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The ability to sample sensory information with our hands is crucial for smooth and effi-
cient interactions with the world. Despite this important role of touch, tactile sensa-
tions on a moving hand are perceived weaker than when presented on the same but
stationary hand. This phenomenon of tactile suppression has been explained by predic-
tive mechanisms, such as internal forward models, that estimate future sensory states of
the body on the basis of the motor command and suppress the associated predicted
sensory feedback. The origins of tactile suppression have sparked a lot of debate, with
contemporary accounts claiming that suppression is independent of sensorimotor pre-
dictions and is instead due to an unspecific mechanism. Here, we target this debate and
provide evidence for specific tactile suppression due to precise sensorimotor predictions.
Participants stroked with their finger over textured objects that caused predictable
vibrotactile feedback signals on that finger. Shortly before touching the texture, we
probed tactile suppression by applying external vibrotactile probes on the moving finger
that either matched or mismatched the frequency generated by the stroking movement
along the texture. We found stronger suppression of the probes that matched the pre-
dicted sensory feedback. These results show that tactile suppression is specifically tuned
to the predicted sensory states of a movement.
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Tactile sensations on a moving limb are suppressed compared to rest (1, 2).
Movement-induced suppression is a fundamental phenomenon of sensory processing
found at both the neural and the perceptual level (3) and across various mammalian
species, such as human and nonhuman primates (1, 4), cats (5), and rats (6-8). Tactile
suppression, sometimes also called tactile gating (9), is commonly tested by applying
externally generated tactile probes on a limb that is moving; a well-established para-
digm that allows quantifying tactile suppression at various body parts and times
(10-12). Tactile suppression is modulated by different spatial and temporal factors. It
is most pronounced when the tactile probe is in close proximity to the muscles
involved in the movement and gradually decreases when the probe is at more distant
locations (13). It can precede the onset of muscle activity and persist throughout the
movement (10, 13). Moreover, it can be modulated by task-relevancy, such that sup-
pression is reduced or even eliminated entirely as the importance of sensory feedback
increases (11, 14-16).

There is strong evidence that tactile suppression on a limb depends on a forward
model. This model uses online feedback and an efference copy of the motor command
to estimate the limb’s future sensory states and suppress the predicted sensory feedback
(17). Indeed, suppression occurs during the planning phase of a movement (i.e., in the
absence of movement) (12) and is stronger with more reliable predictions about the
prevailing dynamics (16). Neural effects in central somatosensory and motor areas
before movement (18, 19) further corroborate the involvement of central, predictive
mechanisms. Yet, reports of tactile suppression shortly before and during passive move-
ments indicate that peripheral, reafferent signals may also mask the detection of tactile
probes (20), although suppression before active movements may precede the effects
observed in passive movements (4, 21). The possibility of backward masking mecha-
nisms as well as the fact that the external tactile probes cannot be predicted by an
efference copy of the motor command have led to recent claims that the reduced sen-
sitivity on a moving limb is rather caused by general cancellation policies, and tactile
suppression of externally generated stimuli is independent of sensorimotor predic-
tions (22, 23). Here, we aim to resolve this debate by investigating whether tactile
suppression stems from such precise sensorimotor predictions or whether it origi-
nates from an unspecific mechanism that leads to a blanket reduction in tactile sensi-
tivity and thus does not distinguish between predicted and unpredicted sensory

