determine the likely size of the pre-
dicted attenuation effect and so the appropriate number of
participants to be recruited could only be roughly estimated.
The effect size was optimistically estimated at 0.6 and so to
achieve a power of 0.8, power calculations showed that a
minimum of 24 participants was needed. This was rounded
up to 25 to add a small margin of safety.

Materials and apparatus

Videos

An animator (Berislav Curi¢) produced the three videos
used: one ‘Active’, one ‘Passive’, and one ‘Empty’. The
Active video showed a left hand with extended fingers mov-
ing toward a stationary ball and touching it (with the tip of
the middle finger). The Passive video showed the inverse—
a ball rolling (at the same speed as the hand movement in
the Active video) toward a stationary hand and touching
the tip of the extended middle finger. The Empty video
simply showed an unchanging grey screen with an asterisk
(as a fixation point) surrounded by hash-marks. The speed
of movement for the ball and hand was made exactly the
same (0.075 m/s), and the final frames (showing the contact
between finger and ball) were identical in both videos. This
was to give visual cues of equal tap force in the two videos.

There is evidence that ‘mirroring’ effects from observ-
ing others are stronger with greater similarity between the
observer and the observed person (Serino et al. 2009), so the
arm in the videos was designed to look like that of a woman
wearing black clothing and with a skin complexion typical
for the Gulf region. All participants were women who were
students at UAEU (where the traditional black garb, while
not a requirement, is very commonly worn), and most had a
complexion similar to that shown in the video. Participants
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Fig. 1 Active video, experiment
one
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Fig.2 Empty video, experiment
one

Fig.3 Passive video, experi- E
ment one : -
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were not selected, or rejected, on the basis of their clothing
or complexion, but designing the video stimuli in this way
maximized the likelihood that participants would identify
with the arm shown in the videos.

Figures 1, 2 and 3 show the first, middle and final frame
of the three videos.

Vibrotactile device

The tap stimulus was delivered by a vibrotactile device
(bass shaker). This was a Clark Synthesis TST239 Silver Tac-
tile Transducer. The device is 8 inches in diameter, but the
point, where participants rested their fingers is a 9/16 inch
raised knob in the centre. The bass shaker was encased in
a sound absorbing box (a layered collection of fabric and
plastic containers). For the range of intensities used, the bass
shaker produced no measurable sound (as determined by a
sound level meter); however, out of an abundance of cau-
tion, participants wore sound-isolating headphones (Extreme
Isolation 30) playing white noise to mask any (unmeasur-
ably) small amount of residual sound, ensuring that any
effect was due to tactile perception alone and not to audi-
tory perception.

Tap

The tap stimulus consisted of one cycle of a modified
15 Hz sine wave, rapidly fading out after the positive peak,
so that there was only one pulse felt. The waveform of this
modified sine-wave is shown in Fig. 4. As the tap stimulus
was carried by audio circuitry, the intensity was easily modi-
fied by simply raising or lowering the volume of the audio in
the experiment software. Participants did this using the ‘up’
and ‘down’ arrow keys with their right hand.
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Fig.4 Modified sine-wave for tap

An intensity range for the tap was established, through
piloting, in which the lowest starting intensity for the tap
in any condition was easily felt by fingers resting on the
bass shaker, but the maximum intensity of the tap did not
produce any measurable sound (as measured by a sound
level meter). On each trial the initial intensity of the Ref-
erence tap was either 50% or 60% (selected at random)
of the established maximum. Similarly, on each trial, the
initial intensity of the Target tap was randomly selected
from one of four values (30%, 40%, 70% or 80% of the
maximum) and so started above the Reference tap inten-
sity for half of the trials and below for half the trials.
These starting values for Reference and Target tap were
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counterbalanced across trials for each participant, so that
all videos occurred with the same starting intensity levels
(in Target and Reference videos) across the experiment for
each participant. The maximum tap intensity corresponded
to a force of c. 3 N.!

Procedure

There were six conditions, consisting of each of the possible
video comparisons in the Reference and Target positions
(excluding comparing a video with itself).

