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Distinguishing our body from the external world is crucial for self-
perception and environmental interaction. Yet, the accuracy with which
we perceive this boundary remains underexplored. Here, we developed
a psychophysical protocol to assess how accurately individuals perceive
their body boundaries. Participants were asked whether the midpoint
between two tactile stimuli was inside or outside their perceived
body boundary. Three-dimensional scans provided objective anatomical
boundaries, allowing psychometric functions to be fitted. Results revealed
remarkable overall precision, often within millimetres, in localizing body
boundaries across multiple body regions. However, accuracy varied:
while palm boundaries were localized nearly perfectly, stimuli along the
wrist boundaries were frequently misjudged as extending beyond their
true anatomical limit, revealing a systematic perceptual bias. Perceptual
judgements adapted to changes in posture, but accuracy declined when
the detailed local three-dimensional structure was omitted, indicating
that proprioceptive cues are combined with detailed local body models.
Finally, participants whose anatomy deviated from the average tended
to align their responses with a typical body model rather than their
unique physiology, suggesting that top-down processes influence boundary
judgements. Our findings suggest that body boundary representation
combines detailed three-dimensional body models with proprioceptive
feedback into an integrated perceptual model of the anatomical body.

1. Introduction

Our sense of where our body ends and the external world begins can
fluctuate dramatically. At times, this boundary can feel sharp and distinct,
such as when plunging into a cold swimming pool. In other moments, it
appears fuzzy or indistinct: reclining on a comfortable couch can blur the
sense of where one’s body ends and the couch begins ([1, p. 97]; see also
discussion in [2]). Importantly, our perception of this boundary does not
necessarily align with our body’s actual physical borders [3]. While the latter
are defined by their anatomical structure, the former can fluctuate widely,
ranging from feeling strongly separated from the environment to experienc-
ing an almost seamless continuity with it [3-5]. To date, body boundaries
have primarily been investigated in terms of their experienced sharpness,
whereas the accuracy with which this boundary can be consciously located in
space remains poorly understood. Here, we focus on body boundaries as the
perceptual edge of the anatomical body; that is, the precise location of where
our physical body ends.

© 2025 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Figure 1. Experimental paradigm. (A) Participants were touched simultaneously at two points (black dots) and asked to judge whether the midpoint of the imaginary
line connecting both touches (coloured lines and dots) was perceived to lie inside or outside of their body. Top: midpoints objectively outside the body for a single
participant shown in blue. Bottom: midpoints inside the body for the same participant shown in pink. (B) Three-dimensional scanning was used to establish the true
distance of each midpoint from the body boundary (two examples shown). (C) A psychophysical curve (black line) was fitted to the perceptual judgements (dots)
allowing quantification of perceptual bias (vertical line at 50% perceptual threshold) and width of the body boundary (space between vertical dashed lines at 25% and
75%, respectively).

Perceiving the boundaries of our body likely relies on underlying body representations, which broadly refers to the
perceptual, cognitive, sensorimotor and affective processes that shape our experience of bodily form, position, movement and
ownership [6]. While it is widely acknowledged that multiple interacting systems (e.g. body schema, body image) contribute to
this representation, there is still active debate regarding the precise number and specific functions of these components [7-9].
At the very least, recent frameworks distinguish between two levels of body representation: somatoperception and somatore-
presentation [10]. Somatoperception refers to real-time, sensory-driven processes, such as tactile localization, proprioceptive
tracking and immediate judgements of body dimensions, whereas somatorepresentation encompasses more stable, higher-order
beliefs about one’s body, such as semantic knowledge of body-part arrangement.

So far, research has primarily focused on coarse, large-scale representations (e.g. entire limbs). These studies have consis-
tently revealed substantial and systematic distortions in body representations (see [11] for a comprehensive review). For
instance, investigations into perceived body part size have demonstrated significant inaccuracies in judging their relative
dimensions [12,13], volume [14] or when localizing landmarks [15-17]. Although these studies have significantly advanced
our understanding of body representation, the precision with which fine-grained local body geometry is represented remains
largely unexplored. Research on tactile distance perception (e.g. [18]) has partially addressed this gap, revealing smaller scale
perceptual distortions that reflect biases in the cortical somatosensory homuncular map [19]. However, these investigations
typically consider body parts as mostly flat, two-dimensional surfaces, neglecting its inherently three-dimensional structure.
Even seemingly flat regions, such as a hand resting on a table, have pronounced depth and curvature and exhibit intricate
three-dimensional geometric structures.

Here, we address this gap by examining whether people can accurately judge their own three-dimensional body boundaries
at a fine-grained scale across five individual experiments. First, we compare boundary perception in two body regions with
contrasting sensory profiles: the hand; a highly visible, sensitive and frequently used body part, versus the ankle, which
is typically out of sight and less sensitive. Next, we investigate how changing hand posture might influence boundary judge-
ments, thereby testing whether the underlying representations are sufficiently flexible to adapt to shifts in proprioceptive
feedback. We then ask whether a detailed three-dimensional body model is required to explain people’s performance or
whether coarser representations suffice. Finally, in an exploratory analysis, we investigate whether participants whose body
deviates from the average shape make judgements aligned with their own body geometry.

