iIScience

¢? CellPress

OPEN ACCESS

The relativity of reaching: Motion of the touched
surface alters the trajectory of hand movements

Touch (bias) Touch (bias)
Proprioception Proprioception
Vision

Colleen P. Ryan,
Simone Ciotti,
Priscilla
Balestrucci,
Antonio Bicchi,
Francesco
Lacquaniti, Matteo
Bianchi,
Alessandro
Moscatelli

lacquaniti@med.uniroma2.it
(F.L)
a.moscatelli@hsantalucia.it
(AM.)

Highlights

Objects are generally
stationary and humans use
this assumption in
sensorimotor tasks

Violation of this
assumption during a
reaching task produced
systematic motor errors

Tactile sensitivity and visual
feedback modulate the
motor errors

Errors can be explained by
model assuming
integration of
somatosensory and visual

cues

Ryan et al., iScience 27, 109871
June 21, 2024 © 2024 The
Author(s). Published by Elsevier
Inc.

https://doi.org/10.1016/
j.isci.2024.109871



mailto:lacquaniti@med.uniroma2.it
mailto:a.moscatelli@hsantalucia.it
https://doi.org/10.1016/j.isci.2024.109871
https://doi.org/10.1016/j.isci.2024.109871
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109871&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

The relativity of reaching: Motion of the touched
surface alters the trajectory of hand movements

Colleen P. Ryan,"?> Simone Ciotti,>>* Priscilla Balestrucci,” Antonio Bicchi,** Francesco Lacquaniti,’?*
Matteo Bianchi,® and Alessandro Moscatelli'-2.¢*

SUMMARY

For dexterous control of the hand, humans integrate sensory information and prior knowledge regarding
their bodies and the world. We studied the role of touch in hand motor control by challenging a funda-
mental prior assumption—that self-motion of inanimate objects is unlikely upon contact. In a reaching
task, participants slid their fingertips across a robotic interface, with their hand hidden from sight. Unbe-
knownst to the participants, the robotic interface remained static, followed hand movement, or moved in
opposition to it. We considered two hypotheses. Either participants were able to account for surface mo-
tion or, if the stationarity assumption held, they would integrate the biased tactile cues and propriocep-
tion. Motor errors consistent with the latter hypothesis were observed. The role of visual feedback, tactile
sensitivity, and friction was also investigated. Our study carries profound implications for human-machine
collaboration in a world where objects may no longer conform to the stationarity assumption.

INTRODUCTION

Sliding movements to follow a path or to reach for a target on a planar surface are common in our daily life. For example, we perform a
sequence of short sliding movements to unlock our smartphone, when reaching toward the computer mouse on our desk, or when we follow
a contour of an object to know its shape.'”

Classical studies in neuroscience shed light on fundamental properties of reaching movements in 2D, in both humans and in non-human pri-
mates.>" Precise sensory feedback is crucial to achieve the high level of dexterity characterizing reaching movements in humans.*>* The somato-
sensory and the visual systems inform our brain about the position and movement of our hand and the location of the target.”~'° During reaching
tasks, the brain integrates proprioception and vision in an optimal fashion, meaning that the relative weight of each sensory channel depends on
its reliability.”® In classical studies on 2D reaching, often the movement was constrained on a plane by means of a handheld manipulandum''~'*
or by an exoskeleton'® recording the reaching trajectories and occasionally applying external forces. In the tasks above, the interfaces prevented
slip motion from occurring. Instead, as anticipated above, sliding our fingertips on the surface of an object to interact with it or to perceive its
properties are more common experiences in daily life. Recent studies investigated the integration between slip motion and proprioception in

7101617 and in other tasks requiring hand motion.'®" It was shown that it is possible to decouple touch and proprioception by

reaching tasks
changing the orientation of a texture with raised lines.'® In this study, participants slid their fingertip on a plate with ridges to move toward a
target without any visual feedback on hand location. Tactile motion estimates were biased by changing the ridge orientation, as accounted
for by the tactile flow model,”” and this induced a systematic deviation in hand trajectories. These results were confirmed in a later study where
the ridged plate rotated during the reaching task.”® In another study,” participants were requested to contact the far end of a rod with their right
hand, while the occasional rotation of the rod was measured by their left hand contacting it at its near end. Spatial information about a sudden
change in tool orientation, provided by tactile cues on one hand, evoked a rapid correction of the movement of the other hand.

Albeit tools can occasionally move, as in the task described above, most of the objects we interact with are usually stationary. Observers
assume a priori that, statistically speaking, inanimate objects are generally at rest with respect to their body. Accordingly, a mathematical
model including a prior for object stationarity can account for different aspects of human perception.”” " According to this model, a defor-
mation on the skin is more likely to be interpreted as our limbs moving against a static object rather than a moving object impacting on our
static limbs, that is, humans are more likely to move than inanimate things in the environment. Because of this prior belief, observers are fairly
inaccurate in combining surface and hand motion.””*® For example, they perceive a surface that moves away from them as stationary while
sliding their hand on it.”” The human brain has adapted to a world where inanimate objects we interact with are substantially static. However,
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Table 1. The three values of gain for the x and the y axis of motion

Gain Plate motion

-0.7 opposite to the hand
0 static

0.7 following the hand

non-negligible exceptions also exist. The emergence of mechatronic devices such as collaborative robots and interfaces for extended reality
gives rise to a world that is continuously more dynamic. This raises the question of how human movements would change if the objects around
us would also start moving, thereby violating the stationarity assumption.

Here, to answer this question, we investigated how the reaching trajectory would change if the touched surface also moved. Participants
slid the index fingertip on a plate moved by a robotic interface”” and performed a reaching movement toward a virtual target, with their hand
hidden from view. They were requested to keep motion speed similar across trials. Unbeknownst to the participant, the position of the plate
was continuously updated depending on the position of the hand multiplied by a gain factor that changed across trials. By varying the gain
factor, it was possible to decouple local slip motion from hand motion. Depending on the gain, the plate was either stationary (consistent with
the static assumption by the observers), following the hand or moving opposite to it (Table 1). The three conditions were implemented inde-
pendently along either actuated axis of the interface (Figures 1A and 1B and detailed in our previous publication””). To reduce friction, the
surface of the contact plate was covered with fine textured Teflon material and was lubricated prior to the experiment (Figure 1C). Videos of
the device moving in the different conditions are available on Zenodo (Zenodo: https://doi.org/10.5281/zenodo.6124172). The procedure is
illustrated in Figures 2A and 2B, and detailed in the STAR Methods section.

We predicted the response to the task by assuming the optimal integration between proprioception and touch.'® Because of the violation
of the stationarity assumption in the moving conditions, we expected that participants would be deceived by tactile motion estimates result-
ing in systematic errors in reaching movement. In two further experiments we tested the modulation of the effect when the relevance of tactile
motion was decreased, either by including visual feedback or by reducing tactile sensitivity. Since vision is of primary importance in the control
of reaching movement,”® we expect that the biasing effect of tactile motion would be reduced if we provide participants with accurate visual
feedback. This further prediction was tested in a second experiment including visual feedback on hand motion. In a third experiment, we
investigated the role of tactile sensitivity and frictional forces on the motor errors.

RESULTS
Model and predictions

According to previous studies, humans assume that the objects they interact with do not usually move. If this assumption holds, when sliding
the fingertip on a surface proprioceptive and tactile signals provide redundant cues about hand velocity. Then, the two sensory measure-
ments can be optimally integrated and the perceived velocity of the hand h; would be a weighted sum of proprioception and touch (in
the absence of vision). For each axis of motion i in the x-y plane, the integrated velocity can be accounted for by an ideal observer model
detailed in the following (Equation 1).

