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A B S T R A C T

Weber’s law, the principle that the uncertainty of perceptual estimates increases proportionally with object
size, is regularly violated when considering the uncertainty of the grip aperture during grasping movements.
The origins of this perception-action dissociation are debated and are attributed to various reasons, including
different coding of visual size information for perception and action, biomechanical factors, the use of
positional information to guide grasping, or, sensorimotor calibration. Here, we contrasted these accounts
and compared perceptual and grasping uncertainties by asking people to indicate the visually perceived center
of differently sized objects (Perception condition) or to grasp and lift the same objects with the requirement
to achieve a balanced lift (Action condition). We found that the variability (uncertainty) of contact positions
increased as a function of object size in both perception and action. The adherence of the Action condition to
Weber’s law and the consequent absence of a perception-action dissociation contradict the predictions based on
different coding of visual size information and sensorimotor calibration. These findings provide clear evidence
that human perceptual and visuomotor systems rely on the same visual information and suggest that the
previously reported violations of Weber’s law in grasping movements should be attributed to other factors.
1. Introduction

Weber’s law, one of the fundamental principles of perception, states
that sensory precision decreases proportionally with the magnitude of
a stimulus, or expressed differently, that the uncertainty of stimulus
estimates increases with stimulus magnitude (Fechner, 1860). Examples
of Weber’s law abound in all sensory modalities, with the exception of
human grasping movements. When an object is about to be grasped, the
variability in the maximum grip aperture between fingers is indepen-
dent of object size, in contrast to the steady increase in variability with
larger objects observed in perceptual estimates (Ganel et al., 2008).
Although the finding that Weber’s law is violated in visually guided
grasping actions is robust, less so is the agreement about its origin.

According to the Two-Visual Systems (TVS) hypothesis, perception
and action rely on different computations of visual size information
(Goodale, 2011, 2014; Goodale & Milner, 1992). Vision-for-perception,
mediated by the ventral visual stream, is based on relative metrics,
taking into consideration not only the object size, but also general
aspects of the visual scene. In contrast, vision-for-action, served by
the dorsal visual stream, is based on absolute metrics reflecting the
actual size of the object, which then leads to the violation of Weber’s
law (Ganel et al., 2008, 2014). A second account, the biomechanical
factors (BF) hypothesis, instead assumes that perception and action rely
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on the same visual size information and it attributes the dissociation
to non-visual sources of noise that contaminate only the variability
of the finger aperture in grasping (Bruno et al., 2016; Löwenkamp
et al., 2015; Schenk et al., 2017; Uccelli et al., 2021; Utz et al., 2015).
Weber’s law in grasping is violated, because, as object size increases,
the finger opening is limited more and more by biomechanical factors,
which artificially reduce the variability of the maximum grip aperture
for larger objects. A third account, the digits-in-space (DIS) hypothesis,
suggests that the maximum grip aperture is not influenced by visual
size information at all, but it is instead an emergent property of the
way the fingers are independently moved toward their contact positions
on the object (Smeets & Brenner, 1999; Smeets et al., 2019; Verheij
et al., 2012). If hand opening is influenced by positional information,
and not size, it follows that the maximum grip aperture variability
should not adhere to Weber’s law (Smeets & Brenner, 2008). A fourth
account, the sensorimotor calibration (SMC) hypothesis, states that the
dissociation between perception and action arises from differences in
the availability of sensory feedback (Bingham & Mon-Williams, 2013;
Bruno & Franz, 2009; Camponogara & Volcic, 2021; Cesanek et al.,
2018; Schenk, 2012; Volcic & Domini, 2016, 2018). Visual and haptic
feedback, which is missing during perceptual estimations, can only
calibrate grasping actions and, by this, reduce the variability of the
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maximum grip aperture (Davarpanah Jazi et al., 2015; Heath et al.,
2019).

