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Figure 1: Shows the interaction of thumb-to-finger interactions with two targets on the distal phalanx of the index finger on HPUI. (a)
Shows using the collision volume that represents the thumb in a physic engine. In this example, the collision volume of the thumb
is colliding with both targets. (b) To better understand what happens, the spherical collision volume is replaced with raycasts. The
figure shows the cross-section of the raycasts and highlights the rays that are interacting with the targets in green. This raycast-based
approach is also further used to improve the accuracy of target selection. (c) Shows the number of participants who had utilized a
given ray when selecting the respective targets during the data collection study.

ABSTRACT
Hand Proximate User Interfaces (HPUI) on Head Mounted Displays
(HMD) leverage hand tracking to anchor content on the hand and
interact with it using thumb-to-finger interactions. Similar to many
other interaction techniques on HMDs, HPUI realizes these interac-
tions by combining simple geometry in game engines. This, in turn,
leads to accidental triggers, akin to the "fat-finger problem" on touch
screens. To address this, we explore and provide insight into how
the thumb’s surface interacts when using HPUI by approximating
the thumb’s surface with a large number of raycasts. We observe
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that different regions of the thumb are used when interacting with
different parts of the hand. The results also highlight the need to
consider the temporal component. We then propose approaches to
improving the precision of thumb-to-finger interactions on HPUI
and show that these improve target selection accuracy with denser
target layouts.
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1 INTRODUCTION
Head-mounted displays (HMDs) have gained attention as a tool for
everyday productivity and a potential smartphone replacement. Hand
Proximate User Interface (HPUI) has been proposed as a promising
solution to translating smartphone interactions to the interaction
space of HMDs [19]. These are interfaces where interactive elements
are displayed on and around the hand and thumb-to-�nger gestures
are used to interact with them. Because of the visual component,
they do not suffer from the lack of discoverability like gestural
or voice interactions- one simply has to look at their hand and
tap with their thumb. While HPUI affords tactility, comfort, social
acceptability, and proprioception with extended usage [23], it suffers
from accuracy issues [21]. Similar to the fat-�nger problem on touch
screens [31, 55], target selection with the thumb is imprecise even
when the comfortable interaction space primarily resides on the
surfaces of the other �ngers.

Augmenting the hand with specialized hardware or using gloves
would be a potential solution for realizing thumb-to-�nger inter-
actions on HPUI [7, 11, 36]. However, in practice, such augmen-
tations would be limited in their practical use, particularly when
considering HMDs as a day-to-day computing platform. Imagine
following a tutorial video while cooking and interacting with video
controls on HPUI - a glove with capacitive elements would not be
a practical choice here. As a result, hand pose estimation has be-
come a common approach for hand-based interaction [45]. As with
many other hand-based interactions on HMDs, HPUI, and similar
interaction techniques are also realized through physics- or game-
engines [24, 48, 60]. Hence, we focus on using such physics engines
for HPUI interactions.

Now, consider tapping the tip of the index �nger and tapping
on the proximal phalanx of the little �nger. The part of the thumb
that makes contact in these two instances would be different. Hence,
the geometry that represents the thumb would have to be large
enough to account for this. When interactive elements are placed
next to each other, which would be necessary to take advantage
of the interactive space on the �ngers, the larger geometry of the
thumb results in more targets getting accidentally selected, as seen in
Figure 1 - the fat �nger problem. To put it differently, the size of the
thumb's collision geometry relative to the collision geometry of any
targets on the �ngers is relatively large. There are two components
we can analyze to better understand and optimize the interaction
on HPUI. First is the elements on the �ngers the thumb would
interact with. Following the convention used by Unity Extended
Reality Interaction (XRI) Toolkit, we refer to these asinteractables1.
However, these interactables can take many forms - they can be a
large continuous surface spanning multiple �ngers [48], or small
elements only on one part of the �nger [43, 58]. That is, unlike
the touch screen, it is not one �xed surface. On the other hand, the
thumb's collision geometry, referred to as theinteractor2, would be
the same across a wide range of interactions on HPUI. This would
be the second component we could analyze. This is also unlike

1link to XRI Interactables
2link to XRI Interactors

touch screens, which have much less information on what the �nger
is doing, while with the hand-tracking-based solutions we use for
HPUI, we can closely monitor what the �nger is doing. Hence, to
better understand what happens during interactions on HPUI, we
focus on this second approach - what the thumb does.