feedback.
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Significance

Tactile sensations on a moving
hand are perceived weaker than
when presented on the same but
stationary hand. There is an
ongoing debate about whether
this weaker perception is based
on sensorimotor predictions or is
due to a blanket reduction in
sensitivity. Here, we show greater
suppression of sensations
matching predicted sensory
feedback. This reinforces the idea
of precise estimations of future
body sensory states suppressing
the predicted sensory feedback.
Our results shine light on the
mechanisms of human
sensorimotor control and are
relevant for understanding clinical
phenomena related to predictive
processes.
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To determine highly specific suppression effects, we manipu-
lated the congruency between the predicted sensory feedback
and the external vibrotactile probes (see Fig. 1 for an overview
of the methods). Participants performed single stroking move-
ments along two textured objects at a designated speed.
Depending on the spatial frequency of the object’s texture, they
experienced either a low or a high frequency vibration on their
fingertip. These two fundamental frequencies were chosen in a
way that different mechanoreceptors were stimulated (24, 25).
The objects were presented in a blocked manner so that the tac-
tile feedback from the movement was fully predictable. Vibro-
tactile probe stimuli were applied to the stroking finger around
movement onset. The frequency of these probes either matched
(congruent condition) or mismatched (incongruent condition)
the frequency elicited on the finger during movement along the
textured object. This resulted in four movement conditions:
low frequency congruent, low frequency incongruent, high fre-
quency congruent, and high frequency congruent.

Participants were asked to respond whether they detected the
probe stimulus in each trial. We fitted psychometric functions
to the individual responses and first calculated the difference in
tactile detection thresholds (thresholdg;y) for each participant
between each movement condition and a respective baseline
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condition (detection of the same probes at rest, see Fig. 2A).
Positive values of thresholdg;s indicate stronger tactile suppres-
sion during movement. If tactile suppression stems from senso-
rimotor predictions, we expect stronger suppression (increased
thresholdgi) in congruent than in incongruent conditions, as
the probe frequencies would match the movement-related pre-
dictions. If, on the other hand, tactile suppression stems from
an unspecific mechanism, then we should observe similar sup-
pression across all movement conditions (comparable thresh-
oldgig) (22).

Results

First, to determine whether tactile perception was affected dur-
ing movement compared to rest, we performed two-tailed # tests
against zero on thresholdgig. Data from a representative partici-
pant (Fig. 24) show increased detection thresholds during
movement compared to rest. In line with previous findings (16,
26), tactile probe stimuli were indeed suppressed in all move-
ment conditions. Specifically, detection thresholds during move-
ment were systematically larger than those at rest, indicated by
all thresholdsy;g being significantly greater than zero (low fre-
quency congruent: ¢ [31] = 6.25, P < 0.001, 4 = 1.11; low
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Fig. 1. lllustration of the experimental setup and design. (4) Participants were seated in front of a desk with the force sensor, the object and the force feed-

back device placed in front of them. A mirror blocked the view of the hand and the object. Participants viewed the scene presented to them on the monitor
through the mirror. (B) The objects with two different textured surfaces that would cause the participant to experience a low fundamental frequency (40 Hz)
and a high fundamental frequency (240 Hz), respectively. The start position at which participants initially made contact with the object and the go position
from which participants began the stroking movements along the texture are marked with arrows. These two positions were represented to participants
visually by green spheres on the monitor and were not discernible by touching the object. (C) The tactile stimulation device (tactor) was placed on the ven-
tral part of the proximal phalanx of the right index finger. (D) The combination of the low frequency (40 Hz) and high frequency (240 Hz) objects with the
two probe stimulation frequencies that either matched or mismatched the fundamental frequencies experienced by moving along the textured objects
resulted in four movement conditions: low frequency congruent, low frequency incongruent, high frequency congruent, low frequency incongruent. (E) Par-
ticipants initiated each trial via a central, virtual button. A green circle (start position) appeared at the very left of the object in the virtual workspace. Once
participants moved their finger to the start position, thus touching the real object, the circle vanished and reappeared at the go position, 7 cm further to the
right (~3 cm before the textured area). Participants moved their finger to this go position at their own pace. Once there, three auditory cues spaced 655 ms
apart sounded, prompting participants to start a smooth continuous movement at the designated speed of 203 mm/s after the third cue (go cue). The probe
stimulus was presented 100 ms before the anticipated movement onset. After reaching the end of the textured area, participants initiated the question
about the tactile stimulus via a central, virtual button and responded with either “yes” or “no” by selecting the respective button.
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Fig. 2. The results of the tactile detection task. (A) Example psychometric
functions of a single participant for low and high frequency probes. Each
panel shows psychometric functions for the baseline and the congruent
and incongruent movement conditions for the respective probe frequency.
Some datapoints are not visible due to overlap. The difference between
the baseline and the movement conditions is exemplified by the dotted
line representing thresholdg¢ for both movement conditions. (B) Individual
(transparent data points; n = 32) and mean differences in detection of the
probe stimulation between the baseline and the movement conditions as
measured by the change in detection thresholds, averaged across all par-
ticipants. Thresholdgiss represents the difference between the movement
condition and the respective baseline condition (i.e., the suppression
effect). Thresholdgi¢ values are normalized to the maximum possible
suppression at the respective probe frequency. Greater values indicate
impaired sensitivity to probes (i.e., tactile suppression) in the movement
conditions, while zero indicates no difference from the baseline. The error
bars display 95% Cousineau-Morey confidence intervals for the difference
between congruent and incongruent conditions within each probe stimula-
tion frequency (27, 28). Tactile suppression took place in all movement con-
ditions and was generally greater in congruent compared to incongruent
conditions.