Two of these conditions address the sensory-attenuation
question:

— Active-video Reference, Passive-video Target.
— Passive-video Reference, Active-video Target.

Four of these conditions were included to replicate the sen-
sory-amplification effect:

— Active-video Reference, Empty-video Target.
— Empty-video Reference, Active-video Target.
— Passive-video Reference, Empty-video Target.
— Empty-video Reference, Passive-video Target.

Participants rested the tip of the middle finger of their
left hand (the location shown touching/being touched in
the Active and Passive videos) on the vibrotactile device.
This delivered a tap at the moment of contact between ball
and finger in the Active and Passive videos. The tap also
occurred at the same moment during the Empty video but,
of course, there was no visual correlate of the touch in this
condition.

The six conditions were presented eight times each in
intermixed random order. Therefore, participants made
eight intensity judgments for each condition and a total of
forty-eight judgments overall. The Reference was played just
once and then the Target was played on a loop. Participants
adjusted the tap intensity using the ‘up’ and ‘down’ arrow
keys on the keyboard with their right hand. Participants
could replay the Reference video again at any point during
a trial by hitting the ‘r’ key on the keyboard. When they
considered the tap intensity to be equal in the two videos,
participants hit the ‘enter’ key. Participants kept their finger
on the vibrotactile device at all times.

The experiment started with a brief practice session (c.
3 min) to acclimatize participants to the set-up. The entire

' N.B. The force was measured using a Boshi NK analog force
gauge. Only the maximum force was measured to give a reference
point for the range of forces involved in the experiment, the specific
forces for each tap on each trial were not measured.

Vibrotactile device
encased in

sound-attenuating
box

Fig.5 Sketch of experimental set-up

experiment lasted about 40 min. The experiment was run on
the Psychopy experiment platform (Peirce 2007) in a sound-
treated booth at UAEU.

A sketch of the experimental set-up is presented in Fig. 5
and a timeline of a single trial is shown in Fig. 6

Data analysis

All statistical tests reported in this article were conducted
using the R statistical programming language (R Core Team
2014). For ANOVA, the “ez” package within R was used
(Lawrence 2013). For power calculations the “pwr” package
was used (Champely et al. 2018) and for the effect-size cal-
culations, the “effsize” package was used (Torchiano 2017).
Effect size calculations all used the classical Cohen’s d for-
mula (Cohen 1988) with no correction for repeated meas-
ures, thus giving a conservative estimate of effect size. Sta-
tistical significance was defined as p < 0.05.

The dependent measure was a difference score between
the Reference video’s tap intensity level and the final set-
ting of the Target video’s tap intensity (final Target inten-
sity—Reference intensity). These numbers, representing dif-
ferences in intensity values in arbitrary units of computer
system volume, were converted to z-scores.

A 1 X 6 repeated-measures ANOVA was conducted
to determine whether there were significant differences
between the six conditions. This was followed by three
planned #-tests (a Bonferroni correction was applied to
all #-tests) comparing each pairing of conditions with its
reverse pairing—thus the pairing of Active Reference video
and Passive Target video was compared against the reverse
pairing of Passive Reference video and Active Target video
(and similarly for the other condition pairings).

The experiment was designed for such an analysis,
because the Reference and Target videos are not perfectly
equivalent in terms of the participants’ experience with
them: The Reference video is seen first, it is seen just once
(unless the participant decided to replay it) and it is treated
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Fig.6 Timeline of a single trial

Participant can hit the "r" key to repeat the Reference Video
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Table 1 Results for experiment

Conditions (Reference ~ Mean (sd) t-test results(Bonferroni correction) & effect sizes (Cohen’s d)
one video—Target video)

Active-Passive -0.232(0.629) t=2.83,df=24,p=0.03*% Xeffect size: 0.43

Passive-Active 0.068 (0.762)

Active-Empty 0.466 (0.67) t=-392,df=24,p <0.01 Xeffect size: 1.12%*

Empty-Active —0.529 (1.058)

Passive-Empty 0.727 (0.96) t=-4.62,df=24,p <0.001 xeffectsize: 1.15%

Empty-Passive -0.5(1.162)

*Indicates statistical significance

conceptually as the “reference point”. The Target video is
seen second, it is seen multiple times (played on a loop) and
it is treated as the “manipulandum”. These differences may
have an impact. Comparing each pair of conditions with its
reverse allows these issues (and perhaps other unforeseen
issues), to be counterbalanced, so that any potential influ-
ences cancel out across condition pairings.

