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Figure 1: In this work, we investigate the feasibility of a toe-based input modality for interacting with computing systems. For

this, we investigate the influence of five factors on the accuracy, efficiency, and user expierience of such interfaces. In addition

to the direction and the toes as illustrated in this figure, we further investigate the influence of the posture, the scaling of

the interaction range and the location of the target.

ABSTRACT

From carrying grocery bags to holding onto handles on the bus,
there are a variety of situations where one or both hands are busy,
hindering the vision of ubiquitous interaction with technology.
Voice commands, as a popular hands-free alternative, struggle with
ambient noise and privacy issues. As an alternative approach, re-
search explored movements of various body parts (e.g., head, arms)
as input modalities, with foot-based techniques proving particu-
larly suitable for hands-free interaction. Whereas previous research
only considered the movement of the foot as a whole, in this work,
we argue that our toes offer further degrees of freedom that can
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be leveraged for interaction. To explore the viability of toe-based
interaction, we contribute the results of a controlled experiment
with 18 participants assessing the impact of five factors on the
accuracy, efficiency and user experience of such interfaces. Based
on the findings, we provide design recommendations for future
toe-based interfaces.
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1 INTRODUCTION

From tapping on a smartphone or touching a tangible user inter-
face [36] to mid-air gestures for head-mounted displays (HMDs) [14,
67], we use our hands to interact with today’s technology in most
situations. This emphasis on the manual operation of interfaces
in Human-Computer Interaction (HCI) research has its roots in
human evolution and the upright gait that freed the hands from
the task of locomotion. Subsequently, we developed a considerable
dexterity for fine-grained manipulations and interactions [100] that
we employ today in interactions with the physical world and com-
puter systems. However, there are a variety of situations where it is
undesirable to use our hands to interact (e.g., when we are cooking
something and have dirty hands) or even physically impossible
(e.g., when we are carrying things in our hands).

To overcome these challenges, research explored hands-free [23]
interaction styles. Besides voice-based interaction [12] which is
known to be limited to quiet environments and poses privacy is-
sues [46, 95], research proposed leveraging the movements of other
body parts. Such body-centric [102] interaction techniques have
been explored for various body parts such as the eyes [58, 78],
the head [57, 69], or combinations [9, 27, 94] of these. Among
these, foot-based techniques emerged as particularly suitable for
hands-free interactions with desktop PCs [92], smartphones [22],
or HMDs [73]. Interestingly, these techniques usually only consider
the feet as a whole, ignoring the internal degrees of freedom of the
feet: our toes.

While previous work has only considered the human toes for
binary switches [7, 97], we argue that the degrees of freedom of hu-
man toes allow for more fine-grained interaction. We can voluntar-
ily extend and flex our toes, move them independently of each other,
and hold them in different positions. Thus, the degrees of freedom
of toes might qualify as a simple and readily available input modal-
ity for hands-free interaction in a variety of situations. However,
to exploit such movements as part of future interaction techniques,
we require a thorough understanding of the human capabilities
for voluntary toe movements and the factors that influence the
accuracy, efficiency, and user experience of such movements.

In this paper, we fill this gap and extend the state of research on
body-centric interaction by investigating the human capabilities for
toe movement as an input modality. The contribution of this paper
is two-fold: First, we present the results of a controlled experiment
with 18 participants investigating the influence of the toes, the pos-
ture, the direction, the scaling, and the target on the accuracy,
efficiency, and user experience of voluntary toe movements. Second,
based on the results of the controlled experiment, we provide a set
of guidelines for designing toe-based interaction techniques.

2 RELATEDWORK

A large body of related work exists on 1) body-centric interaction
techniques that strongly influenced our work. In the following
section, we discuss these works, with a particular focus on foot-
based interaction techniques. Further, we present the basics of 2)
biomechanics of toe movements.

2.1 Body-Centric Interaction

With the spread of (low-cost) sensor hardware and advances in
computer vision, research began to investigate movements of the
human body as an input modality in the area of body-centric [11]
(also body-based [92]) interaction.