E; = wy H,-k + W, E,-C (Equation 1)
Where E,vk are the velocity measurements from kinesthetic signals (i.e., proprioception), E,vc are those from cutaneous signals (i.e., touch from
slip motion cues). The terms w;, w, are the corresponding weight terms which represent the relative contribution of each sensory information,
with their sum equal to one. We hypothesize that the sensorimotor system would continue to rely on computations similar to the one ex-
pressed in Equation 1 even when the assumption of stationarity is violated because of movement of the object. If so, a movement of the plate
either following or opposite to the hand (Table 1) would produce a systematic error in reaching movements. The predictions of the observer
model are illustrated in Figure 3 and detailed in the Appendix. In negative gain conditions, the plate moves opposite to the hand movement
and the velocity of slip motion measured by touch is faster than the actual hand motion (Figures 3A and 3D). Therefore, participants would
overestimate the speed of hand motion, compensate by moving slower, and stop before the target. Vice versa, participants would move
faster and stop after the target in positive gain conditions.

Based on the predicted hand velocity, the motion path for the three different targets (to the left, center, and right; Figure 3B) and the nine
gain combinations (three gain values along the x axis times three gain values along the y axis) were derived. To this aim, we assumed that
participants attempted to move with the same velocity profile across trials, as requested by the task.

The gain combination along the two axes would affect both path length and motion angle (Figure 3B). As illustrated in the figure, predicted
hand velocity and path length can be approximated as a linear function of the gain (Figures 3C and 3D).

Finally, we predicted the effect of the gain on the final motion angle (as detailed in the STAR Methods section, paragraph on predictions of
the vector model). According to the model, the desired angle 4 (i.e., the angle between the starting position and the virtual targets) and the
observed motion angle @ (the angle to the final position of the finger) are related by the following equation (Equation 2).

cot(d) = cot(ﬁ)1 — Welrx

m (Equatlon 2)
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PC Monitor

Figure 1. The experimental setup used in Exp 1-3

(A) Aerial view of the HaptiTrack device.

(B) The finger of a participant in contact with the movable plate. Markers are attached on a rigid body on the right index finger for tracking.
(C) The surface of the plate was covered with fine textured Teflon material and was lubricated prior to the experiment.

With w, being the cutaneous weight term (Equation 1) and the two gain values v, and v, depending on the experimental condition. It follows
that, for a given pair v,,7,, the cotangent of the observed motion angle is a linear function of the desired motion angle (Equation 3):

cot(f) = cot(0)B(We, vx,7,) (Equation 3)

By fitting Equation 3 to the data, it is possible to estimate the cutaneous weight we. In the second experiment, participants were also pro-
vided with visual feedback on the velocity of the hand and its position with respect to the target. Therefore, it is possible to rewrite Equa-
tion 1 as:

I:’\i = Wk Hik + We I:;ic + Wvi/"\iv (Equation 4)

where w, hi, represents the contribution of vision to the integrated estimate. Because of the primary importance of vision in the control of
reaching movements, we expect that the biasing effect of tactile motion would be smaller in this second experiment. This can be measured
by comparing the value of w. between the two experiments.

In the third experiment, we considered the role of tactile sensitivity and shear forces in the determination of the motor response to changes in
gain. In order to manipulate tactile sensitivity, we asked participants to perform the reaching task while wearing a rigid thimble that covered their
fingertip. To modulate shear forces, we asked participants to perform the task with their bare fingertip and lubricated the contact plate with
different lubricants (i.e., oil or gel). We expected a smaller effect of gain on motor error when wearing the thimble as compared to the bare-
fingertip condition, due to the reduced reliability of the tactile channel in the former. Accordingly, the value of w, is expected to be smaller in
the condition with a thimble as compared to the two bare-fingertip conditions. The optimal model described above does not account for the effect
of shear forces. However, the values of shear forces were overall small and the movement was not constrained in time, thus allowing for online
corrections. Therefore, we expected small or negligible differences in the motor response across lubricants. It is to note that the two factors of
sensitivity and shear force cannot be neatly decoupled across experimental conditions, due to the nature of the mechanical stimuli involved.

Experiment 1: Slip motion and reaching movements
Hand velocity

Figures 4A and 4B illustrates the velocity profiles in a representative participant. In accordance with our predictions, the peak speed was lower
when the gain was negative (left panel; gain —0.7) and higher during positive gain (right panel; gain 0.7). The linear relationship between
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Figure 2. Experimental task and stimuli

(A) lllustration of plate and hand motion. Using this device it is possible to update the position of the plate to separate hand motion and slip motion.

(B) The starting position and the target were displayed on a PC monitor. An exemplary trial illustrating a reaching movement toward the left target. In Experiment
1, the dot indicating the fingertip (end-effector) disappeared at the onset of the trial. The target (green dot) was located at 60 mm from the starting position of the
fingertip. The target was located in one of three different positions (left, center, right). The trial was complete when either the participant lifted the finger from the
plate or the displacement of the fingertip exceeded 90 mm from the starting position. The coordinate system was centered on the starting position and was
oriented as indicated in the sketch in the bottom left corner of the figure.

velocity and gain is shown in Figure 4C. Using linear mixed models (LMMs), for each axis of motion the linear relationship between the peak
speed and the gain was tested across all participants. The effect of gain along the x axis was statistically significant on both left (Estimate =
—0.28, p-value <0.001) and right target (Estimate = 0.39, p-value <0.001) with respect to the central target. For reaching movement toward the
central target the gain did not produce any effect because there was no displacement along the x axis for this target (Estimate = —0.027, p-
value = 0.68). The effect of gain on the y axis was statistically significant for all the three targets (Estimate = 0.23, p-value = 0.003). This is in
accordance with the prediction of our model (Figure 3D). The predicted slope of the LMMs is illustrated for each participant and for the whole
group (N = 17) in Figures S7 and S8, for the x and the y axis, respectively.

Motion path and path length

Figures 5A illustrates the motion paths of a representative participant across different targets (left, center, and right) and across the nine
possible combinations on x and y gain. Positive and negative values along the x axis are for the leftward and rightward movements, with
the origin of the coordinate system corresponding to the starting position. Since the task only required forward movements, values along
the y axis are always positive. As evident from the figure, motion paths were different depending on gain conditions. For example, a positive
gain along the x or the y axis produced an overly long path along that axis as compared to a negative gain. The motion angle depended on the
combination of the x and y gain, with the angle formed by the left and the right path being widest in the panel at the top right corner (i.e., the
pattern similar to blossomed flower; v, = — 07,7, =07 and narrowest in the panel at the bottom left corner (the pattern similar to a flower
bud; v, = 0.7, v, = — 0.7). Notably, this is in accordance with the prediction of the model (Figure 3B).

We tested the hypothesis of a linear relationship between the final position of the fingertip and the gain, for each of the two axes of
motion. The model fit is illustrated for a representative participant in Figure 5B and it was extended to all participants by means of an
LMM. In accordance with the weighted average model, along the x axis the slope of the linear regression was zero for the central target
(Estimate = —0.71, p-value = 0.47), positive for the right target (Estimate diff. = 13.85, p-value <0.001), negative for the left target (Estimate
diff. = =11.44, p-value <0.001). Along the y axis the slope was always positive (Estimate = 8.0, p-value <0.001). There was no significant
interaction between gain and right target (Estimate = —1.13, p-value = 0.34), and gain and left target (Estimate = —0.50, p-value = 0.48).
The predicted slope of the LMM is illustrated for each participant and for the whole group (N = 17) in Figures S? and S10, for the x and
the y axis, respectively.

