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Abstract

Recent theories in cognitive science propose that prior expectations strongly influence how
individuals perceive the world and control their actions. This influence is particularly relevant
in novel sensory environments, such as virtual reality (VR). This registered report outlines a
study examining the impact of VR on prediction-related sensory perception and motor
control during object lifting. We aim to test two competing hypotheses: the Low-Precision
Priors (LPP) hypothesis suggests reduced influence of prior expectations in VR due to the
novelty and uncertainty of the context, while the High-Precision Priors (HPP) hypothesis
posits increased reliance on predictions relative to current sensory information. We will
employ weight illusion tasks (the size-weight and material-weight illusions) to isolate the
effects of expectations on perception and action to test whether VR alters the influence of
prior expectations on weight perception and fingertip forces. This research addresses
crucial questions about how virtual environments impact predictive sensorimotor control and

has implications for applications of VR technologies to training and rehabilitation.



© 00 N o o b W

10
11
12
13
14

15
16
17
18
19
20
21
22
23
24
25
26
27
28

29
30
31

Registered report proposal — Submitted to PCI peer review on 18/06/2024

Does ‘virtuality’ affect the role of prior expectations in perception
and action? Comparing predictive grip and lifting forces in real and

virtual environments

Introduction

A collection of theories in cognitive science have argued that people’s perceptions of
the world are heavily shaped by their prior expectations or beliefs (Bar, 2007; Clark, 2013;
de Lange et al., 2018; Helmholtz, 1860; Hohwy, 2013). Actively generating predictions
about sensations helps an observer interpret incoming information, make sense of noisy
sensory inputs, and subsequently control their actions (Henderson, 2017; Wolpert &
Flanagan, 2001). Advances in technology mean that the human sensorimotor system is,
however, increasingly being placed in novel and ambiguous sensory environments. One
salient example of comes in the form of engagement with computer-generated
environments such as immersive virtual reality, where existing action models and
predictions may not apply (Harris et al., 2019; Yarossi et al., 2021). In the present work, we
will examine whether placing people in a virtual environment impacts prediction-related

sensory perception and motor control during object lifting.

Virtual reality (VR) refers to a collection of technologies that simulate physical reality,
allowing the user to interact with a computer-generated environment in a reasonably
naturalistic fashion (Burdea & Coiffet, 2003; Slater, 2009). VR is being rapidly adopted for a
diverse range of purposes including rehabilitation, robotic teleoperation, psychological
experimentation, workplace training, and entertainment. Yet, the perceptual consequences
of perceiving, moving, and learning in VR are poorly understood. For instance, there are
concerns that impoverished haptic and visual information may fundamentally alter
perception and action in VR (Bingham et al., 2001; Brock et al., 2023; Harris et al., 2019;
Rzepka et al., 2022; Wijeyaratnam et al., 2019). For instance, the quality of visual feedback
(e.g., tracking and visualization of hands) can be limited, and may vary between virtual
environments. This is likely to have implications for the online control of goal-directed
movements (Desmurget et al., 1998). Furthermore, a disrupted mode of action control in VR
could impair any subsequent transfer of learning back to the real-world and undermine
many applications of VR, including psychological experimentation (Harris et al., 2020).

In addition to providing unusual sensory information, virtual worlds are (often overtly)
not beholden to the laws of the physical environment, which may also affect the way people

make predictions about sensory input, causal regularities in the world, and their own action
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capabilities (Yarossi et al., 2021). It is well established that internal predictive models inform
sensorimotor functions and the processing of sensory input (Clark, 2013; Friston, 2010;
Kording & Wolpert, 2004). For instance, decades of studies into the famous ‘size-weight
illusion’ have shown that lifelong learning that larger objects tend to be heavier than smaller
objects influences both the fingertip forces when lifting objects and the experience of how
heavy they feel (Buckingham, 2014; Flanagan & Beltzner, 2000). These priors are said to
be represented probabilistically, such that more certain (i.e., precise) beliefs will have a
greater impact on perception, while weaker beliefs will be more easily overridden (Knill &
Pouget, 2004; Yu & Dayan, 2005). Priors are malleable and context specific, making them
highly sensitive to the surrounding environment (Trapp & Bar, 2015). Hence a belief that the
current context is new, unknown, or unpredictable can have cascading effects on the
balance between top-down predictions and bottom-up sensations (Behrens et al., 2007). In
this work, we will examine how immersion in virtual environments might impact this balance

during the simple daily task of object lifting.