2. Results

We developed a novel psychophysical paradigm for assessing the accuracy of the perception of the body boundary. We were
specifically interested in quantifying the extent to which the local three-dimensional geometry of different body parts is
perceptually accessible in the absence of vision. Participants received simultaneous touches at two predefined points on a given
body part and judged whether the midpoint between these points fell within or outside their body. For instance, the midpoint
connecting two points G and F might objectively fall outside the boundary of the hand (figure 1A,B, top), while the midpoint
connecting points C and E might fall inside (figure 1A,B, pink). Across experiments, we defined 13 such point pairs spanning
inside, outside and near-boundary locations. To account for individual anatomical differences, we recorded three-dimensional
scans of each participant’s body part, then calculated the actual distance of each midpoint from the true boundary. Finally,
combining these distances with each participant’s responses (across seven randomized trials per midpoint) enabled us to fit
psychophysical curves and estimate both bias and boundary width (figure 1C).
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Figure 2. Body boundary perception on the hand. (A) Touch point pairs and their corresponding midpoints tested in experiment 1A (n = 21, top) and experiment 2A
(n =18, bottom) illustrated for a single participant each. In both experiments, the hand was in a relaxed position, resting relatively flat on a table. (B) Examples of
individual fitted psychophysical curves from both experiments. (C) Perceptual bias (point of subjective equivalence) across all participants. Bias was close to zero and
the subjective body boundary was as likely to fall slightly outside the true boundary as it was to fall inside. (D) Perceptual width of body boundary as assessed by the
distance between judging midpoints as mostly inside (25% threshold) and outside (75% threshold). Almost half of the participants showed precision within a single
millimetre and almost all within 1 cm. (E) Group-level psychophysical curve across both studies averaging across individual midpoint distances and responses across 26
unique midpoints.

(a) Millimetre precision of body boundary perception on the hand

We first examined participants’ ability to locate their right hand’s boundary while it rested in a relaxed, relatively flat position
on a table. Across two separate experiments, each using a different set of midpoints (see figure 2A) and including 39 partici-
pants in total, our results indicate that most participants (37 out of 39, 95%) judged the two most outside points more often as
falling outside than the two most inside points, with the difference on average 50%, and >25% for 77% of participants, and thus
our task generally spanned the range of perceivable distances. Indeed, many of the participants were remarkably accurate as
demonstrated by steep, unbiased and well-fitted psychophysical curves (see figure 2B for examples).

Across all participants, the bias in boundary perception (assessed as the point of subjective equivalence) was on average -0.4
mm (see figure 2C for a histogram), not significantly different from zero (#(38) = -1.17, p = 0.25, d = -0.18, one-sample f-test)
and did not differ between the two studies (#(37) = -1.1, p = 0.28, d = —0.34, two-sample t-test). Thus, there is no inherent bias to
perceive the body boundary as either concave or convex. To assess the width of the body boundary, we calculated the change
in distance necessary to jump from a 25% likelihood that a stimulus was judged as outside to a 75% likelihood. On average,
the boundary width was 4.9 mm, though for almost half of the participants, it was less than 2 mm (figure 2D). Thus, decisions
on whether individual points in space lie inside or outside of the body are made highly precisely within a few millimetres and
often within a single millimetre.

Lastly, by combining data from both experiments and fitting a single psychophysical curve at the group level (figure 2E),
we again confirmed millimetre-level precision without systematic bias. Nonetheless, some individual points clearly stood out
as consistently misclassified by multiple participants, despite their anatomical position being unambiguously inside or outside
the body (see examples in figure 2B, top right and bottom left). These recurring errors highlight localized perceptual anomalies
rather than random judgement mistakes.

(b) High fidelity of body boundary perception on the ankle

Next, we tested whether body boundary perception would differ on another body part, the ankle. Across two experiments
(1B: n = 21; 2B: n = 7), we collected perceptual judgements across 13 different paired touches, following the same procedure
established for the hand (see figure 3A for touch points and figure 3B for pairs and respective midpoints). The average bias in
boundary perception was 0.6 mm (see figure 3C for histogram), not significantly different from zero (#(27) = 1.66, p = 0.11, d =
0.31, one-sample f-test) or from the bias for the hand (#(65) = 1.95, p = 0.06, d = 0.48, two-sample t-test). The boundary width, at
an average of 7.3 mm (figure 3D), was larger than for the hand, though this difference was also not significant (t(61) = 1.68, p =
0.10, d = 0.42). These trends were confirmed in the group-level psychophysical curve (figure 3E), which displayed no bias and
high precision across 26 midpoints. In contrast to the results from the hand, no clear outliers were present on the ankle.