frequency incongruent: # [31] = 6.24, P < 0.001, 4 = 1.10;
high frequency congruent: ¢ [31] = 7.61, P < 0.001, d = 1.35;
and high frequency incongruent: 7 [31] = 7.39, P < 0.001, 4 =
1.31) (Fig. 2B).

Second, we examined whether this suppression was stronger
in congruent than incongruent conditions, which would pro-
vide strong evidence for the involvement of sensorimotor pre-
dictions. To this end, we compared thresholdgy using a 2
(probe frequency: low vs. high) by 2 (congruency: congruent
vs. incongruent) univariate, repeated-measures ANOVA.
Importantly, tactile suppression, as reflected in thresholdgs
was stronger for congruent compared to incongruent condi-
Uons (main effect of congruency, F [1,31] = 5.35, P = 0.028,
nG> = 0.013), whereas there was no effect of probe frequency
(F[1,31] = 091, P = 0.347, nG = 0.009) nor an interaction
(F[1,31] = 0.47, P=0.497, ng* = 0.001) (sce Fig. 2B).
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The congruency effect on suppression provides evidence for
a strong sensorimotor prediction component. However, it may
be contaminated by different response criteria across movement
conditions. To control for this, we calculated for each move-
ment condition performed by each participant the response cri-
terion (according to signal detection theory, see Materials and
Methods for details) (29), which we then submitted to a 2
(probe frequency: low vs. high) by 2 (congruency: congruent
vs. incongruent) univariate, repeated-measures ANOVA. The
results show that the response criterion did not significantly dif-
fer between conditions (mean + SD: low frequency congruent
= —1.89 + 0.19, low frequency incongruent = —1.88 + 0.21,
high frequency congruent = —1.90 + 0.15 and high frequency
incongruent movement conditions = —1.90 + 0.15), with nei-
ther 51gn1ﬁcant main effects of congruency (F [1,31] < 0.03,
P =0.855, T]G < 0.001) or probe frequency (F[1,31] = 0.16,
P = 0.690, ng> = 0.002), nor a significant interaction
(F [1,31] = 0.05, P = 0.831, ng> < 0.001). Thus, the
increased thresholdsg;s in congruent compared to incongruent
conditions are unlikely to be explained by differences in the
response criterion. The evidence for sensorimotor predictions is
further corroborated by an additional analysis of the sensitivity
measure & (87 Appena’zx, Fig. S§2) (29), which also demonstrates
poorer sensitivity in congruent than incongruent conditions (S/
Appendix, Signal Detection Analysis for further details).