To address this contentious debate, we explored another crucial
component of successful grasping movements: the selection of optimal
grasp contact positions on the surfaces of an object, which is essential
to achieve a stable grasp (Goodale et al., 1994; Iberall et al., 1986;
Klein et al., 2020; Kleinholdermann et al., 2013; Lederman & Wing,
2003). Stable grasps that minimize torques arising during lifting and
prevent the object from slipping out of one’s grip are realized when
the grasp axis passes as close as possible to the object’s center of mass.
Specifically, we here introduce an experimental paradigm by which
we pit the aforementioned hypotheses against each other by focusing
on the precision with which grasp contact positions are selected on an
object. In the Perception condition, we asked participants to indicate
the visually perceived center of differently sized objects (Fig. 1A). In
the Action condition, we asked participants to grasp and lift the same
objects with the requirement to achieve a balanced lift (Fig. 1B). Thus,
visual size information is essential in both conditions for an effective
localization of the object center. The advantages of this paradigm
are significant. First, by requiring the same grip aperture to grasp
objects of all sizes we can avoid the potential constraints imposed
by biomechanical factors. Second, we can evaluate grasping precision
when the actual action goal is achieved and not ahead of it as it occurs
when precision is measured at the time of the maximum grip aperture.

Determining the visually perceived center of an object can be seen
as an alternative way of evaluating Weber’s law for object size. This
is because the visually perceived center is based on the selection of a
position on the object such that left and right segments of the object
are not noticeably different from each other (Marshall & Halligan,
1989). If these judgments align with Weber’s law, the variability of
the perceptual estimates of the object center should also exhibit a
proportional increase with object size. This phenomenon has indeed
been reported (Cattaneo et al., 2011; Manning et al., 1990; Nichelli
et al., 1989; Riddoch & Humphreys, 1983; Wolfe, 1923). What is not
yet known is whether and how does the variability of grasp contact
positions depend on object size. If vision-for-action relies on absolute
visual size information, as stated by the TVS hypothesis, we expect
the grasping condition to violate Weber’s law also in this paradigm
(Fig. 2A, solid line in mid panel). On the contrary, if Weber’s law is
violated because of non-visual sources of noise (BF hypothesis), we
expect the variability of the grasp contact positions to increase with
object size with the same slope as in the perceptual condition, because
biomechanical factors play no role here (Fig. 2A, long-dashed line in
mid panel). Similarly, because the object center toward which fingers
are steered can only be determined by considering the entire object
size, the DIS hypothesis now predicts that the variability of grasp
contact positions should adhere to Weber’s law (Fig. 2A, long-dashed
line in mid panel). Lastly, if grasping movements are calibrated based
on the visually perceived object rotation around the grasp axis and the
haptically perceived tangential torques occurring whenever an object
is grasped away from its center of mass (Fig. 1C), the SMC hypothesis
predicts that the adherence to Weber’s law should be at least reduced,
if not completely eliminated (Fig. 2A, dotted line in mid panel). In this
case, the sensorimotor calibration might even affect perception, if the
perceptual estimates are taken just after grasping (Fig. 2A, dotted line
in right panel).

2. Materials and methods

2.1. Participants

Thirty-one naïve right-handed participants (age 19–35, 20 males)
with normal or corrected-to-normal vision and no known history of
neurological disorders participated in this study. They received sub-
sistence allowance or course credit for their time. The study was
undertaken with the understanding and informed written consent of
each participant and the experimental procedures were approved by
2

the Institutional Review Board of New York University Abu Dhabi. e
2.2. Apparatus

Participants sat at a table with their right hand resting at a start
position, aligned with their body midline. Stimuli objects were three
12 × 12 mm square-profile metal rods, 130 mm, 240 mm, and 350 mm
in length, and they weighed 134 g, 256 g, and 382 g, respectively. The
position of the index finger was recorded with sub-millimeter resolution
by using an Optotrak Certus motion capture system (Northern Digital
Inc., Waterloo, Ontario, Canada) controlled by the MOTOM toolbox
(Derzsi & Volcic, 2018). Four infrared-light-emitting diodes (markers)
were attached on the distal phalanx of the index finger (Fig. 1C). The
exact position of the index finger pad (virtual marker) was tracked by
determining its location relative to the four markers. Two markers were
attached on the edges of each object to track the position of its center
(Fig. 1C). A pair of occlusion goggles (Red Scientific, Salt Lake City, UT,
USA) was used to prevent vision between trials within each condition.