(c) Boundary perception adjusts with changes in posture

To determine whether hand posture is taken into account when making perceptual body boundary judgements, we tested the
same 13 midpoints under two different postures in a subset of participants (1 = 11): the baseline relaxed posture and a more
‘“unnatural’ posture involving ulnar deviation at the wrist and partial flexion of the thumb (figure 4A). This second posture
induced shifts in the tested midpoints, such that some moved from inside the body to outside and vice versa: midpoints on the
ulnar side of the hand moved towards the outside due to ulnar deviation, while midpoints on the hand’s radial side tended
to move inside due to flexion of the thumb (figure 4B). We found that participants’ perceptual judgements shifted in parallel,
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Figure 3. Body boundary perception at the ankle. (A) Touch points on the ankle for experiment 1B (n = 21) and experiment 2B (n = 7). (B) Corresponding touch point
pairs and respective midpoints, focusing on the local geometry around the lateral malleolus for experiment 1B, and the anterior and posterior foot geometry around
the ankle for experiment 2B. (C) Bias across all participants. Analogous to the hand, bias was close to zero. (D) Boundary width on the ankle for all participants (see
figure 2D for comparison with the hand). Most participants showed precision within 1 cm, slightly less precise than on the hand. (E) Group-level psychophysical curve
across both studies averaging across individual midpoint distances and responses across 26 unique midpoints.

matching these positional changes in 11 out of 13 midpoints (figure 4C), and the magnitude of perceptual shift was strongly
correlated with the physical shift (r=0.87, p <0.01, figure 4D).

At the group level, the psychophysical curves for both postures were highly similar (figure 4E). Although the slope was
slightly shallower for the second posture, the difference was not statistically significant due to overlapping confidence intervals
and no difference in bias. Individual-level analyses also showed no significant differences in bias (#(10) = -0.40, p = 0.70, d =
-0.11, paired t-test, figure 4F) or boundary width (#(10) = -1.91, p = 0.08, d = -0.88, paired t-test, figure 4G) between postures,
though given the relatively small number of participants in this task this analysis might have missed smaller effects. We
conclude that body boundary perception reflects changes to posture, maintaining broadly similar levels of accuracy.

(d) Boundary perception reflects local three-dimensional body geometry

We next investigated whether participants’ judgements depended on detailed three-dimensional body representations or on
simpler, two-dimensional outlines influenced by posture alone. To do this, we progressively smoothed each three-dimensional
hand model (figure 5A, bottom row) and then compared participants’ judgements with the new, smoothed boundaries (see
§4). If people rely on fine-grained local geometry, removing these details should reduce accuracy. Conversely, if the mental
representation is relatively coarse, smoothing might not affect performance; or could even improve it.

Since smoothing does not change the broad outline of the hand, but instead affects local geometry only, we divided all
midpoints tested in the hand baseline condition across both experiments into two categories: those reflecting predominantly
local three-dimensional geometry (see coloured markers in figure 5B, located on the palm) and those reflecting simple two-
dimensional body outlines or the coarse postural configuration of the hand (grey markers in figure 5B). For example, the
palm area exhibits local topography even when the hand is resting flat on the table and correct judgements would therefore
require a body representation incorporating the shape and curvature of the thenar and hypothenar eminences. In contrast,
other judgements, such as ones about the line connecting the metacarpophalangeal joint of the thumb and the wrist, might be
resolved using a simpler two-dimensional representation of the hand combined with postural feedback.

We found that low amounts of smoothing did not impair participants’ accuracy, but there was a steep decline for more
extensive smoothing levels (see coloured lines in figure 5A), suggesting that local geometry at a high level of detail is both
perceptually accessible and important for solving the task (see model 3 in figure 5A, bottom row, for the smoothest model
where accuracy was above chance level). In contrast, since smoothing did not affect the general outline of the hand model or its
overall posture, the accuracy of these judgements did not change (see grey line in figure 5A). Moreover, judgements associated
with local three-dimensional geometry were, on average, more accurate than those merely requiring a two-dimensional outline
model of the hand (#(38) =2.86, p <0.01, d = 0.61, paired t-test, figure 5C), despite the latter both intuitively appearing easier and
objectively being located further from the body surface (mean absolute distance 3.8 mm versus 2.8 mm for three-dimensional
midpoints, #(38) = -7.39, p < 0.01, d = -1.32, paired t-test). Additionally, a lateralized effect emerged: in experiment 2A, touch
points were balanced such that five judgements included the left side of the hand and five the right side (with three focusing
on the palm), and comparing their respective accuracy showed significantly higher performance on the right (73%) compared
with the left side (59%, t(178) = -3.25, p < 0.01, d = -0.48, two-sample t-test). Indeed, mapping all judgements across both
experiments onto a standardized reference hand revealed clear spatial clustering: high accuracy on the palm and consistent
errors on the wrist, and the sides of the hand (figure 5D). That errors are spatially clustered suggest that they arise from
underlying distortions in local body representation rather than random lapses in judgement.
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Figure 4. Boundary perception adjusts with changes in posture. (A) Hand posture adopted in experiment 2, characterized by ulnar deviation and partial flexion of the
thumb. (B) Posture 2 was chosen such that, compared with the original baseline posture 1, many midpoints moved with respect to the body boundary, transitioning
from inside to outside and vice versa. (C) Group-level psychophysical curve (black line) along with boundary distances and perceptual judgements averaged over
participants: each coloured line denotes a tested midpoint (same colours as in panel B), with round symbols denoting data from posture 1 and arrow heads denoting
data from posture 2. As midpoints move from inside the body to outside, perceptual judgements do the same, and vice versa. (D) Change in distance of midpoints
from the body surface between postures 1 and 2 compared with accompanying perceptual change, averaged over all participants. Positive distance change values
indicate points moving towards the outside of the body, while negative values denote points moving towards the inside. Positive perceptual change values indicate a
higher percentage of stimuli being judged as outside, and vice versa. (E) Group-level psychophysical curves for posture 1 (dark blue) and posture 2 (green). Their bias
is identical and close to zero. The curve is slightly steeper for posture 1. (F) Individual estimates for bias in boundary perception for both postures. Bias is, on average,
close to zero and does not differ between postures. (G) Boundary width for all participants across both postures. Precision does not differ between postures.