Based on their natural dexterity, research efforts focused on in-
teraction using the hands. As a prominent example, on-body [31] in-
teraction techniques allow for (multi-) touch input on different body
parts such as the torso [29], hands [18, 70, 96], and arms [32, 103].
Without visual output, research also explored other locations, such
as the ear [42, 54] or the face [90, 107]. Further, research inves-
tigated mid-air gesture interfaces around the body [71]: Mistry
et al. [67] proposed a wearable interface, and Colaco et al. [14]
showed how to capture single-handed gestures. Other examples
include proximity-based interfaces [72], single-finger gestures [6],
or combinations with gaze [33, 94]. While both on-body and mid-air
interfaces show several benefits (e.g., the fast and direct manipula-
tion of content), these techniques require at least one, often both
hands and, thus, cannot support situations when the user’s hands
are not free. Further, gestures are prone to fatigue, also known
as the gorilla arm syndrome [34], and, thus, not suited for longer
interactions.

As another promising direction, research proposed various hands-
free body-centric interaction techniques that leverage the degrees
of freedom of other body parts, such as the head [35, 108] and the
eye [63, 75]. Further examples include the ear [84], the mouth [26,
86], and the face [66], as well as interpreting blow gestures [10, 82]
or combinations of multiple body parts [24, 64]. As the most related
area of such hands-free body-centric interfaces, foot-based interac-
tion techniques have a long tradition in the operation of industrial
machinery [3, 4, 15, 50, 77]. Consequently, the HCI community has
explored such foot-based interfaces for various use cases. In the
following section, we discuss these works.

2.2 Foot-based Interaction

Research investigated foot-based interaction techniques in differ-
ent postures, such as seated [21, 99], standing [88], and walk-
ing [93, 106]. Such foot-based interfaces have been used as input
modalities for desktop [92] or mobile [60] applications or to op-
erate a smartphone in the user’s pocket [4, 22, 30]. Pakkanen and
Raisamo [76] compared hand- and foot-based operation of a track-
ball for spatial tasks and found accuracy and efficiency suitable for
secondary tasks. As a more recent trend, research also investigated
the applicability of foot-based interfaces for HMDs. Fukahori et al.
[25] leveraged shifting the user’s weight on their foot for subtle
gestures to control HMD interfaces. Saunders et al. [87, 88] studied
tapping with different parts of the foot, e.g., the heel or toes, and
kicking movements for interaction. In addition, Müller et al. [73]
compared foot tapping for direct and indirect interaction. Besides
the sole use as an input modality, foot interaction has been used
in conjunction with other input modalities. Lv et al. [59, 61, 62]
explored hand gestures in combination with foot movements such
as rotating or tapping, and Lopes et al. [55] how such a combination
can be used for 3D object manipulation. Further, Müller et al. [74]
showed how the process of locomotion through foot movements
can be used for interaction.
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(a) Pre-trial screen (b) Task 1: Moving to the target (c) Task 1: Selecting the target (d) Task 2: Holding on the target

Figure 2: After participants indicated readiness for the next trial by clicking (a), the system highlighted the target (b, red) and

visualized the movement of the respective toes on the condition (a, b, blue). While the participant’s toe was positioned over the

target, the shared cell was highlighted in green (c). After the participant confirmed reaching the target by clicking, the second

task started, in which the participants had to keep their toes stationary without visual feedback (d).

Further, Zhang [110] showed that a combined foot and gaze input
modality could improve target acquisition. As practical examples,
Göbel et al. [27] and Klamka et al. [43] combined foot movements
through a foot rocker and a foot joystick with gaze input for zoom-
ing and panning, and Rajanna [81] presented a mouse replacement
for desktop environments. Highly related, Matthies et al. [65] in-
tegrated various sensors into the sole of a shoe to sense actions
such as walking and jumping. Further, their system allows sensing
hallux-presses as a binary input switch through capacitive sensing.
Similarly, research explored the use of hallux presses as binary in-
put switches for covert interaction [97] and for hands-free control
of robotic systems [7].

While the human feet, in general, and their suitability for inter-
acting with computer systems have been thoroughly investigated,
the feasibility of interaction using the toes has not been systemati-
cally studied beyond binary single-toe interactions. Such toe-based
interactions could provide an additional input modality for subtle
and privacy-preserving in-shoe interactions. To explore the feasibil-
ity of such an input modality and to provide a foundation for future
interaction techniques, in this paper, we contribute an in-depth
analysis of the human capabilities for such interactions.

