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Figure 1: The Gesture Homunculus, a body-cortical representation of user-defined gestures, shows empirical data from elicitation
studies (total of ny=2, 294 gestures in this figure) over the somatosensory and motor cortical mappings of the corresponding body
parts (total of n,=3, 637, averaging 1.59 body parts per gesture). Note: areas denoted @, ®, ® group three main motor regions.

Abstract

Gesture research for interactive computer systems has primarily
relied on taxonomies using external dimensions of gesture articu-
lation. While effective for documenting gestures and supporting
computational recognition, this focus provides an incomplete ac-
count by overlooking internal dimensions related to how the body
parts involved in gesture articulation are represented in the brain.
To address this aspect, we introduce the Gesture Homunculus, a
body-cortical topographical representation grounded in the medi-
cal literature, reinterpreted through the lens of user-defined ges-
tures. To construct it, we analyzed 2,294 elicited gestures and 3,637
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corresponding body parts, which we relate to somatosensory and
motor cortical mappings. Based on this representation, we identify
future work opportunities for gesture elicitation studies, such as
exploration of underrepresented body parts, combination of mul-
tiple body parts within a single gesture, and designing gesture
interactions that span both the somatosensory and motor cortices.
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1 Introduction

Existing gesture taxonomies in Human-Computer Interaction (HCI)
have primarily focused on external, overt dimensions of gesture
articulation. For example, Rossini [36] transcribed generic human
gestures in terms of their timing, size, point of articulation, and
locus; Wobbrock et al. [59] classified surface gestures according to
their form, nature, binding, and flow; and Vatavu and Gheran [47]
examined bimanual gestures with respect to their asynchrony and
the distinct roles played by the two hands. While well suited for
the computer systems that must interpret them, overt dimensions
provide only a partial account of gesture articulation and why cer-
tain gestures are preferred over others in gesture elicitation studies
(GESs) [49,59]. In contrast, internal, covert dimensions, reflecting
processes occurring within the human body and their cortical un-
derpinnings [11,27], can provide a complementary perspective.

In medicine, the term “homunculus” refers to a disproportionate
visual representation of the human body in which certain regions,
such as the hands, face, lips, and tongue, are purposefully enlarged
to reflect their large representations in the somatosensory and
motor cortices [27]. For example, approximately one third of the
cortical areas are devoted to the hands, followed by the face, lips,
tongue, and pharynx, while the remaining third corresponds to the
rest of the body, including the trunk, legs, and arms [30], showing
that the brain’s internal, covert representation of the human body
differs considerably from its external, overt morphology. Building
on this representation, we introduce the Gesture Homunculus, a
body-cortical topographical space in which user-defined gestures
are aligned with body regions scaled accordingly to their relative
cortical representation in the somatosensory and motor cortices;
see Figure 1. Our specific representation builds on empirical data
extracted from an open dataset of 267 GESs compiled in a recent
systematic literature review [53]. Based on insights offered by the
Gesture Homunculus, we identify future work opportunities for
gesture elicitation research and practice, such as exploration of
underrepresented body parts, combination of multiple body parts
within a single gesture, and design of gesture-based interactions
that span both the somatosensory and motor cortices.

2 Related Work

We build on prior research in gesture taxonomies (Subsection 2.1)
and cortical representations of sensory and motor functions via the
homunculus (Subsection 2.2), at the intersection of which lies the
scope of our work.

2.1 Taxonomies of Human Gestures

One influential line of work in gesture taxonomies originates in psy-
cholinguistics, where Kendon [18] structured human gestures along
a continuum depending on their relationship to speech, ranging
from gesticulation to language-like gestures, pantomimes, emblems,
and sign languages; McNeill [24] further revealed the importance
of iconic, metaphoric, deictic, and beat gestures during speech; and,
in the context of conversational interaction, Quek et al. examined
gestures observed in monomodal [32] and multimodal [33] human
discourse. The increasing popularity of end-user gesture elicita-
tion studies [59] has led to the development of new taxonomies
within the field of HCI. One of the most influential is Wobbrock et
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al’s [59] taxonomy of surface gestures, which organizes touch and
multitouch input according to form, nature, binding, and flow. Sub-
sequent gesture elicitation studies, often focused on specific gesture
types or body parts, have reported on user preferences for gestures
performed with the hands [52], fingers [40], face [35], eyes [23],
ears [6], nose [31], mouth [5], shoulders [45], torso [42], feet [10],
lingual region [51], or belly [55]. The human gesture continuum
proposed in the context of end-user gesture elicitation [53] enables
the exploration of user-defined gestures according to the body
parts involved in their production, but is anchored in taxonomies
involving external dimensions of gesture articulation.