(e) Boundary judgements are aligned with a typical body model

We selected touch points such that their midpoints were predictably inside or outside the body boundary for most participants.
However, as this was not always the case, we three-dimensionally scanned the tested body parts for each participant to measure
their individual body shape. We found that for 13 out of 26 total midpoints tested on the hand (across experiments 1A and 2A),
some participants’ body shape deviated enough for these points to cross the body boundary from inside to outside or vice versa.
Similarly, 11 out of 26 midpoints tested on the ankle (across experiments 1B and 2B) spanned both sides of the body boundary
across all participants tested. For example, the lateral malleolus typically presents as a pronounced bump on the ankle, causing
the line connecting it to the back of the foot to lie outside the body for most participants (see figure 5F, left). However, for a
small subset of participants, this bump was much less pronounced and the surrounding region correspondingly almost flat,
such that the line fell inside the body instead (see figure 5F, right). Are these individual differences in body geometry reflected
in participants’ judgements? In an exploratory analysis, we noticed that participants’ accuracy was often low for judgements
in which their individual body shape differed from the typical one (see examples in figure 5E). Indeed, when probing this
effect across all data points in the hand baseline (experiments 1A and 2A) and the ankle (experiments 1B and 2B) conditions,
we found that perceptual judgements were on average much more accurate in cases when the participant’s body shape agreed
with the average shape compared with when the participant’s body differed from the average (figure 5G, typical versus atypical
columns). This effect could not be explained by participants with an atypical body exhibiting lower accuracy generally, as their
other judgements for different midpoints were much more accurate (figure 5G, control column). In line with these observations,
an ANOVA found significant differences between typical, atypical and control judgements (F(2,69) = 26.31, p < 0.01, n2 = 0.43)
and post hoc Tukey tests confirmed that atypical judgements differed from the two other classes (p < 0.01 for both), while the
accuracy of typical and control judgements did not differ (p = 0.65). We note that the difference between typical and atypical
body shapes was small, with the body boundary shifting by only 2.1 mm on average between typical and atypical body shapes.
Larger discrepancies might well be integrated into people’s body representations. However, on a small scale, when there are
individual differences in body shape, participants appear to align their judgements with a more “typical’ body rather than their
own.