2.3 Biomechanics of Toe Movements

Just like hands, human feet have five digits called toes, numbered
from 1 to 5 starting from the hallux (also: big toe). Each of the
toes consists of three phalanx bones, except for the hallux, which
consists of only two bones [19]. Similar to the fingers, the joints of
the phalanx bones (interphalangeal joints) of the toes allow for four
types of movement: (Downward) flexion and (upward) extension
and abduction, and adduction to spread and return the toes to a
resting position, respectively [53]. Although lateral abduction and
adduction movements are possible to a certain extent, the joints
are designed primarily as hinge joints for upward and downward
movement [1]. Flexion and extension of the toes are mainly driven
by the flexor digitorum brevis and the extensor digitorum brevis
muscles, which are attached to all toes except the hallux [19]. The
hallux is flexed (flexor hallucis longus and flexor hallucis brevis) and
extended (abductor hallucis and adductor hallucis) by its own set
of muscles [19]. Consequently, all toes except hallux cannot be

moved separately. Thus, in the following, we will consider these
two groups separately as the hallux (1st toe) and the lateral toes
(2nd-5th toe).

The toes are essential in human gait while walking or running
for stabilization and control [5, 85]. This largely excludes voluntary
movements — i.e., movements not based on reflexes to behavioral
stimuli but on an intention to act [83] — during simultaneous loco-
motion because they would impair the gait. During other phases,
such as standing, sitting, or lying down, however, we can control
the discussed degrees of freedom of our toes voluntarily.

Analyses of the range of motion (ROM) of the toes showed ≈40°
for flexion and ≈50° for extension for active movements [16] (i.e.,
movements generated by muscle force as opposed to passive move-
ments induced by an external counterforce) with large variations
between individuals [38]. Highly related, Yao et al. [109] recently
presented an evaluation of the movement characteristics of fingers
and toes. In their work, the authors compared the efficiency of mov-
ing the hallux and 1st toe over different distances for flexion and
extension movements. However, the authors did not explore the
combined interactionwith all toes and the influence of body posture.
Further, the authors did not focus on such movements’ accuracy
and user experience, which is a key concern for potential use as an
interaction modality. Therefore, the accuracy and efficiency with
which the toes can be used to perform targeted movements, not
only to complete deflection but also to select intermediate targets,
is still an open question. Further, to our knowledge, there is no
subjective assessment of such movements in terms of comfort and
convenience.

3 METHODOLOGY

We conducted a controlled experiment to investigate the accuracy,
efficiency, and user experience of toe movements as an input modal-
ity for computer systems. The presence of footwear and its type,
design, and cut, as well as the interplay of these with different foot
shapes, has a very individual effect on the freedom of movement
of the toes. This impacts the possible interactions as well as their
accuracy and efficiency. To establish an unbiased baseline that can
form a foundation for future developments of toe-based interaction
technologies, we opted to study unrestricted interaction without
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Toes

Hallux

Lateral Toes

All Toes

Extension

Flexion

Posture

Standing

Sitting

Scaling

4-scale 12-scale 28-scale

Target

1/8-target

3/8-target

5/8-target

7/8-target

Direction

Figure 3: The independent variables studied in the experiment with their respective levels. From left to right: toes (all-toes,

hallux, lateral-toes), posture (standing, sitting), direction (extension, flexion), scaling (4-scale, 12-scale, 8-scale), and target

(1/8-target, 3/8-target, 5/8-target, 7/8-target).

the influence of footwear. Based on the analysis of previous work
in the field of biomechanics of toe movements, we formulated the
following hypotheses to guide our investigation:

H1 The accuracy of unrestricted voluntary toe movements is
sufficient to distinguish targets.

H2 Hallux and lateral toes can be used separately for interac-
tion while not restricted.

H3 While standing, the interaction of unrestricted toes in flex-
ion direction results in lower performance due to the resis-
tance of the floor.

H4 Sitting allows for more accurate, efficient, and comfortable
interaction of unrestricted toes compared to standing.