Although VR technologies seek to accurately substitute real sensory inputs for
artificially generated ones, individuals wearing VR headsets usually retain a sense that the
world in which they are immersed is not real (Stoffregen et al., 2003). Yarossi and
colleagues propose that the brain interprets VR as a novel sensorimotor context, due to the
presence of sensory conflicts, such as visual-vestibular mismatch from head tracking errors
or optic flow lags (Yarossi et al., 2021). Yarossi et al. point to context-specific learning
effects (e.g., context-dependent memory; Smith & Vela, 2001) and context-dependent motor
adaptation! (Shadmehr et al., 2010; Welch & Ting, 2014) to argue that VR may be treated
as a novel context. There is preliminary evidence that this novel context may alter the
balance between top-down expectations and bottom-up sensory information during motor
learning. For instance, larger aftereffects in a prism adaptation task have been observed for
VR compared to prism goggles (Ramos et al., 2019) and aftereffects from learning
perturbed reaches persist in VR despite an explicit learning strategy, where aftereffects
would not be expected (Anglin et al., 2017). Both results are indicative of reduced precision
afforded to predictions, relative to current sensory inputs. So, while predictions about the
normal regularities of the world might indeed be a feature of how people behave in VR, an
increased sense of environmental novelty and/or uncertainty could weaken their impact on
perceptual-motor processes relative to incoming sensory information. We refer to this as the
low-precision priors (LPP) hypothesis.

1l.e., learning and selecting from multiple motor programs dependent upon recognition of the same sensory
conditions.
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An alternative proposition is that people might instead rely more heavily on
predictions in VR. According to Bayesian accounts of perception, the relative influence of
different information sources is scaled according to their perceived reliability or precision
(Knill & Pouget, 2004). Virtual environments — where sensory inputs may be missing,
unrealistic, or uncertain (Harris et al., 2019) — might, therefore, induce a reweighting of
information where people assign reduced precision to sensations and rely more heavily on
prior knowledge. A study by Rzepka et al. (2022) reported that participants relied heavily on
the familiar dimensions of objects when asked to judge their size in VR, regardless of the
availability of binocular cues to size and distance. This effect diverged from physical reality,
where participants instead relied more on presented size in binocular conditions, suggesting
that prior knowledge about the typical size of objects was prioritised in VR. We refer to this
as the high-precision priors (HPP) hypothesis. In Figure 1 we illustrate these hypotheses via
changes in the precision of the prior distribution but shifts towards (HPP) or away from
(LPP) the prior could equally be driven by changes in the weighting of sensory inputs.
Hence we are concerned with the relative balance between the two. Our primary aim with
this research is to test these competing possibilities and establish whether VR induces a
greater, lesser, or similar reliance on prior expectations than shown in ‘real-world’ physical
environments. Our focus here is to compare physical reality with a virtual environment that
is very closely matched in terms of the visual and haptic information available, such that any
differences are most likely attributable to ‘virtuality’ rather than critical differences in
available information. It is worth noting, however, that virtual environments differ greatly in
the nature of the visual and haptic information, which will itself affect the way information

sources are weighted in perception and action.

Low precision prior (LPP) No reweighting High precision prior (HPP)
" \

Posterior [\ Posterior

Posterior e

\J«

Probability
Probability
Probability

Parameter Parameter Parameter
VR treated as novel context or VR perceived similarly to physical Reliance on priors because of
uncertain environment reality (i.e., no change in weighting of unreliable or absent sensory input

priors)

Figure 1 — lllustration of our three hypotheses about perception in VR. The left panel
illustrates a downweighting of the perceived precision of the prior, and therefore relative
increase in influence of sensory input. The right panel illustrates a downweighting of
sensory input and corresponding relative increase in the strength of the prior. In the context

of the SWI, if the LPP hypothesis is correct we will observe a smaller influence of object size
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on fingertip forces and a reduced illusion. If the HPP hypothesis is correct, we will observe a
larger influence of object size on fingertip forces and a greater perceptual illusion. The
middle panel illustrates a balanced weighting of prior expectations and incoming sensations

to represent the absence of any reweighting in VR.