3. Discussion

We developed a novel psychophysical paradigm to examine how precisely people judge the boundaries of their own body,
specifically whether the midpoint between two brief touches on the skin fell inside or outside the body. Across five experiments,
we systematically tested boundary judgements in three conditions: the hand in a relaxed posture (experiments 1A and 2A),
the hand in an “unnatural” posture (experiment 2C) and the ankle (experiments 1B and 2B). Despite differing sensory profiles
and visual familiarity across these body parts, our findings consistently showed that participants could localize their body
boundaries with often striking accuracy; within just a few millimetres of the actual anatomical border, even without visual
feedback and when assuming different postures.
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Figure 5. Boundary perception reflects local, typical geometry of the body. (A) Accuracy of perceptual judgements when recalculated with respect to progressively
smoothed models of the hand (1: measured high-resolution model, 5: heavily smoothed), shown below. Coloured traces refer to perceptual judgements related to
local three-dimensional structure of the hand (as shown in panel B), with lines reflecting averages and error bars denoting standard error of the mean across different
midpoints. The grey line is the average accuracy for all other perceptual judgements, mostly reflecting the two-dimensional outline of the hand (see panel B). The
dashed line indicates chance level. Accuracy drops considerably for models 4 and 5. (B) Midpoints included in smoothing analysis shown in panel A using the same
colour scheme. (C) Accuracy of perceptual judgements reflecting local three-dimensional structure (left) versus two-dimensional hand outlines (right). Black markers
denote the average and standard error of the mean across participants, with individual data points shown as coloured dots (same colour scheme as in panel B). (D)
Accuracy of perceptual judgements when plotted spatially according to the location of the judged midpoint. Each judgement from every participant (n = 39) in the
hand baseline posture (experiments 1A and 2A) was first mapped onto the reference hand shown using procrustes analysis, after which averages were calculated
for each spatial bin. Accuracy is markedly lower just below the wrist and on both sides of the hand, but high on the palm. (E) Examples of midpoints on the ankle
(experiment 1B) falling on different sides of the body boundary for different participants and their associated perceptual judgements. Shown is distance to the actual
body boundary on the horizontal axis against the percentage of correct answers. Each point shown is a different participant. Participants whose body boundary does
not agree with the typical body shape display low accuracy. (F) Examples of a typical (left) and atypical (right) body shape on the ankle (taken from experiment
1B). Typically, the lateral malleolus is pronounced enough to cause the midpoint between B and D to fall outside the body boundary. However, for a minority of
participants, this body region is flattened instead, leading for the midpoint to fall inside the body. (G) Average accuracy for hand (black lines, experiments 1A and 2A)
and ankle (yellow, experiments 1B and 2B) judgements where the participant’s body shape agreed with the average body shape (‘typical, left), where the participant’s
body outline disagreed with the average body shape (‘atypical, middle) and all other judgements made by the same participants included in the atypical dataset
(‘control; right). Participants with atypical body shape show much lower accuracy on these judgements than participants with a typical body shape, even though other
judgements by these participants do not display lower accuracy.

(a) Comparison with previous findings

Previous work on body representations has emphasized large perceptual distortions, which replicate robustly and transfer
across different experimental protocols [11]. How can our finding of high perceptual accuracy be reconciled with these prior
results? First, the apparent discrepancy might be a consequence of our experimental paradigm. Previous studies, whether on
body part size estimation or judgements about tactile distance, specifically asked participants to make size or length estimates.
A distorted representation of the hand, for example stretched or compressed along a certain axis, is easily measurable using
these paradigms. In contrast, our paradigm assessed whether people are aware of the shape of their body between two
touched points. Any systematic distortion (stretch or compression) of these body parts would not affect their overall shape,
and perceptual judgements should therefore be unaffected. Thus, if body representations are fine-grained and accurate in their
three-dimensional representation but otherwise distorted by appearing elongated or truncated along a certain axis, then our
findings are entirely compatible with previous ones. Second, it is possible that we tested body parts where representations are
relatively undistorted. The large distortion of the hand representation is mainly evident on the hand dorsum and considerably
smaller on the palmar side [20]. While perceptual distortions have been measured on the foot dorsum [21], to our knowledge
the ankle has not yet been tested specifically. Additionally, recent findings suggest that observed distortions might be a
consequence of cognitive processes rather than the underlying body representation [22]. Our findings demonstrate that local
three-dimensional body geometry is accurately represented. Finally, it is possible that our task, specifically asking participants
to make judgements about their body boundaries, engaged different representations than those in previous tasks. Given the
robustness of previous findings with respect to the specific paradigm used, we believe this to be unlikely.

(b) Regional differences in body boundary perception

Our results indicated that while the width of the perceived body boundary was larger on the ankle compared with the hand,
this difference was not significant and, in any case, smaller than we had anticipated. We predicted a larger discrepancy because
the hand possesses denser mechanoreceptor innervation [23], better tactile spatial discrimination and localization [24,25], lower
tactile thresholds [26], a disproportionately large cortical representation [27] and higher proprioceptive accuracy [28] compared
with the ankle. Moreover, our hands frequently occur within our field of view during manual tasks [29], and the space close
to our hands draws attention towards it [30], which is not the case for the foot. Previous studies have noted the importance of

SST1ST07 267 8905420 qdsyjeunol Buobunsigndiaposiefor B



Downloaded from https://royalsocietypublishing.org/ on 15 August 2025

vision in shaping body representations [31,32]. Nevertheless, body boundary perception was similar on both body parts, which -

appear to be represented with high fidelity.

While there was no significant difference between body boundary perception on the hand and the ankle, perceptual accuracy
differed spatially across the hand. Specifically, error rates were high on the wrist, even when judging locations that were clearly
inside or outside the body. In fact, there appeared to be a sharp edge in accuracy between the hand and the wrist, with the
lower palm area judged highly accurately while the areas just proximal to the wrist border were much less so. This pattern of
localized errors aligns with prior studies of tactile distance perception, where distortions can cluster around joint boundaries or
transitional skin areas, possibly because of segmented body representations ([33,34]; see also [35] for a review). A similar effect
might be responsible for our findings. Given that boundary perception was more accurate on the palm compared with the rest
of the hand, it is plausible that accuracy could further increase if tested on the fingers or fingertips. These areas are frequently in
contact with external objects [36] and are, therefore, potentially more critical for haptic behaviours.

