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Abstract

Behavioral perception-action dissociations are widely used to test models of high-level

vision, but debates concerning their interpretation have underestimated the role of multisen-

sory mechanisms in such tests. Sensorimotor tasks engage multisensory processing in fun-

damentally different ways than perceptual tasks, and these differences can modulate

dissociations in different ways based on task features. To test this idea, we compared per-

ception and action using a well-understood size-contrast effect, the Uznadze illusion, and

manipulated both unimodal and crossmodal stimulation as well as conditions that are known

to favor or hinder multisensory integration. Results demonstrated that similar or dissociable

effects on perception and action can be observed depending on factors that are known to

affect multisensory processing. Specifically, such factors can cause a visual task to be

affected by the illusion or remain fully unaffected, whereas a visuomotor task can be

affected by the illusion, remain immune from the illusion, or, unexpectedly, even show a

clear reverse effect. These findings provide a novel perspective on a long standing debate

in behavioral cognitive neuroscience.

1. Introduction

It is generally accepted that the visual centers of primate cortex can be grouped into two sys-

tems [1], roughly corresponding to areas located below ("ventral") and above ("dorsal") the Syl-

vian fissure. Based on neuropsychological and neuroimaging data, these two systems have

been proposed to reflect a functional distinction between processing of object-relative infor-

mation about shape and color, for the purpose of recognition and classification, and process-

ing of observer-relative information about location and movement, for the purpose of

controlling action [2]. Within this framework, behavioral dissociations between perceptual

and motor responses to visual illusions are widely cited as key evidence for the functional inde-

pendence of the two systems [3]. However, the empirical status of behavioral perception-

action dissociations in perceptual neuroscience remains controversial to this date [4–6].

For instance, a much-cited study reported a perception action-dissociation when partici-

pants grasped or matched an object surrounded by flankers. In the grasping condition, the

maximum in-flight aperture of the digits was found to be proportional to the physical size. In
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the matching condition, conversely, results were consistent with a perceptual size-contrast

effect from the flanker objects [7]. However, a large-scale pre-registered multicenter study

failed to replicate this finding. Instead, it observed similar effects of size-contrasting flankers

on both finger apertures in grasping and on three different measures of consciously perceived

size [8]. Moreover, in a recent study we found similar effects on perception (manual estima-

tion) and action (grasping) in participants exposed to a visual version of the Uznadze illusion

[9]. In this illusion, a larger (or smaller) inducing stimulus immediately presented before a test

object produces a size-contrast effect that makes the test appears smaller (or larger). Although

several explanations have been proposed, there is currently no consensus on what causes these

inconsistent results.

A neglected issue in the interpretation of perception-action dissociations concerns the mul-

tisensory nature of human perception [10]. Although it is generally believed that visuomotor

tasks only rely on visual information, these protocols in fact engage not only visual but also

somatosensory information [11–13], and they do so in fundamentally different ways in com-

parison to perceptual tasks. To be true, some studies did pay some attention to the potential

impact of haptic information in perception-action comparisons, but focussed merely on the

potential adapting effect of obtaining haptic feedback, once the grasp has been completed (e.g.,

[14, 15]). We argue that these potential effects, while relevant, did not address a key issue for

perception-action studies. This is so because adaption effects such as these can be readily elimi-

nated by modifying experimental procedures. For instance, in many studies (e.g., [8]) that

involved comparing grasping to matching, participants were required to pick up the test object

after matching to equate haptic feedback in the two conditions. Much more fundamental mul-

tisensory effects are however likely to play a role already at the planning stage of motor

responses.

Consider grasping an object, which is arguably the most studied visuomotor task in this lit-

erature. It is well-known that the motor representation of object size, as indexed by the maxi-

mum in-flight aperture of the digits as the hand approaches the object, is a monotonic

function of the size of the object [16]. This-well-established finding suggests that visuomotor

processing accesses representations of object size when planning grasps. This finding also

implies, however, that visuomotor processing also accesses representations of one’s body (see

[17]). Specifically, such processing will need to access representations of the hand’s three-

dimensional structure as the digits will need to open proportionally less with bigger hands

than with smaller ones to achieve the observed scaling. Thus, the representation of object fea-

tures for planning grasps will necessarily recruit multisensory processing of visual and somato-

sensory mechanisms.

Supporting this idea, there is evidence that experimentally altering the internal representa-

tion of one’s hand [18] will modulate the maximum grip aperture while grasping [19–21]. In

addition, there is evidence [22] that when repeatedly grasping an object that (haptically) feels

larger (or smaller) than it looks, the maximum grip aperture correspondingly also becomes

larger (or smaller). Although this effect has been described as a form of multisensory adapta-

tion, a parsimonious explanation is again that the internal representation of the hand was

modified by the contrast with the felt object, such that repeatedly feeling a large object caused

the hand to feel smaller (or vice versa). Note that, perceived object size being the same, grasp-

ing with a smaller hand requires opening the fingers more, while grasping with a larger hand

requires relatively less.