Results

The 1 X 6 repeated-measures ANOVA on the six conditions
was significant [F(5, 120) = 10.59, p < 0.001]. An omnibus
ANOVA found no interaction with handedness p = 0.896.

The mean and standard deviation for each condition and
the results of the three t-test comparisons between condi-
tions (as well as effect sizes) are reported in Table 1.2

The key comparison for demonstrating sensory attenu-
ation (Active-Passive comparison) is plotted in Fig. 7,

2 As detailed above because of the differences between Reference
and Target, the experiment was designed to compare one pairing of
conditions against its reverse. The O point is, therefore, unlikely to be
a meaningful reference. Simply as part of data exploration, post-hoc
t-tests were conducted comparing each of the two sensory attenua-
tion conditions against 0. Neither was significant. Similarly, post-hoc
t-tests were conducted comparing each of the four (sensory-amplifi-
cation) conditions against 0. Only the conditions with Empty Target
videos were significant after Bonferroni correction. Comparisons
against O are unlikely to be meaningful and are reported here simply
as part of data exploration.
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Change in Intensity Needed to Make Target Video Tap
Feel Equal to Reference Video Tap

4 - '. Target Video
0 A } ® Active

A Passive

Tactile intensity change measured in z-scores

Active Passive

Reference Video

Fig.7 Results of Experiment One (Key Conditions for Demonstrat-
ing Sensory Attenuation)—SE bars are shown. These error bars were
calculated using the Cousineau (2005), Morey (2008) method to
adjust for repeated-measures design. Individual data-points are also
shown, jittered on the horizontal axis for visibility

the remaining four conditions, which demonstrate sensory
amplification, are plotted in Fig. 8.
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Change in Intensity Needed to Make Target Video Tap
Feel Equal to Reference Video Tap
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Fig.8 Results of Experiment One (Key Conditions for Demonstrat-
ing Sensory Amplification)—SE bars are shown. These error bars
were calculated using the Cousineau (2005), Morey (2008) method
to adjust for repeated-measures design. Individual data-points are also
shown, jittered on the horizontal axis for visibility

As predicted, when altering the intensity of the tap
accompanying the Active Target video to match it to the
tap accompanying the Passive Reference video, participants
raised the intensity of the tap in comparison with the reverse
pairing (Passive Target video and Active Reference video).
This means that they perceived the tap in the Active video as
weaker than that in the Passive video (and so had to increase
the intensity of the Active video tap to compensate for its
lower perceived intensity). This is sensory attenuation.

Also as predicted, both the Active and Passive videos had
the effect of increasing the perceived intensity of the accom-
panying tap in comparison with the Empty video — par-
ticipants raised the intensity of the tap in the Empty videos
in comparison with the other videos, indicating that they
perceived the tap in the Active and Passive videos as more
intense (and so the tap in the Empty video tap needed to be
raised to match). As discussed above, this sensory amplifica-
tion is the predicted result of visual attention to a touch event
(whether active or passive).

A follow-up ANOVA was conducted on the difference
scores between the various pairings to determine whether

3 Participants were free to repeat the Target video as often as neces-
sary, so the number of repetitions of Reference and Target was not
balanced; however, there were no statistically significant differences
between conditions in number of repetitions.

the smaller difference between the Active-Passive pairings
on one hand (measuring sensory attenuation), and the vari-
ous pairings with the Empty video on the other (measuring
sensory amplification), was significant, i.e., whether there
was an interaction. This was significant [F(2, 48) = 7.289,
p < 0.01], showing that the amplification effect was signifi-
cantly larger than the attenuation effect.