2.2 The Somatosensory and Motor Homunculi

Penfield and Boldrey [30] introduced the somatosensory and motor
homunculi as representations of the human body derived from
mappings between body regions and their corresponding cortical
areas. These representations show disproportionately large cortical
areas associated with certain body parts, such as the lips, tongue,
and hands (Figure 1) with comparatively higher sensory acuity and
motor control. For example, the fingers and hands occupy larger
areas of the motor cortex compared to the proximal joints, such as
the wrists, elbows, and shoulders. Subsequent work has provided
empirical evidence for the somatotopic organization of the primary
motor cortex, such as Cheyne et al. [8] and Roux et al. [38], who
reported mappings between cortical activation patterns and specific
body parts, reinforcing the homunculus representation.

These insights have found applications in interactive systems.
For example, Mufioz et al. [26] developed hands-on virtual real-
ity experiences to support learning about mechanoperception and
brain mapping, resulting in visual representations of an individ-
ual’s homunculus; Ranne et al. [34] applied it to malleable robotic
systems; and Hoffmann et al. [13] further extended the concept to
human-robot interaction with self-organizing maps to model the
body’s representation in a humanoid robot based on proprioceptive
and tactile input. Building on this body of work, we instantiate the
homunculus as a lens for analyzing user-defined gestures.

3 The Gesture Homunculus

We introduce the Gesture Homunculus, a body-cortical topograph-
ical representation of user-defined gestures that aligns empirical
data from actual gesture elicitation studies with the somatosensory
and motor cortical mappings of the corresponding moving body
parts; see Figure 1. Specifically, the Gesture Homunculus enables
visualization of GES-related numerical data, such as agreement
rates [48], over the representation of different body regions as re-
flected in the canonical cortical maps of the somatosensory and
motor homunculi [8,30]. In doing so, it aligns the focus of empirical
research on specific body parts, e.g., gestures performed with the
fingers [4] and hands [59] vs. the feet [10], with the correspond-
ing motor cortical areas devoted to these regions. Through this
alignment, the Gesture Homunculus provides an overview of how
comprehensively the human body has been covered in the GES
scientific literature. In the following, we describe how we created
the Gesture Homunculus, while Section 4 presents several opportu-
nities for future work based on this visual representation.
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3.1 Definition

We define the Gesture Homunculus as a visual map of the rescaled
human body according to its representation in the somatosensory
and motor cortices, on top of which a specific GES measure {(p) is
projected, where p denotes the body part(s) involved in producing
a gesture. For example, { can be the agreement rate (AR) [48] (i.e.,
the number of pairs of participants in agreement over the gestures
to effect the same referent, normalized by the maximum number
of pairs in the sample) or the max-consensus [25] (i.e., the percent
of participants proposing the most popular interaction for a given
referent). The parameter p represents the set of body parts involved
in producing a gesture, e.g., the fingers in a microgesture where the
thumb swipes across the other fingers [4], both arms in an iconic
gesture depicting a physical object in front of the body [14], or the
hand and face in hand-to-face gesture input [19].

3.2 Construction Procedure

To build the Gesture Homunculus in Figure 1, we extracted infor-
mation about user-defined gestures from the corpus of 267 GESs
identified in the systematic literature review of Villarreal et al. [53],
and focused on three { measures: the agreement rate (AR), the num-
ber of gestures (ng), and the number of body parts (n;) involved
in producing the gestures. Of these studies, only 115 (43.1%) re-
ported agreement over individual gestures, whereas the remainder
only averages across an entire gesture set, of limited utility for our
purposes and, thus, were excluded from the Gesture Homunculus.