In contrast, consider reporting the perceived size of the same object. Techniques to assess

such reports typically consist of matching tasks, which can be broadly grouped into unimodal

and crossmodal. In unimodal matching, participants report perceived size by verbally indicat-

ing which comparison item best corresponds in seen size to a displayed test object. Under the
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assumption that language-related motor processes to report the match remain encapsulated

from sensory processing [23], this task can be reasonably classed as purely visual. In crossmo-

dal matching (often also dubbed "manual estimation"), participants instead report perceived

size by matching it to the aperture of the index and thumb fingers of one hand. This type of

match necessarily requires comparing a visual signal, the seen size of the object, to a somato-

sensory signal, the felt distance between the digits. There is evidence that perturbations of such

somatosensory signals, again by altering the internal model of the hand, can modulate hapti-

cally felt size, but this effect is in the opposite direction to that on the grasping maximum aper-

ture [24] (see Discussion).

The Uznadze illusion, a well-understood size-contrast effect whereby a larger (or smaller)

inducing stimulus causes a test object to appear smaller (or larger). It is ideally suited to

explore multisensory effects on perception and action by presenting inducers in a different

sensory modality and spatial location than those of the test. The illusion effect is large (10–20%

of increment/decrement) and readily observable in most participants [25, 26], which greatly

reduces the uncertainty of parameter estimates in statistical comparisons. In addition, similar

effects are observed both in haptic [25, 27], in visual [9, 26, 28], visuo-haptic [29, 30], and

audiomotor [31] versions.

Here we compared perception and action in conditions involving both visual and haptic

stimulation and manipulating the spatial position of inducers, conditions that are known to

favor or hinder multisensory integration (see the beginning paragraph of section 2). With

visual inducers, we expected to replicate the classic Uznadze effect. With haptic inducers,

instead, we had no specific expectations as this is a novel cross-modal stimulation never tested

yet, and our main aim was to explore it. Last, we expected that the spatial location of the

inducer (i.e., the same position of the test or not) should reduce the strength of the illusory

effect.

2. Methods

We exploited a modified version of Uznadze illusion [24] (Fig 1A). In each trial of our experi-

ment (Fig 1C and 1D), participants were first exposed to an initial inducer stimulus which

could be larger, smaller, or the same size as a test object that participants were required to

grasp after exposure to the inducer. The inducer stimulus could be either visual or haptic, and

it could be presented in the same (frontal) or in a different (lateral) location relative to the

frontal grasping test. After the grasp, which was always performed with the right hand, partici-

pants reported the perceived size of the test by matching it to the aperture of the index and

thumb of the left hand. Thus, the grasp was always visually-driven, but could be affected by the

inducer either unimodally (when the inducer was also visual) or crossmodally (when the

inducer was haptic). Conversely, the match always entailed a unimodal haptic comparison.

2.1 Ethics

All methods and experimental protocols were developed in accordance with relevant guide-

lines and regulations. Specifically, the study was conducted following the ethical standards of

the Italian Board of Psychologists (see https://www. psy.it/codice-deontologico-degli-

psicologi-italiani), as well as the Ethical Code for Psychological Research of the Italian Psycho-

logical Society (see https://aipass.org/node/11560). All experimental protocols have been

approved by the Research Ethics Board (REB, 49-2022-N) for non-medical research involving

human participants of the University of Parma. As the study did not involve clinical tests and

medical equipment, and no health information was collected from participants, verbal consent

only was deemed a prerequisite for participating. Potential participants were informed
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beforehand that their anonymity would be preserved at all stages. All participants gave

informed verbal consent after being adequately informed about the aims, procedure, and

methods of the study and were free to abandon the experiment at any moment.

2.2 Participants

Ten members of the University of Parma community participated (4 females, mean age: 30.5

years; range: 24–58 years) in the main study. They were the authors (N.B. and S.U.) and 8 vol-

unteers who were naïve to the aims of the study. The recruitment started on 2nd March 2021