2.3. Procedure

The experiment consisted of three separate phases (72 trials each)
performed in the following order: Perception (Pre) condition, Action
condition, and Perception (Post) condition. In the Perception condi-
tions, participants were asked to use their index finger to indicate the
object center (Fig. 1A). In the Action condition, participants were asked
to grasp the object with a thumb-index precision grip with vision of
the hand and the object being constantly available (closed-loop grasp-
ing) and then lift the object while maintaining its horizontal balance
(Fig. 1B). The Perception condition was performed twice: before (Pre)
the Action condition to ensure that no visual or haptic feedback regard-
ing the object true center location did influence perceptual estimates,
and, after (Post) the Action condition to capture any effect of visual
and haptic feedback on perceptual estimates.

Participants placed their hand at the start position before each trial,
which could consist of indicating the object center or grasping and
lifting the object depending on the condition. The experimenter then
placed one of the three objects in front of the participant, 35 cm from
the edge of the table and parallel to it. The position of the object
was randomized in the range of ±15 cm along this line, to avoid
participants reaching always to the same location in space. The trial
started when the goggles turned transparent. Once the participants
indicated the object center (Perception conditions) or grasped and
lifted the object (Action condition), the position of all the markers
was recorded by the experimenter. Participants then placed the object
down (in the Action condition) and returned the hand back to the start
position. After this, vision was occluded in preparation for the next
trial. Each of the three objects was presented 24 times in each condition
(216 trials/participant), for a total of 6,696 trials.

2.4. Data analysis

All analyses were performed in R (R Core Team, 2022). The position
of each contact position was obtained by performing an orthogonal
projection of the fingertip virtual marker onto the line defined by
the two markers positioned on the edges of each object. The contact
position was then defined relative to the center of the object, with
negative and positive values indicating contact positions to the left and
to the right of the object center. Trials in which any of the markers were
not captured correctly were discarded from further analysis (72 trials,
approximately 1% in total).

Contact position data were analyzed using a Bayesian mixed-effects
distributional regression model, estimated using the brms package
Bürkner, 2017; Carpenter et al., 2017). Unlike conventional regression
odels that assume a constant standard deviation across observations,
distributional regression model estimates not only the location param-

ters, but also the standard deviations of the location parameters. Our
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Fig. 1. Methods. A: Perception condition: participants indicated the center of differently sized objects with their index finger, before (Pre) and after (Post) the Action condition.
B: Action condition: participants grasped and lifted differently sized objects. The requirement was to achieve a balanced lift. C: Example of an off-center contact position. The
position of the finger pad of the index finger was recorded with a virtual marker (gray point) with respect to four markers (orange points) attached on the distal phalanx of the
index finger. Two markers (blue points) were attached on the edges of each object. The contact position (dotted line) was calculated with respect to the object center (dashed
line). The circular dashed line represents the direction of object rotation and the tangential torque which provided visual and haptic feedback, respectively, whenever the object
was lifted. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 2. Predictions and results. A: Predicted SD as a function of size for the Two-visual systems (TVS), Biomechanical factors (BF), Digits-in-space (DIS), and Sensorimotor calibration
(SMC) accounts in the Perception and Action conditions. B: Raw index finger contact positions relative to the center of each object. Points are slightly scattered horizontally for
better visualization. C: Estimated SD as a function of size. Lines represent the mean and the shaded regions represent the 95% credible intervals of the posterior distributions of
the Bayesian regression model. The dashed lines represent Weber’s law expressed as a straight line, with the slope (𝑘) being the Weber fraction and the 𝑦-intercept being zero.
A single Weber fraction (𝑘 ≈ .018) captures the increases in SD for all three conditions. D: Estimated slopes of the SD as a function of object size for each condition. Points
represent the mean and the error bars the 95% credible intervals of the posterior distributions. E: Differences between estimated slopes of the SD for the Action-Pre and Post-Pre
comparisons. Points represent the mean and the error bars represent the 95% credible intervals of the differences between posterior distributions.
model included as predictors the categorical variable Condition (Per-
ception (Pre), Action, Perception (Post)) and the continuous variable
Size, which was centered before being entered in the model. This model
estimated for each condition: the average contact position (contact
position intercept), its change as a function of object size (contact
position slope), the average standard deviation of the contact position
(standard deviation of contact position intercept), and the standard
deviation change of the contact position as a function of object size
(standard deviation of contact position slope), the key measure in
3