Discussion

The experiment showed that seeing a video of a finger
actively touching a ball (in comparison with a finger being
passively touched by a ball) made a simultaneously pre-
sented tap to the finger seem less intense. This is sensory
attenuation and so the results suggest that forward models
are engaged when people view others’ actions.

In addition, this experiment showed that visual informa-
tion about touch (active or passive) enhances the perceived
intensity of the touch. That is, viewing either the Active or
Passive touch videos led to a more intense perception of
touch intensity than watching a non-touch video.

Thus, there are two effects working in opposite directions
when participants view these videos: Observing a video
showing any touch (active or passive) leads to amplification
of the perceived intensity of the touch while observing a
video of an active touch leads to attenuation of the perceived
intensity in comparison with observing a video of passive
touch. The sensory-amplification effect is significantly larger
than the sensory-attenuation effect.

These issues are examined in greater detail in the General
Discussion (Section “General discussion”) below.

Experiment two

Experiment One established that people perceive a tap as
less intense when they observe video of a person performing
a simultaneous touch action, suggesting that they are simu-
lating that person’s actions and engaging forward models,
which are known to attenuate sensations that are compatible
with the forward-model predictions. However, this is a new
finding and so needs replication. Furthermore, the videos
used in Experiment One had a minor flaw—the point of
contact between ball and hand was slightly off-centre, mean-
ing that the total durations of hand motion and ball motion
were not perfectly equal between the two videos. In order to
ensure that this asymmetry was not a confound and to repli-
cate the findings of Experiment One, a second experiment
was conducted with a larger number of participants. This
experiment was mostly identical to Experiment One with
the exception of having improved video stimuli and a larger
group of participants. In all other respects, the structure of
the experiments was the same.
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Fig.9 Active video, experiment
two

Fig. 10 Passive video, experi-
ment two

Participants

As the primary comparison of interest in Experiment One,
the Active—Passive comparison, achieved significance with
only a narrow margin, this replication recruited a larger
number of participants to have sufficient power to reliably
replicate the effect. An experimental power of 0.85 was tar-
geted, and a power calculation for the Active—Passive com-
parison (which was the weakest effect in Experiment One)
showed that 51 participants should achieve this. To include
an extra margin of safety, a total of 55 participants were
recruited, corresponding to an estimated power of 0.88.
All 55 participants were female students at UAEU [age
= 21.33 (sd = 1.98), 4 left-handers] who received course
credit or monetary compensation for their participation. Par-
ticipants signed a consent form to participate and both the
experiment design and consent form had been approved by
the UAEU ethics committee. Only female participants were
recruited as the department only has female students.

Materials and apparatus

The videos in Experiment One had the point of contact
between finger and ball slightly off-centre. This probably
would not matter, but it did mean that the arm seemed to
travel a slightly greater distance than the ball and so there
was an unnecessary asymmetry between the Active and
Passive conditions. This was altered in the current experi-
ment, so that the ball and hand met in the exact centre of the
screen. Furthermore, a small amount of compression of the
ball and finger-tip at the moment of contact was included in
these videos (the same in both Active and Passive videos)
so that there was a clear visual indication that the amount of
force was the same in both conditions. As with Experiment
One, the speed of movement for the ball and hand was made
exactly the same (0.075 m/s). The Empty video remained
identical. The first, mid-point of video, and point of contact
frames of the new videos are shown in Figs. 9 and 10.
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Procedure

Aside from the the change in the stimuli, the procedure was
otherwise identical to Experiment One.

Data analysis

As with Experiment One the experiment consisted of six
conditions (all six possible combinations of the three videos
in the Reference vs. Target positions, excluding comparing a
video to itself) and the dependent measure was a difference
score between the Reference video’s tap intensity level and
final setting of the Target video’s tap intensity (final Target
intensity—Reference intensity). These numbers were con-
verted to z-scores.