Motion angle

For each trial we computed the cotangent of the actual motion angle, 6, and of the angle between the starting position and the visual target
(the desired angle, 6). As detailed in the STAR Methods section, the weighted average model predicted a nonlinear relationship between the
desired angle, the actual motion angle and the gain (Equation 3). Next, we fit the nonlinear model to the data, with the weight of tactile chan-
nel we being the single free parameter. The model provided a good fit to the data, as illustrated in Figure 5C in a representative participant.
For each fixed value of gain, the model predicted a linear relationship between cot(#) and cot(f) with the slope of the linear relationship de-
pending on the x and y gain values, and of the free parameter w.. The estimated values of w, across participants were equal to 0.45+ 0.20

(Mean + Standard Deviation).
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Figure 3. lllustration of model predictions

(A) The left sketch shows an example of negative gain ony axis. The hand velocity decreases (black arrow) and the participant stops before the target (illustrated in
green) which leads to a shorter path length. Vice versa for the positive gain shown in the sketch on the right.

(B) From the model we simulated the response of an ideal observer by setting the cutaneous weight: w. = 0.3. The figure represents the motion paths along the x
and y axis for different combinations of gain and target. The left, center and right target are shown in the color red, blue and green respectively.

(C) Predicted final position as a function of the gain values. Predictions for the x and the y axis are illustrated in the top and in the bottom panel, respectively. Raw
data were simulated from the model in appendix and fit with linear regression in the scatterplot.

(D) Predicted motion velocity as a function of the gain values. Predictions for the x and the y axis are illustrated in the top and in the bottom panel, respectively.

Analysis of contact forces

Results for the anlaysis of contact forces are illustrated in Figures 6 and 7. The normal force (z axis) was less than the threshold of 2 N, as re-
quested by the task (the mean value ranged from 0.9 to 1.1 N across the different conditions). The texture surface of the device (Figure 1C) was
lubricated to reduce the mechanical perturbation by the moving plate. We analyzed tangential forces to verify that the mechanical perturba-
tion was small. Figure 6 illustrates the average profile of shear force over time in the nine gain conditions. The distribution of tangential force
(x- and y axis) across all participants is shown in Figure 7. Because of the lubricant, values of tangential forces were overall small. Across con-
ditions, the mean of peak force ranged from 0.001 N to 0.39 N for the x axis and from 0.006 N to 0.39 N for the y axis. Using a linear mixed
model, we studied the relationship between the tangential force peak, tactile slip velocity and load force. There was a significant association
between the tactile slip velocity and tangential force, such that the faster the slip motion, the higher the module of the force (x axis, Estimate =
0.0008, p < 0.001; y axis, Estimate = 0.0004, p < 0.001). Because of that, values of shear forces were higher for the negative gain condition,
where the plate moved opposite to the hand, and lower for the positive gain condition (Figures 6 and S1). The tangential force was also signif-
icantly associated with the load force (x axis: Estimate = 0.09, p < 001; y axis: Estimate = 0.17, p < 001).

We ran further analyses to disentangle the effect of shear force and gain on hand trajectory (see details in supplemental information). For
all gain conditions we selected a subset of data in which the peak value of shear force was less than a fixed threshold. The threshold values
were equal to 0.25 N and 0.21 N for the x and the y axis of motion respectively. In this subset of data (low force subset) the values of shear force
were homogeneous across gain conditions (Figure S1; Tables S1 and 52). We used LMM to test if the shear forces were the same across the
three gain values in the subset of data. In the x axis, the difference in shear force was not statistically significant between positive and zero gain
conditions (p = 0.64) and between negative and zero gain conditions (p = 0.84). In the y axis, the difference in shear force was not statistically
significant between positive and zero gain conditions (p = 0.77) whereas it was statistically significant between negative and zero gain con-
ditions (p < 0.001), although the difference was numerically small (average difference of 0.01 N).

Then, as we did for the full dataset, we evaluated the effect of x and y gain on the reaching movement in the low force subset. By means of
LMM, which are robust to unbalanced experimental designs,*® we tested the hypothesis of a linear relationship between the motion velocity
and the gain values. The analyses of the subset of data confirmed the results of the analysis of the full dataset. Specifically, also in this subset of
data, the velocity of hand motion was significantly affected by the gain in both axes of motion (Figures S2-S4; Tables S3 and S4). The two terms
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Figure 4. Velocity profile of a representative participant

The zero of the frame of reference corresponded to the starting position. Therefore, a leftward (rightward) movement of the finger correspond to a negative
(positive) velocities along the x axis. Forward movements correspond to positive velocities along the y axis. (A) The different panels represent the velocity
profile for the three target positions (labeled on the right border of the figure) and for the three values of gain (upper border). Data was pooled across trials
and interpolated using GAM regression. In accordance with our model, we observed a lower peak velocity in negative gain conditions (red) and a higher
peak velocity in positive gain conditions (blue), as compared to the baseline (green).

(B) Velocity profile along the y axis.

(C) The linear relation between peak velocity (Z score, mean + SD) and gain is consistent with the one predicted by the observer model.

of interaction between lateral targets and x-gain were significant for the x axis (gain: left, Estimate = —0.48, p < 0.001, gain: right, Estimate =
0.54, p <0.001). As expected, the x-gain did not affect movements toward the central target because in that case there were no lateral move-
ments. The main effect of gain (i.e., central target - forward motion of the hand) was significant along the y axis (Estimate = 0.45, p = 0.011).
Along the y axis the effect was slightly smaller for the left and right target due to the oblique movements of the hand, although the difference
was not statistically significant.

As for the velocity peak, also the final position was significantly affected by the values of gain (Figures S5 and S6; Tables S7 and S8). The two
terms of interaction between lateral targets and x-gain were significant for the x axis (gain: left, Estimate = —13.6, p < 0.001, gain: right, Es-
timate = 20.8, p < 0.001). The x-gain did not affect movements toward the central target because in that case there were no lateral

6 iScience 27, 109871, June 21, 2024



iScience ¢? CellPress
OPEN ACCESS

>
®

left center right

S

-2.5-
5.0-

o ,/H

25-
s ' ' o ' U ' '
-07 00 07-07 00 07-07 00 07

L]
.
A4 .
V - Gain
c -0.7 0 0.7
L] L
V |

0 0.7

.
50 -

25-

L] { ]
L] Y [ ]
L0-
Thimble Position (z-score)

:
|
\

Position Y (mm)
s ¢ 39
L L ] L] Io
i T T S
L]

® -4 -
50 -
(] . = 4-
2 = -'__—o——'. ._’o’—.

25- 5 5 0 '/./C °
S 4.
0- 4-

o-r_—o——-. .__o-——. .__..o"’ e

Ll l l l Ll Ll l Ll Ll l l ) Ll ~
-50 -25 0 25 50 -50 -25 0 25 50 -50 -25 0 25 50 —4-

Position X (mm) 40 i 0 14 0 1
cot@)

Figure 5. Results for a representative participant from experiment 1

(A) Motion paths for all combinations of x- and y-gain. The left, center and right target are shown in the colors red, blue, and green respectively. In accordance with
model predictions, the gain affected both, the path length and the motion angle.

(B) Linear relationship between the final position of the finger (Z score, mean £ SD) and the gain value along the x- and the y axis.

(C) The relationship between the cotangent of the desired and the observed motion angle, for each combination of gain.

movements. Along the y axis, the main effect of gain (central target - forward motion of the hand) was statistically significant (Estimate = 14.7,
p < 0.001). The effect was smaller for the left (p = 0.07) and right target (p = 0.004) due to the oblique movements of the hand. For complete-
ness, we replicated the same analysis in the high force subset of data (peak forces equal or higher than threshold values) with comparable
results (Figure S2; Tables S5, S6, S9, and S10). Refer to supplemental information for further details on the analysis of forces.