We start by collecting data on how users interact with targets on
HPUI. In particular, we are focusing on taps on on-�nger targets. We
use the Unity game engine for our analysis. To get granular detail
on what happens during interactions, we use an array of ray casts
instead of collisions of simple geometries. The rays are cast in every
direction from the center of the interactor on the tip of the thumb
(see (b) in Figure 1). We observe that when targets are more densely
placed, there is a much higher error rate. Analysis of the ray casts
shows that the region of the thumb which is used to interact with dif-
ferent parts of the interaction space varies signi�cantly. Inspired by
the touch screen interactions, we propose improvements in detecting
taps using thumb-to-�nger interactions to reduce false positives. In
particular, we use an updated heuristic to rank the interactables and
also consider the temporal component of interactions. We �nally
run a user study that shows the improvements to the accuracy on a
denser layout. Our core contributions are two-fold: (1) We provide
better insight into how the thumb interacts during thumb-to-�nger
interactions based on using raycasts to model the thumb in a physics
engine. (2) Based on the insights we provide improvements for HPUI
that improve the accuracy of target selection on denser layouts.

2 RELATED WORK
2.1 Hand Proximate User Interfaces
Hand Proximate User Interface (HPUI) expands on the literature
on micro-gestures [16, 19, 22]. In particular, it expands on thumb-
to-�nger micro-gestures [33, 52, 54]. In addition to the physical
comfort, thumb-to-�nger interactions are also seen as more socially
comfortable when compared to other micro-gestures [22, 48]. How-
ever, a drawback of micro-gestures, and gestures in general, is the
lack of discoverability [2, 10, 42]. HPUI addresses this by taking
cues from the smartphone interaction and displaying the interactive
content directly on and around the hand [19]. In addition, the in-
teractions are similar to the now ubiquitous single-handed mobile
usage [35]. However, because of the biomechanics of thumb-to-
�nger interaction, the display surface is non-contiguous, limited,
and changes shape as interactions happen [48]. To circumvent these
shortcomings, prior work has explored expanding in the interaction
space [3, 42] and also propose designs that take these limitations
into consideration [48]. Furthermore, recent work has also shown
that HPUI performs on par with other common unencumbered in-
teraction techniques on HMDs [21]. Given the proprioceptive and
tactile affordance of interacting with the hand [28, 29], HPUI has
also been shown to have better eyes-free affordance while also being
easy for novice users to start using the interface [23].

2.2 Detecting interactions on Head Mounted
Displays

The broad range of affordances with HMDs has resulted in a wide
range of interaction techniques and a broader range of approaches
to detect these interactions. When considering mobile and in-situ
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applications, for which HMDs are well suited, researchers have ar-
gued that such interactions must be unobtrusive, non-distracting,
comfortable, and ef�cient to use [17, 18, 26, 44, 53]. Unencumbered
interaction techniques are commonly preferred for this reason. When
considering hand interactions and micro-gestures in particular, there
are commonly two different approaches. First is to augment the
hand with sensing technologies, ranging from gloves [9, 34] and
rings [13, 61] to using bio-acoustic [40, 62] and bio-impedance [56]
sensing. The rings and similar wearables that are designed to be less
obtrusive often would only be able to detect a subset of the inter-
action space of thumb-to-�nger interactions such as HPUI. While
gloves would allow more precise and broader hand pose estima-
tion, they are often far more obtrusive. The second approach to
detecting hand interactions is the use of vision-based hand pose
estimation [63]. Its success has seen it being widely adopted by
commercial HMDs as well. While it may not be able to detect inter-
actions outside its �eld of view, its convenience makes it a practical
choice for hand-based interactions.