A 1 X 6 repeated-measures ANOVA was conducted
to determine whether there were significant differences
between the six conditions. This was followed by three
planned t-tests, comparing each pairing of conditions with
its reverse pairing, e.g., Active video Reference—Passive
video Target compared with Passive video Reference—
Active video Target. A Bonferroni correction was applied
to all #-tests.

Results

The 1 X 6 repeated-measures ANOVA on the six conditions
was significant [F(5, 270) = 88.32, p < 0.001]. An omnibus
ANOVA found no interaction with handedness p = 0.734.

The mean and standard deviation for each condition and
the results of the three t-test comparisons between condi-
tions (as well as effect sizes) are reported in Table 2.4

4 As discussed above, 0 is unlikely to be a meaningful reference
point. Simply as part of data exploration, post-hoc t-tests were con-
ducted comparing each of the two sensory attenuation conditions
against 0. Only the Active Reference—Passive Target condition was
significant after Bonferroni correction (p = 0.0432). Similarly, post-
hoc t-tests were conducted comparing each of the four sensory-ampli-
fication conditions against 0. All were significant after Bonferroni



Experimental Brain Research (2022) 240:2923-2937

2931

Table 2 Results for experiment

Conditions (Reference ~ Mean (sd) t-test results (Bonferroni correction)& effect sizes (Cohen’s d)
two Video-Target Video)

Active-Passive -0.237(0.744)  t=2.67,df =54, p=0.02 X effect size: 0.32*

Passive-Active 0.007 (0.785)

Active-Empty 0.674 (0.995) t=-6.64, df =54, p < 0.001 X effect size: 1.22%*

Empty-Active
Passive-Empty
Empty-Passive

—0.473 (0.875)
0.675 (0.841)
—-0.645 (0.907)

t=—"7.58, df =54, p < 0.001 X effect size: 1.51*

*Indicates statistical significance
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strating Sensory Attenuation)—SE bars are shown. These error bars
were calculated using the Cousineau (2005), Morey (2008) method
to adjust for repeated-measures design. Individual data-points are also
shown, jittered on the horizontal axis for visibility

The key comparison for demonstrating sensory attenua-
tion (Active-Passive comparison) is plotted in Fig. 11, the
remaining four conditions, demonstrating sensory amplifica-
tion, are plotted in Fig. 12.

As with Experiment One, when altering the intensity of
the tap accompanying the Active Target video to match it
to the tap accompanying the Passive Reference video, par-
ticipants increased the intensity of the tap (in comparison
with the reverse pairing of Passive Target video and Active
Reference video). This means that they perceived the tap in

Footnote 4 (continued)

correction. Comparisons against O are unlikely to be meaningful and
are reported here simply as part of data exploration.
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ing Sensory Amplification)—SE bars are shown. These error bars
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to adjust for repeated-measures design. Individual data-points are also
shown, jittered on the horizontal axis for visibility

the Active video as weaker than that in the Passive video
and so they needed to increase the intensity of the Active
video tap to compensate for its perceived lower intensity.
This is sensory attenuation.

Again, as predicted and as found in Experiment One, the
presence of any touch video (Active or Passive) made the
accompanying tap feel more intense in comparison to the
Empty video — Participants raised the intensity of the tap
accompanying the Empty Target videos in comparison with
the other videos as Reference, indicating that they perceived
the tap in the Active and Passive Reference videos as more
intense (and so the tap in the Empty Target video needed
to be increased to match).’ This is sensory amplification.

5 Participants were free to repeat the Target video as often as neces-
sary, so the number of repetitions of Reference and Target was not
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A follow-up ANOVA was conducted on the difference
scores between the various pairings to determine whether
the smaller difference between the Active-Passive pairing
(showing sensory attenuation) on one hand, and the various
pairings with the Empty video (showing sensory amplifica-
tion) on the other, was significant (i.e., whether there was
an interaction). This was significant [F(2, 108) = 20.336, p
< 0.001], showing that the amplification effect was signifi-
cantly larger than the attenuation effect.