this study. The model included also independent random effects for
participants to capture the dependency among data due to the repeated
measures design. This statistical method allow us to simultaneously
model all the raw data and directly estimate the main variable of
interest (changes in standard deviation as a function of object size), in
contrast to the multi-step approach normally used in which standard
deviations are first calculated for each participant, size and condition
separately, then fitted with linear models to extract the participants’
slopes, to finally pool them together to draw inferences.
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Our model was fitted considering weakly informative prior distribu-
tions for each parameter to provide information about their plausible
scale. We ran four Markov chains simultaneously, each for 4,000 it-
erations (1,000 warm-up samples) for a total of 12,000 post-warm-up
samples. The obtained posterior distributions quantify the uncertainty
about each estimated parameter conditional on the priors, model and
data. We have summarized them by computing their means and their
95% credible intervals. To compare estimates between two conditions,
we have computed the credible difference distributions by subtracting
their respective posterior distributions, which were again summarized
by computing their means and their 95% credible intervals.

2.5. Supplementary material

Data and code are available at osf.io/e8c92/.

3. Results

Fig. 2B represents all the contact positions of the index finger
relative to the center of each object in the Perception (Pre), Action and
in the Perception (Post) conditions. These raw data clearly show that
the contact positions were clustered around the center of each object,
with no apparent systematic bias in either left (negative values) or right
direction (positive values). The estimated average contact positions and
their changes as a function of object size confirmed this observation; all
posterior distributions of these estimates were centered on zero, equally
extended in both positive and negative domains (contact position inter-
cepts, Pre: −0.69 mm, 95% CI [−1.78, 0.41]; Action: 0.09 mm, 95% CI
−0.9, 1.1]; Post: 0.05 mm, 95% CI [−1.27, 1.36]) and did not depend

on object size (contact position slopes, Pre: −0.003, 95% CI [−0.009,
0.004]; Action: −0.0004, 95% CI [−0.007, 0.006]; Post: 0.003, 95% CI
[−0.005, 0.010]).

The estimates of the standard deviation, the key measure used to
compare the predictions made by the different hypotheses, are shown
in Fig. 2C. The average standard deviations were of comparable mag-
nitude in the three conditions (standard deviation of contact position
intercepts, Pre: 4.08 mm, 95% CI [3.70, 4.49]; Action: 4.14 mm, 95%
CI [3.67, 4.66]; Post: 4.41 mm, 95% CI [3.93, 4.93]). Most importantly,
it is evident that the standard deviations increased proportionally for
larger object sizes (constant Weber fraction) not only in the Perception
conditions, but also in the Action condition, contrary to the predictions
of the TVS and SMC accounts (compare with Fig. 2A). In adherence to
Weber’s law, the estimated slopes indicating the change in standard
deviation of the contact positions as a function of object size (Pre:
0.016, Action: 0.014, Post: 0.016) and their 95% credible intervals
were all positive and substantially above zero (Fig. 2D). No evidence
was found of any difference in slopes between the Perception (Pre)
and Action conditions, and, between the Perception (Post) and Per-
ception (Pre) conditions. Both 95% credible intervals of the difference
distributions overlapped with zero (Fig. 2E). Thus, both Perception and
Action conditions conformed equally well to Weber’s law, showing no
dissociation, but also no sign of sensorimotor calibration and transfer
from the Action to the Perception (Post) condition. Computing the
average slopes using the more common multi-step approach produces
nearly identical slope values relating the standard deviations of contact
positions and object size (Pre: 0.017, SD = 0.008; Action: 0.015, SD =
0.008; Post: 0.017, SD = 0.007).

