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Abstract Do illusory distortions of perceived object size influ-
ence howwide the hand is opened during a graspingmovement?
Many studies on this question have reported illusion-resistant
grasping, but this finding has been contradicted by other studies
showing that grasping movements and perceptual judgments are
equally susceptible. One largely unexplored explanation for these
contradictions is that illusion effects on grasping can be reduced
with repeated movements. Using a visuomotor adaptation para-
digm,we investigatedwhether an adaptationmodel could predict
the time course of Ponzo illusion effects on grasping. Participants
performed a series of trials in which they viewed a thin wooden
target, manually reported an estimate of the target’s length, then
reached to grasp the target. Manual size estimates (MSEs) were
clearly biased by the illusion, but maximum grip apertures
(MGAs) of grasping movements were consistently accurate.
Illusion-resistant MGAs were observed immediately upon pre-
sentation of the illusion, so there was no decrement in suscepti-
bility for the adaptation model to explain. To determine whether
online corrections based on visual feedback could have produced
illusion-resistant MGAs, we performed an exploratory post hoc
analysis of movement trajectories. Early portions of the illusion
effect profile evolved as if they were biased by the illusion to the
same magnitude as the perceptual responses (MSEs), but this
bias was attenuated prior to the MGA. Overall, this preregistered

study demonstrated that visuomotor adaptation of grasping is not
the primary source of illusion resistance in closed-loop grasping.

Keywords Reach-to-grasp .Manual size estimation . Ponzo
illusion . Visuomotor adaptation

Introduction

Are two visual systems needed to explain differences
between perception and action?

In the two visual streams hypothesis (TVSH; Goodale &Milner,
1992;Milner&Goodale, 2008), the broad anatomical distinction
between the ventral and dorsal streams of the human visual sys-
tem is given an appealing functional interpretation: the ventral
stream produces conscious visual perception whereas the dorsal
stream allows visually guided action, and each performs visual
processing that is different in style and independent of processing
in the other stream. In particular, the ventral vision-for-perception
stream is said to rely on a relative encoding scheme (e.g., bigger/
smaller, nearer/farther) to support stable percepts, while the dor-
sal vision-for-action stream is said to rapidly compute the abso-
lute location and 3-D shapes of target objects in an online fashion
and ignore scene context to enable accurate and efficient move-
ments (Dyde &Milner, 2002; Goodale, Gonzalez, & Kroliczak,
2008). These proposed differences are the basis for the prediction
that motor actions will not be tricked by context-induced distor-
tions of perceived object properties.

The primary alternative to the TVSH is the hypothesis that
unitary visual estimates of object properties, encoded in a number
of regions throughout the visual brain, drive perceptual andmo-
toric responses as needed (Smeets & Brenner, 1999; Franz,
Fahle, Bülthoff, & Gegenfurtner, 2001). This common represen-
tation hypothesis is often associated with the prediction that

* Fulvio Domini
Fulvio_Domini@brown.edu

1 Brown University, Box 1821, 190 Thayer Street,
Providence, RI 02912, USA

2 Princeton University, Princeton, NJ, USA
3 Center for Neuroscience and Cognitive Systems@UniTn,

Rovereto, Italy

Psychon Bull Rev
DOI 10.3758/s13423-017-1368-7

mailto:Fulvio_Domini@brown.edu
http://crossmark.crossref.org/dialog/?doi=10.3758/s13423-017-1368-7&domain=pdf


motor actions will be influenced by context-induced distortions
to the same extent as conscious perceptual reports (assuming that
both responses are driven by the same visual feature; cf. Brenner
& Smeets, 1996). However, as we will show, the common rep-
resentation hypothesis is not bound to this prediction, as there are
other ways that grasping movements can exceed the accuracy of
apparently well-matched perceptual responses.

Illusions and grasping

The debate over whether visual illusions influence grasping was
ignited by Aglioti, DeSouza, and Goodale’s (1995) widely cited
study using the Ebbinghaus illusion, which found a smaller illu-
sion effect on grasping (1.6 mm) than on perceptual matching
(2.5 mm). Since then, studies have focused on ensuring proper
matching of perceptual and grasping tasks to avoid enhanced or
reduced effects in either response that are not attributable to the
visual size estimate. Briefly, proper matching includes (1) equiv-
alent availability of online visual information (Post & Welch,
1996), (2) equivalent attention to display elements (Franz,
Gegenfurtner, Bülthoff, & Fahle, 2000; Pavani, Boscagli,
Benvenuti, Rabuffetti, & Farnè, 1999), (3) equivalent haptic
feedback (Haffenden & Goodale, 1998; Vishton, Rea, Cutting,
&Nuñez, 1999), (4) the absence of obstacle avoidance and other
confounding motor effects caused by illusory display elements
but not due to distortions of perceived size (Haffenden &
Goodale, 2000; Haffenden, Schiff, & Goodale, 2001), and (5)
accounting for differences in the slopes of response functions
(Franz et al., 2001). Notably, Franz and colleagues have demon-
strated that when all of these factors are accounted for, the data
from multiple studies using the Ebbinghaus illusion show con-
sistently comparable illusion effects on grasping and perception,
lending support to the common representation hypothesis (Franz
& Gegenfurtner, 2008; Kopiske, Bruno, Hesse, Schenk, &
Franz, 2016).

Using other illusions, however, multiple studies have shown
illusion-resistant grasping despite controlling for the factors men-
tioned above (Ganel, Tanzer, & Goodale, 2008; Stöttinger,
Aigner, Hanstein, & Perner, 2009; Stöttinger, Soder,
Pfusterschmied,Wagner, & Perner, 2010). Thus, there are at least
two possible interpretations of themixed evidence: (1) the TVSH
proponent might argue that vision-for-action is immune to some,
but not all, context-induced visual distortions, whereas (2) the
common representation proponent might argue that additional
unaccounted-for factors can explain reduced illusion effects on
grasping found in otherwise well-controlled studies. In this study,
we sought to evaluate whether visuomotor adaptation could be
one such additional factor.

Adapting grasping movements to the Ponzo illusion

The motivation for this study was the observation that the
sensorimotor system makes trial-by-trial adjustments to grasp

coordination based on sensory feedback registered during
each movement (Bingham, Coats, & Mon-Williams, 2007;
Säfström & Edin, 2008; Schenk, 2012). This implies that the
session-wise averages of multiple grasps reported in most pre-
vious studies do not provide a pure measure of the underlying
visual size estimate. Within-session decrements have been
found previously in the effects of (1) the Ponzo illusion on
MGAs (Gonzalez, Ganel, Whitwell, Morrissey, & Goodale,
2008; Whitwell, Buckingham, Enns, Chouinard, & Goodale,
2016), (2) an orientation illusion on grip orientation (Glover &
Dixon, 2001b), and (3) the size–weight illusion on grip forces
(Flanagan & Beltzner, 2000; Grandy & Westwood, 2006),
providing preliminary support for the adaptation hypothesis.
The present study extends previous work by (1) testing for
trial-by-trial error corrections, (2) measuring the correlation
between illusion effects on grasping and perception, and (3)
applying a computational model of adaptation to quantify er-
ror correction processes.

This study used the Ponzo illusion (see Fig. 1), which may
seem an odd choice given that several previous studies have
concluded that maximum grip apertures (MGAs) are not af-
fected by the illusion (Brenner & Smeets, 1996; Bartelt &
Darling, 2002; Ganel et al., 2008; Gonzalez et al., 2008;
Jackson & Shaw, 2000). However, recent evidence contradicts
these findings: Whitwell et al. (2016) found that closed-loop
grasps occurring early in the trial sequence showed an illusion
effect comparable to manual size estimates, a trend that we too
observed in a pilot study (see below).We aimed to address this
uncertainty in the present study by recruiting a large sample
and utilizing a four-phase adaptation design in order to mon-
itor temporal changes. Whitwell et al.’s (2016) findings and
our pilot data also supported the assumption that visuomotor
adaptation would not affect our perceptual measure, manual
size estimates (MSEs). Though not a traditional perceptual
measure, MSEs are useful when comparing perception with
grasping because, like MGAs, they are continuous and in-
volve the precision grip as the end effector (Haffenden &
Goodale, 1998). While it might be rightly argued that MSEs
are, by virtue of being hand movements, quasimotoric re-
sponses and therefore potentially susceptible to adaptation,
previous findings have supported the view that MSEs are
read-outs of perceived size, similar to adjustable probes.