3.1 Design and Task

We designed a controlled experiment in which participants inter-
acted with a system using toe movements of their dominant foot.
We visualized participants’ toe movements abstractly as a high-
lighted box on a scale on a nearby display (see fig. 4a, 2a). The
participants’ first task was to move their toes to a target marked
on the scale (see fig. 2b, 2c) and confirm reaching the target with a
button in their hand. As a second task, we asked the participants
to keep their toes steady for 3 seconds without visual feedback on
their performance after the confirmation click (see fig. 2d).

To gain a comprehensive understanding of the potential factors
that influence the accuracy, efficiency, and usability of toe-based
interfaces, we varied five independent variables (see fig. 3):

Toes Used for Interaction Following the inability to move
the lateral toes individually, we varied the toes variable
between all-toes, hallux, and lateral-toes. In the hallux and
lateral-toes conditions, we mapped the displacement of the
respective toe (calibrated to personal maxima and minima)
to the scale. For the all-toes condition, we used the mean
value between the hallux and the lateral toes.

Posture We varied the posture between standing and sitting.
According to the literature, we excluded walking and other

modes of locomotion from the study design because addi-
tional voluntary movement of toes during locomotion ap-
pears infeasible.

Direction of Interaction We varied the direction between
extension (upwardsmovement) and flexion (downwardmove-
ment). Based on the analysis of toe biomechanics in the
literature, we decided against including lateral spreading
movements through abduction and adduction because the
toe joints function mainly as hinge joints for upward and
downward movement.

Scaling We varied the subdivision of the interaction range as
the scaling from 4 subdivisions (4-scale) over 12 subdivi-
sions (12-scale) to 28 subdivisions (28-scale). We chose the
levels based on informal pre-tests, indicating that these lev-
els provided a good representation across straightforward
to tough scales for participants.

Target We varied the target the participants had to reach. For
this, we divided the interaction range into four equal-sized
areas and selected the centers of these fields, resulting in
targets at 1/8, 3/8, 5/8, and 7/8 of the interaction range (1/8-target
– 7/8-target). As the levels of scaling were multiples of 4,
each level of target was in the center of a subdivision for
each level of scaling, making them comparable for later
analyses.

We varied these independent variables in a repeated measures
design, totaling 3 · 2 · 2 · 3 · 4 = 144 conditions. Further, we in-
cluded 3 repetitions for each condition into the design, resulting
in a total of 144 · 3 = 432 individual trials per participant. We
counterbalanced the order of toes, direction, and scaling in a
balanced Latin square design with 3 · 2 · 3 = 18 levels to avoid
learning effects. We excluded the posture from the balanced Latin
square to avoid fatigue from immediately successive conditions.
Instead, we alternated the posture for each participant (i.e., half
of the participants performed all standing conditions at the even-
numbered positions of the sequence and the sitting conditions at
the odd-numbered positions, and vice versa for the other half).
For practical reasons, we conducted all levels of target together
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(a) Optical tracking system (b) Markers attached to hallux and 3
rd

toe (c) Study client application

Figure 4: We used an optical tracking system to (a) track the position and orientation of the participants’ hallux and 3
rd

toe

using retro-reflective markers attached to 3d-printed extension tubes (b). The study client application visualized the task and

visual feedback indicating the current toe deflection angle on a nearby display (c).

with consecutive repetitions for each combination of toes x direc-
tion x posture x scaling. Within these blocks, we randomized
the levels of target and the repetitions collectively, resulting in
4 · 3 = 12 trials per block.

3.2 Study Setup and Apparatus

To provide a reliable baseline for future toe-based interfaces, we
decided to use an optical tracking system (Optitrack) for accurate
and reliable tracking (see fig. 4a). For this, we mounted the cameras
of the tracking system close to the floor and attached retro-reflective
markers to the hallux and the 3rd toe of the participants (see fig. 4b).
In addition, we used about 3 cm long 3d-printed extension tubes
between the toes and the retro-reflective markers to extend the
movement path of the markers to improve tracking performance.

We calibrated the system to the participants’ movement range.
Due to the complex bone and muscle apparatus, the displacement
of the toes cannot be expressed only as a change in height, but
describes a circular path. Therefore, we traced the movement of
the markers in the calibration phase from the starting position (flat
foot on the floor with relaxed toes) to full flexion or extension, re-
spectively. During the experiment, the system used this calibration
to map the deflection of the foot to a percentage value. To distin-
guish the stationary starting position from directed movements,
we considered ±2 % around the starting position as a neutral zone.
Therefore, the interaction range considered in the experiment refers
to the remaining 98 % each in extension and flexion direction.