4. Discussion and conclusions

The main aim of this study was to investigate Weber’s law in
relation to object size in both visual perception and visually guided
grasping to address the debate about the origin of the perception-action
dissociation. Specifically, we compared the uncertainty of perceptual
estimates about the center of differently sized objects with the uncer-
tainty with which optimal grasp contact positions are selected on those
4

same objects, a crucial aspect of any visually guided grasping action
(Goodale et al., 1994; Iberall et al., 1986; Klein et al., 2020; Klein-
holdermann et al., 2013; Lederman & Wing, 2003). Our results show
no sign of a perception-action dissociation and provide clear evidence
that Weber’s law affects not only the variability of perceptual estimates,
but also the variability of visually guided grasping as predicted by both
the biomechanical factors (Bruno et al., 2016; Löwenkamp et al., 2015;
Schenk et al., 2017; Uccelli et al., 2021; Utz et al., 2015) and the digits-
in-space (Smeets & Brenner, 1999; Smeets et al., 2019; Verheij et al.,
2012) hypotheses.

The finding that the variability of the contact positions in the
Action condition increased with object size to the same degree as in
the perceptual condition is not consistent with the TVS hypothesis
(Ganel et al., 2008, 2014; Goodale, 2011, 2014; Goodale & Milner,
1992). If vision-for-action were based on absolute metrics, we would
have expected the variability in the Action condition to be constant
over object sizes. This was clearly not the case, despite the fact that
vision of the hand and the object was constantly available (closed-loop
grasping), haptic feedback was provided by touching and lifting objects,
and actions were directed toward real 3D objects. All these factors
should have, if anything, favored the emergence of the perception-
action dissociation. The range of sizes used for our objects was also
not critical as similar ranges have been already used to study Weber’s
law (Ganel et al., 2017; Hesse et al., 2021).

The present findings are also in contrast with the SMC hypothesis
which predicted a reduction of the variability in the Action condition
because of sensorimotor calibration, and, a potential transfer of this
calibration on the perceptual estimates obtained just after the Action
condition (Bingham & Mon-Williams, 2013; Bruno & Franz, 2009;
Camponogara & Volcic, 2021; Cesanek et al., 2018; Schenk, 2012;
Volcic & Domini, 2016, 2018). The precision of grasp contact positions
definitely did not improve over successive repetitions even though in-
accurate grasps provided direct visual and haptic feedback in the form
of visually perceived object rotation and haptically perceived tangential
torque which requires grip force adjustments to prevent rotational slip
(Goodwin et al., 1998; Kinoshita et al., 1997). One possible reason for
the lack of calibration could be linked to the slow adaptation that the
grip force undergoes in the presence of torque load which might, in
this particular case, negatively affect the ability to use haptic inputs
effectively (Crevecoeur et al., 2011). Another reason that might have
hindered or slowed down calibration was the randomized positioning
of objects which required participants to assume slightly different arm
postures for each grasping action.

Our study leads to an important implication about the role of We-
ber’s law in grasping actions: the fundamental assumption of the TVS
hypothesis that perception and action rely on different computations
of the visual input can only hold if we accept that absolute metrics
is used exclusively for shaping the grip aperture during grasping, but
the selection of optimal grasp contact positions is based on relative
metrics. Thus, a recourse to a proposal involving two separate visual
streams does not seem to be essential to explain how vision guides
grasping movements. Instead, future studies will need to further explore
how does the actual grasping precision occasionally conflate with
factors intrinsic to motor behavior (e.g., Bhatia et al., 2022), how do
task constraints determine whether grasping movements are guided by
size or positional information, and, how does sensorimotor calibration
affect grip apertures and optimal grasp contact positions over time.
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