If the Ponzo illusion does affect grasping, as suggested by
the common representation model, the adaptation hypothesis
makes the additional prediction that illusion effects on MGAs
can be reduced with practice via adaptation of the mappings
that transform visual size information into grasp control pa-
rameters. To formalize the adaptation hypothesis, we imple-
mented a trial-by-trial error correction process with a linear
state-space model (Cheng & Sabes, 2006; Thoroughman &
Shadmehr, 2000). First, our model assumes that on each trial
the visual system computes an estimate of target size that may
differ from the physical target size. Next, we model grasp
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planning with a linear response function that maps perceived
size onto MGA; this is likely a simplification of the actual
grasp planning process, but it will suffice because the MGA
effectively summarizes changes in grasp execution across dif-
ferent object sizes (Jeannerod, 1984). The response function
involves fixed slope and intercept parameters that are specific
to each individual, plus an additional offset parameter
modeled as a dynamic internal state that can be adjusted in
response to detected movement errors. Specific properties of
error signals in grasp adaptation are not well understood, so
we assumed only that these signals indicate by how much the
grasp was too large or too small.

For the purposes of fitting the model, this error signal was
approximated quantitatively by comparing the observed
MGA on each trial to an Bideal MGA,^ estimated based on
each participant’s grasping performance overmany trials. This
comparison operationalized the idea that the system interprets
sensory feedback from an inaccurate movement as a deviation

from an idealized movement pattern (e.g., the signals could
indicate a lack of smoothness, as in popular trajectory
optimization models; Flash & Hogan, 1985). We distinguish
this from the notion that feedback provides information direct-
ly related to the size of the target. After each movement, the
error feedback signal adjusts the visuomotor mapping accord-
ing to an update rule that (1) decays the internal state and (2)
extracts from it some of the detected movement error.

Since most illusion and grasping studies involve randomly
interleaved presentations of size-increasing and size-
decreasing contexts, the visuomotor mapping must be adjust-
ed positively for one context and negatively (or not at all) for
the other in order to acquire illusion resistance. The adaptation
literature suggests that this is indeed possible under the right
circumstances: When a movement error is detected, the error
signal primarily influences subsequent movements that are
Bcontextually similar^; for dissimilar movements, the error
signal has a reduced corrective influence (Krakauer, Ghez,
& Ghilardi, 2005). The features that constitute contextual sim-
ilarity in visuomotor adaptation are not fully understood, but
spatial/angular separation between movement endpoints has
been identified as a key factor in reaching experiments
(Ghahramani, Wolpert, & Jordan, 1996; Pine, Krakauer,
Gordon, & Ghez, 1996). Therefore, consistently presenting
the size-increasing and size-decreasing contexts in separate
spatial locations may allow simultaneous compensation for
these opposing size distortions. Conversely, if conflicting er-
ror signals are experienced in a single location, the visuomotor
mapping may oscillate between compensatory states,
preventing successful adaptation to the illusion. At the same
time, we cannot rule out the possibility that adaptation oc-
curred in studies using a single target location, as other
distinguishing visual and/or kinematic features may have been
available. As described in the next section, the present study
was also designed to test for this proposed effect of spatial
separation.

Predictions

The state-space model produced a number of testable predic-
tions; preliminary support for many of these was found in the
pilot data. First, if illusion resistance in grasp control is ac-
quired via visuomotor adaptation, the MGA should initially
reflect illusion-distorted object sizes but gradually become
tuned to physical sizes, whereas MSEs should remain consis-
tently biased. On the other hand, if MGAs remain consistently
biased, this would suggest (1) that errors are not being detect-
ed or (2) that error corrections of opposite sign are canceling
out (i.e., full interference). Second, if a trial-by-trial error cor-
rection process produces a decrement in the illusion effect on
action, we should observe a previous-trial effect on the MGA
in early grasps, where grasps following contact with an
illusory-small object are made larger, and grasps following
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Fig. 1 Geometry of the Ponzo illusion display and the starting hand
position. Illusion is depicted with two physically equal-size objects to
demonstrate perceived size distortion, but experimental trials included
only one object. At bottom left, neutral grid used during baseline and
washout phases. At bottom right, all five physical objects used during
baseline and washout; only the middle three sizes were used during the
illusion-adaptation phase. The perceptually equalized phase involved two
pairs of physical objects chosen from a larger set that were estimated from
each participant’s slope-corrected MSE effect
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contact with an illusory-large object are made smaller. Third,
applying the model should confirm the adaptation hypothesis
by estimating nonzero error correction and generalization pa-
rameters, as well as a significant illusion effect. Lastly, if a
common visual size estimate drives both perception and
grasping, early illusion effects on MGA and MSE should be
correlated. One limitation of this study is that if MGAs are
found to be illusion-resistant even in early trials, then we may
not be able to conclusively determine whether illusion resis-
tance is due to veridical vision-for-action or other accounts
that do not require accurate vision-for-action (e.g., position-
based grasp planning, Smeets & Brenner, 1999, or closed-
loop online control, Franz, Hesse, & Kollath, 2009).

At the end of the experiment, we included a short block of
trials where two pairs of perceptually equalized target objects
(selected based on each participant’s slope-corrected MSE ef-
fect during the illusion-adaptation phase) were presented in a
single target location, alternating every trial between the
illusory-large and illusory-small contexts. The visuomotor
system should not be able to maintain separate states for the
two illusion contexts under these conditions if this function
depends on consistent spatial separation. In fact, the error
correction model predicts a slight enhancement of the illusion
effect on grasping because the trial-by-trial corrections, which
depend on the previous trial type, are always in the same
direction as the expected illusion effect on the current trial.
An illusion effect that is larger than the effect in the illusion-
adaptation phase would provide additional support for the
proposed model, while a decrement in the illusion effect in
this phase would suggest that spatial separation is not neces-
sary to adapt to the illusion.

Method

Participants

To determine the required number of participants, we per-
formed power analyses on each of our three main predictions
(alpha-level = 0.05; desired power = 0.98). (1) Based on the
published means and t values for Whitwell et al.’s (2016)
decrement in the illusion effect from the first five to the last
five bins, we estimated an effect size of d = .426, which would
require 77 participants to reliably detect in a one-tailed paired-
samples t test. In contrast, the effect size estimated from our
pilot data for the change in illusion effect fromBin 2 (maximal
value) to Bin 5 (minimal value) was d = .255, which would
require 212 participants, but we suspected that our collected
data would be less noisy due to constrained trial sequencing,
the use of a single infrared-emitting diode (IRED), and the
baseline phase allowing participants to establish a consistent
grasp strategy before the illusion was introduced. (2) We used
the pilot data to estimate an effect size of d = .502 for the

previous-trial effect on MGAs, which would require 56 par-
ticipants to detect with a one-tailed paired-samples t test. (3)
We used the pilot data to estimate an effect size of r = .405 for
the MGA–MSE correlation in the first trial bin, which would
require 72 participants to reliably detect. We also computed
Bayes factors for specific tests as follows: The null hypothesis
prediction (H0) was always a point distribution and the alter-
native hypothesis predictions (H1) were various normal and
uniform distributions specified according to the observed ef-
fects of our Ponzo display combined with the adaptation mod-
el predictions (see Table 1).

Based on the power analyses, we planned to recruit 80
participants from Brown University for participation in this
study.We used a multiple of four because we aimed to balance
the number of participants in each of our four groups (two
trial-sequence groups crossed with two illusion-orientation
groups). Prospective participants were required to self-
identify as right-handed with normal or corrected-to-normal
vision in order to participate in the study. Participants were
asked to give informed consent prior to any participation and
granted course credit or paid $8 per hour as compensation,
following a protocol approved by the Brown University
Institutional Review Board.