Discussion

Experiment Two successfully replicated (using different
videos) the findings of Experiment One, both the sensory-
attenuation effect of active-touch vs. passive-touch observa-
tion and the sensory-amplification effect of watching a touch
event. This both addresses the potential shortcomings of
Experiment One and serves as a replication of its findings.

General discussion

Both of the experiments reported above successfully dem-
onstrate the predicted sensory attenuation of a touch stimu-
lus during observation of active touch in comparison with
observation of passive touch. This attenuation is the pre-
dicted effect of forward-model engagement which lowers
the perceived intensity of self-caused (or in this case, vicari-
ously self-caused) sensations. This provides behavioural
evidence that action observation engages forward models.

There are, however, two effects at work in these experi-
ments altering the perceived intensity of the touch stimulus.
In addition to sensory attenuation due to forward-model
engagement, there is sensory amplification due to visual
attention. Visual attention drawn to the moment of contact
amplifies the perceived intensity of the touch in both Active
and Passive conditions, in comparison with the Empty con-
dition in which no action was shown. This appears to be a
side-effect of directing attention to the event and is likely
related to the visual enhancement of touch effect (reviewed
in Serino and Haggard 2010; Eads et al. 2015), in which
simply viewing a body part, with no visual indication of
touch, is sufficient to improve tactile acuity for that body
part. This effect occurs for viewing one’s own body or that
of another person, though the effect appears to be stronger
when the body is one’s own (Serino et al. 2008).

Footnote 5 (continued)

balanced; however, there were no statistically significant differences
between conditions in number of repetitions.

@ Springer

In summary, these experiments predicted and found
two forms of sensory modulation as a result of action
observation:

— Attenuation of the perceived intensity of touch when the
video was of active touch in comparison with passive
touch. This showed an effect size of 0.43 in Experiment
One and 0.32 in Experiment Two.

— Amplification of the perceived intensity of touch when
there was video showing a touching action (either active
or passive). The difference between Active video and
Empty video showed an effect size of 1.12 in Experi-
ment One and 1.22 in Experiment Two. The differ-
ence between Passive video and Empty video showed
an effect size of 1.15 in Experiment One and 1.51 in
Experiment Two.

Sensory amplification is the larger of the two effects, under-
scoring the necessity of comparing active and passive touch
observation when investigating sensory attenuation. Sen-
sory attenuation is significantly weaker and so would get
swamped by the amplification effect without control condi-
tions that can separate out their contributions.

Several previous studies have examined the possibility of
sensory attenuation from action observation. Thomas et al.
(2013) looked at speech actions, testing whether observ-
ers would rate a tactile stimulation of their own lips as less
intense when observing a speaker pronouncing a sound that
involved lip movement. Rather than attenuation, they found
an increase in the perceived intensity of the tactile stimula-
tion during action observation. However, as they did not
have a passive-touch control condition, the increase they
found is likely due to the sensory-amplification effect.

Vastano et al. (2016) examined the modulation of the
perceived intensity of a touch stimulus as a consequence of
watching a video of a person performing a reaching action.
They found lowered tactile sensitivity when participants
watched the reaching phase of the action in comparison with
the grasping phase (their video showed an arm grasping a
cylinder). They interpreted their results as sensory attenu-
ation caused by action observation; however, it is possible
that participants in their study experienced sensory amplifi-
cation in the ‘grasping phase’, rather than sensory attenua-
tion in the ‘reaching phase’.

Finally, a set of experiments was recently conducted by
Kilteni et al. (2021) (see also Burin et al. 2019 ). These
experiments were very similar to the experiments reported in
the current study and tested the same idea: Whether observa-
tion of a person performing an action would trigger sensory
attenuation. In the Kilteni et al. (2021) experiments, partici-
pants rated the intensity of a touch stimulus while watching
an actor perform a touch action. In their first experiment,
Kilteni et al. (2021) found that observation of a touch action
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did induce attenuation, but not in comparison with a control
condition (which had no action observation). They inter-
preted this lack of attenuation between their action-observa-
tion and control conditions as lack of evidence for sensory
attenuation. However, if the sensory-amplification effect
discussed above is taken into account, their data actually
seem to support the finding of sensory attenuation reported
in the current experiments.