Last, to test if the differences in thresholdgis between the
movement conditions may be due to differences in the move-
ment itself, rather than to a prediction of the sensory states,
we compared several kinematic parameters using 2 (probe
frequency: low vs. high) by 2 (congruency: congruent vs. incon-
gruent) univariate, repeated-measures ANOVAs. No statisti-
cally significant differences were found for the stimulation time
@ll F[1,31] < 3.12, P > 0.087, 16> < 0.013), the reaction
time (all F[1,31] < 3.06, P> 0.090, ng> < 0.002), the move-
ment duration (all F[1,31] < 1.08, P > 0.307, ng* < 0.005),
the average force exerted during the movement (all £ [1,31] <
3.10, P> 0.088, ng” < 0.012), the average movement velocity
(all F [1,31] < 1.56, P > 0.221, T]G2 < 0.007), the average
acceleration (all F [1,31] < 2.07, P > 0.161, ng> < 0.008),
and the average deceleration (all £ [1,31] < 1.17, P > 0.287,
ng” < 0.003) (ST Appendix, Fig. S5).

In summary, congruent vibrotactile probes matching the pre-
dicted sensations caused by the movement along textured
objects were subject to stronger suppression than incongruent
probes. No statistically significant differences in the response
criteria or the movement kinematics were found across condi-
tions, making the possibility of systematic biases or movement
effects on the detection performance unlikely.

Discussion

Suppression of externally generated sensations shortly before
and during voluntary movements is a well-established phenom-
enon (1, 14, 30). On one hand, it seems paradoxical to sup-
press sensations not caused by one’s own actions since survival
and adaptation require to enhance, and not to suppress, novel
and potentially harmful sensations. On the other hand, a surge
of somatosensory afferents from the moving limb could over-
whelm the system, so it may be beneficial to suppress somato-
sensory feedback from that limb altogether, including external
stimuli. Considering this, the functional mechanisms governing
sensory suppression of external stimulations are still a matter of
debate. Although this phenomenon has been attributed to pre-
dictive mechanisms, such as internal forward models (31), other
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accounts claim that it stems from an unspecific mechanism,
because the probe stimuli used to measure suppression cannot
be predicted by an efference copy of the motor command itself
(22, 23), or because backward masking may generally obscure
any sensations on the moving limb (1). Here, we set out to
address the debate on the origin of tactile suppression and
show that tactile suppression of externally generated sensations
originates from specific sensorimotor predictions.

We demonstrate that the well-established suppression of tac-
tile sensations is stronger when the frequency of the probe stim-
ulus’s vibration matches the predicted vibration caused by the
finger movement along the object’s texture. In other words,
suppression was stronger in the congruent than incongruent
conditions as reflected in increased detection thresholds. This
congruency effect cannot be attributed to a general cancellation
policy that blankets any stimulus on the moving limb. It can
neither be attributed to different response biases, nor to differ-
ent kinematic performance across movement conditions, as our
results show. Rather, a predictive mechanism is regulating the
strength of suppression on the basis of specific sensorimotor
predictions about the future sensory states generated by the
movement.

We found elevated detection thresholds in all movement
conditions compared to rest. This suppression effect is present
in both congruent and incongruent conditions (i.e., unrelated
to the congruency effect). Instead, it can be explained by senso-
rimotor predictions about the future state of the moving arm,
which in turn leads to downweighed sensory processing around
the movement (16, 30). As sensory feedback is subject to sen-
sory noise and processing delays, predicting and, as a result dis-
counting, such sensations can be advantageous and possibly
desired (31). We suggest that the observed suppression effect
comprises two components: one that originates from sensori-
motor predictions about the sensory states of the moving arm,
and a second one caused by the congruency between the probe
stimulation and the predicted sensory consequences of the
stroking movement.