Materials

The target objects were thin wooden dowels (4.9 mm wide ×
3.2 mm deep) cut to 17 different lengths (46.0 to 54.0 mm in
0.5-mm increments) and painted matte black. The illusion-
adaptation phase involved only the 48-, 50-, and 52-mm targets;
the 46- and 54-mm targets were presented during baseline and
washout to prevent participants from memorizing a limited set
of target sizes prior to the illusion-adaptation phase. The rest of
the targets were used when selecting two pairs of perceptually
equalized targets for the perceptually equalized phase. To select
each pair, we found two objects that differed by the participant’s
average slope-corrected MSE effect during illusion-adaptation,
rounded to the nearest integer in order to accommodate our 0.5-
mm resolution. The two pairs were centered on 48 and 52 mm;
slope-corrected MSE effects greater than 4 mm were rounded
down to 4 mm for the purposes of the perceptual match.

Each stimulus display contained one target object placed
on the left or right side of the current display. The displays
were mounted on a 22 × 28 × 1 cm piece of black foam board,
which was magnetically affixed to a flat black tabletop. The
left–right orientation of the two illusory contexts was
counterbalanced across participants. In the main experimental
series, the distance between the two target positions was 11
cm. In the perceptually equalized phase, all targets were pre-
sented along the participant’s midline and the display was
shifted laterally on each trial to alternate the illusory contexts.
In all trials, the start position was a point near the edge of the
tabletop, located 20.5 cm proximally from the center of the

Psychon Bull Rev



display. This layout created an angular separation of 30 de-
grees between the two straight-line trajectories connecting the
start position to the left and right target positions. A single
IRED was applied to the thumbnail and another to the index
fingernail of each participant. These IREDs were recorded at
85 Hz throughout each experiment using an Optotrak Certus
(Northern Digital Inc.). IRED wires were kept away from the
hand by applying Velcro straps to the wrist and forearm and a
small piece of tape to the back of the hand. Liquid-crystal
shutter glasses (PLATO goggles; Translucent Technologies)
were used to control stimulus-viewing duration.

Procedure

Trial procedure

Participants were seated in a height-adjustable chair with the
head unconstrained. At the start of each trial, a single beepwas
played aloud as the PLATO goggles opened, cueing the par-
ticipant to produce aMSEwith the right hand by opening their
fingers near the start position to reproduce their perceived
object size. The goggles remained open for 2,000 ms. The
participant confirmed their MSE by pressing a button on a

Table 1 Specification of prior distributions for Bayes factors

Preregistered test H0 H1

Illusion effect on MGA in Bin 1
BF = 0.01

Theory Two visual streams Common representation

Distribution Point Normal

Parameters μ = 0 μ = mean of corrected MSE effect in Bin 1

σ = SEM of corrected MSE effect in Bin 1

MGA × MSE illusion effect correlation
in Bins 1 & 2

BF = 3.75

Theory Two visual streams Common representation

Distribution Point Uniform

Parameters μ = 0 Lower bound = 0

Upper bound = Fisher z-transformed maximal expected
correlation*

Effect on MGA vs. effect on MSE during
illusion-adaptation

BF > 10000

Theory Common
representation

Two visual streams

Distribution Point Normal

Parameters μ = 0 μ = mean of corrected MSE effect during illusion-adaptation

σ = SEM of corrected MSE effect during illusion-adaptation

Decrement in effect on MGA from
Bin 1 to Bin 6

BF = 3.55

Theory No adaptation Adaptation

Distribution Point Normal

Parameters μ = 0 μ = 79.1% of MGA effect in Bin 1 **

σ = SEM of 79.1% of MGA effect in Bin 1

Increased effect on MGA during
perceptually
equalized compared to during
illusion-adaptation

BF = 0.10

Theory No adaptation Adaptation

Distribution Point Normal

Parameters μ = 0 μ = 422% of MGA effect during illusion-adaptation ***

σ = SEM of MGA effect during illusion-adaptation

Effect on MGA vs. effect on MSE during
perceptually
equalized

BF > 1000

Theory Common
representation

Two visual streams

Distribution Point Normal

Parameters μ = 0 μ = mean of corrected MSE effect during perceptually equalized

σ = SEM of corrected MSE effect during perceptually equalized

Previous-trial effect on MGA in Bin 1
BF = 15.15

Theory No adaptation Adaptation

Distribution Point Normal

Parameters μ = 0 μ = revised adaptation model prediction based on MSE effect in
illusion-adaptation

σ = 0.5 × μ ****

*Maximal expected correlation computed by pooling Spearman-Brown split-half reliabilities on the MSE and MGA illusion effects in Bins 1, 3, and 5
versus Bins 2, 4, and 6 (Kopiske et al., 2016)

**Revised model simulations based on observed MSE effect in illusion-adaptation predicted a 79.1% decrement

***Model simulations predicted that the perceptually equalized phase would produce a mean illusion effect onMGA that was 422% of the mean illusion
effect on MGA found during illusion-adaptation

****Half of model-predicted mean was used as standard deviation based on a suggestion by Dienes (2011)
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keypad held in the left hand. The goggles closed at this point if
the viewing duration had not already expired. The participant
then pinched the fingers together at the starting position to null
the grip aperture. After a 1,500-ms delay, with random jitter
sampled uniformly from [−250, 250] ms, the goggles again
opened for 2,000 ms, upon which the participant grasped the
target object and placed it at a marked location beyond the
display, then returned the hand to the start position. If the
viewing duration had not already expired by the time the
thumb passed beyond the far edge of the display, the goggles
closed. If the participant failed to make both responses on a
given trial, the experimenter repeated the trial. The experi-
menter then set up the next display and pressed a button to
trigger the next trial. The target’s vertical position in the dis-
play was randomly jittered within the interval [−1.5, 1.5 cm]
to encourage participants to look at the extent of the target
object rather than the positions of the endpoints in relation to
grid vertices in the display.

Experiment phases

There were four phases in the experiment, where the first three
comprised the main experimental series (baseline, illusion-ad-
aptation, and washout; see Fig. 2). The fourth phase (perceptu-
ally equalized phase) was designed to test the spatial separation
hypothesis. During baseline, participants completed 20 trials
(two locations by five sizes by two bins) on the neutral grid
background. In the illusion-adaptation phase, the Ponzo display
was introduced and participants completed 37 experimental
trials (two locations by three sizes by six bins, plus one primer
trial). In the washout phase, the neutral background was
reintroduced, and participants completed 20 trials, just like

the baseline phase. In the perceptually equalized phase, partic-
ipants completed 16 trials, again with the Ponzo display (one
location by two illusion contexts by two sizes by four bins).

Trial order

For the baseline and washout phases, two 10-trial bins were
randomly constructed. For the illusion-adaptation phase, the
trial order was determined by randomly ordering the six dif-
ferent preconstructed bins. During the illusion-adaptation
phase, the first trial was a primer trial whose identity depended
on the participant’s group. This trial was needed so that the
first trial of the first bin could be included in the previous-trial
effect analysis. A participant’s group also determined which
six bins the participant observed during illusion-adaptation
(out of a total of 12 used in the experiment). The trial sequence
of each bin ensured that each participant experienced each of
the four types of illusion transition at least once. The three
physical object sizes appeared in a random order in each bin,
with each size appearing once in each context. During the
perceptually equalized phase, the trial sequence strictly alter-
nated between the illusory-large and illusory-small displays,
with the order of the sizes determined randomlywithin each of
the four bins. The participant’s group determined which con-
text was presented first.

Preregistered analysis

Preprocessing

Trajectory data were linearly interpolated to fill missing frames
and then smoothed using a second-order Butterworth filter with

Experiment Phases (Perceptually Equalized Block Not Shown)

Physical object sizes (48, 50 or 52 mm) will be randomly 
distributed within each bin, appearing once in each context

Transition Type Legend

1.

2.

3.

4.