Kilteni and Ehrsson (2017) performed another set of
experiments that is similar to those reported here. In these
experiments, they tested the degree to which incorporating
a rubber hand into one’s own body schema (The ‘rubber
hand illusion’ - Botvinick and Cohen 1998) influences sen-
sory-attenuation effects. They found that sensory attenua-
tion occurred when people observed a rubber hand being
touched if they experienced the illusion that the rubber hand
was their own, but if they did not experience this illusion
(and so saw the rubber hand as being that of another person)
the sensory attenuation was weakened. While this seems to
argue against sensory attenuation due to action observation,
it should be noted that, while their comparison showed that
attenuation was weakened when participants considered the
observed hand to be that of another person, it did not show
that there was no attenuation. In fact, the graphs of their
data suggest that attenuation, while weaker, did occur even
when people viewed the rubber hand as belonging to another
person. In an extension of the rubber-hand paradigm, Pyasik
et al. (2021), using EEG, found almost identical reduction in
somatosensory evoked potentials for self-caused stimuli and
stimuli caused by an embodied rubber hand.

Neurophysiology

This section provides a brief summary of the neurophysiol-
ogy relevant to mirror neurons, forward models and action
observation.

Mirror neurons, first discovered in the brains of macaque
monkeys, are active when the monkey either performs or
observes an action (Pellegrino et al. 1992). This neural
connection between action and observation has been tied
to embodied cognition (Gallese 2005) and has spawned a
vast research field. Mirror neurons were established through
single-cell recordings; however, ethical considerations pre-
clude such investigations in humans except where electrode
implantation is medically required. Thus, evidence for mir-
ror neurons in humans has primarily been through non-
invasive brain-imaging, most commonly fMRI (reviewed in
Molenberghs et al. 2012)—though there has been a single-
cell recording study on humans providing support for the
presence of mirror neurons (Mukamel et al. 2010). Given
the dependence on largely indirect evidence, some debate
remains about the status of mirror neurons in humans.

Mirror neurons were initially established in the ventral
premotor cortex of macaque monkeys (Pellegrino et al.
1992; Gallese et al. 1996). However, subsequent research
has found clear evidence of mirror neurons in the ‘lower-
level” motor areas of primary motor cortex (M1) (Kilner and
Lemon 2013; Palmer et al. 2016). Similar cells have been
found in sensory-related areas, such as ventral intraparietal
area (Ishida et al. 2010) and lateral intraparietal area (Shep-
herd et al. 2009). The cells in these regions show common
coding for self and other but they are not strictly motor neu-
rons and so are sometimes referred to as ‘mirror neuron-like’
(Kilner and Lemon 2013).

Visual information about biological motion, upon which
mirror neurons rely, likely originates in the superior tempo-
ral sulcus (STS) (Fogassi and Simone 2013). Interestingly,
the STS has also been implicated in both forward models
and action observation (e.g., Limanowski et al. 2018). This
commonality between regions involved in mirror neurons
and forward models is not surprising, as there have been
many proposals linking forward models to mirror neurons
(e.g., Wolpert et al. 2003; Iacoboni 2005; Kilner et al. 2007).

Evidence for forward models was initially behavioural
(Sperry 1950; Von Holst 1954) and theoretical (Bridgeman
2007) and so the neurophysiology is still in somewhat early
stages. Despite this, there is broad agreement that forward
models involve, among other areas: Premotor cortex, supple-
mentary motor area, cerebellum, sensorimotor cortex, and
the previously discussed STS.

As forward models are part of the motor control system,
the role of premotor cortex is well-established (e.g., Miall
2003; Iacoboni 2005; Welniarz et al. 2021; Takei et al.
2021). Electrophysiological studies have also shown that
the supplementary motor area is involved in generating the
sensory attenuation related to forward models (Haggard and
Whitford 2004; Juravle 2017).