Fig 1. Overview of methods. a. Stimuli were three commercially available spherical objects, a regulation baseball, a rubber ball, and a glass marble. All

three were used as inducers, whereas the test object was always the rubber ball. Thus the test could be either larger or smaller than the inducer, or the

same (baseline) as the inducer. In the Uznadze illusion, exposure to a smaller inducer causes the test to appear larger than baseline, and exposure to a

larger inducer has the opposite effect. In the visual version, the difference is typically 10–20% of physical size of the test [26]. The illusion is also readily

observed with haptic [25] as well as visuomotor [9, 27] measures. b. Participants sat in front of a square table with a computer keyboard on its near edge

and four recording cameras around it. Graspable tests were always placed 40 cm sagitally in alignment with the participant midline. Inducers were

placed laterally on the right or sagitally. In visual/lateral blocks, an extension was applied to the table (light grey) to insure that inducers were seen

against a homogenous background as in the frontal blocks. c. The induction phase of a trial could involve visual or haptic stimuli that could be presented

either frontally (spatially congruent with tests) or laterally (incongruent). Spatial congruence is known to be a key factor favoring multisensory

integration [34]. d. After induction, observer previewed the frontal test, grasped it with the right hand, and then matched its perceived size with the left

hand. Both grasping and matching were executed without vision as the shutter googles turned off as soon as participants lifted their hand from home

position.

https://doi.org/10.1371/journal.pone.0301737.g001
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and ended on 10th June 2021. An additional ten participants (7 females, mean age: 25.8 years;

range: 22–35 years) participated in a second study involving only the “haptic induction” condi-

tions (see section 2.6). The recruitment started on 8th February 2022 and ended on 13th April

2022. All participants were right-handed by self-report and had normal or corrected-to normal

vision.

2.3 Sample size

The number of participants for the main study was limited to 10 for the reasons detailed

below. First, the haptic size-contrast effect used in the study (the Uznadze illusion) is a well-

understood, robust phenomenon. Both visual [26] and sensorimotor tasks [9, 28] showed

small interindividual differences and reliable estimates of effect sizes about 10–20% and 2–5%

of the test physical size, respectively. We expected to observe it in the relevant experimental

visual condition for almost all participants. Second, the visual induction conditions of the

study (see 2.5) mimicked those of our previous studies [9, 27] and we expected that they would

readily replicate our previous results, as they indeed did. Conversely, we had no specific pre-

dictions regarding the novel haptic induction conditions. These conditions yielded an unex-

pected result and for this reason we performed an exact replication of the study in these

conditions only. The results of this replication are reported in 3.2 and they replicated the direc-

tion and the approximate size of the effect. Third, and final, we analyzed not only group data

but also individual patterns. This approach has been shown to have superior power and infer-

ential validity in comparison to traditional group analyses [32].

These qualitative considerations were further supported by a formal power analysis. In our

previous work [9], large (shrinking) and small (enlarging) inducers yielded group averages of

-1.31 and 1.15 mm for the grasp data and -1.48 and 1.25 mm for the match data. Using the

simr R package [33], we drew 10’000 independent samples with n = 10 from populations with

these parameters, and then entered the corresponding individual means into a linear mixed

model, with inducers treated as fixed factors and participants as the random factor. Power esti-

mates were .88 and .95 for the grasp and match data, respectively, suggesting that n = 10 is an

adequate sample size. Moreover, we repeated after reducing the assumed parameters by 15%

(i.e., -1.12 and 0.97; -1.25 and 1.06): estimates were .74 and .87 for the grasp and match data,

respectively. Note that we estimated power for detecting the effect for visual inducers but not

for haptic ones whereby we had no previous data. Our aim was to in fact precisely to explore

this novel haptic induction, expecting effect sizes similar to those observed previously (as they

turned out to be).

2.4 Stimuli

We used three commonly commercially available balls: A regulation baseball (large, diameter

� 70 mm), a rubber toy ball (medium, 45 mm), and a marble (small, 15 mm). Fig 1A displays

them. All three were used as inducing stimuli, whereas only the medium ball was used as a test

stimulus. Exposure to a large inducer yielded a successive contrast that was expected to reduce

the perceived size of the test; exposure to a small inducer yielded a contrast expected to enlarge

its perceived size; and exposure to a medium inducer generated a baseline no-contrast condi-

tion for comparison. According to the experimental condition, inducers could be presented

either visually or haptically (see 2.6).

2.5 Task

The experimental task consisted of a sequence of three distinct phases. In the first phase, par-

ticipants perceptually explored an inducing stimulus ("induction"). In the second phase, they
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previewed, reached for, and grasped a test stimulus, lifted it, and placed it on the table ~10 cm

to the right of its original position ("grasping"). In the third phase, finally, participants reported

on the perceived size of the test by providing a match with the left hand while keeping the test

in the right hand ("matching"). In the induction phase, inducers were presented either hapti-

cally or visually. In the haptic induction conditions, participants explored the inducing stimu-

lus by moving the right-hand thumb and index fingers around its surface (i.e., a ‘contour

following’ exploratory procedure [35] without visual information (shutter glasses closed). In

the visual induction conditions, participants fixated and observed the inducing stimulus (shut-

ter glasses open) with their right hand at home position. Consistent with previous assessments

of the Uznadze illusion [9, 26, 36] the haptic and visual induction phases both lasted 7–8 s (see

2.8). In the grasping phase, participants were instructed to use the index and thumb of the

right hand, which was the same hand they used to explore haptic inducers, and to maintain

active contact with the test stimulus after having lifted and placed it again on the table. To this

aim, they were encouraged to perform repeated finger presses to maintain awareness of the

stimulus size. In the matching phase, finally, participants lifted their left hand on their left side

and adjusted the aperture of the index and thumb fingers to match the size of the test. Both the

grasping and the matching responses were performed in visually open-loop conditions by

means of shutter glasses. Specifically, participants were allowed to preview the tests as long as

they wished, but as soon as they lifted their hand to reach for it, the glasses closed and every-

thing else was done without visual feedback.