Illusory-Small followed by Illusory-Small

Illusory-Large followed by Illusory-Small

Illusory-Large followed by Illusory-Large

Illusory-Small followed by Illusory-Large

Trial Bins for the Illusion-Adaptation Phase

Each participant observes six sequences in a random order

Group 1 Group 2

Sequence 1

1 1 3 3 24 3 3 1 1 42

Sequence 2

1 4 3 2 13 3 2 1 4 31

Sequence 3

4 2 3 2 14 2 4 1 4 32

Sequence 4

4 3 1 4 22 2 1 3 2 44

Sequence 5

4 3 4 2 12 2 1 2 4 34

Sequence 6

4 2 4 3 21 2 4 2 1 43

Baseline
(20 Trials)

Illusion-
Adaptation
(37 Trials)

Washout
(20 Trials)

Fig. 2 Experiment phases and design of trial bins for the illusion-
adaptation phase. The main experimental series involved three phases
(perceptually equalized phase not shown). During the illusion-
adaptation phase, each participant observed a trial sequence determined

by randomly ordering six different trial bins (following one trial that
primes the sequence, represented here by the offset leftmost square).
These bins were constructed to allow balanced analysis of the previous-
trial effect in each bin
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a cutoff frequency of 20 Hz. The trajectories provided a con-
tinuous measure of the grip aperture from the start of the grasp
response, whichwe planned to define as the frame onwhich the
PLATO goggles opened, to object contact, which we planned
to define by local minimization of hand velocity when the grip
center was less than 3 cm from the target center. TheMGAwas
extracted from the truncated trajectory.

Data exclusion

Individual MSE and MGA responses were excluded from the
analysis and replaced with the participant’s cell mean for that
response and trial type (a) when they were more than 4 stan-
dard deviations above or below the participant’s cell mean or
(b) if failure of the automated preprocessing script followed by
visual inspection of grasp profiles revealed that the trial was
clearly anomalous. We planned to exclude participants from
the analysis and replace them only in the event that the exper-
iment was not completed (e.g., participant chooses to stop,
equipment malfunction).

Computing and testing illusion effects

We planned to compute overall and binned illusion effects on
MSEs and MGAs by taking the difference between the aver-
age responses to the illusory-large and the illusory-small tar-
gets within the corresponding trial windows and subtracting
the mean difference in physical size across the two locations
(this was a null difference in the main experimental series but
was frequently nonnull in the perceptually equalized phase).
When comparing MSEs to MGAs, we divided illusion effects
by the average slopes of the MGA and MSE response func-
tions in relevant temporal windows, determining slopes by
fitting linear regressions over physical sizes. Standard errors
of slope-corrected means were computed using the Taylor-
approximation method (Franz, 2007; Kopiske et al., 2016).
To analyze overall illusion effects during the illusion-
adaptation phase, we used a two-way (Physical Size ×
Response) ANOVA. We also tested the Pearson correlation
between the mean illusion effects on MSE and MGA in the
first two illusion-adaptation bins. To test the decrement in the
illusion effect, we used a one-tailed paired-samples t test to
compare the uncorrected illusion effects on MGA in the first
illusion-adaptation bin to that in the last illusion-adaptation
bin. To test the previous-trial effect, we used a one-tailed
paired-samples t test to compare the MGAs of postillusory-
large grasps to the MGAs of postillusory-small grasps in the
first illusion-adaptation bin. To test the hypothesis that con-
sistent spatial separation of the opposing illusory contexts
allows internal states to be maintained separately, we used a
one-tailed paired-samples t test to compare the illusion effect
in the perceptually equalized phase to the illusion effect in the
illusion-adaptation phase. Finally, to test whether there was a

reduction in the MGA slope over the illusion-adaptation
phase, we used a one-tailed paired-samples t test to compare
the slopes in the first bin to those in the last bin.

Linear state-space model

The visuomotor adaptation hypothesis can be formalized with
a linear state-space model (Cheng & Sabes, 2006;
Thoroughman & Shadmehr, 2000), which we applied to each
participant’s MGA sequences from the main experimental se-
ries. The model simulates grasp planning with a linear map-
ping from visual size (ψt) to MGA:

MGAt ¼ α*ψt þ β þ xt; ð1Þ

where α is a fixed slope parameter that defines how
each individual’s MGAs respond to target size changes
and β is a fixed intercept parameter. For each partici-
pant, these two parameters are estimated by fitting a
linear regression over physical object sizes for all 93
trials. The additional offset parameter in Equation 1 is
the current internal state (xt), which is the key variable
controlled by the model. The model assumes two inter-
nal states, one controlling grasps to the left target and
the other controlling grasps to the right target. The vi-
sual size of the target is defined as the sum of the
physical size (φt) and illusory distortion (ωSm or ωLg,
fit for each individual):

ψt ¼ φt þ ωSm ð2aÞ

or

ψt ¼ φt þωLg ð2bÞ

When an illusory size estimate is used as the input to grasp
control, sensorimotor feedback received duringmovement ex-
ecution is assumed to allow for error detection. We
operationalize the error signal as the difference between the
produced MGA and each individual’s Bideal MGA^ for the
current trial (m):

et ¼ MGAt−m; ð3Þ

where m is estimated by inputting the physical object size
to the participant’s regression equation. Following error detec-
tion, a learning rule updates the internal states by partially
decaying them and extracting from them some of the detected

error for the current target (eSmt or eLgt , one of which is set to
zero):

xLgtþ1

xSmtþ1

� �
¼ A xLgt

xSmt

� �
−B eLgt

eSmt

� �
; ð4Þ
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where A ¼ a 0
0 a

� �
and B ¼ bC bG

bG bC

� �
. The first term,

which is dependent on the current internal states, allows for
some degree of state retention, with both states decaying at the
same rate a. The second term, dependent on the observed
error, governs how errors are extracted from the internal states.
The diagonal terms, bC, capture the degree of error correction
specific to the target location, while the off-diagonal terms,
bG, capture the degree of generalization in error correction to
the other target location. In other words, if bG is nonzero, then
the state for the illusory-small object is also adjusted when an
error is detected while grasping the illusory-large object, and
vice versa.

This model was fit to minimize the root mean square error
(RMSE) between the model simulation and participant data
from the main experimental series using the COBYLA algo-
rithm (Powell, 1998) of the nloptr package (Johnson, n.d.) in
R (R Core Team, 2014). The retention factor (a) and correc-
tion parameters (constrained such that bC ≥ bG) were bounded
between −1 and 1, and the distortions (ωSm and ωLg) were
bounded between −5 and 5. The final results of the model used
initial guesses that, according to a coarse grid search, mini-
mized the mean RMSE across all participants, but the initial
parameter guesses were also randomized to ensure the reliabil-
ity of the fit. To test for a significant illusion effect in the
model fit, we used a one-tailed t test to determine whether
(ωLg −ωSm) was positive. To test the location-specificity hy-
pothesis, we used a one-tailed paired-samples t test to deter-
mine whether bC exceeded bG in the main experimental series.

The model predictions displayed in Fig. 3 were based on
simulations using estimates obtained from our pilot data (a =
0.974, bC = 0.654, bG = 0.341), an estimated illusion effect of
2 mm (ωSm = −1.0,ωLg = 1.0), and a baseline MGA response
function with a slope of .82 and a 20-mm intercept. The model
predictions for the perceptually equalized phase used bC = bG

= 0.654 – 0.341 = 0.313, since the absolute difference between
these parameters primarily determines the adaptation rate, and
we predicted the lack of spatial separation in this phase to
cause full interference, equivalent to maintenance of a single
state.

Pilot data

A pilot study with 45 participants provided preliminary sup-
port for our predictions. Here, we briefly present the results of
this study, which was similar in design to the planned study.
Participants viewed two 40- by 8- mm cylindrical dowels,
attached with magnets to an upright display of the Ponzo
illusion at positions 12 cm apart. On each trial, an audio clip
cued the position of the target. Participants then performed
manual size estimation followed by a grasping movement.