When detecting micro-gestures such as those used with HPUI,
the system could provide an output that indicates which gesture was
performed. However, this approach would limit the options to the
states only supported by the system. Alternatively, using the hand
pose estimation and allowing the designers to de�ne how the hand
posture is used for different interactions allows for a richer set of
interactions. In fact, interaction techniques on HMDs are commonly
modeled using this approach. Using a physics engine, such as in
Unity, collision volumes or raycast are anchored to a tracked entity
like the hand [51], eye-gaze [6], head [49], etc. Following the physi-
cal interaction metaphor, interactions are modeled as these tracked
entities colliding with interactive virtual surfaces or objects which
are also represented by collision volumes. While accurate tracking
of the physical movements of the users is a large research topic in
its own right, there also has been signi�cant research on understand-
ing [5, 14, 59] and improving the interactions [4, 12, 39] within such
physics engine based interactions. Prior work on HPUI and similar
interaction techniques also use a similar approach to detecting in-
teractions [19, 24, 50]. Often, the thumb is modeled using a sphere.
However, as stated in the introduction, trying to represent the whole
thumb surface using a single collision volume, results in incorrect
target selection. Prior work that uses this approach for microges-
tures has seen higher error rates, potentially caused by this [21]. We
liken this phenomenon to the fat-�nger problem on touch screens.
However, the results from touch screens cannot be directly adopted
here as the interactive surface is not �at or static. Taking inspira-
tion from the work on understanding how users interact with touch
screens [31], our works explore how the thumb interacts with the
�nger surfaces in HPUI.

3 DATA COLLECTION OF
THUMB-TO-FINGER INTERACTIONS ON
HPUI

To better understand what may cause the errors, we analyze which
part of the thumb's surface interacts with a given target. Insights
from this would provide a basis for improving performance and also
reducing the error rate with HPUI interactions. The interaction space
on HPUI provides for targets on the �ngers, between �ngers, and off

Figure 2: The sparse layout
used in the studies.

Figure 3: The dense layout used
in the studies.

�ngers as well [19, 48]. For simplicity, we limit the current analysis
only to the volar surface of the �ngers.

3.1 Targets and tasks
Figure 2 and Figure 3 show the targets and the layout we used for data
collection. We used two sizes of targets. Similar to prior work [19],
the �rst is 1cm� 1cmsquare, which is expected to approximate the
�nger's width. The second size we used is a5mm� 5mmsquare,
approximately half the �nger's width. The targets were also laid
out in two different con�gurations. With the larger targets, only one
was placed on a given phalanx, referred to as thesparselayout. The
smaller targets were laid out to be more dense, with two targets
on a phalanx, referred to as thedenselayout. This allows us to
see the impact of the density of displayed targets. In all cases, the
target on a given phalanx was anchored to the adjoining joints of a
given phalanx. That is, targets on the distal phalanx were anchored
relative to the tip and distal interphalangeal joint of the �nger, and
the targets on the intermediate phalanx were anchored relative to the
distal interphalangeal joint and proximal interphalangeal joint. We
excluded the location closest to the proximal phalanx for the index,
middle, and ring �nger with the dense layout, and avoided placing
targets on the proximal phalanx of the little �nger in both layouts.
As noted by prior studies [19, 48] as well as during our pilots,
some participants struggle to reach these regions with their thumb
during thumb-to-�nger interaction and are generally uncomfortable
to interact with [33, 41]. Further, we are only considering targets on
the volar side of the �ngers. This resulted in 11 targets on the sparse
condition and 19 targets on the dense condition.

The location of the interactor was on the distal phalanx of the
thumb. It was placed 90% along the segment from the distal joint to
the thumb tip. The ray casts were made to be spaced equally origi-
nating from the location of the interactor. To determine the ray direc-
tions, points were placed on a sphere aligned to the thumb's distal
phalanx's orientation using the Fibonacci grid approach. Distributing
points on a spherical surface is a well-known mathematical prob-
lem [30]. The Fibonacci grid is a well-known solution widely used
for various applications. Using an approach like latitude-longitude
coordinates would result in more points clustered at the poles [25].
We placed 5184 points, which is the same number of points that
would result from using latitude-longitude coordinates with points
spaced5� apart along both latitude and longitude axes. A ray was
cast from the location of the interactor to each point, resulting in
5184 rays.
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For this analysis, we consider the following axes on the thumb
(also seen in Figure 5):

� Y: orthogonal to the distal phalanges thumb surface.
� Z: Along the joint - from the IP joint to the tip of the thumb.
� X: Right from the thumb when looking at the back of the

thumb. This would be the cross-product of the Y and Z axes.