2.6 Design

In each trial, we recorded the maximum in-flight aperture (maximum grip aperture, MGA) as

the right finger and the thumb approached the test stimulus during the grasping phase, as a

function of three independent variables: inducer size, spatial congruence, and inducer modality.

Specifically, inducers could be either large, small, or medium (that is, the same size as tests, i.e.

baseline conditions). Inducing stimuli were presented either in the same position (in front of

the participant at arm’s reach) or in different positions (inducer on the right side and test fron-

tal) as the tests, and they could be either visual or haptic. Each inducer was presented 20 times.

For each of the four conditions we ran one 60-trial block, such that the experiment totalled

240 trials per participant. Each block was further subdivided into 5 sessions of 12 trials to

reduce fatigue. Inducer size was randomized within sessions. Overall, each block required

about one hour to complete and the whole experiment therefore lasted about 4 hours. In the

Main study, the four blocks were pseudo-counterbalanced across participants over two conse-

cutive days (two blocks per day). In the Replication study, the two blocks were counterbal-

anced across participants in the same day.

2.7 Apparatus

Participants sat on an adjustable chair in front of a rectangular table (90 × 80 cm). Faint cross-

marks drawn on the table marked the position of the inducing and test stimuli. In all condi-

tions, tests were placed on the cross-mark positioned at 40 cm from the spacebar (40 cm from

the table’s edge); both the cross-mark and the center of the spacebar were aligned with the par-

ticipant’s midline. Conversely, positions were different between congruent and incongruent

spatial conditions: In the former, inducers were placed on the same cross-mark as the test; in

the latter, they were placed on the cross-mark to the right of the participant at 10 cm from the

right edge of the table (35 cm from the spacebar). In the visual incongruent condition, the area

of the table was extended by adding a larger panel on it. This was done to present inducers

against a homogeneous background that was comparable to that of the frontal inducers.
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Schematics of the experimental apparatus are presented in Fig 1B. The visibility of all stimuli

was controlled by PLATO shutter glasses (Translucent Technologies Inc., Toronto, Ontario,

Canada), which have a transparent-to-opaque latency of 3–4 ms. Kinematics were recorded

using a BTS-DX100 Smart System (sampling rate 100 Hz, spatial precision < 0.2 mm with

four cameras at distances of 1–1.5 m from the participant’s hand). Three markers were placed

on the wrist, the tip of the index, and the tip of the thumb of the right hand; two additional

markers were placed on the tips on the index and thumb of the left hand. A personal computer

running MATLAB (2013b, The MathWorks, Natick, MA, USA) under Windows 7 was used to

control stimulus presentation and to issue trigger signals to the glasses and the tracking

system.

2.8 Procedure

Trial structure is schematized in the middle and bottom panels of Fig 1C and 1D. Each session

began with a verbal explanation followed by 6 practice trials with randomly chosen inducers.

Participants then performed the experimental trials. At the beginning of each trial, the shutter

glasses were turned off (no vision), and the experimenter picked up the appropriate inducer

from a lateral container and placed it on the table either sagittally in front of participants or on

their right side as appropriate for the current block. At this point, the experimenter gave a go

signal indicating to participants to initiate the trial. In visual blocks, this was done by partici-

pants by pressing the spacebar of the keyboard once with their left hand, which caused the

shutter glasses to open (250 ms) and then close (250 ms) for 30 times (7.5 s) sequentially, mim-

icking a visual exploration of the inducer. At the end of 30th cycle, the shutter glasses remained

closed and this concluded the visual induction phase. In the haptic blocks, trials began with

shutter glasses off while participants actively touched the inducer stimulus placed on the right

side for 30 times (4 touches/s, ~7.5 s), such that participants could feel it haptically using the

thumb and index fingers of their right hand. At the end of the 30th touch, the shutter glasses

remained closed and the induction phase was similarly concluded. At this point, the experi-

menter manually removed the inducer and placed the appropriate test in front of participants

(note that this swap required on average 3 s). A second go signal was then given, indicating to

participants that they had to press the spacebar in preparation for grasping. This second space-

bar press opened the shutter glasses, which remained opened until the participant released the

spacebar to initiate the grasp and to start recording the kinematics of the response. At this

point, the participant grasped the test stimulus, lifted it, and repositioned it on the table. This

concluded the grasp phase of the trial. In the final, matching phase, the participant lifted the

left hand and reported the perceived size of the test by opening the thumb and index. The left

hand index-thumb aperture was maintained until an acoustic signal informed that the trial

(and the kinematics recording) ended. The recording time from the spacebar release to the

end trial signal lasted 10 s, giving participants ample time to perform the whole sequence.