Subjects practiced the task during a training phase with square
wooden targets on a blank white display. Natural vision and
postural adjustments were allowed throughout the whole ex-
periment. Instead of one marker on each digit, we used three-
IRED clusters on small posts for data registration. We caution
against a direct comparison of the illusion effect magnitudes in
perception and grasping because the slopes of the MSE and
MGA responses with respect to physical size are unknown
due to the use of a single object size.

Illusion effects on perception and action

These data show overall illusion effects on both perception
and grasping (see Fig. 4, center), with illusion effects on
MSE that were correlated with the illusion effects on MGA
across participants (Fig. 4, left), suggesting that the effect on
grasping was driven by the same distorted size estimate as the
perceptual effect. Figure 4 (right) depicts a binned analysis of
the illusion effects on MSE and MGA across five four-trial
bins—each illusion context was presented at least once within
each bin.While illusion effects on perception and grasping are
comparable in magnitude for the first two bins, the responses
then diverge. Only at the end of the experiment did perception
and grasping become dissociated.

The pilot study did not use trial sequences explicitly de-
signed tomeasure the previous-trial effect, but we were able to
do so by balancing two constraints: (1) minimize the size of
the trial window, which necessarily begins on the second trial
because the first had no predecessor, and (2) maximize the
number of participants who saw all four transition types with-
in this window. This manual optimization led us to use Trials 2
through 6 to assess the previous-trial effect. We found that
MGAs following a grasp to the illusory-small object were
larger than MGAs following a grasp to the illusory-large ob-
ject (see Fig. 5). It is unclear why this effect (2.7 mm) was
larger than our model predicts (see Fig. 2). Since it was even
larger than the perceptual effect, we suspect that it is a result of
noisy data (less than half of the participants could be used for
this analysis).

Finally, we fit a simplified version of the model to the pilot
data. Since we used only a single object size, each participant
was assumed to have a MGA slope of 1.0 and the “deal
MGA”was simply estimated as the meanMGA over all trials.
The model estimated (1) a high degree of learning retention
(a = 0.974, 95% CI = [0.963, 0.984]), (2) significant error
correction applied to both illusory distortions (bC = 0.654,
95% CI = [0.545, 0.762]), and (3) significant generalization
of the error correction (bG = 0.341, 95% CI = [0.189, 0.493]).
The model fit moderately captured the decrement in the illu-
sion effect over time (Fig. 4, bottom right). Additionally, the
estimated perceptual distortion was in line with that observed
in the MSEs (ωLg −ωSm = 1.253, 95% CI = [0.228, 2.278]),
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though the model was not fit to any MSE data (Fig. 4, top
right).

Implementation of preregistered protocol

We recruited 84 participants to perform the experiment.
During data collection, we tested four more participants than
the preregistered sample size of 80 because we expected that a
few participant exclusions might occur; however, no individ-
ual participants were excluded and we retained the entire sam-
ple. By the anomalous-trial exclusion criterion, 35 grasps were
excluded and replaced, out of a total of 7,812 trials. All of
these exclusions involved one or both finger markers not be-
ing visible to the Optotrak camera for significant portions of
the trial. By the 4-SD outlier exclusion criterion, four addition-
al grasps and eight MSEs were excluded and replaced.

In data preprocessing, we opted to use an enhancedmethod
for defining movement onset and offset after observing poor
performance with the preregistered method. For movement
onset, we selected the first frame where the grip center had
moved more than 5 mm after the PLATO goggles opened,

which removed the interval of the reaction time. The enhanced
method for movement offset detection involved constructing
an objective function that combined multiple sources of kine-
matic information in order to robustly pinpoint the final frame
of the movement (Schot, Brenner, & Smeets, 2010).
Specifically, our objective function jointly (1) required that
the two digits be within broad bounding regions centered on
the target endpoints, (2a) required that the grip aperture be
greater than 46 mm (the minimum object size) then (2b) min-
imized the grip aperture, (3) minimized the absolute grip ap-
erture velocity, and (4) minimized the y-coordinate (height) of
the grip midpoint. The movement-offset frame was chosen
according to the argmax of this function.

Two issues arose when computing illusion effects that
led to deviations from the preregistered protocol. The first
was in the computation of illusion effects on grasping in
the illusion-adaptation phase, where we found that
baseline-correction yielded results with reduced noise.
The preregistered protocol involved computing combined
illusion effects as differences across the left and right
target locat ions, re lying on display orientat ion
counterbalancing to average out biomechanical biases
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Fig. 3 Quantitative predictions of the adaptation model. a Average
simulated MGAs for illusory-large (dark red) and illusory-small (red)
targets, computed from 2,000 model simulations. Gray regions indicate
when the Ponzo display is presented. There was no random error term in
the simulated MGA response function—visible noise in these curves is
due entirely to randomness in trial sequence generation and remains de-
spite the large number of simulations. This figure was intended only as a
demonstration of model behavior, not as an explicit prediction of the
MGAs. We expected between-subjects variability and motor noise to
obscure this pattern. b Predicted binned illusion effects. In the baseline
phase, the model predicted no difference in MSEs or MGAs between the
left and right neutral display locations. In the illusion-adaptation phase,

the model assumed a stable positive effect on MSEs (lines) and predicted
an exponential decrement in the effect on MGAs (squares). In the wash-
out phase, the model predicted an anti-illusory aftereffect on MGAs. In
the perceptually equalized phase, where trials alternated between illusory-
large and illusory-small in a single location, the model predicted an en-
hanced illusion effect on MGAs. The proportional enhancement was
approximately equal to the model’s error correction rate parameter. The
parameters used for these simulations are reported in the Pilot Data. c
Model also predicted a previous-trial effect in the first illusion-adaptation
bin, whereMGAs are larger when they follow a grasp to an illusory-small
target than when they follow a grasp to an illusory-large target. (Color
figure online)
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across the two locations. While the counterbalance was
fairly successful in averaging out these biases, variance
related to these biases remained in the data. Thus, it is
preferable to baseline-correct the data, as it nullifies each
participant’s biomechanical bias by comparing illusion-
adaptation grasps to baseline grasps in the same location,
effectively removing this source of variance. In this ap-
proach, the overall (combined) illusion effect is the dif-
ference between separately computed illusory-large and
illusory-small effects. On the other hand, since MSEs
were always produced near the start location, direct com-
parison across the two target locations presumably

introduces minimal variance related to individual biases.
Baseline-correction was therefore not performed on MSE
data; in the absence of position biases, the subtraction
slightly increases variance.

Second, since the preregistered protocol incorrectly
specified the procedure, it was necessary to deviate in
the computation of illusion effects in the perceptually
equalized phase. This phase involved a single target loca-
tion for which we collected no baseline data, so there was
neither the need nor the means to compute baseline-
corrected effects. We computed slope-corrected illusion
effects as differences between illusory-small and
illusory-large responses, divided by the response slope.
The response slope was estimated as the mean slope from
separate linear regressions, one for each illusion context,
over the two physical object sizes. Next, since the phys-
ical sizes of the targets in the two illusion contexts were
often different, we computed the physical-size difference
across the illusion contexts and subtracted this difference
from the slope-corrected effects.

Results

All results reported in this section are based on preregistered
analyses; the results of post hoc analyses are included solely in
the Discussion. Tests are reported using traditional frequentist
statistics as well as Bayes factors. Briefly, Bayes factors (BF)
are ratios of the likelihood of the data given the null
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Fig. 4 Pilot study results (N = 45). The Ponzo illusion influenced both
perception and grasping, and these effects were correlated, but only
grasping seemed to become resistant to the illusion over 20 trials.
Center: We found significant illusion effects on both manual size
estimates (ΔMSE) and maximum grip apertures (ΔMGA). Left: Effects
on perception and on grasping were positively correlated. Each dot is a
participant. Participants who reliably reported the illusion via MSEs also
tended to grasp according to the illusory sizes. Right:Evolution ofΔMSE
and ΔMGA over 20 trials, shown alongside average results from the

individual model fits. Top-right: The perceptual effect appears to have
increased over the course of the experiment, perhaps because participants
exaggerated or categorized their MSE responses with repeated trials. The
model accurately estimated the mean perceptual effect from the MGA
data. Bottom-right: Grasping was influenced by the illusion in the early
trials but this effect gradually diminished over time (ns). The model,
which was fit to each participant’s MGA time series by estimating size
distortion and error correction rate parameters, roughly captures this
pattern
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hypothesis (H0) to the likelihood of the data given the alter-
native hypothesis (H1). In contrast to traditional frequentist
tests, Bayes factors can be interpreted as evidence for H1 or
H0, according to the Jeffreys (1961) guidelines: values less
than 0.01 constitute strong evidence for H0; values between
0.01 and 0.33 constitute substantial evidence for H0; values
between 0.33 and 3 are inconclusive; values between 3 and 10
constitute substantial evidence for H1; and values greater than
10 constitute strong evidence for H1. For detailed definitions
of the H0 and H1 priors for each computed Bayes factor, see
Table 1. All Bayes factors were computed using the Dienes
(2008) calculator.