(c) Fine-grained representation of local body geometry

We found that body boundary perception adapted to changes in posture, meaning that ongoing feedback about the body’s
configuration is therefore taken into account when making such judgements. We did not find significant differences in
boundary perception between the two postures tested, but previous literature has described postural effects on other measures
of body representation [37]. Importantly, postural information alone could not explain the observed results, as coarsening the
measured three-dimensional body part models led to considerable decreases in accuracy. In fact, somewhat counterintuitively,
we found that participants were significantly more accurate when judgements involved detailed three-dimensional body
shape, rather than two-dimensional outlines. These results suggest that participants’ body models incorporate detailed three-
dimensional shape information. In the absence of vision, somatosensory feedback might supply some relevant information:
skin stretch patterns contain information about three-dimensional body conformation beyond that supplied by proprioceptive
feedback [38], and some tactile neurons in the hand have been found to provide ongoing information about the local state of
the skin even in the absence of an external force [39]. In line with these findings, anaesthetizing body parts has been found to
change perceived body geometry [40-42], suggesting that ongoing feedback is required to maintain these representations and
perhaps contributes to them (see also [43] for somatosensory contributions to interoception more broadly). Nevertheless, body
models are likely to be constructed and stored, as it is unlikely that all relevant information would be available from sensory
feedback [15]. Our finding that in some cases participants’ judgements aligned with a typical rather than their own body would
appear to support this statement.

(d) Boundary perception might reflect typical rather than individual geometry

We found that when a midpoint fell inside or outside the body boundary for most participants, even those whose anatomy
diverged from this norm often judged it in line with the majority’s boundary. This suggests that body boundary perception
is not determined solely by real-time sensory input, but also by a generalized, internalized model of the body [15,44,45]. One
possible explanation for this effect involves statistical learning: over time, individuals observe countless bodies (both their
own and others’), gradually internalizing a generalized prototype of where their boundaries should lie. Consequently, when
deprived of visual feedback, participants may default to this prototype rather than rely on their unique anatomy. Consistent
with this idea, it has been suggested that the way people represent their own bodies is directly influenced by their representa-
tions of an average or prototypical body [46], causing perceptual biases that align towards this norm [47,48]. Additionally,
previous research has found that people often fail to recognize photographs of their own hands [49,50] and that weaker visual
memories of one’s body part correlates with heightened plasticity in its representation [51].

Moreover, individuals rarely direct close visual or tactile attention to their own ankles, which typically lie outside the
visual field [52,53]. Over time, people might have observed others’ ankles more frequently and from more diverse perspectives
than their own. This scarcity of direct sensory experience specific to one’s own ankle may have amplified reliance on a
generalized model of ankle shape and boundaries in our paradigm. Future research should directly test whether body parts
with more or less first-person sensory exposure cause measurable body boundary differences. Together, these findings suggest
that higher-order body models can override immediate sensory cues and are not fully personalized, perhaps explaining why
participants’” judgements often converged towards a generalized boundary prototype.

Yet, the fact that convergence occasionally produced anatomically incorrect judgements raises an important caveat. If a given
midpoint (e.g. near the wrist) was truly outside for everyone, an average boundary model would not consistently mislabel it
as inside. That it did implies an additional mechanism beyond mere statistical learning or body-part knowledge is responsible
for shaping body boundary representations. We observed that, despite strong overall performance, certain midpoints that were
persistently misidentified as either ‘inside” or ‘outside” when they were clearly the opposite were clustered on the left side of
the right hand and around the wrist. These errors persisted even when participants changed hand positions, implying that
enhanced proprioceptive cues could not correct them. Nor could a universal average hand boundary explain why midpoints
far beyond or within a plausible anatomical limit were misjudged; virtually everyone’s boundary would place these points as
such. Instead, the consistency of these errors suggests a distinct, localized distortion or error in the internal mapping of the hand
or arm. The fact that such systematic errors were not observed on the ankle might partially be explained by the many more
degrees of freedom of movement in the hand and wrist, which, as demonstrated in the manuscript, can frequently cause points
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Table 1. Distribution of participants across experiments. Both studies included two tasks each.

study 1 experiment TA—hand relaxed (n = 21) experiment 1B—ankle (n = 21)

study 2 experiment 2A—hand relaxed (n = 18)

to move across to the other side of the body surface. In contrast, the ankle displays fewer degrees of movement, and its range of
motion is smaller, such as to preserve local geometry.

(e) Conclusions and future directions

Taken together, our findings support the notion that the subjective experience of one’s body arises from an integration of
immediate sensory input and higher-order, abstract body representations. However, important questions remain regarding the
precise balance between these influences. Future research should aim to disentangle the contributions of bottom-up sensory
cues and top-down cognitive models in shaping body boundary judgements. Investigating a wider range of body regions, such
as the neck, elbow and other joints, could help determine whether the perceptual patterns we observed generalize across the
body or vary systematically according to anatomical or functional properties.