Motor control theories involving feedforward control can
account for tactile suppression (31, 32). Sensorimotor control
is thought to depend on the optimal integration of a sensori-
motor estimate about the future sensory states of the system
and of peripheral sensory input (33). When the state of one’s
own sensory system is uncertain, sensory feedback is down-
weighed and reliance on sensorimotor estimates is greater (34).
Accordingly, in the presence of sensorimotor predictions, sen-
sory feedback, including any external probes, is downweighed
to different extents, depending on the reliability of the predic-
tion. This is reflected in attenuated activity in central brain
regions, such as sensory and motor cortices, to tactile probes on
a limb shortly before its movement (18, 19). Tactile suppres-
sion of external probe stimuli is also modulated by feedback
demands, such that it is weaker when task-relevant feedback
gains importance (14-16) and stronger when movement
feedback becomes more predictable (35). This suggests that
suppression depends on a dynamic interplay between predictive
and feedback signals (11). However, to the best of our
knowledge, no study hitherto has distinguished whether this
suppression is based on predictive mechanisms, leaving the phe-
nomenon open to different interpretations. One such interpre-
tation is that tactile suppression of external probes is caused by
unpredictive mechanisms, such as backward masking of the
probe stimuli by peripheral reafferences from the moving limb.
Although backward masking may influence sensory processing
briefly before and during the movement (1, 21), it does not
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always occur (11). Masking might have contributed to the gen-
erally elevated detection thresholds we observed during move-
ment, however, we presented the probe stimuli well before
movement onset (on average 119 ms before), which is substan-
tially earlier than the time window of backward masking (~50
ms before movement onset) (20, 35). Probes were also pre-
sented well before touching the object’s texture (at least 250
ms), which far exceeded the threshold of temporal tactile acuity
(50-70 ms) (36), allowing for the perception of the probe stim-
ulation and the texture as two distinct events. Importantly, the
differences between the congruent and incongruent conditions
can neither be explained by backward masking, nor by any
other movement-related mechanism (35, 37, 38), as kinematic
behavior was also similar between conditions.

Tactile suppression has also been discussed in the context of
the opposing process theory (22), according to which predicted
sensations may first be enhanced and later cancelled should
unexpected sensations arise. This theory is based on the premise
that tactile suppression does not differ between expected and
unexpected sensations and is hence not predictive. Here, we
show that exafferent tactile probes matching predicted sensa-
tions are suppressed more strongly than mismatching probes.
Importantly these probes themselves are not the subject of pre-
cise sensorimotor predictions; instead, sensorimotor predictions
are made about the sensory states associated with the movement
(i.e., the vibrations caused by moving the finger across the tex-
tured objects). Critically, the exafferent stimulations can be
used to probe the sensory suppression effect of those predic-
tions. While our experiment was not designed to evaluate the
opposing process theory directly, it is inconsistent with both
our results and previous work from the tactile domain showing
predictive suppression of self-generated (39) and externally gen-
erated tactile sensations (10, 12, 14) occurring up to 300 ms
before movement onset (i.e., lacking preceding enhancement).

In sum, we conclude that tactile suppression of externally
generated stimuli on a moving limb is modulated in a highly
specific manner, as it is stronger when the generated stimuli
match the predicted sensory feedback. This speaks in favor of
sensorimotor predictions involved in tactile suppression. Our
findings provide evidence for the origins and underlying mech-
anisms of tactile suppression and form the ground to unify the
processes that govern sensory tuning, also in other modalities,
such as vision (40—42 but see also 43) and audition (see 44 for
a review). This contributes to a better understanding of the
computational principles and neurobiological substrates of
human sensorimotor control as well as of clinical phenomena
related to predictive mechanisms, such as Parkinson’s disease
(45), obsessive-compulsive disorder (46), schizophrenia (47,
48), and depression (49).