Analysis of illusion effect dissociation

The Ponzo illusion had a strong effect on perceptual responses
(MSEs) throughout the illusion-adaptation phase, yet it did not
have a detectable influence on grasping responses, even in the
very first illusion-adaptation bin, t(83) = 1.40, p = 0.082, BF =
0.01; see Fig 6). We used a two-way (Physical Size ×
Response) ANOVA to compare the slope-corrected illusion
effects on perception and grasping across all trials of the
Illusion-Adaptation phase, applying the formula derived by
Hesse, Franz, and Schenk (2016) to compute the individual
slope-corrected illusion effects needed for ANOVA. A signif-
icant main effect of response confirmed that the illusion effect
on MSEs was greater than on MGAs, F(1, 83) = 28.90, p <
.001; BF > 10,000). The main effect of physical size was not
significant, nor was the interaction of Response × Physical
Size. Although illusion effects on MSE and MGA differed
in magnitude, they were slightly correlated across individuals
in the first two bins of illusion-adaptation (r = 0.24), t(82) =
2.25, p = 0.027; BF = 3.75.

Analysis of effects predicted by adaptation model

The main prediction of the adaptation model was that the
illusion effect on MGA would decrease over the course of
the illusion-adaptation phase. This prediction was not support-
ed, as we did not detect a significant decrement in the MGA
effect from the first bin to the last bin of illusion-adaptation,
t(83) = 1.29, p = 0.10, BF = 3.55. A secondary prediction was
that the illusion effect on MGA would be greater in the per-
ceptually equalized phase than in the illusion-adaptation
phase. We slope-corrected the MGA effects for this analysis
because slopes were significantly lower in the perceptually
equalized phase than in the illusion-adaptation phase (two-
tailed paired-samples t test), t(83) = 2.62, p = .010. This sec-
ondary prediction was also not supported, as the MGA effect
was not found to be greater in the perceptually equalized
phase, t(83) = −0.80, p = 0.79, BF = 0.10. Additionally, the
corrected MSE effect remained significantly greater than the
corrected MGA effect during the perceptually equalized

phase, t(83) = 3.70, p < .001, BF > 1,000. Although our two
main predictions were not supported, we did find support for
the third key prediction of the adaptation model: a significant
previous-trial effect in the first bin of illusion-adaptation, t(83)
= 2.19, p = 0.016, BF = 15.15, which remained significant in a
follow-up analysis of the entire illusion-adaptation phase,
t(83) = 2.44, p = 0.0084 (see Fig. 7).

Finally, the two-state adaptation model was fit to the data
from the first three phases, but none of the parameter estimates
were meaningful, which is unsurprising given the null result
for illusion effects onMGA (retention parameter a = .88, 95%
CI = [0.83, 0.91]; error-correction parameter bC = −0.013,
95% CI = [−0.057, 0.022]; error-correction generalization pa-
rameter bG = −0.040, 95% CI = [−0.071, −0.013]; estimated
illusion effectωLg −ωSm = 0.352, 95% CI = [−0.287, 1.016];
bC−bG = 0.027, 95%CI = [−0.01, 0.063]; confidence intervals
computed using standard BCa bootstrap; Efron & Tibshirani,
1993).

Discussion

In this preregistered study, we failed to replicate the decrement
in a Ponzo illusion effect on closed-loop grasping that was
found both in our pilot study and in an earlier study by
Whitwell et al. (2016). The MGAs of grasping movements
were never detectably biased by the illusion, even in the first
bin of illusion-adaptation. We even failed to find a significant
illusion effect in the first trial of illusion-adaptation (one-
tailed Welch’s t test), t(81.72) = 1.01, p = 0.16, achieved pow-
er = 0.26, so it was not the size of our trial bins that prevented
us from observing adaptation. However, it is worth noting that
the mean effects in that first trial went in the predicted direc-
tions (0.48-mm decrease for illusory-small, 0.44-mm increase
for illusory-large). Since MGAs were never detectably biased
by the illusion, it is unsurprising that the parameter estimates
from the model fit provided no evidence of error correction.
There were simply no reliable differences in the magnitudes of
the MGAs that our model could pick up on to drive trial-by-
trial adjustments. Therefore, we must reject our initial hypoth-
esis: visuomotor adaptation is apparently not needed to pro-
duce illusion-resistant MGAs during closed-loop grasping.

What was the source of illusion-resistant MGAs?

As noted in the Predictions section, finding illusion-resistant
MGAs in the earliest trials of a closed-loop grasping task does
not reveal much about the source of the illusion resistance.
While the finding is certainly consistent with veridical vi-
sion-for-action, it is not inconsistent with the common repre-
sentation model because there was a clear opportunity in this
study for online control processes to fine-tune the grip aper-
ture prior to the MGA. It is widely recognized that human
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motor control systems make use of online sensory feedback
during closed-loop movements to optimize performance
(Elliott & Lyons, 1998; Voudouris, Smeets, & Brenner,
2013). Moreover, a prominent meta-analysis has shown that
illusion effects on grasping are dramatically reduced in closed-

loop tasks, whereas open-loop tasks yield effects on grasping
that are comparable to effects on perception (Bruno & Franz,
2009). Thus, we opted to conduct an exploratory post-hoc
analysis aimed at evaluating whether the data are more con-
sistent with online control or veridical vision-for-action.
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Although this approach is similar to that of Glover and Dixon
(2001a, 2002), we must distinguish the online control hypoth-
esis investigated here from the planning-control model that
they have defended. The critical difference is that the
planning-control model maintains the notion of veridical
vision-for-action by suggesting that online corrections also
occur in open-loop conditions, a claim that has been chal-
lenged by Franz, Scharnowski, and Gegenfurtner (2005).

We first explored whether summary statistics on basic spa-
tiotemporal characteristics of the grasping movements might
rule out the possibility of online control. We found that the
average distance traveled by the grip midpoint from MGA to
movement offset was 18.3 mm, the average movement dura-
tion was 715 ms, the average velocity was 0.35 m/s, and the
average peak velocity was 0.70 m/s. None of these results
suggest ballistic, uncontrolled movement. Considering the ex-
tremely close proximity of the hand and the target at MGA, it
would be surprising if the control system did not make use of
this opportunity to fine-tune the relative positions of the fin-
gers and the contact points.

Grip aperture trajectory analysis

Next, we performed an exploratory analysis of grip aperture
trajectories. Trajectory analyses must be conducted by aligning
movement trajectories along a temporal (e.g., elapsed time) or
spatial (e.g., distance traveled) ordinate dimension, and the
chosen dimension may be either landmark oriented (e.g., set-
ting movement onset, peak velocity, MGA, or movement offset
as the origin) or normalized between two landmarks (e.g.,
aligning trajectories at movement onset and movement offset
so they span arbitrary units from zero to one). It is important to
be cautious in this endeavor, as previous studies have shown
that the choice of ordinate variable can dramatically influence
the results of trajectory analysis (Smeets, Glover, & Brenner,
2003;Whitwell & Goodale, 2013). This is because the ordinate
variable determines how the discrete points along one trajecto-
ry match up with the discrete points along a comparison
trajectory.