The face represents a particularly promising target, given its highly individualized anatomical structure and frequent visual
exposure. Knowledge and representation of one’s own face are likely more detailed and distinct from others’, which may reduce
reliance on prototypical information. Similarly, research involving individuals with body dysmorphia and related disorders
could provide insight into how distorted top-down influences affect body boundary perception (see e.g. [54]), and whether
such effects are localized to specific body parts. Finally, the consensus around anatomically implausible boundary judgements
appears to operate independently of top-down influences and warrants further investigation. These rare but systematic errors
might reflect localized distortions in body representation and highlight the need for finer-grained mapping of perceptual
accuracy across the body.

In summary, we found that detailed three-dimensional body geometry is perceptually accessible, with high accuracy both on
the palmar surface of the hand and on the ankle. Perceptual judgements of the body boundary adapted to changes in posture,
maintaining accuracy and demonstrating the integration of ongoing sensory feedback. Judgements requiring knowledge of
detailed, local geometry displayed the highest accuracy and detailed local geometry is therefore represented, though this
internal model might partially rely on general knowledge of the shape of the typical body, rather than the participants” own.

4., Material and methods

(a) Participants

Twenty-one individuals (12 female, 9 male) between the ages of 18 and 27 years old participated in study 1. All participants
were right-handed, except for one who was ambidextrous. Study 1 was composed of two experiments: psychophysical testing
on the hand (experiment 1A), followed by the ankle (experiment 1B). All 21 participants completed both experiments. Eighteen
participants (13 female, 5 male) aged 18 to 28 years old participated in study 2. All but one participant was right-handed. Study
2 included three experiments. The first experiment (experiment 2A), testing the hand using new touch points, was completed
by all participants. Seven of them subsequently completed the second experiment (experiment 2B), which included points on
the ankle, while the remaining 11 participants completed the third experiment, which tested the hand again, but in a different
posture (experiment 2C). See table 1 for assignments of participants to experiments. All participants provided written informed
consent prior to the start of data collection. The study protocol was approved by the ethical review board of the School of
Psychology at the University of Sheffield (protocol number 060858).

(b) Selection of touch points, midpoints and postures

(i) Experiments 1A and 1B

To ensure uniform coverage of perceptual midpoints across participants, predefined locations were selected on the hand and
ankle. The chosen points were selected to maximize variation in midpoint locations, ensuring that midpoints were either
robustly and clearly falling inside the body, outside or very close to the surface. For the hand (experiment 1A), participants were
instructed to rest their right hand in a relaxed posture on the table. Eleven touch points (labelled A-K) were identified on the
palmar surface of the hand and the wrist area. Thirteen unique pairs of points were selected to generate midpoints spanning
the inside, outside and boundary of the hand. For the ankle, participants were seated in a chair, resting their right foot on the
ground at a roughly right angle. Seven touch points (labelled A-G) around the lateral malleolus were identified and then 13
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pairs were chosen such that their midpoints again spanned the inside and outside of the body in a range similar to that of the E

hand (figure 3A,B, top row).

(ii) Experiments 2A, 2B and 2C

In experiment 2A, the hand was in the same posture as in experiment 1A. For experiment 2C, participants adopted a new
posture, characterized by ulnar deviation at the wrist and partial flexion of the thumb (see figure 4A). This posture was chosen
to maximize changes in the distance of the midpoints to the body surface between the two postures. The same set of touchpoints
and midpoints were tested in experiments 2A and 2C. For these experiments, a new set of 13 points (labelled A-K) was
chosen, with some points identical to those in 1A and others newly chosen. In addition to replicating the results of experiment
1A with new midpoints, we also wanted to specifically force perceptual judgements to be either about boundary depth (i.e.
local three-dimensional geometry) or two-dimensional outlines (e.g. edge judgements). The hand was chosen for the posture
experiment, because of its high mobility with many degrees of freedom. For experiment 2B, we focused on the ankle again but
chose touch points further away from the lateral malleolus, testing the foot outline around the ankle more broadly, rather than
detailed local geometry. A set of nine touch points (labelled A-I) was chosen, from which again 13 pairs were selected (figure
3A,B, bottom row).

Sample sizes were chosen based on previous studies in the field examining the accuracy of body representations across
multiple sites. Comparing the perceived length or volume of different body parts yielded moderate to very large effects for
body parts with the largest differences [14], and we similarly expected a large difference in body boundary perception between
the hand and the ankle. Our analysis including 28 participants (across experiments 2A and 2B and the corresponding data from
experiments 1A and 2A) was sensitive enough to detect effect sizes of 0.5 and larger at 80% power. Our comparison between
different hand postures was mainly intended to confirm that body perception takes into account the hand’s current posture, by
testing whether perceptual shifts aligned with physical shifts in the judged midpoints. Given the low number of participants
in this task, only effect sizes larger than 0.8 can be reliably detected, and it is therefore possible that body boundary accuracy
differs on a smaller scale between postures.