A large number of studies have argued for a role of the
cerebellum in forward models (e.g., Wolpert et al. 1998;
Miall et al. 1993; Ito 2008). In line with this, Blakemore
et al. (1998) found, using fMRI, that the cerebellum was
more active for self than for externally-produced touch
sensations.

Finally, as forward models are sensory as well as motor,
they necessarily involve somatosensory cortex. Many brain-
imaging studies have shown reduced activation of senso-
rimotor cortex during active vs. passive movements (e.g.,
Jiang et al. 1991; Blakemore et al. 1998; Ackerley et al.
2012). In addition, because of its role in processing biologi-
cal motion, the STS is also thought to be involved (Leube
et al. 2003; Iacoboni 2005; Limanowski et al. 2018)

The sensory dimension of forward models leads to the
topic of the sensory areas involved in action observation. A
large body of research has shown that somatosensory cor-
tex is activated in humans when acting or when observing
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another’s actions. In response to observation of touch, some
studies have found activation in primary somatosensory cor-
tex (S1) (Blakemore et al. 2005; Schaefer et al. 2009) oth-
ers in secondary somatosensory cortex (S2) (Keysers et al.
2004; Del Vecchio et al. 2020), while others have found
activation in both S1 and S2 (Ebisch et al. 2008). Some stud-
ies have failed to find significant activation in either S1 or S2
during action observation (Chan and Baker 2015; Sharma
et al. 2018); however, as the location and extent of activation
is dependent on the details of what is being observed (e.g.,
intentional touch vs. accidental touch, active vs. passive
touch—Sharma et al. 2018) such null findings are perhaps
due to choice of stimuli (Peled-Avron and Woolley 2022).

Limitations

The findings reported here are new and so the parameters
need to be replicated and explored. In particular, there is evi-
dence that vicarious activity in sensorimotor cortex caused
by action observation is highly dependent on the details of
the stimuli used (e.g., Sharma et al. 2018) and so it will be
necessary to determine which features of the video stimuli
are required to induce the effect.

While a sex-balanced sample would be more representa-
tive, the department where this research was conducted only
has female students. However, research suggests that females
show a stronger response to action observation (Cheng et al.
2008; Yang et al. 2009), and so the probability of finding the
predicted effect may have been improved by testing females
only (though, of course, this leaves open the question of how
well these results would generalize to males).

Conclusions

Embodied cognition theorizes that to understand others’
actions we subconsciously simulate the actions we observe
in our own motor system. The experiments reported here test
whether these hypothesized simulations are carried out by
the forward-model system, a system whose primary func-
tion is to simulate our own actions and their consequences
in order to monitor our actions. As forward models induce
sensory attenuation, if the forward-model system is used to
understand others’ actions, then we should experience sen-
sory attenuation when we observe others’ actions.

These experiments demonstrate that observing a hand
performing active touching (moving to touch a ball) induces
an attenuation of the perceived intensity of a touch in com-
parison with observing a hand being passively touched
(remaining still while a ball rolls toward it and touches it).
This finding supports the EEG results of Voisin et al. (2011)
and supports the claim that observing an action engages
the observer’s forward-model system. The forward models
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generate a prediction of the upcoming touch stimulus and,
as is standard for forward-model sensory predictions, this
prediction results in an attenuation of matching sensory
signals. These experiments also replicate the established
finding that increased attention to a touch event amplifies
the perceived intensity of the touch (Ro et al. 2004; John-
son et al. 2006) and show that this sensory-amplification
effect is significantly stronger than the sensory attenuation
induced by watching active movement. Many experiments
have not taken the amplification effect of action observa-
tion into account and this may explain why there have been
conflicting results in the field. The results of these experi-
ments provide strong support for the idea that action obser-
vation engages forward-model activity in the observer. This
suggests that the subconscious simulations hypothesized
by embodied cognition may be identified with the forward-
model system.
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