The dramatic example analyzed by Whitwell and Goodale
(2013, see their Fig. 1) is helpful in understanding why certain
choices can produce artifacts. Imagine that the MGAs of two
grasping movements are identical and occur at the same ab-
solute time, but that the closure phase is slightly longer for one
movement because it is directed at a smaller target, requiring
additional time for the fingers to close. In this case, time nor-
malization will make it look like the grip aperture trajectories
proceeded differently from movement onset. Fortunately, this
artifact would easily be revealed by analyzing the data with
other ordinate variables, such as absolute elapsed time or,
assuming the MGAs occur at roughly the same spatial prox-
imity to the target, distance to contact.

We emphasize that our trajectory analysis was robust
across multiple choices of ordinate variable, including dis-
tance to contact, absolute elapsed time, absolute elapsed time
relative to MGA, normalized elapsed time, distance traveled
relative to MGA, and normalized distance traveled. This con-
sistency makes sense given the fact that there were no appre-
ciable differences across the two illusion contexts in the over-
all movement durations or distances, nor in the time or loca-
tion at which the MGA occurred, which are the underlying
factors that are known to produce spurious findings (Smeets
et al., 2003; Whitwell & Goodale, 2013).

We chose to align trajectories to the ordinate variable dis-
tance to contact, which was computed by tracing backwards
from movement offset along the traveled path of the grip mid-
point.We interpolated the grip aperture data of each individual
trial at 1-mm intervals spanning the final 220mmof the move-
ment. This was the maximum amount of the trajectory that we
could analyze without dropping participants from the analysis;
average movement length was 244 mm. As was done with the
MGA data, separate illusion effect profiles were computed for
the illusory-large and illusory-small contexts via baseline-
correction and combined illusion effect profiles were comput-
ed as the difference between the separate illusion effect pro-
files. In the absence of a clear hypothesis regarding temporal
changes in online control, we pooled together all six bins of
illusion-adaptation for this analysis.

The top panels of Fig. 8 show the mean grip aperture pro-
files in baseline and illusion-adaptation for the two illusion
contexts. In each panel, the two empirical profiles are
displayed alongside an estimated planned profile. The estimat-
ed profiles were computed as follows: first, we derived a func-
tion that allowed us to estimate the trajectory of a grasp toward
an object of any size in the tested range (46–54 mm) by inter-
polating over baseline trajectories, then we used the slope-
corrected effect on MSE to estimate the planned trajectory
for two Bimagined^ objects that were increased or decreased
in size by half of the perceptual effect. This generated a quan-
titative prediction for the online control hypothesis: the grip
aperture profiles in the two illusory contexts would be expect-
ed to initially follow the estimated profiles, as if they were
aiming at objects with physically increased or decreased sizes,
but to diverge toward the baseline profiles before the MGA.

The middle panel of Fig. 8 shows two curves
representing the separate illusory-large and illusory-small
effect profiles, while the bottom panel of Fig. 8 shows the
combined illusion effect profile. The estimated planned
profiles were used to generate predictions for the separate
illusion effect and the combined illusion effect, also
displayed in the lower panels. As the hand traveled from
the start position to a location about 150 mm from contact,
the combined illusion effect gradually increased, closely
following the predicted effect profile. Thereafter, the effect
diminished, just as one would expect under the online
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control hypothesis. Overall, this exploratory analysis was
more consistent with the online control account of

illusion-resistant MGAs, as opposed to veridical vision-
for-action.
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Fig. 8 Post hoc analysis of grip aperture trajectories in illusion-
adaptation phase. (Top) Grip aperture trajectories for the illusory-large
(left) and illusory-small (right) contexts. Dotted black lines are average
baseline grasp trajectories, specific to the location that the corresponding
illusion context was presented. We used baseline grasp data to estimate
what the trajectory should look like for two Bimagined^ targets differing
in physical size by the magnitude of the MSE effect (blue dashed line). If
grasping were completely deceived by the illusion, the grip aperture tra-
jectory would be expected to match this estimate until just before contact.

Red lines are average grip aperture trajectories over the entire illusion-
adaptation phase. Boxplots depict the spatial distribution of MGAs.
(Middle) Separate illusion effect trajectories for illusory-large and
illusory-small contexts, computed as the difference between the red and
black lines depicted above. (Bottom) Combined illusion effect trajectory,
computed as the difference between the separate illusion effect trajecto-
ries. This data evolves in line with the prediction until the hand reaches a
point roughly 14 cm from contact, after which the effect is attenuated.
(Color figure online)
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Interpreting the previous-trial effect

Despite finding illusion-resistant MGAs in the first illusion-
adaptation bin, which shows that illusion resistance is possible
without visuomotor adaptation, one prediction of the adapta-
tion model was borne out in the data: the illusory context
presented on a given trial influenced the MGA on the next
trial, in a direction opposite to the preceding illusory distortion
(see Fig. 8). How could we have obtained this previous-trial
effect, which was predicted as a consequence of trial-by-trial
error correction, without also finding that the illusion caused
significant errors at the MGA?

One possibility is that the previous-trial effect onMGA had
nothing to do with the movement made on the previous trial.
Rather, it may be the result of a perceptual or cognitive con-
trast between illusion contexts. A perceptual contrast would
imply that the perceived size distortion is amplified when the
illusion context is switched between trials and that this en-
hanced perceptual distortion did in fact affect MGAs. On the
other hand, a cognitive contrast would imply that higher-level
knowledge of the Ponzo illusion effect leads participants to
slightly exaggerate their responses when the illusion context is
switched. By this account, the previous-trial effect does not
conflict with the perception-action dissociation of the TVSH.
An issue with both accounts is that they predict a current-trial
effect, which we did not find in our primary analysis.
However, they also predict a strong previous-trial effect on
perceptual responses, which was notably confirmed in a post
hoc analysis ofMSEs (one-tailed t test), t(83) = 4.48, p < .001.

A second possibility is that the previous-trial effect reflects
the activity of a trial-by-trial motor learning mechanism that
causes the grasp control system to counteract illusion-induced
errors made on the previous trial. Our exploratory trajectory
analysis showed that systematic movement errors did occur in
early portions of the trajectory, corroborating the main as-
sumption of this account. However, if the underlying motor
learning process were a genuine error-correction process that
affected grasp planning (as in our adaptation model), then the
early-trajectory errors would be expected to decrease across
the illusion-adaptation phase. In contrast, the early-trajectory
illusion effect (computed for the whole illusion-adaptation
phase) closely matched the effect predicted from the MSE
data, indicating that no decrement occurred. To account for
the lingering early-trajectory effect, the intertrial influence of
the previous movement would have to have been limited to
later movement stages. One way this could have occurred is
through use-dependent learning, an important counterpart to
error-based learning (Diedrichsen, White, Newman, & Lally,
2010; Verstynen & Sabes, 2011). By this process, the online
correction performed on one trial could have encouraged a
similar correction to be made on the next trial.

Both of the above interpretations make the additional pre-
diction that larger illusion effects will occur on switched-

context trials than on same-context trials (see the adaptation
model prediction in Fig. 3c). In a post hoc analysis of MGAs,
we found that switched-context trials did not produce signif-
icantly larger illusion effects than same-context trials (one-
tailed t test), t(83) = 1.13). However, when comparing MSE
effects in switch versus same trials, we obtained a significant
difference of 1.12mm (one-tailed t test), t(83) = 2.02, p =.023.
Taken together, the results slightly favor the perceptual or
cognitive bias explanations because the effects on MSE were
found to be quite robust, whereas the effects on MGA, which
are central to the use-dependent plasticity explanation, were
smaller and less reliable. Additionally, the idea that the use-
dependent plasticity explanation can also explain the
previous-trial effect on MSEs, while plausible, is currently
highly speculative.

Why did we fail to replicate the decrement in the effect
on grasping?