Experiment 2: Visual control experiment

In the first experiment, we observed systematic errors in reaching movements when the gain was not zero that were in accordance with the
predictions of our model. We hypothesized that errors were due to an incorrect estimate of hand velocity following the change in tactile slip
motion produced by the robotic device. Therefore, including an additional reliable cue should reduce the effect described in the first exper-
iment. We ran a second experiment to investigate changes in motor errors when reliable visual feedback was given regarding hand trajectory.
This experiment was similar to the main experiment with the exception that a dot on the PC monitor provided continuous visual feedback to
the participants on the finger position and motion. This additional cue would reduce the value of the weight of the tactile channel. Hence, we
expected a substantial reduction in the reaching errors if these depended on the altered tactile feedback.

Hand velocity

As in experiment 1, the velocity profiles were bell-shaped and symmetrical. Overall, we observed that gain had only a minor effect on hand
velocity. The effect of gain along the x axis was not statistically significant for the right target with respect to the central target (Estimate = 0.07,
p-value = 0.41), whereas a significant effect remained for the left target (Estimate = —0.38, p-value <0.001). For reaching movement toward the
central target the gain did not produce any effect (Estimate = 0.082, p-value = 0.18). The effect of gain on the y axis was not statistically sig-
nificant for any of the three targets (Estimate = 0.02, p-value = 0.70). The predicted slope of the LMM is illustrated for the whole sample and for
each participant in Figures S11 and S12, for the x and the y axis, respectively.

Motion path and path length

Differently from experiment 1, the motion path length did not differ significantly depending on the gain condition (Figures 8A and 8B). The
effect of gain was about 10 times smaller than in experiment 1. Specifically, along the x axis the slope of the linear regression was zero for the
central target (Estimate = —0.05, p-value = 0.91), positive for the right target (Estimate diff. = 1.7, p-value = 0.008), negative for the left target
(Estimate diff. = —0.83, p-value = 0.2). Along the y axis, the effect of the gain was not significantly different from zero (Estimate = —0.42,
p-value = 0.51). There was no significant interaction between gain and right target (Estimate = 1.38, p-value = 0.14), and gain and left target
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Figure 6. The average profile of shear force over time in the nine gain conditions in Experiment 1, for the x (A) and the y axis (B)

Gray lines represent average profiles for individual participants. Positive, zero and negative values of gain are represented in blue, green, and red, respectively.
Average force over time for individual participants (gray lines) is obtained by fitting splines to the data. The population-level representations (shown by the
colored lines) are obtained by calculating the spline fittings across individual participants.

(Estimate = 1.40, p-value = 0.13). The predicted slope of the LMM is illustrated for the whole sample and for each participant in Figures S13
and S14, for the x and the y axis, respectively.

Motion angle

We computed the cotangent of the motion angle and of the desired angle and fit the nonlinear model in Equation 1 to the data as in exper-
iment 1. Figure 8C shows the motion angles in the same representative participant as in experiment 1. The fitted values of w, across partic-
ipants was equal to 0.08+0.11 (Mean + Standard Deviation). We ran a two-sample t-test and found that the weight of the tactile channel, w,
was significantly different between the two experiments (difference = 0.38, t = 6.76, p-value = <0.001).

Force

The distribution of forces was similar to the first experiment (compare Figures S15 and S16 for the two experiments). There was a significant
association between the tactile slip velocity and tangential force, such that the faster the slip motion, the higher the module of the force (x axis,
Estimate = 0.001, p < 0.001; y axis, Estimate = 0.0007, p < 0.001). The tangential force was also significantly associated with the load force
(x axis: Estimate = 0.1, p < 001; y axis: Estimate = 0.21 p < 001).

Experiment 3 and rating experiment: Role of tactile acuity and shear force

In Experiment 3, we investigated the role of tactile sensitivity and shear forces on motor errors. This experiment consisted of a reaching
task without visual feedback (similar to the first experiment). Participants contacted the finely textured, lubricated plate either with their
bare fingertip, or with a rigid thimble covering their fingertip, which is known to reduce tactile sensitivity.>' = In two bare-fingertip con-
ditions, the plate was lubricated either with ultrasound gel (resulting in a setting analogous to the one of the first experiment) or with
seed oil, the latter having a higher friction coefficient than gel.**** The ultrasound gel was also used as lubricant in the thimble con-
dition. The experiment thus resulted in three conditions (labeled as gel, oil, and thimble), each one tested in a separate block. Each
block included a subset of the conditions of gain factors and target positions used in Experiment 1 and 2 (see STAR Methods for
details).

Tactile sensitivity

Rating experiment and motion angle.  Prior to experiment 3, we conducted an independent rating experiment to obtain an explicit mea-
sure of tactile sensitivity in the conditions of gel, oil, and thimble. Participants were requested to explore the textured plate in each condition
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Figure 7. The distribution of the force peak in Experiment 1
The two panels represent the force peak for the x (A) and the y axis (B). Positive, zero, and negative values of gain are represented in blue, green, and red,
respectively.

by sliding their fingertip on it. Afterward, they ranked the conditions from one (“it was difficult to distinguish the fine texture”) to three (“it was
easy to distinguish the fine texture”). They also scored each condition on a Likert scale from one (difficult) to seven (easy). Reported tactile
sensitivity was highest in the oil condition followed by gel and then thimble (Figures 9A and 9B). The thimble condition was rated as the
most difficult in both the ranking (1.2 + 0.4; mean + SD) and the scale rating (3.4 + 1.5), followed by gel (ranking: 1.9 + 0.6; scale: 4.7 +

1.6) and oil (ranking: 2.9 £ 0.3; scale: 6.0 £+ 0.8). We performed a Friedman test to evaluate whether the ranking and the scale ratings
were significantly different between conditions. The effect of condition was statistically significant in both ratings (for ranks: Friedman chi-
squared = 14.6, df = 2, p-value <0.001; for scales: Friedman chi-squared = 12.8, df = 2, p-value = 0.0017).

Next, participants (n = 17) performed the reaching task in the three conditions (gel, oil, and thimble) described above. To obtain an implicit
measure of tactile sensitivity from this experiment, we estimated the tactile weight w. from the analysis of the motion angle, using the meth-
odology described in Experiment 1 (Figure 9E). We found that w, was significantly greater in the gel condition compared to the thimble con-
dition (paired t-test; difference = —0.23, t = 3.97, p = 0.001). Conversely, the difference between the oil and the gel condition was not statis-
tically significant (difference = 0.04, t = —0.47, p = 0.64).

As anticipated, the thimble condition was the most challenging in terms of tactile discrimination, and such a result was supported by both
implicit and explicit measures of tactile sensitivity. In the case of the oil condition, we have partial consistency between the two measures:
while explicit assessments indicate significantly higher tactile sensitivity in the oil compared to the gel condition, the implicit measure
does not yield a significant difference, although the order between the two conditions is maintained.

Force

To evaluate changes in shear forces between the different conditions, we measured the peak values of the forces along the x and y axis. By
means of LMMs, we found that the values of shear forces were lower in the gel condition as compared to both the oil and thimble condi-
tions (Figures 9C and 9D). Specifically, the peak force along the x axis was significantly higher in the oil condition (difference: 0.09 + 0.006
N, p <0.001) and in the thimble condition (difference: 0.03 + 0.006 N, p <0.001) as compared to the gel condition. Results were similar
along the y axis: the peak force was significantly higher in the oil (difference: 0.12 + 0.007 N, p <0.001) and in the thimble condition (dif-
ference: 0.13 £+ 0.007 N, p <0.001) as compared to the gel condition. In accordance with the first experiment, the shear forces were signif-
icantly lower when the plate was following the hand (gain = 0.7) than when moving opposite to it (gain = —0.7) in all conditions. In the x axis
the difference between gain values was —0.17 + 0.0046 N (Estimate + Std. Error, p <0.001), and the y axis difference was —0.06 + 0.006 N
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Figure 8. Results from a representative participant in Experiment 2
(A) Motion paths for all combinations of x and y gain. The left, center, and right target are shown in the colors red, blue and green respectively.
(B and C) Both the final position of the finger (Zscore, mean + SD in panel b) and the observed motion angle (panel ¢) were independent from the value of gain.