2.9 Data validation

The kinematics of all trials were screened for atypical grasping profiles. Trials that met the fol-

lowing criteria were included in further analyses: 1) for the right hand, plotting the distance

between the thumb and index as a function of time revealed an initial unambiguous peak (the

MGA); 2) for the left hand, the corresponding distance evolved rapidly and then remained

approximately constant until the end of the recording period. Trials classified as incorrect

were discarded. According to these criteria, data validation resulted in the exclusion of only 13

datapoints (~ 0.5%) based on criterion 1 and of 12 datapoints (~ 0.5%) based on criterion 2.

Both the MGA and the match were computed from kinematics records by means of custom-
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made R scripts, by inspecting the vector of the index-thumb distances (see red vertical lines in

Fig 1D). The qualitative pattern of the data was first evaluated by plotting MGAs and matches

as a function of inducer size individually for each participant in each condition (Fig 2).

2.10 Outlier detection

Visual inspection of the plot in Fig 3 revealed extreme values in both measures across partici-

pants and conditions. Accordingly, before proceeding with further analyses we screened the

data for outliers by detecting values beyond ± 2.5 in the standardized residuals individual dis-

tribution. For each participant, we computed a linear model fitting the data as a function of

inducer and condition factors (Fig 3). Accordingly, the 1.8 and 2% of the data was excluded

from the grasp and match data, respectively.

2.11 Re-expression

Individual differences were observed in the average value of both intercepts and slopes of the

linear model fitting individual datapoints. Given that differences between intercepts are irrele-

vant to the current experimental question, we re-expressed both measures by subtracting indi-

vidual averages in the baseline conditions from each datapoint (see [37, 38]). This yielded a

new plot which represented inducer effects as deviations from the baseline average, with nega-

tive values signalling a shrinking effect and positive values signalling an enlarging effect of

inducers on tests (i.e., the Uznadze effect, Fig 4). We used these re-expressed data to model

Fig 2. Individual finger aperture data in grasping and matching. Columns: conditions (frontal inducers were spatially congruent with tests,

lateral inducers were not). Grasp data: maximum in-flight aperture (MGA). Match data: haptic size match (“manual estimation”). Points:

individual distributions at each size level. Segments: linear regression fits to the individual data. Colors identify participants.

https://doi.org/10.1371/journal.pone.0301737.g002
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our results using individual slopes (which measure the Uznadze effect) as random factors, and

to estimate confidence intervals (CIs) on parameter estimates.

2.12 Statistical approach and analysis

The re-expressed grasping and matching data were modelled with linear mixed-models

(LMMs) [39] in R (4.2.2) using the function lmer from the lme4 package [40]. In contrast to

traditional analysis of variance, which uses ordinary least-squares, LMM uses maximum-likeli-

hood estimation to compute likelihood-ratios (λLR). This has several advantages. First, it

allows to predict participant-by-participant variation in model parameters (random effects)

and to discount these individual differences to compute within-participant CIs (95%) around

estimates of fixed effects (i.e., the experimental conditions). Second, LMM uses the Akaike

information criterion (AIC, see [41]) that allows to compare models having different numbers

of parameters. Third, LMM allows comparisons across conditions based on CIs around esti-

mates instead of traditional p-value tests, in accord with current recommendations on analyti-

cal approaches in psychology and behavioural neuroscience [42–44].

3. Results

3.1 Main study

A summary view of results from our main study is presented in Fig 5, which reveals a complex

pattern of dissociations between perception and action. In perception, the Uznadze illusion

appears to affect matches in all conditions except when the inducer was presented laterally and

the test was frontal (visual/lateral condition). In action, the illusion seems to affect the MGA in

the visual/frontal condition but not in the visual/lateral and the haptic/frontal conditions.

Fig 3. Residual plots. Residuals from the linear model fitting the individual grasp and match data as a function of inducer size and experimental condition

were inspected to detect outliers.

https://doi.org/10.1371/journal.pone.0301737.g003
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Surprisingly, the illusion appears to affect the MGA also in the haptic/lateral condition but in

this case the effect is reversed: participants opened their fingers more after exposure to a large

inducer, and less after exposure to the small inducer.