The collision geometry of each target is made to match the visuals
of the targets. Throughout the study, we record all the rays that
make contact with any of the target interactables. A selection of a
target happens when any of the rays intersect any of the colliders
representing a target and the distance of the ray is below a threshold.
We refer to this threshold as theselection distance threshold. In this
study, it was set to 20mm. For each ray, when it collides with any of
the targets, we record the distance from the origin of the ray, which
is the position of the interactor itself to the point of collision, and
which target it made contact with. In a given frame, when more than
one target is within the distance threshold, the one with the shortest
ray is treated as the target being selected. No other targets would be
selected until the tap gesture ends, i.e., when no targets are within
the selection distance threshold for any of the rays.

We use a simple sequential tapping task. The participants were
expected to select the target highlighted in red. All other targets
would be white. When any target gets selected, it �ashes green and
an audio cue is played. If the participant maintains contact with the
target, it will remain a lighter green hue. A trial in this data collection
study is when the participant successfully selects the highlighted
target. However, the trial progresses only when the tap gesture ends.
This was done to ensure data of the complete tap gesture is recorded.

A half-start approach was used during the data collection study,
where one participant starts with the dense condition and another
starts with the sparse condition. Participants completed one condition
before they moved to the next one. In the sparse condition, which
had larger targets, each target was selected 20 times, in the dense
condition with the smaller targets, each was selected 10 times. The
sequence of targets presented to the participant was randomized such
that the same target was not presented in two consecutive trials.

Figure 4: The setup used for
the studies.

Figure 5: The plane of the
(right) thumb and axis used
during the study Section 3

3.2 Apparatus
Computer vision-based hand-tracking solutions still lack the �delity
necessary to test the granular thumb-to-�nger interaction used in
our study. However, we expect the ongoing efforts on improving

hand-tracking using vision-based approaches to achieve better real-
time performance to enable using such interactions. Hence, we use
a Vicon motion tracking system with 13 cameras for hand-tracking
as seen in Figure 4. The input from the 13 cameras are synthesized
via the Vicon Nexus 2.10.3 software and streamed via a custom
Python web-socket implementation for real-time tracking. We also
track the position of the HMD with the same tracking solution so
that the hand and the HMD share the same coordinate space. For the
studies, we use the Meta Quest 3 HMD. The experiment application
is implemented in Unity and was executed using the Meta Quest Link.
This was done to avoid any performance penalties. We also used the
Unity Experiment Framework to manage the experiment [8].

3.3 Participants
The study was approved by the Research Ethics Board of local
universities. Data was collected from 14 participants (10 male, 4
female). The average age of the participants was 26.4 (SD= 3:89).
12 of the participants were right-handed, and 2 were left-handed.
All participants have had some experience using HMDs. They had
rated their experience on a 7-point Likert scale, with 1 being “no
experience” and 7 being “A lot”. The median score was 3.5 (M =
3:57;SD= 1:69). We also asked participants to rate their experience
with hand tracking on the same 7-point Likert scale. The median
score was 2.5, with two participants reporting a score of 1.

3.4 Procedure
When a participant arrived and completed the consent form, they
were asked to complete a brief demographics questionnaire. Fol-
lowing an explanation of the procedure, the participants are asked
to wear the marker glove on top of a disposable glove. They are
asked to be seated inside the capture volume of the Vicon motion
capture system, where we ensure the tracking software is calibrated
to their hands. They were then asked to wear the VR headset. The
participants were asked to be as "fast and accurate" as possible.
They are �rst presented with a practice block which had the same
number of trials as the �rst block to make the participant familiar
with the interaction technique and the experiment setup. They are
then administered the trials of the study. To avoid fatigue, the trials
are separated into four blocks, two blocks for each condition. The
participants are provided a break between each block.