(p <0.001). The higher shear forces observed in the oil condition align with the expectation, given that the friction coefficient of seed oil is
higher than that of ultrasound gel. However, we also observed an increase in shear forces in the thimble condition compared to the gel
condition.

Hand velocity and positional error

As in the other experiments, we analyzed separately the results relative to hand velocity and motion trajectories. Specifically, we compared the
effects associated with the change in the gain factor along the x and y axes, across the three experimental conditions: gel, oil, and thimble.
Since we did not include the central target in Experiment 3 (see Method details in STAR Methods), the results for the left and the right target
were analyzed together by considering the absolute values of peak velocity and final position.

We used LMMs to evaluate how the different values of gain affected the motion velocity and the motion path in the three experimental
conditions of gel, oil, and thimble. In accordance with the first experiment, in the gel condition the effect of gain significantly affected both the
final position (p < 0.001) and the peak velocity (p < 0.001), and the effects were similar for the x and the y axes. Notably, there were differences
in the oil and thimble conditions with respect to the gel condition in terms of the effects of gain on both the peak velocity and the final po-
sitional error.

For the peak velocity (Figure 10A), the effect of gain along the x axis was significantly smaller in the thimble than in the gel condition (-=0.17
+ 0.06; p = 0.001) and was non-significantly different between the gel and the oil condition (difference estimate <0.01, p = 0.96). Along the y
axis the differences between conditions were not statistically significant (p = 0.13 for the difference between gains in thimble and gel condi-
tions; p = 0.82 for the difference between gains in oil and gel conditions).

For the final positional error (Figure 10B), the effect of gain along the x axis was significantly smaller in the thimble than in the gel condition
(—5.8 £ 0.87, Estimate + Std. Error; p < 0.001), and it was slightly larger in the oil than in the gel condition, although this second comparison
was not statistically significant (1.1 £+ 0.89; p = 0.23). Along the y axis, the effect of gain on the final position was significantly smaller in the
thimble than in the gel condition (—2.9 + 0.81; p < 0.001), and it was significantly larger in the oil than in the gel condition (1.8 + 0.83; p =
0.03). Figure 10C shows the motion paths of a representative participant across the two target positions (left and right), including the four
possible combinations of x and y gain, and the three experimental conditions tested in experiment 3.

In summary, we found that the effect of gain on peak velocity was similar in the oil condition compared to the gel condition. Although
numerically larger in the oil condition, the effect of gain did not yield significant differences between the two conditions. Regarding positional
error, a similar trend in response to gain was observed in the oil and gel conditions, with significant differences along the y axis. Conversely, in
the thimble condition compared to the gel condition, the influence of gain on peak velocity appeared smaller, particularly along the x axis
where significant differences were observed. This trend also emerged in positional error, with gain having a significantly smaller effect in the
thimble condition relative to the gel condition along both axes.
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Figure 9. Results of the rating experiment and force peak in Experiment 3
(A and B) Rank and score by condition (mean values and standard deviations) according to participants. (C and D) Values of shear force (mean values and standard
deviations) along the x axis and y axis. (E) Weight of touch (quantiles) by condition as estimated by the model.

DISCUSSION

Manipulation and exploration are two primary objectives that are commonly identified from the interaction with objects. Manipulation refers to
the purposeful handling or adjustment of objects, often with the goal of achieving a specific task or function. Exploration, on the other hand,
involves the act of interacting with objects to gain a deeper understanding of their properties, textures, or qualities. A less-acknowledged third
aim in such interactions is to obtain information about the movement of our limbs during contact with objects, also referred to as extrasomatic
information.*** Contact with objects can be seen as an auxiliary proprioceptive cue, adding a dimension of self-awareness and sensory feed-
back to our interactions with the external world. Extrasomatic cues may possibly account for the reaching movements being generally planned
with respect to the hand.”'%*"-* Accordingly, when reaching different targets in 2D, both the endpoint distribution of the hand around the
target” and the velocity profile of the hand®” have a stereotyped and characteristic shape. Electrophysiology studies showed that the direction
of hand reaching is predicted by the population vector of the pool of motor neurons in the primary motor cortex (M1).*” The response of
individual neurons is related to the motion direction of the end-effector during both movement planning and execution.*’*?

Because of this hand centered reference frame, we hypothesized that the spatial configuration and motion of the touched surface would
be of primary importance in the control of reaching movements. In accordance with this hypothesis, we demonstrated that reaching move-
ments can be systematically biased when the contact surface also moves, that is, when prior assumption that objects are stationary is violated.
To this aim, we used a novel robotic device to control the position of a plate based on the displacement of the hand sliding on it. It was
possible to decouple slip motion from proprioception by modifying the gain between plate and hand position. This altered tactile stimulus
produced a bias in the reaching movement. As in previous studies,*®*? participants demonstrated the typical bell-shaped velocity profile.
However, in our task the peak velocity was affected by the gain parameter—in accordance with our hypothesis. Specifically, higher peak ve-
locities were observed with positive gain conditions, when the plate was following hand movement, and lower peak velocities were observed
with negative gain conditions, with the plate moving opposite to the hand. Motion paths and angles were also affected by the gain. A positive
gain along the x or the y axis produced an overly long path along that axis as compared to a negative gain. Furthermore, our results demon-
strated a nonlinear relationship between the desired angle, the actual motion angle, and the gain, consistent with the predictions of our
model. The direction of movement—whether toward or away from the body mid-line—could explain the asymmetry observed in the findings
of this study. Specifically, in the initial position, the hand and fingertip were aligned with the right shoulder. Leftward movements were
directed from this starting position toward the body mid-line, while rightward movements were directed away from it. This is in accordance
with prior research showing a dependency between arm posture with respect to the body’s mid-line and the perception of arm and hand
displacement, during both active and passive tasks.’""*

Previous studies evaluated reaching trajectories in presence of external force fields produced by a robotic interface.”' ' In these studies,
typically participants held a manipulandum and reached toward a target on a plane, while the manipulandum perturbed the participant’s
movements with a pattern of velocity-dependent forces, without tactile slip motion. Participants significantly deviated from the straight
path when the external force field was first applied."""® Even in the absence of visual feedback, corrective movements occurred to
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Figure 10. Results for a representative participant from experiment 3

(A) The linear relation between absolute value of peak velocity (Zscore, mean £ SD) and gain for the three conditions in the experiment, along the x- and y axis.
(B) The same linear relation for the absolute value of final position (Z score, mean + SD).

(C) Motion paths for all combinations of x- and y-gain in all the experimental conditions. The left and right targets are shown in the colors red and green,

respectively.

compensate for the errors caused by the unexpected field leading to the characteristic curved path. These corrective movements are possibly
based on proprioceptive information detecting the error or on viscoelastic properties of the muscles.”’ Noticeably, correction movements
were not observed in our experiment 1 and 3 of the current study (i.e., without visual feedback), consistent with the hypothesis that partici-
pants moved along the desired trajectory estimated from the integration of proprioception and touch. In previous studies participants were
able to efficiently compensate for the external perturbation when the same force field was presented across multiple trials.”*"'*">*¢ Instead,
perturbations were presented in random order in our study. In future work it may be interesting to evaluate the possible adaptation to the gain
conditions used in the current study for repeated exposure to the same perturbation.