For each gesture, we extracted its description, the body parts
involved in its articulation, and the AR of its referent. We chose to
construct the homunculus based on the AR because this measure is
the most widely reported in a consistent manner across a substan-
tial body of GESs [54]. Other measures, such as memorability or
learnability, could also have been considered, but with a narrower
range and limited coverage. We attributed the AR value to the ges-
ture and corresponding body parts, since in in-consensus gesture
sets a single gesture is typically assigned to each referent. Although
this is a reasonable approximation given the lack of access to raw
GES data, which prevents verification of individual gesture-referent
mappings, these assignments should be interpreted as provisional
rather than definitive. When more than one in-consensus gesture
set was reported, such as in Bostan et al.’s [1] study of user-defined
on-skin gestures, we included all alternatives. When multiple body
parts were involved in a gesture, the homunculus representation
was updated uniformly.

Furthermore, as some studies reported agreement scores [58]
while others agreement rates [48], we standardized the extracted
numerical information by applying the conversion formula derived
by Vatavu and Wobbrock [48]. For example, the “raise hand” gesture
corresponding to the “fly higher to user’s height” referent was
originally reported in [3] with an agreement score of .24 that, when
recalculated as an agreement rate, gave .20. For each body part p, we
averaged the AR values of all corresponding gestures, counted their
occurrence (np), and analyzed separately centralized (individual)
and distributed (combined) use of body parts in gesture articulation.

Overall, we analyzed ny=2,294 gestures involving a total of
np=3,637 body parts (on average nj,/ny=1.59 per gesture) across 24
distinct regions of the homunculi [8,30].
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3.3 Agreement Rate Analysis

The highest AR values were observed for the tongue (.61), lips (.59),
gums (.44), wrist (.34), and thumb (.33), followed by lower values
for the arms (.30), shoulders (.28), toes (.27), hands and fingers (.26),
and knee (.25). Of these body parts, the fingers, hands, and arms
have been the focus of the largest number of studies, e.g., fingers
were involved in 1,494/2,294=65.1% of the analyzed gestures. Over-
all, we found that body parts with higher agreement rates also
afforded fewer degrees of freedom and more constrained possibil-
ities for movement. Several body parts have not been covered at
all in GESs [53], such as the hip, jaw, and pharynx, despite their
representation in the cortical areas, whereas the absence of specific
body parts, such as the genital region, reflects social and cultural
taboos in HCI research [17]. Furthermore, other regions have only
been sparsely explored, such as the trunk, teeth, elbow, and brows,
constituting body parts that remain underrepresented in current
knowledge about user-defined gestures.

3.4 Number of Gestures and Body Parts

We visualize the motor cortex in two complementary ways: cen-
trally (Figure 1, center), and regionally (Figure 1, bottom-right),
according to a grouping of three main regions of the moving body:
the feet @, hands @, and face ©. Our analysis shows that centrally
represented body parts have been studied with different frequencies:
very frequently (e.g., np=1,494 for fingers and ny=1,250 for hands),
moderately frequently (e.g., np=426 for arms), and infrequently
(e.g., np=22 for the tongue, nj,=37 for the neck, and ny=23 for the
lips). Some body parts with prominent representation in the motor
cortex, such as the hip, jaw, pharynx, have not been studied at all
in formal GESs. Figure 1, bottom-right further shows how body
parts were combined: ny=1,043 gestures (45.5%) involve a single
body part only, whereas 1,137 (49.6%) gestures combine two parts,
102 (4.4%) combine three, and 12 (0.5%) involve four or more body
parts. This distribution points to opportunities for exploring more
diverse multi-part gesture input in gesture elicitation research.

4 Implications for the Research and Practice of
Gesture Elicitation Studies

Figure 1 shows that only the right hemisphere (the motor cortex) is
covered, leaving the left hemisphere, responsible for somatosensory
processing, implicitly unexamined, which is consistent with the
limited attention to sensory aspects in gesture-based interaction in
prior GES research. However, since somatosensory cues provide
key perceptual feedback and support the sense of embodiment, they
could be leveraged to make gesture-based interaction feel more
intuitive [57,60]. In some areas, this feedback is essential for bridg-
ing the gap between movement in the physical world and effects
occurring in a virtual one [7], e.g., sensory feedback in response to
performing a gesture helps establish a strong sense of agency since
movement is directly linked to system response. Moreover, activity
in the somatosensory cortex is strongly increased when users see
their hands grasping virtual objects [44]. In other application areas,
covered by proprioceptive interaction [22], the sense of agency is
purposefully manipulated with somatosensory cues from a body
part, such as the wrist, moving independently. Furthermore, since
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Figure 2: Visual illustrations of the three implications derived from our findings: elicit end-user preferences for gestures
involving different body parts (left); design gesture interactions that span both the somatosensory and motor cortices (middle);
and address body parts that are underrepresented in gesture research, yet have large dedicated cortical areas (right).