This qualitative assessment of results was supported by estimates of effects and of their con-

fidence intervals. CIs were estimated based on model selection after comparing different linear

mixed models (see following paragraph). Specifically, for both the matching and grasping data

CIs were based on estimates from the model predicting finger apertures from the interaction

of the inducer size and the experimental condition. Fig 5 presents these effects with 95% CI as

a function of these two factors. Comparisons can be performed by noting distances between

upper and lower CI limits in relation to the horizontal dashed lines (zero effect expectation).

S1 Table in the online supplemental materials presents the exact numerical values of estimates.

Modelling was performed as follows. Participants were treated as the random factor.

Inducer size and the experimental conditions were treated as fixed factors. The former con-

sisted of three-levels, while the latter was treated as a unique four-level factor. Using a maxi-

mum likelihood criterion we compared the fit of a generalized least squares (GLS) null model

with fixed intercept and slope (1) with that of a null model with random slope (2). Then, the

factor ‘experimental condition’ was added as a fixed effect, generating model (3) for compari-

son to model (2). Next, the factor ‘inducer size’ was added as a fixed effect, generating model

Fig 4. Individual finger aperture data re-expressed as deviations from the baseline average in the grasping and matching phases of our task. Each data

point is a single trial from one participant, thin lines are regression fits to the individual data, colors identify participants. Thick black lines are the average

regression fits obtained by averaging individual intercepts and slopes. Red shaded area: 95% confidence interval around the average slope.

https://doi.org/10.1371/journal.pone.0301737.g004
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(4) for comparison to model (3). Last, we modelled the modulation of the inducer size effect

by the different experimental conditions. This was done by entering the size X condition inter-

action as a fixed effect generating model (5). In the matching data, model (2) revealed a better

fit than model (1) [ΔAIC = -154; λLR: χ2(8) = 165.9, p< .001]. Model (3) did not reveal a bet-

ter fit than model (2) [ΔAIC = 4; λLR: χ2(11) = 0, p = 1]. Model (4) revealed a better fit than

model (3) [ΔAIC = -9; λLR: χ2(10) = 12.3, p = .002]. Model (5), finally, revealed a clear better

fit than model (4) [ΔAIC = -35; λLR: χ2(19) = 63.3, p< .0001]. In the MGA data, model (2)

did not reveal a better fit than model (1) [ΔAIC = 6; λLR: χ2(8) = 5.9, p = .42]. Model (3) did

not reveal a better fit than model (2) [ΔAIC = 3; λLR: χ2(11) = 0, p = 1]. Model (4) did not

reveal a better fit than model (3) [ΔAIC = -1; λLR: χ2(10) = 5.3, p = .07]. Model (5), finally,

revealed a clear better fit than model (4) [ΔAIC = -142; λLR: χ2(19) = 161.3, p< .0001]. Thus,

LMM indicated that in both the MGA and matching data outcomes were affected by the size

of inducers but this effect, crucially, was modulated by experimental conditions.

3.2 Replication of haptic inducer conditions

Given the unexpected results observed in the haptic inducer conditions (inversion of the illu-

sory effect), we performed an exact replication of the relevant conditions (haptic inducer,

Fig 5. Effects of the visual and haptic Uznadze illusion on the visuomotor (grasp) and perceptual (match) coding of object size. Plots

depict 95% confidence intervals on the estimated effects of large or small inducers on grasp and match finger apertures. Effect estimates

and associated standard errors were derived from fitting a linear mixed model (see Results). The reference horizontal line at y = 0

represents the intercept of the model (i.e., baseline data), and green points identify conditions whereby 95% confidence intervals did not

cross zero, whereas red squares identify conditions that crossed zero. The results reveal a complex pattern of dissociations between and

within the perception and action tasks. In the matching data, inducers affected perceived size in all conditions except when a visual

inducer was presented laterally and the test was frontal (visual/lateral condition). In the grasp data, inducers did not affect visuomotor

size in the visual/lateral and the haptic/frontal conditions, whereas they affected visuomotor size in the visual/frontal and haptic/lateral

conditions. However, in the former the effect was consistent with the classic Uznadze effect (shrinking after a large inducer and

expansion after a small inducer), whereas in the latter it provided evidence for an inverse Uznadze (shrinking after a small inducer and

expansion after a large one). Thus, inducers caused size contrast, size assimilation, or no effect, depending on the conditions of exposure.

https://doi.org/10.1371/journal.pone.0301737.g005
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lateral vs haptic inducer, frontal). All methods were exactly the same as before, including data

validation and data analysis. A summary of results are presented in Fig 6. S2 Table in the

online supplemental materials presents the exact numerical values of estimates.