The results of our study are consistent with previous findings that tactile slip motion is a cue to the control of reaching movement.'® In our
previous study slip motion was biased by the orientation of a pattern of raised lines, '® in accordance with the “aperture problem” predicted by
the model of tactile flow.”” According to this model, a vector field describes the flow of strain energy density in the human fingerpad. In the
current study a surface with a fine homogeneous texture was used. In this case, the tactile flow model does not predict any bias in the perceived
motion direction, since local contributions of the vector field are aligned with relative motion. Instead, the violation of the stationarity assump-
tion produced the systematic error in reaching movement in the current task. In future work, it would be interesting to further investigate how
the effect of aperture-related illusions due to heterogeneous patterns,””*” and those related to non-stationarity, are integrated.

In general, the values of shear forces were small in all conditions due to the use of Teflon and the presence of the lubricant on the con-
tact plate. Therefore, itis unlikely that the motor errors were due to the mechanical perturbation caused by the moving plate. The results of
the study were confirmed when restricting the analysis to a subset of data where shear forces were small and homogeneous across gain
conditions (less than 0.25 N and less than 0.21 N for the x and the y axis, respectively). Notably, we found similar effects within this subset
compared to those observed across the entire dataset. Had the impact of gain on motor response been proportional to shear forces, we
would have expected distinct patterns of the effects of gain on motor errors within the considered subset. Nevertheless, a minor role of
shear forces in modulating the effects driven by tactile sensitivity cannot be excluded, and it represents a promising direction for future
investigation. The effects of the moving plate were negligible when accurate visual feedback was provided to the participants (experiment
2). Finally, a third experiment was conducted with the aim of examining how varying shear force conditions and tactile acuity levels affect
hand trajectory. Our findings revealed notable differences across the different conditions of this third experiment. We observed that the
shear forces were significantly lower in the gel condition when compared to both the thimble and oil conditions. Instead, tactile acuity
presented a different pattern. While explicit metrics revealed that tactile acuity was highest in the oil condition, implicit measurements
showed comparable acuity to the gel condition. Conversely, the thimble condition consistently exhibited the lowest tactile acuity across
both explicit and implicit measures. Tactile acuity self-reported with the Likert scale may be different from implicit processing of tactile
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stimuli for motor control. However, combining implicit evaluation and questionnaires is a common method in psychophysical investiga-
tions and user studies.”®

Notably, the effect of gain on motor errors was proportional to tactile acuity, with the most substantial effect of gain in the oil condition and
the least pronounced effect in the thimble condition. This outcome can be attributed to the inherent bias introduced by the tactile information
provided through touch, which is influenced by the violation of a static prior. As a result, this bias has a diminished impact in conditions where
the tactile information is less reliable (thimble condition), as predicted by Equation 1. Overall, our study provides support for the hypothesis
that the bias in hand trajectory is a consequence of the modified tactile information stemming from the artificial movement of the surface of
the device. Given the inherent complexity of mechanical stimuli, it remains challenging to isolate specific elements. It is possible that addi-
tional factors, such as local skin deformation including partial slips and deformation rate, may also play a role in influencing the observed
effects. Further investigation is necessary to elucidate these potential contributions.

The perceptual system integrates sensory measurements with prior knowledge about the world, so as to increase the precision of the com-
bined estimate.”>*’ As mentioned before, in daily interaction with inanimate objects observers assume a priori that these are stationary or in
slow motion, and a Bayesian model was developed to take this assumption into account.?*?° This model was able to predict several percep-
2425 and was later extended to other sensory domains including the somatosensory,”’ the auditory,”® and the vestibular
system.”' Fitting the slow-motion prior model to psychophysical data accurately predicts the neural tuning characteristics for visual speed in
brain area MT.> In our model the slow-motion prior was not explicitly included; however, the integration process between touch and pro-
prioception implies the assumption by the observer that the plate was not moving. Without this stationarity assumption, participants would
have discarded the tactile cue, and no bias would be observed. Provided that the surface is stationary, tactile slip motion and kinesthetic cues
are congruent and can be optimally integrated.

We modeled the integrated estimate of the hand velocity as a weighted sum of proprioception and touch. The weight of each sensory
channel was estimated by the data, with the constraint that the sum of the weights is equal to one. This model can be extended to an optimal
integration model provided that the noise associated with each sensory channel is specified.®® Previous studies showed that observers opti-
mally integrate vision and proprioception for the control of hand movement in reaching tasks.”*'* The integrated estimate of the position of
the hand lies on a curve joining the two bimodal Gaussian distributions. The whole hand trajectory during reaching could be predicted by a
Kalman filter observer including a forward model of the motor command.'>* Results of our experiment 3 (thimble vs. gel condition) sup-
ported the hypothesis of optimal integration. In future work, optimal integration can be further evaluated with our task in people with tactile
deficits, such as diabetic neuropathy”” or Friedreich Ataxia. In the presence of a tactile deficit, participants may assign less weight to the tactile
channel and be less sensitive to the effect of gain.

A violation of the stationarity assumption will become ever more frequent due to the emergence of novel forms of human-machine inter-
actions enabled by the deployment of extended reality interfaces and collaborative robots (cobots). Therefore, studying reaching movements
when the static prior is violated is important for understanding the sensorimotor control of the hand in a dynamic world. In addition, these
studies could open interesting perspectives in extended reality applications, and more specifically in mixed reality environments. The goal of
retargeting technologies is to devise haptic-based control strategies, to give to the user the illusory perception of reaching a virtual object,
positioned in a certain place of the virtual scene, while she/he is reaching a real object positioned in another place with respect to the virtual
one. This topic was pioneered in our previous work™ and can be further developed leveraging on the findings of the current study.

tual illusions in vision

Limitations of the study

The specifics of the haptic device’”” limited the velocity and the range of motion of the reaching task. To reduce the inertia of the device it
would be possible to develop a wearable version of the device, which could significantly enhance its usability and applicability. Another pos-
sibility is to modify the existing control law of the robotic device used in the current work, by developing a force-based control for updating
plate position, eventually relying on a nested control loop. This will help to further reduce the tracking error between the desired and the
current position of the plate and to monitor the force exerted by the finger on the plate.

A major challenge of the study was to disentangle the mechanical perturbation to the arm produced by tangential forces (friction) and the
sensory effects arising from the altered slip motion. We used different strategies to mitigate this potential confound: in the first experiment, we
restricted the analysis to a subset of data with low tangential forces; in the third experiment, we compared different types of lubricants, and we
reduced tactile sensitivity by covering the fingertip with a thimble. The following limitations of the third experiment need to be considered. In
the thimble condition, limited tactile information was still available to the participants (similarly to what would occur when exploring the surface
of an object using a rigid tool or a thick glove). Residual frictional forces remained despite applying different lubricants, detailed in the results
section of the manuscript. Given the inherent complexity of tactile motion, present at every stage from contact mechanics to perceptual pro-
cessing, it remains challenging to isolate the contribution of its specific elements to the observed phenomenon. Specifically, slip motion in
absence of friction is only possible in special cases, for example using pin-based tactile displays. The interpretation of the results of the study
as due to “pure” tactile motion (i.e., tactile motion in the absence of friction) cannot be ensured with the specific experimental approach that is
based on the real motion of the contact surface. Despite these limitations, we believe that the low values of frictional forces may have contrib-
uted to a limited extent to the main effects that we reported, which mainly depended on the violation of the stationarity assumption.