Materials and Methods

Participants. A total of 48 participants completed the experiment and were
compensated with either course credit or a payment of 8€/h. Due to exclusion
criteria listed below, 32 participants (23 women, 9 men, range 19-30 y, 22.56
+ 3.03) were included in the final sample (see Quantification and Statistical
Analysis for the exclusion criteria; S/ Appendix, Fig. S4 for psychometric functions
of all 48 participants; S/ Appendix for the sample size considerations). The exper-
iment was approved by the local ethics committee at the Justus Liebig University
Giessen and was in accordance with the Declaration of Helsinki (2013). All partic-
ipants provided their signed informed consent. Participants were right-handed
according to the German translation of the Edinburgh Handedness Inventory
(50)(77.94 + 21.48). Furthermore, participants reported no current neurological
symptoms, no issues with stereopsis or color vision, and had normal or corrected
to normal eyesight. Participants also did not report any injuries to the right index
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finger and had a two-point-discrimination threshold of at least 3 mm on the
right index finger (2.34 mm + 0.48 mm; Two-Point Discriminator, North
Coast Medical).

Apparatus. To assess tactile suppression, a vibrotactile stimulation device (Pie-
zoTac tactor; skin contactor diameter 6.4 mm; Engineering Acoustics) was
attached to the ventral part of the proximal phalanx of the participants’ right
index finger and was secured with medical tape. The tactor encompassed a skin
contactor mounted on a shielded cantilever. Vibrations of the cantilever pro-
duced sinusoidal contactor oscillations perpendicular to the skin. We presented
brief (100 ms) vibrotactile probes of eight varying oscillation amplitudes for each
of the two probe frequencies that we used (40 Hz; 240 Hz). The peak-to-peak dis-
placements of the oscillations ranged from 0 (no stimulation) to 54.45 pm
and to 11.31 pm (S Appendix) for probe frequencies of 40 Hz and 240 Hz,
respectively. These displacements were identical in the baseline and movement
conditions. White noise was played through over-ear-headphones to prevent par-
ticipants from hearing the sound caused by the vibrotactile stimulation.

The textured objects (209 x 40 mm) were printed using a three-dimensional
(3D) PolyJet printer (Stratasys; Objet30 Pro; printing resolution: 600-1600 dpi;
material VeroClear). The right half of the object had a texture with an even cube-
wave pattern. The left half of the object was smooth to mitigate the risk of partici-
pants adapting to the texture over time. To create two distinct objects, a texture
with a high spatial period of 5.08 mm and another one with a smaller spatial
period of 0.85 mm were chosen. When moving along these textures at a cons-
tant velocity of 203 mm/s (average recorded speed 203 + 35 mm/s, range:
110-329 mm/s; SI Appendix, Fig. Sé for further details), these spatial periods eli-
cited vibrations with frequencies of 40 Hz and 240 Hz, respectively, on the partic-
ipants’ fingertip (see Fig. 1B). Two types of mechanoreceptors were targeted
with these vibration frequencies to ensure the prediction of discrete sensory
states. With frequencies of 40 Hz we mainly stimulated the Meissner corpuscles
that have a receptive range of 10-100 Hz and are most sensitive to vibrations of
40-60 Hz (24, 25). The probes of 240 Hz lie in the response range of the Pacin-
ian corpuscles reaching from 40 to 800 Hz (24), with their maximal sensitivity
being between 200-300 Hz (25). While moving the finger along the textures
may result in a complex set of vibrotactile sensations that go beyond a single fre-
quency, we expect that the experienced vibrations are dominated by a funda-
mental frequency that follows the spatial frequency of the textured surface, along
with some weaker noise and harmonic components (51) (fundamental temporal
frequency = spatial frequency * velocity).

The experiment was conducted using a 3D virtual environment, wherein the
position of the participants' index finger as well as the exerted forces were col-
lected through a force feedback device (PHANToM 1.5A, 3D Systems) and a force
sensor (bending beam load cell LCB 130 and a measuring amplifier GSV-2AS,
resolution 0.05 N, ME-Messsysteme GmbH). Custom-made software (C++) was
used to run the experiment, collect responses, and record the force and finger
position every 3 ms. Participants sat in front of a table and connected their hand
to the force feedback device using a custom-made plastic fingemail which was
attached to the nail of their index finger with moldable adhesive pads. This setup
allowed keeping the finger pad free for haptic exploration. Participants had no
view of their finger connected to the force feedback device or the objects and
instead viewed a spatially aligned 3D representation of the scene on a 22" moni-
tor (120 Hz, 786 x 1024 pixel) by looking through a mirror using a pair of
stereo glasses (3D Vision 2, NVidia). Visual information associated with experi-
mental control, such as questions and answers for the detection task, were
presented on the monitor and corresponded to specific virtual positions in the
workspace. Participants could navigate through the experiment and indicate
answers by moving their finger and thus the force feedback device to those vir-
tual buttons.