Further, we implemented a study client application that allowed
us to set the task from a desktop PC. Using an external monitor, the
study client visualized the current scaling and feedback about the
foot movement and the current task to the participants (see fig. 4c).
The participants used a clicker connected via Bluetooth to signal
the completion of a task to the system.

For each trial, we logged the following dependent variables:

Success Rate as the rate of trials where the target was suc-
cessfully selected.

Task-Completion Time as the time between showing the
target to the participant and confirming the arrival.

Number of Crossings as the number of times, the target field
was crossed before confirmation. A crossing is a movement
from the start position beyond the target field and vice versa,
i.e., to generate a crossing, the entire field must be fully
traversed to avoid flickering of the data at the borders of the
field.

Involuntary Toe Movement as the movement of the inac-
tive toes for the levels hallux and lateral-toes of the toes in
percent of the interaction range.

Holding Error the maximum movement within 3 s after the
confirmation in percent of the interaction range.

3.3 Procedure

After welcoming the participants, we introduced them to the con-
cept and asked them to fill out a consent form and a demographic
questionnaire. We used the method proposed by Chapman et al. [8]
to identify the dominant foot. Then, we attached the retro-reflective
markers on the toes of the dominant foot using double-sided ad-
hesive tape and calibrated the system to the participants’ toes by
recording the maximum displacement in the extension and flexion
direction. We recalibrated the starting position before each block
to avoid errors due to shifts. The calibration process took 5s on
average. To avoid learning effects during the experiment, we then
asked the participants to freely explore the system by moving their
toes while observing the output on the screen. Participants were
free to explore the system as long as they wanted until they felt
familiar with and comfortable using it. The exploration phase took
around 5min on average.

After the free exploration phase, we told the participant about the
combination of toes x direction x posture x scaling of the first
block. After the participant took the correct posture, we started the
system, and the participant was presented with the scaling of the
current condition on the screen. Once ready and in starting position
(dominant foot placed flat on the ground), the participant used the
clicker to start the first trial. After the click, the system highlighted
the target on the screen (see fig. 4c) in red and the current position
of the toe in blue. Then, the participants moved their toes to the
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target and confirmed the reach using the clicker. After that, the
system started a 3s countdown for the second task and informed the
participant to hold their toes still. After completing the countdown,
the system told the participant to return to the start position. Once
ready again, the participants started the subsequent trial using the
clicker. We instructed the participants to focus on accuracy instead
of speed. If a goal felt impossible, we instructed participants to
achieve it as best they could and confirm that position.

After all trials of a block, participants answered questions regard-
ing their experiences of the last toes x direction x posture x scal-
ing combination on a 7-point Likert scale (1: strongly disagree, 7:
strongly agree) using a tablet. To avoid any influence from fatigue,
we instructed the participants to take breaks as needed before
starting the subsequent trial. In addition, we enforced a minimum
2-minute break before the next block. During this break, the par-
ticipants gave further qualitative feedback in a semi-structured
interview. Each experiment took about 100 minutes per participant.
Our institutional ethics board reviewed and approved the study
design.

All participants and the investigator were vaccinated or tested
on the same day. Only the investigator and the participant were in
the room at any given time. The investigator and participants wore
medical face masks throughout the experiment. We disinfected the
study setup and all touched surfaces and ventilated the room for
30 minutes.

3.4 Participants

We recruited 18 participants (10 identified as male, 8 as female) from
our university’s mailing list. The participants were aged between 22
and 31 (` = 26, 𝜎 = 2.28) with 3 left-footed. Four of our participants
reported having a diagnosed foot condition (P2, P14: pes valgus,
P11, P12: pes planus). However, the participants did not have any
problems conducting the experiment. All participants took part
in the study voluntarily and without financial compensation. We
provided drinks and snacks during and after the study.