(c) Experimental procedure

Participants were blindfolded throughout the experiment to eliminate visual feedback. A skin-safe marker pen was used to label
the predefined touch points on the skin. After labelling, the participant assumed the tested posture, for which they received
gentle guidance by the experimenter, if needed. The relevant body part (hand or ankle) was then scanned in three dimensions.
Scanning was performed using a POP 3 Plus (Revopoint 3D, Shenzhen, China) handheld three-dimensional scanner and the
accompanying RevoScan software, which generated three-dimensional models. Scanning took a couple of minutes, after which
the psychophysical experiment started.

For each individual trial, participants received brief simultaneous touches at two predefined touch points using metal probes
with rounded tips roughly 2 mm in diameter. Touches were light and consisted of brief taps on the skin. These were performed
by the same experimenter for all participants. Participants were required to make a two-alternative forced choice judgement on
whether the perceived midpoint between the two touches fell inside or outside of their body boundary, which was noted by
an experimenter. Each experiment included 13 pairs of touch points, which were tested 7 times each, for a total of 91 trials per
experiment. The order of stimuli was randomized to prevent response bias and order effects. In the first trial, participants were
instructed to take as much time as needed to respond. For subsequent trials, participants had up to 3 s to provide a response.
Participants were allowed to take breaks or to relax their hands for a few seconds in between trials, but the majority completed
the full protocol in one go. If a pause was taken, participants were carefully guided by the experimenter to assume the original
posture. In study 1, participants first completed trials on the hand before moving on to the ankle. In study 2, participants first
completed trials in the relaxed hand posture, before moving on to either the ankle (first 7 participants) or the second hand
posture (remaining 11 participants).

(d) Analysis
(i) Three-dimensional model processing

Using custom code based on the pyvista Python module, touch points were manually identified from the pen markings on the
obtained three-dimensional models. Midpoints and their distances from the skin surface were then calculated automatically and
exported as csv files. For example, for the hand (experiments 1A and 2A), the average absolute distance from the skin surface
across all trials and participants was 3.5 mm (5th percentile: 0.3 mm, 95th: 9.2 mm). As a simple measure of skin curvature, we
can also calculate the angle between the two lines connecting the two touch points with the projected midpoint onto the skin.
This angle deviated from a flat line by, on average, 12.9° (5th percentile: 1.4°, 95th: 31.7°). In our data, absolute distances and
angles were highly correlated (r = 0.90) and both metrics therefore yielded equivalent results.
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(ii) Psychophysical curve fitting

Psychophysical curves were fitted to the data using the psignifit Matlab package [55]. Cumulative Gaussian sigmoids were
chosen as psychophysical functions together with a single guess rate, as there was no reason to assume any difference in error
rates between inside and outside choices. For group-level psychophysical curves, we first averaged distances and perceptual
judgements across participants for each midpoint, before fitting a single psychophysical curve. Thresholds at 25%, 50% and
75% were calculated from the psychophysical curves. The 50% threshold was taken as the bias. Width of the body boundary
was defined as the physical distance between the 25% and 75% thresholds. Measures of fit differed across participants, but all
obtained data were included in all further analyses.

(iii) Smoothing analysis

To test whether detailed three-dimensional body shape was taken into account by participants, we calculated whether their
judgements were accurate with respect to a series of progressively smoothed body part models. For smoothing, we used the
smoothSurfaceMesh function, part of the Lidar Toolbox for Matlab 2024a (Mathworks, Natick, MA, USA), which implements a
simple averaging filter that iteratively computes a local weighted mean average on a given mesh. This function was run for 50,
500, 2500 and 5000 steps to yield smoothed models 2-5, respectively, with model 1 being the original unsmoothed model. This
analysis was run for all hand models in the relaxed posture (experiments 1A and 2A, n = 39). We then recalculated the location
of each midpoint and its distance to the surface for each of the smoothed models. Finally, we checked whether participants’
responses were correct with respect to these new distances. This analysis was run for each individual participant separately,
before averaging.

(iv) Comparing accuracy for typical and atypical body shapes

To test whether participants whose body shape differed from the typical body aligned their judgements with their own body
or the average, we first determined all midpoints which fell on different sides of the body boundary for at least one participant
across all data from the hand in the relaxed posture (experiments 1A and 2A, n = 39) and the ankle (experiments 1B and 2B, n
= 28). For each of these, we then calculated the average distance and took the side of the body boundary on which it fell (inside
or outside) as the ‘typical” body shape. We then calculated the average accuracy of all participants who agreed with this average
(typical) and the average accuracy of all who disagreed (atypical). If participants with an atypical body exhibit high accuracy,
this indicates that they are judging their own body; conversely, if they display low accuracy, their internal body representation
might agree more with the typical shape. For each midpoint and atypical participant, we also calculated their accuracy on all
other midpoints (control) to test whether these participants generally show worse performance, independent of any anatomical
differences in body shape.
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