Procedure. The experiment consisted of a sequence of five blocks, one for each
movement condition (2 probe frequencies * 2 object frequencies), and one for
the baseline condition. To familiarize participants with the use of the force feed-
back device and the nature of the tactile stimulations, they first performed 20
mock trials of the baseline condition. These data were not included in the analy-
sis. Next, half of the participants continued with the baseline condition while the
other half completed the baseline at the very end of the experimental session.
Before the start of the first block of the movement condition, participants
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performed two practice blocks to train their movement along a smooth object at
the designated speed. Before the second, third, and fourth block of the move-
ment condition, they performed one practice block of eight trials (S/ Appendix
for details on the practice trials). The order of the four movement conditions was
pseudorandomized with a Latin square design resulting in four possible sequen-
ces, with each condition being equally likely to occur at each position.

Participants were seated in front of a desk with the force sensor, the object
and the force feedback device placed in front of them. A mirror blocked the view
of the hand and the object. Participants viewed the scene presented to them on
the monitor through the mirror. To probe tactile perception, a brief vibrotactile
probe was delivered to the participants' index finger in both movement and
baseline conditions. At the end of each trial, participants were to respond
whether they detected the probe or not. To limit the possibility of a response cri-
terion shift between the conditions, the experimenter instructed the participants
to adopt a conservative response criterion before each block of the baseline and
movement conditions. For each probing frequency, we presented 70 trials with
stimulation (each of the seven stimulation amplitudes repeated 10 times) and
20 trials with no stimulation in a randomized order. This resulted in a total of 90
trials for each block of the movement condition and 180 trials for the block of
the baseline condition that involved both probe frequencies.

In each of the four movement conditions, the participants’ right index finger
was attached to the force feedback device. They were to move their finger along
the textured objects at a constant speed of 203 mm/s while detecting the vibro-
tactile probes (see Fig. 1 for further details). If participants deviated considerably
from the prescribed movement, the software repeated the respective trials and
the experimenter gave feedback (S/ Appendix for further details). To avoid any
influence of the textured object and/or the movement itself on tactile suppres-
sion, we presented the probe stimuli shortly before the anticipated movement
onset, specifically 100 ms before the median reaction time of the preceding five
trials (19, 37). For the first five trials, the stimulation was presented 150 ms after
the go cue. Upon initiating the trial by moving to a virtual button, a schematic
representation of the object's left and right outer borders was presented, along
with a green circle at the very left of the object (start position). As soon as partici-
pants moved their right finger to that circle, thus touching the real object in the
workspace, the circle vanished and reappeared at the go position, 7 cm further
to the right (~3 cm before the textured area). Participants moved their finger at
their own pace to that new position while keeping contact with the object. To
prevent participants from drifting back again after having reached the go posi-
tion, a force “wall” was generated by the force feedback device to the left of this
point. Once participants reached the go position, an untextured green block rep-
resenting the remaining right part of the object appeared on the monitor fol-
lowed by three auditory cues spaced 655 ms apart. This time interval of 655 ms
corresponded to the time participants needed to travel the complete remaining
distance of the object at an average speed of 203 mm/s and thus aided the par-
ticipants to adhere to this designated speed. Accordingly, participants started a
smooth, continuous movement with the last of the three consecutive auditory
cues (go cue) and had to finish their movement at the time of an imagined fourth
cue. Once they reached the end of the textured area, the object’s visual represen-
tation disappeared, and participants could initiate the detection question about
the tactile stimulus via a central virtual button and responded with “yes" or “no”
by selecting the respective virtual button with the right index finger.