It may also be important to consider the moderating role that presence in VR could
have on the balance between predictions and sensory input. Slater describes how creating
a sense of presence — the subjective experience of actually being inside the virtual
environment — can induce users to behave as if the virtual world were real (Meehan et al.,
2002; Slater et al., 2006). Consequently, the degree to which the VR world is believed to be
‘real’ may influence whether it is treated as a new and uncertain context, or an extension of
reality. Indeed, a previous study has shown that the magnitude of the SWI may be stronger
for more immersive virtual presentation conditions (Heineken & Schulte, 2007). Further
support comes from the finding that the realism of a virtual hand during a VR reaching task
moderates the strength of prediction error signalling (EEG prediction error negativity) (Singh
et al., 2018). Attenuated prediction errors under less realistic conditions are suggestive of
weaker prior beliefs, indicating that the realism of the VR environment may still have an

important influence on predictive sensorimotor control.

To experimentally compare the LPP and HPP hypotheses, we will use two weight
illusion tasks that isolate the influence of prior expectations on perception and action
(Buckingham, 2014; Buckingham & Goodale, 2013; Ellis & Lederman, 1999; Flanagan &
Beltzner, 2000). In the size-weight illusion (SWI), expectations such as ‘large objects are
likely to be heavier than small objects’ lead to the experience of smaller objects feeling
heavier than similarly weighted larger objects (Charpentier, 1891). Because of the
feedforward, predictive, nature of how people grip and lift objects, these expectations bias
not only the conscious perception of weight, but also a person’s fingertip and lifting forces.
Consequently, large novel objects are lifted at a higher rate of force than smaller objects of
the same type, irrespective of how much they actually weigh. Similar effects have been
observed for expectations about the material properties of lifted objects (Buckingham et al.,
2009, 2011, Ellis & Lederman, 1999), known as the material-weight illusion (MWI). In the
MWI, objects that are known to be typically denser (e.qg., granite) are lifted at higher rates of
force than those known to be typically less dense (e.g., polystyrene). Experimentally
equating the weights of, for instance, polystyrene and granite objects with a hidden lead
weight leads to the experience of the polystyrene as heavier than the granite (Buckingham
et al., 2011; Ellis & Lederman, 1999). To compare the LPP and HPP hypotheses, we will

examine differences in (i) experienced heaviness and (ii) predictive grip and lifting forces
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between real and VR versions of the SWI and MWI tasks. If the LPP hypothesis is correct,
then expectations about the weight of larger (SWI), or typically denser (MWI), objects may
have a reduced influence on perceptions of weight and/or feedforward sensorimotor control,
compared to physical reality. If, however, the HPP hypothesis is correct, the size of the
illusion and/or the influence of object size/material on grip forces may be larger in VR than
physical reality. Finally, if the relative strength of priors is unaffected by immersion in a
virtual world, there will be no difference in the degree of sensorimotor prediction between
physical and virtual reality. While several previous studies have explored the effect of VR on
manual reaching behaviours (Anglin et al., 2017; Bingham et al., 2001; Gerig et al., 2018;
Viau et al., 2004), to our knowledge no previous studies have explicitly examined the

contribution of predictions to sensorimotor control in a virtual environment.

Pre-reqgistered research questions

RQ1 - Do prior expectations influence perception of object weight and predictive
fingertip force application differently in VR compared to physical reality (LPP versus

HPP account)?

If prior expectations are weaker in VR (LPP account), the magnitude of either the SWI or the
MWI (or both) may be smaller in VR compared to the real world (see hypotheses H1, and
H1g in table of questions). Additionally, the difference in peak grip force and load force rates
between small and large objects (SWI), or more and less dense-looking objects (MWI), may
also be smaller in VR than in the real world (see hypotheses H2, and H2g in table of
guestions). We will treat the perceptual (illusion magnitude) and motor (grip and load force
rates) domains as separate research questions and will apply the same approach for the
SWI and MWI tasks. The overall pattern of results for these four sub-questions will then be

interpreted to determine the strength of evidence for/against the LPP and HPP hypotheses.

Methods (Experiments 1 & 2)
Participants

We will use an opportunity sample of individuals, mostly recruited from students at
the host University. The same participants will take part in both experiments. Power
calculations (see Table of questions) indicated that 62 participants would be sufficient to

answer the primary research questions with a power of 90%.