Finally, the long-term implications of our findings on human-robot collaboration and the adaptability of human sensorimotor systems
remain speculative. More research is needed to explore the practical applications and potential challenges that may arise in environments
where objects deviate from assumed principles of stationarity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and analyzed data This paper https://doi.org/10.5281/zenodo.10964672
Code for analyzing data and generating figures This paper https://doi.org/10.5281/zenodo.11046295

Software and algorithms

R version 4.3.1 The Comprehensive R Archive Network cran.r-project.org

Python version 3.9.2 The Python Software Foundation python.org

Unreal Engine 5 Unreal Engine unrealengine.com

Motive Optical motion capture software OptiTrack optitrack.com/software/motive/
C++ The Standard C++ Foundation isocpp.org/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Alessandro Moscatelli
(a.moscatelli@hsantalucia.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All behavioral data of Experiment 1-3 have been deposited at Zenodo and are publicly available as of the date of publication. The DOI
is listed in the key resources table.

e All original code (R code for analyzing data and generating figures) has been deposited at Zenodo and is publicly available as of the
date of publication. The DOl is listed in the key resources table.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants, predominantly comprising students attending the department’s laboratories, took part in the experiments. No data
regarding gender, ancestry, race, ethnicity, and socioeconomic status was collected. Participants did not report pathological conditions
that would interfere with the measurements. The testing procedures for the experiment were approved by the ethics committee of the Santa
Lucia Foundation (Prot. CE/PROG.898), in accordance with the guidelines of the Declaration of Helsinki for research involving human subjects.
Informed written consent was obtained from all participants involved in the study. The sample size was set in accordance with previous studies
in haptic literature.” %

We tested 17 participants (8 female and 9 male participants; 14 naive participants and authors CPR, SC and AM) in the first experiment.
Sixteen participants were right-handed. The age was equal to 28 +6 yrs (mean =+ standard deviation). In the second experiment we tested 16
participants (10 female and 6 male participants; 13 naive participants and authors CPR, SC and AM). The age was equal to 26+ 5 yrs. Fifteen
participants were right-handed. In the third experiment we tested 17 participants (13 female and 4 male participants; 15 naive participants and
authors CPR and AM; 27 + 6 yrs). Ten naive participants were tested for the rating experiment (6 female and 4 male participants; 28+ 5 yrs).

In three experiments, participants were requested to contact the movable plate of the apparatus and slide their fingertip to a target po-
sition displayed on a PC monitor in front of them (Figure 1A). Across trials, the position of the target was either to the left, to the center, or to
the right with respect to the starting position (Figure 5). In the experiments, we tested three tactile slip motion conditions that were presented
pseudo-randomly across trials. We used the R function sample() for randomizing the trials. In each of these conditions the position of the plate
was updated according to the position of the hand multiplied by a gain factor (y). This gain factor changed between these three conditions
such that the plate was either stationary (i.e., control condition), following or moving opposite to hand motion. The details of the control
algorithm used to set one the three conditions are described below.
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METHOD DETAILS
Experimental setup

A multi-functional haptic device called HaptiTrack (Figure 1A) was developed to physically decouple tactile slip motion and hand move-
ments. In this paragraph we describe the device in brief. The reader can refer to our previous publications for a more detailed descrip-
tion.””” The device generates precisely controlled 2D motion of a contact plate, measures contact forces, and provides hand and finger
tracking through an external tracking system. By means of a specific control algorithm described below, the velocity of tactile slip can be
changed independently from the velocity of the hand sliding on the device’s surface (maximum speed of 150 mm/s). The HaptiTrack device
includes of a motion capture system (OptiTrack motion capture system with four Flex13 cameras and an OptiHub synchronization box), a
sensorized plate, and two perpendicular linear motion axes actuated by DC-motors controlling the position of the plate. The motion cap-
ture system has a frame rate of 120 FPS, and a declared mean position reconstruction error less than 1 mm. The sensorized plate is mounted
on the top of the apparatus (Figure 1B). The movement of the sensorized plate is produced by two perpendicular linear motion axes
mounted on top of each other, similar to a 2D pantograph. To attenuate vibrations, four MISUMI damping components (GELB1401)
are mounted between the top single-axis and the sensorized surface. For safety of the user, four proximity sensors (Panasonic GX-
F12A) were attached to the extremities of the motion axes. This system will immediately interrupt the motors power supply if any of the
proximity sensors is covered by any of the moving parts of the plate. Visual feedback is displayed on a PC monitor attached to the
back side of the frame. A wood panel with a hole in the center (not shown in the figure) is mounted in the front side of the frame. A black
curtain in front of the hole occludes the hand and the surface motion from sight. For each main hardware component a C++ library was
developed under the 3-clause BSD license, a permissive free software license. A core C++ software with a sampling rate of 200 Hz inte-
grates the signals from all the different modules.

Control algorithm

At the beginning of each trial, the participant contacted the movable plate which was placed at the center of the testing apparatus. As the
normal force of the fingertip on the plate exceeded the threshold value of <0.3 N, the plate position was updated every 5 ms, according to

Equation 5:
X X 7« O X} {x] ) .
B i - Equation 5
|:y:|new |:Y:| old |: 0 ’Yy:| (|:Y new Y old ( quation )

Where x,1g and xpew are the x position of the contact plate in the previous and in the current step, (Xhew — Xoig) is the displacement of the
fingertip along that axis, and yoid, Ynew, Yoid, Ynew are the corresponding variables along the y axis. The parameters v, and v, are arbitrary
values of gain set by the experimenter that modify the relatioship between the displacement fingertip and the update of the contact plate
along each axis. In each trial v, and v, were each set to one of three possible values (-0.7, 0 or 0.7), generating 9 possible x-y gain combina-
tions. Negative gain means that the plate was moving opposite to the hand movement along the axis, and positive gain means that the plate
was following it. Both [X, Y], and [X, Y] 4 were initialized to the current finger position at trial onset.

In three experiments, we investigated the role of slip motion (gain) on the reaching movement, with and without visual feedback on hand
displacement. In all experiments, the plate and the hand of the participant were hidden from participants’ sight by a curtain and wooden
panel. In the second experiment, a visual feedback of the finger motion path was displayed on the PC monitor. In experiments 1 and 2,
the plate was lubricated with ultrasound gel prior to each experimental session, in order to reduce the shear force on the fingertip. In the
third experiment, the plate was lubricated either with ultrasound gel or seed oil prior to each session.

The first experiment consisted of a training session and a testing session. Before the training session, the experimenter moved the hand of
the participant over the plate to demonstrate the proper velocity of movement during the experiment. Then the training session started,
which consisted of 20 trials. The testing session of 135 trials followed the training session. The experimental procedure in the testing session
was the following: The participant sat on a stool placed in front of the apparatus which was adjusted according to the height of each partic-
ipant. Ear plugs and pink noise delivered with earphones masked the noise of the haptic device. In each trial, participants were requested to
contact the plate with their right index finger and two dots indicating the starting and the target position on the plate were displayed on the
PC monitor (Figure 2B). Throughout trials, the target position was shown either 45° to the left or to the right of the starting position, or in front
of it at 0°. Participants were instructed to slide their finger on the surface of the plate along a straight path towards the target. During the
reaching movement, the position of the contact plate was updated according to Equation 1. The values of gain v, and vy, changed
pseudo-randomly across trials. The participant lifted the finger from the plate where they estimated that the target position had been
reached. When the contact force was <0.3 N, the visual target disappeared and the plate changed color from black to red to alert the partic-
ipant that the trial was over. After each trial, a warning signal was provided on the computer screen if the force exceeded the threshold value of
2 N or the length of the trajectory was more than 90 mm from the starting position. During the training session participants performed the
same reaching task as in the testing session, with two important differences. The plate was not moving (i.e., v, = 0, and v, = 0). During
the first 10 trials of the training we provided participants with a visual feedback, consisting of a blue dot indicating the position and motion
of the finger on the plate. During the last 10 trials, only the starting position, target position, and the plate were displayed on the PC monitor,
as in the testing session.
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We ran a second experiment to disentangle the effects due to the mechanical perturbation from the moving plate and the functional ef-
fects due to the biased feedback. The control experiment was similar to the main experiment with the exception that a moving dot on the PC
monitor provided visual feedback on finger position and motion, as in the first 10 training trials of the main experiment.