The results of this study failed to replicate those of Whitwell
et al. (2016) and our pilot study, both of which were closed-
loop tasks that elicited early-trial illusion effects onMGA. For
reference, a visual summary of temporal illusion effect analy-
ses reported in seven different experiments is displayed in Fig.
9, including three open-loop grasping experiments that used
the Müller-Lyer and parallel lines illusions (Franz et al., 2001;
Kopiske et al., 2017). Two trends are visible: (1) Ponzo MSE
effects are fairly consistent, around 2 mm ≈ 4% of target size;
and (2) open-loop studies (which used different illusions) tend
to elicit larger initial effects on MGA. In this final section, we
focus on possible reasons for the contradiction between our
result and the two comparable Ponzo illusion studies, drawing
connections to related literature as needed.

Carryover of control strategy from preceding task

In the Whitwell et al. (2016) study and our pilot study, partic-
ipants did not grasp the target objects during a baseline phase
before the illusion was introduced, as they did in the present
study. Thus, the extended baseline phase of the present study
could have contributed to the observed illusion resistance in
the first illusion-adaptation bin, as it provided an opportunity
to optimize a feedback-based online control strategy (Elliott &
Lyons, 1998). On this account, if vision of the hand were not
available during the baseline phase, then there would not have
been suppression of the illusion effect. This prediction is
borne out in the results of Kopiske, Cesanek, Campagnoli,
and Domini (2017): Despite allowing extensive practice with
open-loop grasping in a baseline phase, large illusion effects
onMGA emerged when the Müller-Lyer illusion was present-
ed (as shown in Fig. 9). This conflicts with the alternative
hypothesis that baseline practice, as a means of making grasp-
ing movements more automatic and less controlled, engages
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accurate dorsal stream visual processing (Goodale et al.,
2008). Overall, these findings are consistent with the idea that
sensorimotor networks naturally hone in on control strategies
that make efficient use of available feedback.

Additionally, Whitwell et al. (2016) had participants per-
form a block of MSEs (without haptic feedback) before the
grasping block. In that block, participants may have become
accustomed to producing larger grips when responding to one
side of the Ponzo display and smaller grip sizes for the other.
Following the sudden transition into the grasping block, it
would have been difficult to suppress an automatic tendency
to make more dramatic movements when attending to the
illusory-large region of the display. This is another possible
source of the strong effect on MGA observed in the first
grasping bin of that study, consistent with use-dependent mo-
tor learning (Diedrichsen et al. 2010; Verstynen &
Sabes, 2011).

Effect size overestimation does not explain the non-replication

A more mundane possibility for the nonreplication of the ad-
aptation effect is that we overestimated the effect size in our
power analysis. Indeed, our sample size was chosen based on
the medium effect size estimated from Whitwell et al. (2016)
rather than the small effect size estimated from our pilot study.
However, an important point here is that the decrement effect
size in adaptation is largely dictated by the effect size of the

initial perturbation. A post hoc power analysis indicated that
our achieved power for detecting the MGA effect in the first
illusion-adaptation bin was 0.40 and in the first trial it was
0.26. These results show that we may not have collected a
large enough sample to detect a very small MGA effect in
the first bin. At the same time, we observed a significantly
smaller illusion effect on MGAs than on MSEs in the first
illusion-adaptation bin, so it is clear that the initial illusion
effect was reduced without the aid of the hypothesized
visuomotor adaptation mechanism. Therefore, an
overestimated effect size does not explain the key factor in
the nonreplication: the source of the reduced illusion effect
on MGAs.

Is there still a potential role for adaptation?

Although visuomotor adaptation was not responsible for
illusion-resistant grasping in the present study, adaptation
could still play a role in reducing illusion effects when grasp-
ing is strongly biased. The results of Kopiske et al. (2017)
confirm this: An initial 6.6-mm effect of the Müller-Lyer illu-
sion on open-loop MGAs decreased by more than 50% over
20 trials, and a negative aftereffect was observed when the
illusory fins were removed from the target bars. Why, then,
have a considerable number of studies been able to find strong
effects on MGAs, with no apparent suppression from adapta-
tion (e.g., , 2003; Franz et al., 2003; Franz et al., 2001; Franz
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Fig. 9 Visual summary: Reported temporal analyses of illusion effects
on MGA and MSE. a Closed-loop experiments used the Ponzo illusion
and measured both MGA (reds) and MSE (blues). Whitwell et al. (2016)
measured the MSE effect before and after the grasping block, here we
show the mean (light-blue dashed line). MGA and MSE slopes were
considerably less than 1 in Whitwell et al. (2016), so we slope-
corrected the reported effects to improve comparability. Illusion effects

were already slope-corrected in the present study. Our pilot study used
only one target size so response slopes are unknown. b Open-loop exper-
iments used the Müller-Lyer or parallel lines illusion and measured only
MGA, not MSE. Illusion effects were already slope-corrected in Kopiske
et al. (2017). The MGA slope was nearly 1 in both Franz et al. (2001)
experiments. Note the difference in the ordinate scale between Panels A
and B. (Color figure online)
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et al., 2000; Franz et al., 2009; Kopiske et al., 2016 Pavani
et al., 1999; Vishton et al., 1999)? For example, Franz et al.
(2001) showed that the effect of the Müller-Lyer illusion on
open-loop MGAs was greater than its effect on a perceptual
judgment task, and showed no decrement over 72 trials.
Kopiske et al. (2017) demonstrated that this is largely because
of interference in adaptation, as discussed in the introduction
of this study. When opposing illusion contexts were inter-
leaved in a single block, they were unable to detect any dec-
rement in the illusion effect on open-loopMGAs over 40 trials
(see their interleaved and single-context conditions in Fig. 9).
This suggests that trial-by-trial error corrections do occur in
single-location open-loop studies, but that conflicting signals
prevent the system from settling on an effective configuration.

A separate but related line of investigation has focused on
decrements in illusion effects on traditional perceptual judg-
ments, suggesting that there may be a perceptual component
to illusion adaptation when there is continuous or repeated
active visual exposure to the display (Coren & Hoenig,
1972; Judd, 1902; Lewis, 1908; Festinger, White, & Allyn,
1968). More recently, Predebon (2006) found that a continu-
ous series of brief exposures to the illusion, as in most illusion
and grasping studies, produced a notable decrement when the
intertrial interval was shorter than 20 seconds. Our study in-
volved less-than-10-second intertrial intervals of visual occlu-
sion, thus providing suitable conditions for a perceptual dec-
rement. In a post hoc analysis, we computed linear regression
slopes across the six illusion-adaptation bins on individual
slope-corrected MSE effects (again applying the formula of
Hesse et al., 2016, pp. 94). The average change in the slope-
corrected MSE effect per bin was −0.11 mm, but this slope
was not significant, t(83) = 1.06, so we cannot conclude that
the perceived size distortions were attenuated. Moreover, a
perceptual decrement does not seem to have occurred in the
results ofWhitwell et al. (2016), as MSE effects were relative-
ly stable within-blocks and across the grasping block in their
ABA design, nor can this explain the results of the pilot study,
where an interaction was found in the temporal development
of illusion effects on MGA and MSE. Overall, the apparent
stability of the MSE effects in multiple studies (see Fig 9.) is
somewhat surprising given the vast literature demonstrating
perceptual illusion decrements under similar repeated-
judgment conditions.

Conclusion

This preregistered study was designed to test the predictions
of a computational model of visuomotor adaptation that could
potentially account for reduced illusion effects on grasping in
studies involving repeated movements. Since we did not ob-
serve illusion effects on MGAs, even in the first trial of our
illusion-adaptation phase, it is unsurprising that strong

signatures of visuomotor adaptation were not observed in
the time course of the MGAs nor in the model parameter
estimates. Therefore, we conclude that visuomotor adaptation
is not needed to explain the illusion resistance of closed-loop
MGAs. This result is consistent with either (a) a veridical
vision-for-action system or (b) a visuomotor system that
makes automatic online corrections based on visual feedback
to eliminate illusion effects prior to the MGA. An exploratory
post hoc analysis of full movement trajectories favored the
predictions of this online control explanation, suggesting that
the Ponzo illusion did affect grasp planning.
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