Design
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Both experiments will adopt a repeated measures design, with participants
completing VR and real-world versions of the lifting task (for both the MWI and SWI) in a

counterbalanced order (see Figure 2).
Figure 2

Study design and stimuli.

Expt 1: Size weight illusion Expt 2: Material weight illusion

Design Design

N {
SWI real- SWI real- MWI real- MWI real-
world world world world

J .
> <

‘ SWI VR SWI VR [ MWI VR MWI VR J
J N

Stimuli

Materials
Real object lifting conditions

Experiment 1 - SWI. As in Buckingham (2019), participants will be asked to lift
and judge the weight of three 7.5-cm tall black plastic cylinders, using a lifting handle fitted
with an ATI Nano-17 Force transducer. Objects will differ in physical diameter (small: 5 cm,
medium: 7.5cm, large: 10 cm) but will all be filled with packing foam and lead shot to weigh
486 g, with the centre of mass balanced around the centre of the object. Hence, the objects
will differ in volume, but not weight. To animate the objects in the VR condition, a Vive
tracking device will be attached to the base of the object (see Figure 3) and will therefore
also be included in the real-world condition. The dimensions of trackers are 70.9 x 79.0 x
44.1 mm and they weigh 75g, taking the total weight of each object to 561g. Independent
testing has supported the accuracy of the trackers for accurate visualization, even in more

vigorous activities (Merker et al., 2023).
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181 Figure 3

182 Real-world (top) and VR (bottom) SWI stimuli

183

184
185

186 Experiment 2 - MWI. The three identically sized cubes made from three different
187 materials — polystyrene (unaltered density 0.05g/cm3), cork (unaltered density 0.24g/cm3),
188 and granite (unaltered density 2.67g/cm3) (Figure 4) — will be used to elicit the MWI (as
189 used in Naylor et al., 2022). The three boxes (5 x 5 x 5 cm) have been hollowed out and
190 lead weights have been placed inside to ensure they all weigh exactly 123g (+759g). Hence,
191 they will only differ to participants in their surface material. Prior to the experiment,

192 participants will be given no indication about the weight of the boxes and the experimenter

193 will not visibly handle the blocks within their field of view.
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194 Figure 4

195 Real-world (top) and VR (bottom) MWI stimuli

196

197
198

199 Virtual conditions

200 Experiment 1 - SWI. The virtual condition will involve lifting the same objects as
201  the real condition, but participants will view digital recreations in a VR head-mounted-display
202 (HMD). Crucially, these object recreations will be positioned in congruence with the actual
203 physical objects and matched in size to these three differently-sized items. Participants will
204 lift the objects in a bespoke immersive VR game environment designed to look like a

205 duplicate of the testing laboratory. The task will be presented via an HTC Vive Pro Eye
206 headset (HTC, Taiwan), a high-precision VR system which has proven valid for small-area
207 movement research tasks (Niehorster et al., 2017). The Pro Eye headset is a 6-degrees of
208  freedom, consumer-grade system which presents a 360° environment with 110° field of
209 view. Participants will wear a Vive tracker attached to the wrist of their dominant hand so
210 that a white sphere can be rendered in the place of their hand to enable grasping in the
211  virtual task (matching the approach of Buckingham, 2019). The VR task has been

212  developed using the gaming engine Unity 2019.2.12 (Unity technologies, CA) and C#.
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Graphics have been generated with an HP EliteDesk PC running Windows 10, with an Intel
i7 processor and Titan V graphics card (NVIDIA Corp., Santa Clara, CA). Three ‘lighthouse’
base stations will be used to monitor positions and rotations of the headset and Vive tracker

devices at 90 Hz. The Unity environment can be found online (https://osf.io/3zhna/).

Experiment 2 - MWI. For the material weight study, the same VR set up will be
used, but the visual properties of the objects will be changed to match the different object
materials, creating three identically sized objects in VR that appear to be made of
polystyrene, cork, and granite. This has been achieved in the VR simulation by applying

different textures to the virtual objects in Unity.
Measures (identical for Expt 1 & 2)
Estimated weight

Prior to the first lift in each condition, participants will be asked to verbally
estimate the weight of the objects. Participants will be instructed to provide a numerical
rating on a scale of their own choosing (i.e., absolute magnitude estimation) (Zwislocki &
Goodman, 1980). They will be told that they can use any numbers they like (e.g., negatives,
decimals, 10s, 100s) but that they should adopt a consistent rating scale across both
conditions. This approach follows that used in many weight illusion studies and enables a
subjective judgement to be captured, whilst still providing a quantifiable measure that can
be standardized using across conditions using z-scores (Buckingham, 2019; Buckingham et
al., 2011).