3.5 Analysis
3.5.1 Overall Performance. We �rst report the overall perfor-
mance of the observed data. Note that we primarily report descriptive
statistics here for completeness, as the focus is on what happens dur-
ing the interactions. We �rst compute the error rate. In our analysis,
we refer to error rate as the ratio between the number of errors made
by a participant for a given condition and the number of correct
selections made:

error rate=
# o f errors
# selections

Figure 7a shows the summary of the error rate. The dense layout
had a mean error rate of 0.41 (SD= 0:17) compared to the 0.11
(SD= 0:08) for the sparse layout. Figure 7a shows the summary of
the selection time, i.e., the time to make the correct selection once
the target has been highlighted. Here, the dense layout had a mean
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Figure 6: The example targets referred to in Section 3.5 and Figure 13.

selection time of1:24s(SD= 0:36s) and the dense layout had a mean
selection time of 0:81s (SD= 0:15s).

(a) The error rate of the two differ-
ent layouts.

(b) The selection time of the two
different layouts.

Figure 7: The overall performance of the data collected. Shows
standard error bars.

3.5.2 Analysis of Regions. We �rst explore what happens on
the thumb when the thumb is in contact with the interactable. In this
section, we primarily focus on the tap gesture that resulted in the
correct selection of the highlighted target. Further, for this analysis,
we are considering the frame that had the largest number of rays
making contact with the intended interactable. This gives us the
most amount of information on what happened when the target was
selected. For each gesture frame, of the 5184 rays that are cast, we
look at which of them made contact with the intended interactable.
To better visualize the data, we mirrored the results from the left-
hand participants around the Z-axis (see Figure 5). Figure 8 shows
the number of participants who used a given ray when selecting the
respective target for each target in the sparse layout. Figure 9 shows
the same but for the targets on the index �nger for both dense and
sparse layouts. Each row shows the rays used for each phalanx of
the index �nger.

Figure 9 shows that the rays used for the dense targets are gen-
erally less compared to selecting targets in the sparse condition. At
the same time, the rays used for selecting targets on a given phalanx
during the dense condition are also a subset of the rays used for the
larger targets in the sparse condition on the same phalanx. Another

observation we make is that the part of the thumb that makes contact
also greatly differs. Overall, when selecting a target placed on the
volar side of a �nger, the ulnar side of the thumb is being used the
most. When interacting with the distal phalanx of any �nger, we see
that there is a higher variance in which part of the thumb is being
used to make a selection. Whereas when the targets are closer to the
palm, the region is more focused. This could be explained by the
biomechanics of the thumb-to-�nger interactions, where with the
distal phalanx, as all three joints of the �nger are involved, there are
more degrees of freedom. Which results in more directions in which
the thumb can connect with the tip of a �nger. However, with the
proximal phalanx, for example, there is only one joint. The lesser
degrees of freedom and the lesser reach of the thumb result in fewer
directions or ways the thumb could connect with a target placed on
that phalanx.

3.5.3 Analysis of Gestures. In this section, we explore the possi-
ble causes of the higher number of errors seen in Section 3.5.1. In the
data collection study, the interaction happens at the very beginning
of the gesture. That is, the decision of which target to select is made
in the very beginning based on the distance - where the interactable
with the shortest distance is selected. This could be one reason for
the higher number of errors. Figure 10, shows the distance of the
ray that recorded the shortest distance change over time. Note that,
the distance of a ray in our analysis is the distance from the origin
of the ray to the point when the ray makes contact with an inter-
actables collision volume. Similarly, Figure 11 shows the change in
the number of rays. We see that throughout the gesture the shortest
distance recorded follows the “U” shape, and the number of rays
has an up-side-down “U” shape. Presumably, using the information
when the shortest distance or the highest number of rays from the
whole gesture could result in better performance. To assess this, we
extracted the trials that had recorded any number of errors. This
resulted in 1051 trials. That is, in these trials, more than one tap
gesture was performed to correctly select the intended target. If the
intended target had been selected on the �rst tap gesture, it would not
have been counted as an error. We then consider the shortest distance
during the entire tap gesture or the highest number of rays during
the entire tap gesture to decide which interactable should be selected.
Note that, the results in Section 3.5.1 are based on the distance at the
beginning of the gesture. That is, the decision of which target should
be selected was made in the �rst frame of the gesture. We analyze
if using these metrics, the shortest distance or the number of rays
from throughout the gesture, would have resulted in the intended
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