The baseline condition served to determine each individual's tactile detection
performance for each probe frequency at rest. Participants placed their right
hand comfortably on the table in front of them while the finger with the tactor
rested on a pad to avoid the vibrations from reverberating through the table and
distorting the measurement. In the baseline condition only, the participants’ left
index finger was attached to the force feedback device to control the experiment
in order to limit possible effects on tactile perception from subsequent move-
ments of the stimulated hand. Participants started each trial by bringing their
|eft finger to a virtual button. After 100 ms, a probing tactile stimulus was deliv-
ered to their right index finger followed by a delay of 500 ms. Then, a question
asking whether the participants had felt a vibration was presented on the virtual
monitor and could be answered as during the movement condition. Throughout
the baseline condition, the right hand remained completely stationary.

Quantification and Statistical Analysis. The kinematic data were processed
using MATLAB R2021a (The MathWorks) (SI Appendix for further details). To
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avoid any possible effects of backward masking by the texture, only trials in
which the stimulation ended at least 150 ms before participants reached the tex-
ture were included in the analysis of the tactile detection task (20, 21, 35, 52).
Likewise, only trials with stimulations starting no earlier than 300 ms before
movement onset were included, to avoid probing suppression at a moment that
is too early to occur (10, 14). Based on these criteria, 88 + 8% of trials were
included on average per participant and movement condition (S/ Appendix, Fig.
S3 for detection thresholds derived without trial exclusion). One participant was
excluded because less than 60% of the trials remained based on the two above-
mentioned criteria. The average timespan between stimulation onset and the
moment when the finger reached the texture was 360 + 25 ms, while the prob-
ing stimulus was presented on average 119 + 14 ms before movement onset.
Thus, our probing stimuli were presented during the time window when tactile
suppression already occurs (10, 14) (SI Appendix, Fig. S1).

Cumulative Gaussian functions were fitted to the responses of the tactile
detection task, using the maximum likelihood procedure implemented in the
psignifit 4 toolbox (53) for MATLAB. Separate functions were fitted for each of
the four movement conditions and each participant. Two additional psychometric
functions were fitted for responses to the low and the high frequency probes of
the baseline condition. A technical issue erroneously changed the first period of
the sinusoidal oscillation for trial n to the probe frequency of the trial n-7. This
obviously does not affect the probes presented during the movement conditions,
as each block of the movement condition only included a single probe fre-
quency. However, since the two probe frequencies were intermixed randomly in
the baseline condition, the frequency was mingled in some trials. To account for
this, we fit baseline psychometric functions by using only those trials that had
the same probe frequency as the trial before (50 + 3% and 50 + 4% for low
and high probe stimulation frequency). Importantly, the exact strength of
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suppression in all movement conditions was affected equally. For each of the
psychometric functions, we calculated the detection threshold as the stimulus
amplitude that had a 50% probability of being detected. To account for differ-
ences across individual baseline detection sensitivities, we subtracted each partic-
ipant's baseline detection threshold from the respective value of each of their
movement conditions, separately for low and high frequencies. This resulted in
four thresholdg values per participant, with higher values representing stronger
suppression during movement compared to rest. To rule out any poorly fitted
data, participants with detection thresholds exceeding the range of stimulation
(n = 9) or with false alarm rates of 20% or more (n = 6) were excluded. The
response criterion was calculated separately for each condition and each partici-
pant as the ztransformed false alarm rate (29). Rates of 0 and 1 were corrected
to 23 and 2=03, respectively, with n being the number of no stimulation trials
(54). Averages are reported as mean = SD throughout the manuscript. The sta-
tistical analyses were carried out with a significance level of a = 0.05 using R
(R Foundation for Statistical Computing). Effect sizes are reported as Cohen'’s d
for t tests and as generalized Eta squared for ANOVAs. Cohen's d was calculated
as the difference between the means divided by the SD of the difference.
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