Results closely resemble those of the main study. Modelling these data also yielded very

similar results to those of the main study. In the matching data, model (2) revealed a better

fit than model (1) [ΔAIC = -180; λLR: χ2(8) = 191.7, p < .001]. Model (3) did not reveal a

better fit than model (2) [ΔAIC = 1.9; λLR: χ2(9) = 0.09, p = .76]. Model (4) revealed a better

fit than model (3) [ΔAIC = -3.9; λLR: χ2(10) = 5.9, p = .01]. Model (5), finally, did not reveal

a better fit than model (4) [ΔAIC = 5.6; λLR: χ2(13) = 0.39, p = .9]. In the MGA data, model

(2) revealed a better fit than model (1) [ΔAIC = -19; λLR: χ2(8) = 31.3, p < .001]. Model (3)

did not reveal a better fit than model (2) [ΔAIC = 0; λLR: χ2(9) = 2, p = .15]. Model (4)

revealed a better fit than model (3) [ΔAIC = -16; λLR: χ2(10) = 17.8, p < .0001]. Model (5),

finally, revealed a slightly better fit than model (4) [ΔAIC = -2.1; λLR: χ2(13) = 8.15, p =

.04]. Given that these results are essentially identical to those from the main study, we are

confident that the haptic inducer results are not due to distorted estimates in a small

sample.

Fig 6. Replication of the haptic inducer conditions from the main study. All plotting conventions as in Fig 5.

https://doi.org/10.1371/journal.pone.0301737.g006
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4. Discussion

Consider first the visual inducers (Fig 5, third and fourth columns). When these were spatially

congruent with the tests, we observed similarly narrower or wider apertures in grasps and in

matches. In contrast, when visual inducers were not congruent, they had no detectable effect

on either the grasps or matches. Thus, the Uznadze illusion produced similar effects on both

perception and action, as already reported in an earlier study of our group [9]. This is consis-

tent with an involvement of multisensory processes in the programming of the grasp. When

inducers and tests were spatially congruent, visual information about inducers appears to

interact with the haptic and sensorimotor processes involved in grasping the tests. When

inducers and test were not congruent, the visual coding of inducers instead appears not to

interact with the coding of the test either in sensorimotor processes (when grasping) or in the

later haptic coding (when matching).

It has been long known that the integration of separate sensory signals, such as vision and

haptics, mostly tends to occur when such signals originate from coincident spatial locations. In

non-human animals, this fundamental principle of multisensory perception has found support

from electrophysiological recording of neurons in the superior colliculus [45, 46]. However, it

is generally believed that the same principle applies to perceptual responses from intact behav-

ing organisms [47], at least in tasks that require spatial coding [48]. There is also evidence that

nonspecific multisensory processes, for instance in adaptation paradigm, can affect grasping

kinematics [49, 50]. Our findings in the visual inducer conditions are therefore consistent with

an engagement of multisensory processing on both the grasping and the matchings tasks, as

one would expect from known principles of multisensory integration.

Now consider the haptic inducer conditions (Fig 5, first and second columns, Fig 6). Here,

the pattern of the sensorimotor and perceptual effects was surprisingly different from that

observed with visual inducers. Independent of whether they were lateral (and therefore felt in

a different location than the later grasping test) or frontal (in the same location), large haptic

inducers reduced perceptual matches, whereas small inducers increased them. Thus, the haptic

Uznadze illusion affected matches independently of spatial congruence.

Conversely, our estimates of mean inducer effects suggest (up to 95% confidence) that

inducers did not affect sensorimotor apertures when they were congruent with the tests (fron-

tal), but affected sensorimotor apertures when they were not (lateral). This pattern, however,

was the inverse of the classic Uznadze illusion: Large inducers yielded larger, not smaller, in-

flight apertures, whereas small inducers yielded smaller apertures.

This complex pattern of results is again predicted by the role of spatial congruence in multi-

sensory integration, combined with the accessory principle that multisensory experience rap-

idly alters internal models of the body [10]. There is evidence that such modifications

modulate both the in-flight aperture in grasping [19, 21] and perceptual haptic reports [24],

but do so in opposite ways. Consider first the effect of haptically exposing participants to large

or small inducers on grasping. Exposure to large inducers will tend to shrink the internal

representation of one’s hand, and exposure to small inducers will tend to enlarge it. As a conse-

quence of this plastic change in the internal model of the hand, visual size being equal, actors

will tend to open the fingers more after exposure to large inducers (the hand is smaller) and

less after exposure to small inducers (the hand is larger). This will produce an inverse Uznadze

effect, as was the case in our data. Now consider the corresponding effect on matching. When

matching the test sizes, instead, participants will compare the size of the test, as felt by the digit

aperture in their right hand, to the aperture of the digits in the left hand. The former will be

calibrated to either a smaller hand (large inducer), yielding a smaller perceived size, or a larger

hand (small inducer), yielding a larger perceived size. Assuming that the change in the internal
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hand model only happens in the exposed hand, one would predict the classic Uznadze effect,

as was again the case in our data. Classic data from prismatic adaptation studies support the

assumption that sensorimotor recalibration is confined to the adapted hand [51], although this

remains somewhat controversial [52].