In a third experiment (experiment 3), we evaluated the role of tactile acuity and shear force in modulating the effects of gain observed in
the first experiment. The two factors (i.e. tactile acuity and shear force) were manipulated using a factorial design, as follows. Across con-
ditions, the plate was lubricated with two different lubricants: either ultrasound gel (used in two conditions: bare-fingertip and with
thimble) or seed oil (used only in one bare-fingertip condition). As measured in previous studies, the friction coefficient of ultrasound
gel is lower than the one of seed 0il.>"3° Therefore, the use of different lubricants is expected to result in a modulation of shear forces
during the reaching movement. Participants performed the reaching task similar to the first experiment, either with a rigid thimble covering
their fingertip, or with their bare fingertip. In accordance with previous literature, exploring a surface while wearing a thimble or a glove
reduces tactile acuity.'%*¥°®

The three blocks in Experiment 3 were labelled as follows: gel (bare-fingertip with gel lubricant), oil (bare-fingertip with oil lubricant), and
thimble (fingertip covered by thimble with gel lubricant), respectively. Their order was randomized across participants using a Latin square
design. As in the first experiment, participants received no visual feedback about the movement and position of the hand during the reaching
movement. To reduce the duration of the experiment and prevent fatigue, only a subset of the conditions used in Experiment 1 and 2 were
tested in Experiment 3. Namely, each block consisted of only two targets (the left and the right targets) and four gain conditions (the com-
bination of +0.7 along the x axis and +0.7 along the y axis). This design resulted in a total of 168 trials performed by each participant and
divided into the three blocks (56 trials per block). Before each block, participants practiced with the task in a short training section (20 trials, as
in experiment 1 and 2).

In addition, we conducted a rating test to evaluate the tactile acuity associated with the three conditions of Experiment 3. We instructed a
group of participants (n = 10) to explore the surface of the device with a back and forth movement of the hand for several seconds. After they
explored all three conditions, they were inquired about tactile acuity associated with each of them ("how easy is to perceive the fine texture of
the surface?”) and were requested to order the conditions from the most difficult to the easiest to discriminate. Then, they rated the tactile
acuity in each condition on a Likert scale from 1 (dull sensation) to 7 (sharp sensation).

QUANTIFICATION AND STATISTICAL ANALYSIS

We evaluated the effect of x and y gain on the reaching movement. We analyzed the following parameters of the hand movement: velocity,
motion path, and contact force. The analyses explained below were performed separately for the three experiments, with and without vi-
sual feedback. In each frame, the velocity along the x and the y axis was computed as difference between the initial and the final position
divided by the duration of the frame (5 ms). Position, velocity, and force signal were filtered with a Butterworth 5% order filter (cut-off fre-
quency 10 Hz). In each trial and for each participant, we saved the final position, the peak value of velocity, and the peak value of force
(tangential and normal force) of the filtered signals. Outliers (velocity peak exceeding 3 standard deviations from the mean, total trial
time less than 1 s) were removed from analysis. Linear mixed models (LMM; function Imer() from the R package Ime4) were used that ac-
count separately for random effects variability (between participants) and residual variability. Default diagnostic plots from package Ime4
were used to ensure that the residuals of the models met the assumption of this statistical approach. We tested the predictions discussed
in paragraph "Model and Predictions”. First, by means of LMMs, we tested the hypothesis of a linear relationship between the motion
velocity and the gain values (Figure 3D). For the central target, the speed along the x axis is expected to be zero and therefore should
not be affected by the x gain. By means of LMM, we tested the hypothesis that, for each axis of motion, the path length is a linear function
of the related value of gain along that axis (Figure 3C). Along the x axis, the slope of the linear relationship is either negative, zero, or pos-
itive depending on the target. Instead, along the y axis the model predicted an always positive linear relationship. Finally, we tested the
prediction of the model that the cotangent of the motion angle—computed as the ratio of the x and y thimble position at the end of the
trial—is a nonlinear function of the cotangent of the target angle cot(f) and of the two gain values v, and y,, with w. being the single free
parameter of the model:

1 — wey,

Cot(ﬁ) = Cot(g)m
- Welx

(Equation 6)
Nonlinear least squares model (function nls() from the R package stats ) was used to fit the nonlinear equation to the data. For a given pair
Yy> Y this reduces to the linear model in Equation 3, with

1T — wey,

=70 e, (Equation 7)

B(We, vy 7s)

The statistical analysis was performed in R version 4.1.0. Signal filtering was implemented in Python version 3.9.2 (function filtfilt() from
Python package Scipy).
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Predictions of the vector model

Figure 3 of the manuscript illustrates the predictions of the vector model detailed below. We used the following notation: the letter h, p, and s
indicate the velocity of the hand, the velocity of the plate, and the velocity of slip motion, respectively. The subscript indicates either the x ory
velocity component. For simplicity, we used the subscript i when the same equation refers to the two axes of motion. The estimated velocity is
indicated with a hat sign, for example, p is the hand velocity as measured from the observer. The desired velocity is indicated with a vertical
bar, for example B. For each axis of motion, the velocity of slip motion is the difference between the plate and the actual hand velocity:

si=pi —h
Because of to the control algorithm of the apparatus, the velocity of the plate is:

P
dt_/Yidt_/Yl

where P = x(t +1) — x(t) and H = X(t +1) — X(t) are the displacement of the plate and the hand between two intervals, respectively. The
gain vy; was set by the experimenter for each trial. Therefore,

si = vihi — hi = hi(y; — 1)

To simulate the response of the ideal observer, we assumed that the duration of the reaching movement t = 1 seconds, corresponding to a
desired hand speed h = 60 mm/s (with the target distance equal to 60 mm). The measured velocity of the hand h; was a weighted sum of
proprioception and touch. For each axis of motion i in the x-y plane:

hi = wihy +wchic
with wy + we = 1. The velocity estimate from proprioception was unbiased and equal to the actual hand velocity. For each of the two motion axes:

hi = hi+ e

Because of the static prior, the slip velocity provided an auxiliary cue of hand velocity. We referred to this as the cutaneous estimate of hand
velocity:

Therefore, we can substitute in the first equation
hi = hiwx — hi(y; — Dwe = hilw, — we(y; — 1)] = hi(1 — wey))
with the two velocity components being equal to:

{EX] ) {(1 — wey,)h cos(0)

h (1 — wey,)hsin(6)

y

The model predicts that participant adjusted the x- and y-component of the hand velocity to match the desired motion angle 6. That is,
they corrected their movement according to the equation below:

_ (1 - wcyy)h sin(0) an(6) (1 - wcyy)

tan(f) = tan(f) = (1 — weyy)h cos(f) — (1= wery)

EES

Therefore, the actual motion angle 6 (for 8+ m/2) was:

6 = arctan <tan(0) 1_M>

1T — wey,

The x component of the hand velocity was:

~

hx = h COS(e) = %

Since we assumed that after movement correction the perceived velocity component was equal to the desired velocity component
hx = hx = hcos(f), then:

hcos(f) _ 60 cos()

hy =
1 - WeYx 1 - WeYx
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where 0 is the stimulus angle and [h| = 60 mm/s (as we assumed motion duration to be 1 second). Likewise, the y component was:

60 sin()
h, = ———=
1T — weyy
The hand velocity can be computed as
2 _ 4242
h® = hi+hy

Finally, the path length can be predicted by multiplying the actual velocity htimes the motion duration that we assumed to be constant and
equal to 1 second.
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