each body part is represented in both the somatosensory and mo-
tor cortices, designing gesture-based interactions across the whole
brain may lead to new discoveries regarding user preferences, par-
ticularly in scenarios where gestures are employed for both input
and output [37]. This perspective implies introducing new factors
into experimental designs to encourage users to focus more on
sensations caused by gesture movement [39], rather than solely on
gesture-to-function mappings [59]. Moreover, the somatosensory
aspects of gesture movement offer an additional dimension for in-
teractions involving body parts with limited motor capacity and,
thus, fewer available movement possibilities.

Based on these insights, we propose three implications for ges-
ture interaction design grounded in both the motor and somatosen-
sory cortices of the Gesture Homunculus (Figure 2). Although these
implications are not exclusively enabled by cortical visualization,
the homunculus serves as a powerful visual framework that makes
these connections explicit and supports systematic reasoning about
novel gesture designs involving specific body parts, unique combi-
nations of body parts, and the relationship between perception and
action in gesture-based interaction—all connections that would be
less apparent in the absence of such a visualization.

4.1 Implication/Future Work Opportunity #1:
Conduct Gesture Elicitation Studies for
Underrepresented Body Parts

Involving body parts beyond those frequently addressed in GESs,
such as the fingers and hands, can open new opportunities to ex-
pand natural interaction [57]. As revealed by Figure 1, several other
body parts, such as the face, nose, knee, and toes, are routinely used
in real-world interaction and have dedicated representations in the
motor cortex, yet user preferences for employing them in interactive
computer systems remain little known or even entirely unexplored.
The feet, hip, trunk, or knee have received limited attention, despite

their potential to be integrated into meaningful whole-body inter-
actions defined by the end users themselves. Another prominent
example appears in the center of Figure 1: although body regions
associated with sexual sensation have a well-documented represen-
tation in the somatosensory cortex, they have been comparatively
underrepresented in HCI research on sexuality and technology [28].
The pharynx, an internally moving and covert body part that has
been largely neglected in gesture research, could also be examined
in relation to other natural modalities, such as speech, or less con-
ventional ones, such as swallowing [56] and breathing [2], for novel
interaction designs. For example, a designer exploring alternative
input modalities for an action video game could prototype an inter-
face that detects controlled breathing to trigger commands during
stealth scenarios where gestures or speech would reveal the player’s
position. Although the HCI community has only sparsely exam-
ined these possibilities, dedicated cortical representations provide
a strong motivation for further scientific inquiry in this direction.

GESTORY is an on-line visualization software for systematiz-
ing and consolidating knowledge on user-defined gestures [12].
It could therefore benefit from the Gesture Homunculus to offer
an alternative visualization that complements the original body-
oriented positioning of GESs. Other classifications of user-defined
gestures could also offer an alternative representation of their distri-
bution by body parts. For example, Siean et al.’s [41] classification
of radar-based gestures can be reformulated in terms of the Ges-
ture Homunculus to better evoke how motor and somatosensory
cortices cooperate to produce gestures with an unobstrusive device
like a radar [50]. Finally, some GESs focusing on underrepresented
body parts have produced gestures with a high average agreement
rate, which is commendable. However, this does not mean that they
should no longer be replicated: cross-cohort, cross-platform, and
cross-environment replications [46] are applicable to investigate
whether the agreement rate is maintained when the context of use
changes.
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4.2 Implication/Future Work Opportunity #2:
Elicit User Preferences for Gestures
Involving Different Body Parts