Note, however, that these multisensory effects will combine with those of the object-relative

size contrast between the inducer and the test when these are spatially congruent. Accordingly,

one would expect to observe that in-flight apertures in the frontal condition (spatial congru-

ence of inducer and test) will reflect a compromise between the hand-relative effect, which

produces an inverse Uznadze, and the multisensory object-relative counterpart, which pro-

duces the classic Uznadze. As these effects are in opposite directions, one would expect that

they will tend to cancel out, as is again the case in our data.

Before concluding, we consider potential limitations of the current study. First, consider

the stimuli, which were commercially available familiar objects. As discussed in the Stimuli

section, the color and texture of our large and small inducers could no doubt facilitate access-

ing memorized features of these objects, including their physical size. There is evidence that

familiar size can influence action programming [53]. These objects however were never

grasped by the participants as they were only used as inducing objects. The test objects that

participants grasped were instead nondescript rubber balls, which did not have an associated

familiar standard size. In addition, an effect of familiar size would only cause the representa-

tion of the object to be more veridical. Instead, we observed robust illusion effects that deviated

from veridicality. An effect of familiar size, if any, may at most have reduced these effect but

this would not change our conclusions. Nonetheless, we acknowledge that it may be interest-

ing to repeat the current study using wholly unfamiliar volumetric objects.

Second, consider our induction procedure, which involved repeatedly seeing or feeling the

inducing object. Although we implemented a standardized procedure for this, we acknowledge

that this procedure was managed autonomously by the participant. For this reason, there was

some unavoidable variability in its overall duration, both between trials performed by the

same participant, and between participants. This may have caused the overall efficacy of induc-

tion to vary somewhat from trial to trial. However, the width of our CIs indicates a satisfactory

level of precision of our estimates which indicates that this potential issue is not critical.

Third, and final, consider our proposed explanation for the complex pattern of results we

observed across conditions, including cases where the illusion effect reversed. Our explanation

postulated that exposing participants to a larger or smaller object during the induction phase

caused a temporary, plastic modification of the internal representation of the hand which

became smaller or larger accordingly. This hypothesized modification parsimoniously

accounts both for illusion and reversed illusion effect, as argued the Results and in the Discus-

sion section. Furthermore, if correct, our interpretation implies that the same body model sub-

serves both ventral and dorsal streams, in accord with current proposals that the body image

and the body schema are a product of both streams [54, 55]. However, we acknowledge that

we did not directly manipulate the internal model of the hand in our study. This could be

done, for instance, by multisensory stimulation in a protocol akin to the rubber hand illusion

[56]. This may be an interesting avenue for further research.

5. Conclusion

These results provide a novel perspective to the debate on behavioral dissociations between

perception and action. We demonstrated that factors that are known to affect multisensory

integration can cause a visual task to be affected by an illusion, or remain fully unaffected,

whereas a visuomotor task can be affected by an illusion, remain immune from it, or,
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surprisingly, even show a robust reverse effect. Thus, similar or dissociable effects can be

observed as a function of factors that affect multisensory processing [34]. In addition, dissocia-

ble effects are not limited to the classic notion that action is immune to illusions, whereas per-

ception is not [7]. To the best of our knowledge, this work is the first to document that

grasping can also show inverse illusion effects in conditions whereby matching yields standard

effects. These findings are relevant to attempts to resolve a long standing debate in behavioral

cognitive neuroscience, in particular in meta-analyses [57, 58] of this literature which have so

far neglected to evaluate factors affecting multisensory processing.

Supporting information

S1 Table. Mean effect values of the main study. Each cell reports exact values of the estimated

effect and their confidence intervals (95% CIs) presented in Fig 5. For details see the section

3.1 in the main text.

(TIF)

S2 Table. Mean effect values of the replication study. Each cell reports exact values of the

estimated effect and their confidence intervals (95% CIs) presented in Fig 6. For details see the

section 3.2 in the main text.

(TIF)

S3 Table. Mean effect values of the main study without removing outliers. Each cell reports

exact values of the estimated effect and their confidence intervals (95% CIs) presented in Fig 5.

For details see the section 3.1 in the main text. Compare these estimates with those in S1 Table.

(TIF)

S4 Table. Mean effect values of the replication study without removing outliers. Each cell

reports exact values of the estimated effect and their confidence intervals (95% CIs) presented

in Fig 6. For details see the section 3.2 in the main text. Compare these estimates with those in

S2 Table.

(TIF)

S5 Table. Cohen’s d effect sizes. Each cell reports the Cohen’s d of the estimated fixed effect

extracted from Models (4) (see main text for details).

(TIF)
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