Perceived heaviness

Heaviness ratings. After each lift, participants will give a verbal numerical
judgment of the perceived heaviness of the object. In order to minimize ratio scaling biases,
no constraints or scale for these estimates will be provided. Participants will simply be
instructed that larger numbers represent heavier weights (as in Arthur et al., 2020;
Buckingham et al., 2016). These heaviness ratings will then be normalized to a z-score

distribution to enable inter-individual analyses.

SWI/ MWI score. A size-weight illusion score will be calculated by subtracting
average heaviness ratings (over 10 lifts) for the larger objects from the smaller objects, such
that a larger score indicates a larger perceptual illusion. An equivalent material-weight
illusion score will be calculated by subtracting average heaviness ratings for the least dense
object (polystyrene) from the densest object (granite). We interpret a larger illusion score to

indicate a stronger influence of prior predictions on perception.

Force measures
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Following Arthur et al. (2020), we will adopt peak grip and load force rate
differences between smaller and larger (or less dense and more dense) objects as metrics
of sensorimotor prediction. Force data will be obtained from an ATI Nano-17 Force
transducer attached to the lifting point on the top of the objects. The force transducer
records force perpendicular to the surface of the handle (i.e., grip force) and tangential
forces (i.e., load forces) at 500Hz. The force data will be smoothed using a 14-Hz
Butterworth filter. To determine peak force rates, data will be differentiated with a 5-point
central difference equation. Trial-by-trial plots of grip force will be inspected manually to

ensure that the correct peak is taken for the dependent variables.

Sensorimotor prediction. From this processed force data we will derive the
metrics peak grip force rate difference (pGFRdiff) and peak load force rate difference
(pLFRdiff). For both grip (perpendicular) and load (tangential) force rates, size-related
prediction errors will be calculated by subtracting values for the first test lift of the smaller (or
denser-looking) objects from the larger (or less dense looking) object (as in Arthur et al.,
2020; Buckingham et al., 2016). A larger difference score would therefore indicate that the

fingertip forces were more strongly influenced by prior expectations of object heaviness.
Presence

The Slater-Usoh-Steed (SUS) Presence questionnaire (Slater et al., 1998; Usoh et
al., 1999) will be used to measure participants’ sense of presence in the VR environment for
the purpose of exploratory analyses. The SUS consists of six questions that relate to three
themes: i) the sense of being in the virtual environment; ii) the extent to which the virtual
environment becomes the dominant reality; and iii) the extent to which the virtual
environment is remembered as a ‘place’. Questions are answered on a 1 to 7 scale where
the higher score indicates greater presence. The presence score is taken as the number of

answers that have a score of ‘6’ or ‘7’.
Procedure

Participants will attend the lab for one visit lasting ~90 minutes. They will have the
experiment verbally explained to them and will provide written informed consent.
Participants will be told that they will lift objects of different sizes and materials and that we
are interested in how they perceive those objects. They will first put on the VR headset and
be allowed some time to become familiar with the task environment (but will not be able to
interact with any stimuli)?. Participants will first complete the SWI experiment and then the

MWI experiment. Before any lifts take place, the three test objects (small/medium/large or

2 In the real-world condition participants will also be fitted with eye tracking glasses to record eye movement
data, but this data will not be reported in this manuscript.
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polystyrene/cork/granite) will be placed in front of the participant on the table and they will
be asked to estimate their heaviness based on their visual appearance using absolute
magnitude estimation (Buckingham & Goodale, 2013). On each lifting trial, participants will
sit at a table with their eyes closed. One of the three test objects will be placed in front of
them, and they will be told to open their eyes and pick up the object with the thumb and
forefinger of their dominant hand in a smooth, controlled, and confident manner. They will
be told to then hold it steady at a comfortable height above the surface, before replacing it
gently on the table surface. The lift and replace phases of each trial will be signalled by two
computer-generated auditory tones, each separated by 4 seconds. Each condition will begin
with five ‘baseline’ or ‘washout’ trials of either the medium sized object (expt 1 - SWI) or the
cork object (expt 2 - MWI). The baseline lifts will be followed by 30 ‘test’ trials in which each
of the three objects is lifted ten times in one of three pseudorandomized orders (following
the procedures of closely related previous studies: Arthur et al., 2020; Buckingham, 2019;
Naylor et al., 2022). These predetermined trial sequences will guarantee that each ‘heavy’
item is lifted at least once before any ‘light’ trials (see orders on OSF page:

https://osf.io/2htwr), thereby ensuring that initial lifts are unexpectedly heavy relative to

baseline trials. After each lift, participants will be asked to numerically report how heavy the
object felt to them on that trial. After completing the SWI experiment, participants will be
allowed a short break and will then perform the MWI. Participants will be remunerated £35

for taking part.
Data treatment

Data will be analysed using JASP (v0.16.3). Data will be checked for univariate
outliers more than 3.29 standard deviations from the mean. This value was chosen as a
conservative cut-off and based on previous SWI studies (Arthur et al., 2020) and
recommendations (Tabachnick & Fidell, 2019). Outlying values will be winsorised, by
replacing the outlying value with a score 1% larger (or smaller) than the next most extreme
value (Pek et al., 2018). Data will be checked for extreme deviations from normality based
on skewness and kurtosis scores. Skewness or kurtosis scores less than -2 or greater than
2 will be taken to indicate extreme skewness or kurtosis (George & Mallery, 2019).
Assuming data adhere to these assumptions the tests outlined in the table of questions will
be run. The table of questions outlines analyses relating to the primary research question
(H1-H2) plus manipulation checking analyses (H3-H5) which will be run first to ensure the
SWI and MWI manipulations were successful. Non-parametric alternatives will be used if
data deviate substantially from normality: Mann-Whitney U-Tests will be used for the
independent comparisons and Wilcoxon tests will be used for paired comparisons.

Significance will be accepted at p<.05. Bayes factors using a symmetric Cauchy prior will
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also be used to quantifying the strength of evidence for the alternative and null hypotheses.
These Bayesian analyses will be used as additional information for interpreting the strength
of the results but will not be the primary determinant of our conclusions, which will be

entirely based on the analyses outlined in the design table.
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Question Hypothesis Sampling Analysis Plan Rationale for deciding the Interpretation given | Theory that could
plan sensitivity of the test for different outcomes be shown wrong
confirming or disconfirming the by the outcomes
hypothesis
Primary research question (LPP v HPP account):
1a. Does the H1,: Prior expectations will Power Between-groups (real- Our sample size justification was based Smaller SWI scores in VR
magnitude of be weaker in VR, hence the analysis world v VR) comparison on the following rationale related to the would support the LPP
the perceptual magnitude of the SWI of the SWI (Exptl) and smallest effect size of interest (Lakens; hypothesis, while larger
illusion during (perceptual illusion) will be Independent | MWI (Expt2) score using 2022). Our intention in this work was to SWI scores in VR would
the SWI task smaller compared to the real | t-test, power | independent t-tests. This | examine whether substantial differences support the HPP
indicate higher world. =0.85, alpha | will use just the first in the role of priors exist between the hypothesis.
or lower =0.05,d= condition that people real-world and VR. In this context, small
precision of prior 0.8, 60 take partin. differences are relatively uninformative
beliefs in VR? participants3 as they may be a function of the specifics
of the technologies used (e.g., visual and
haptic realism) and therefore do not
answer the broader HPP versus LPP
question. Therefore, the value of
1b. Does the H1;: Prior expectations will We will also run a second | information for rejecting small effects is Smaller MWI scores in VR

magnitude of
the perceptual
illusion during
the MWI task
indicate higher
or lower
precision of prior
beliefs in VR?

be weaker in VR, hence the
magnitude of the MWI
(perceptual illusion) will be
smaller compared to the real
world.

NOTE: these are being
treated as individual
hypotheses, rather than
employing a disjunctive or
conjunctive logic (Rubin,
2021). The hypotheses have
a thematic relationship to
the broader LPP and HPP
explanations but are treated
as separate questions
(about priors for object size
and material guiding
perception).