The distributed nature of cortical control calls for greater consider-
ation of how multiple body parts can be synchronized in gesture
production for interactive computer systems. To date, the hand-
fingers pair has been the most frequently studied combination in
gesture elicitation research. New studies are recommended to exam-
ine combinations of body parts that form continuous regions in the
Gesture Homunculus, such as feet @ and fingers/hands @, as well
as combinations that integrate discontinuous body regions, such
as feet @ and eye/face ©, toward novel gesture-based interactions.
Recent work on intermanual deictics [47] illustrates this direction
with a new class of asymmetrical gestures involving the two arms
that play distinct roles. Such approaches also enable gesture interac-
tion design with mixed movement granularity. For example, coarse
gestures, such as mid-air arm swipes [16] or shoulder movements
and rotations [45], correspond to relatively lower cortical preci-
sion and can be mapped to discrete actions with few states (e.g.,
accept vs. cancel) or to low-precision input (e.g., four-directional
navigation). In contrast, gestures that require high precision for
tasks such as item selection, text entry, or fine adjustments in user
interface widgets should be aligned with body parts that have a
large corresponding representation in the motor cortex. However,
specific body part dominance in prior GES research may also re-
flect higher technological sensing capabilities for those regions, not
necessarily a research bias. Nevertheless, by encouraging users to
integrate multiple body parts during elicitation, new interactions
may emerge that are more expressive, better balance gross and fine
control, and are more closely aligned with the context of use. For
example, a researcher conducting whole-body gesture elicitation
for a video game study might prompt participants to combine hand,
torso, and head movements to make them reflect on how multi-limb
coordination supports better balance in complex actions.

4.3 Implication/Future Work Opportunity #3:
Reinforce Gesture Interaction with
Congruent Somatosensory Feedback

Localized feedback during gesture interaction should be aligned
with the body part performing the gesture, such as vibrations de-
livered to the fingers or wrist during touch input [43] or to the
trunk to accompany whole-body movements [21]. Conveniently,
the somatosensory cortex is somatotopically organized: feedback de-
livered to the same body part involved in movement can strengthen
perception, learnability, and motor memory. More broadly in HCI,
movement can support faster thinking and learning by establishing
embodied representations of information, with promising applica-
tions [29]. By visualizing the motor and somatosensory cortices
side by side, designers can more easily recognize that delivering
feedback during gesture input is as important as the underlying
movement. For example, a design decision could involve providing
high-pitched auditory feedback for large-amplitude movements
that exceed a sensor’s active area, and localized haptic feedback on
the hand to confirm correct registration of hand pose and finger
gestures, which would align feedback modality with gesture scale.
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5 Conclusion

Based on a publicly available GES corpus, we extracted information
about the body parts involved in the articulation of user-defined
gestures to construct the Gesture Homunculus in Figure 1. This
visualization revealed new opportunities for research and prac-
tice in end-user gesture elicitation, where gestures can integrate
underutilized body parts with large cortical representation, com-
bine multiple body parts within a single gesture, and inform the
design of interaction techniques that couple gesture articulation
with somatosensory feedback. However, our findings need to be
interpreted with the same caution accompanying general reasoning
about the homunculus in medicine [30] due to known simplifica-
tions and distortions inherent in its schematic representation, and
also due to our analysis aggregating agreement measures across
different tasks and contexts of use [53]. Accounting for different
sample sizes in homunculus representations, given variation found
in the GES literature [53], would further support more cautious
interpretation of the findings. Lastly, our use of the homunculus
is intended as a visual support for organizing empirical observa-
tions involving various measures relevant to user-defined gestures,
which makes it an analytical or interpretive lens, not a definitive
model to assert mechanistic links between user preference and
cortical representations, which can be examined in future work.
Future instantiations of the Gesture Homunculus could also up-
date it with newly published GESs, e.g., involving bimanual [47],
ring [9], controller [15], or scent-based [20] gestures, since our ver-
sion in Figure 1 reflects a snapshot of GES research as of May 2024
when the corpus of Villarreal et al. [53] was released. Alternative
measures, such as co-agreement [48], e-agreement [49], correlation
analysis between AR and allocated area size in the homunculus,
or specific measures of learnability, memorability, and physical
comfort could surface other insights. Further exploring mappings
between user-defined gestures and the corresponding cortical areas
with new homunculus visualizations will enable designers to pro-
pose new interaction techniques that engage multiple and diverse
body regions and span both the somatosensory and motor cortices.
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