3 Note: all tests are two-tailed

repeated measures
analysis in which we
compare real-world v VR
using both conditions
from each participant
and control for order
using a covariate.

low (Lakens, 2022). Given resource
constraints, the costs of detecting small
effects outweighs the benefits. We
therefore aimed to power the study
based on a medium-to-large sized effect
(d =0.8). The selected effect size was also
based on typical effects observed in the
literature for related manipulations. For
instance:

SWI — perceived heaviness

Heineken & Schulte (2007) reported a
very large main effect of n,2 = 0.57
(equivalent to d = 2.3) when comparing
the SWI across different visual
presentation mediums (VR, 2D screen).

MWI — perceived heaviness

would support the LPP
hypothesis, while larger
MW]I scores in VR would
support the HPP
hypothesis.

LPP hypothesis versus
HPP hypothesis of
perception in VR.
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2a. Does the
magnitude of
the
sensorimotor
prediction effect
during the SWI
task indicate
higher or lower
precision of prior
beliefs in VR?

2b. Does the
magnitude of
the
sensorimotor
prediction effect
during the MWI
task indicate
higher or lower
precision of prior
beliefs in VR?

H2,: The peak grip force rate
difference scores
(subtracting first lift of small
from first lift of large) will be
smaller in VR than in the real
world.

H2g: The peak grip force rate
difference scores
(subtracting first lift of
polystyrene from first lift of
granite) will be smaller in VR
than in the real world.

NOTE: these are being
treated as individual
hypotheses, rather than
employing a disjunctive or
conjunctive logic (Rubin,
2021). The hypotheses have
a thematic relationship to
the broader LPP and HPP
explanations but are treated
as separate questions
(about priors for object size

and material guiding action).

Power
analysis

Independent
t-test, power
=0.85, alpha
=.05,d=0.8,
60
participants

Between-groups (real-
world v VR) comparison
of pGFRdiff scores during
both the SWI (Exptl) and
MWI (Expt2) tasks, using
independent t-tests. This
will use just the first
condition that people
take partin.

We will also run a second
repeated measures
analysis in which we
compare real-world v VR
using both conditions
from each participant
and control for order
using a covariate.

Naylor et al. (2022) reported large effect
sizes when comparing the magnitude of
the MWI between different presentation
conditions in VR (visual appearance only
compared to visual-tactile matched [dz =
1.20], visual-tactile mismatched [dz =
0.79] and tactile only [dz = 1.09]
conditions).

SWI — peak grip force rate

When comparing the effect of object
categories (same-coloured v different-
coloured) Buckingham et al. (2016)
reported a size*group interaction of ny?=
0.11 (d = 0.72) for pGFR.

We did not find a comparable effect size
for a manipulation of the MWI on peak
grip force rate.

Considering that these manipulations
yielded medium-to-large effects in SWI
and MWI tasks, the decision to not
detect effects smaller than this holds
significance for the field. Such findings
would imply that the influence of VR is
less impactful than these established
manipulations.

Smaller pGFRdiff scores in
VR during the SWI task
would support the LPP
hypothesis, while larger
pGFRdiff scores in VR
would support the HPP
hypothesis.

Smaller pGFRdiff scores in
VR during the MWI task
would support the LPP
hypothesis, while larger
pGFRdiff scores in VR
would support the HPP
hypothesis.
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Manipulation checking analyses:
The following analyses will be performed first to ensure the validity of the main analyses

3a. Do the H3a: The real-world SWI

stimuli induce stimuli will create a

the SWI in the perceptual illusion whereby

real world? smaller objects will feel
heavier that equally
weighted larger objects.
Manipulation check
corresponding to H1A.

3b. Do the H3;: The real-world MWI

stimuli induce stimuli will create a

the MWI in the perceptual illusion whereby

real world? granite objects will feel
lighter than identically
weighted polystyrene
objects. Manipulation check

| corresponding to H1B.
4a. Do the SWI H4,: The real-world SWI

stimuli induce a
sensorimotor
prediction effect
in the real
world?

4b. Do the MWI
stimuli induce a
sensorimotor
prediction effect
in the real
world?

stimuli will induce a
sensorimotor prediction
effect whereby larger objects
will be grasped with more
force than smaller objects.
Manipulation check
corresponding to H2A.

H4g: The real-world MWI
stimuli will induce a
sensorimotor prediction
effect whereby typically
denser objects (granite) will
be grasped with more force
than typically less dense
objects (polystyrene).
Manipulation check
corresponding to H2B.

' Sample

determined
by primary
question
(above)

Paired t-test on
heaviness ratings (large v
small) averaged across
all lifts in the real-world
condition.

Paired t-test on
heaviness ratings
(granite v polystyrene)
averaged across all lifts
in the real-world
condition.

Given the sample size of 60, a paired t-
test (alpha = 0.05) will provide 85%
power to detect effects in the region of
dz =0.39. This is much lower than the
typical SWI effect (d = 1.82 based on
meta-analysis of Saccone et al., 2019) and
MWI effect (d = 1.00 from Saccone et al.,
2019). We therefore have adequate
power to perform this test.

If larger objects feel lighter
than smaller objects, the
SWI was successfully
induced.

If typically denser objects
feel lighter than less-dense
looking objects, the MWI
was successfully induced.

If the SWI/MWI
perceptual effect does
not emerge it will show
that the task was not
working as in previous
studies (probably
because they were not
reporting their
perception of weight
appropriately). This
would render any other
results uninformative.
The corresponding
hypothesis tests (1A
and 1B) would
therefore not be run if
the check is not met.

Paired t-test comparing
peak grip force between
the first test lifts of the
smaller and the larger
object (real-world
condition).

Paired t-test comparing
difference in peak grip
force rate between the
first test lifts of the
granite and the
polystyrene object (real-
world condition).

Given the sample size of 60, a paired t-
test (alpha = 0.05) will provide 85%
power to detect effects in the region of
dz =0.39. This is much lower than the
typical effect of size (d = 0.89;
Buckingham et al., 2016) and material
cues (d = 1.33; Buckingham et al., 2010)
on peak grip forces. We therefore have
adequate power to perform this test.

If the large object is
grasped with more force
than the smaller object,
participants are showing
the typical pattern of
sensorimotor prediction.

If the denser-looking object

(granite) is grasped with
more force than the less-
dense looking object
(polystyrene), participants
are showing the typical
pattern of sensorimotor
prediction.

If the SWI/MWI
sensorimotor prediction
effect does not emerge
it will show that
participants are not
interacting with the
objects in a predictive
fashion. This would
render any other results
uninformative. The
corresponding
hypothesis tests (2A
and 2B) would
therefore not be run if
the check is not met.
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5a. Do people
articulate an
expectation that
larger objects
will be heavier
than smaller
objects (SWI)?

5b. Do people
articulate an
expectation that
typically denser
(but equally
sized) objects
will be heavier
than typically
less dense
objects (MWI)?

H54: When asked to estimate
the weight of the objects
prior to any lifts, we expect
people to estimate the large
object to be heavier than the
small object. Manipulation
check corresponding to H1A.

H5g:When asked to estimate
the weight of the objects
prior to any lifts, we expect
people to estimate the
granite object to be heavier
than the polystyrene object.
Manipulation check
corresponding to H1B.

Sample
determined
by primary
question
(above)

Paired t-test on
estimated heaviness
prior to any lifts (large v
small) for the real-world
condition.

Paired t-test on
estimated heaviness
prior to any lifts (granite
v polystyrene) for the
real-world condition.

Given the sample size of 60, a paired t-
test (alpha = 0.05) will provide 85%
power to detect effects in the region of
dz=0.39. Thisis much lower than the
typical SWI (d = 2.21 from Arthur et al.,
2020) and MWI (d = 1.38 from Naylor et
al., 2022) effect sizes for pre-lift
predictions of heaviness. We therefore
have adequate power to perform this
test.

If larger objects are
estimated to be heavier
than smaller objects, then
participants would appear
to understand the
apparent mass of the
objects .

If typically denser objects
are grasped with more
force than typically less-
dense objects, then
participants would appear
to understand the
apparent mass of the
objects .

If people do not
articulate the expected
conscious expectations
of heaviness in line with
the objects’ visual cues,
participants might have
diminished expectations
based on the
experimental context
under which the stimuli
were presented. This
would render any other
results uninformative.
The corresponding
hypothesis tests (1A
and 1B) would
therefore not be run if
the check is not met.
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