3.5 Analysis

We analyzed the recorded data using 5-way repeated measures (RM)
ANOVAs with the independent variables as discussed above as fac-
tors to unveil significant main and interaction effects. We tested
the data for normality using Shapiro-Wilk’s test. If the assump-
tion of normality was violated, we performed a non-parametric
analysis as described below. In cases where Mauchly’s test indi-
cated a violation of the assumption of sphericity, we corrected the
tests using the Greenhouse-Geisser method and report the 𝜖 . When
the RM ANOVA indicated significant results, we used pairwise
t-tests with Bonferroni correction for post-hoc analysis. We fur-
ther report the generalized eta-squared [2

𝐺
as an estimate of the

effect size, classified using Cohen’s suggestions as small (> .0099),
medium (> .0588), or large (> .1379) [13] as proposed by Bake-
man [2]. Further, as an estimate of the influence of the individual
factors, we report the estimated marginal mean (EMM) `𝐸𝑀𝑀 with
95 % confidence intervals as proposed by Searle et al. [89]. For the
multi-factorial analysis of non-parametric data, such as the Likert
questionnaires, we performed an Aligned Rank Transformation as
proposed by Wobbrock et al. [104] and Elkin et al. [20].

4 RESULTS

In the following sections, we report the results of the controlled
experiment as described in Section. We present the results struc-
tured around the dependent variables and provide a summary of
the main results at the beginning of each subsection, followed by
detailed statistics.

4.1 Success Rate

We measured the success rate when confirming the selection to
assess participants’ accuracy. We found that lateral-toes performed
worse compared to all-toes and hallux. Further, we found that sitting
and flexion performed better compared to standing and extension,
respectively. As expected, higher levels of scaling decreased the
accuracy rates. Overall, wemeasured success rates from ` = 100.0 %,
𝜎 = 0.0% (4 times, all 4-scale) to ` = 46.3%, 𝜎 = 30.6% (hallux,
standing, extension, 28-scale, 7/8-target), see fig. 5 (a).

The analysis revealed a significant (𝐹2,34 = 12.72, 𝑝 < .001,
[2
𝐺

= 0.02) main effect of the toes with a small effect size. Post-
hoc tests showed significantly lower success rates for lateral-toes
(`𝐸𝑀𝑀 = 80.2% [77.7%, 82.8%]) compared to all-toes (`𝐸𝑀𝑀 = 87.9%
[85.3%, 90.5%], 𝑝 < .001) and hallux (`𝐸𝑀𝑀 = 84.5% [81.9%, 87.0%],
𝑝 < .05).

Further, we found a significant (𝐹1,17 = 23.16, 𝑝 < .001, [2
𝐺

=

0.01) main effect of the posture with a small effect size. Post-
hoc tests indicated significantly (𝑝 < .001) higher success rates
for sitting (`𝐸𝑀𝑀 = 86.0% [83.9%, 88.0%]) compared to standing
(`𝐸𝑀𝑀 = 82.4% [80.3%, 84.4%]).

Also, the analysis indicated a significant (𝐹1,17 = 15.29, 𝑝 < .01,
[2
𝐺

= 0.01) main effect of the direction with a small effect size.
Post-hoc tests confirmed significantly (𝑝 < .01) higher success rates
for flexion (`𝐸𝑀𝑀 = 86.7% [84.4%, 89.0%]) compared to extension
(`𝐸𝑀𝑀 = 81.7% [79.4%, 84.0%]).

As a lastmain effect, the analysis showed a significant (𝐹1.15,19.54 =
113.39, 𝑝 < .001, 𝜖 = 0.57, [2

𝐺
= 0.15) influence of the scaling with

a large effect size. We found falling success rates for higher levels of
scaling, ranging from `𝐸𝑀𝑀 = 94.7% [92.2%, 97.2%] for 4-scale to
`𝐸𝑀𝑀 = 72.6% [70.1%, 75.1%] for 28-scale. Post-hoc tests confirmed
significant (all 𝑝 < .001) differences between all groups.

Further, we found a significant (𝐹2,34 = 6.46, 𝑝 < .01, [2
𝐺
= 0.01)

interaction effect between posture and scaling with a small effect
size. While the success rate for the 4-scale conditions was compara-
ble (𝑝 > .05) between standing (`𝐸𝑀𝑀 = 94.1% [91.3%, 96.8%]) and
sitting (`𝐸𝑀𝑀 = 95.4% [92.6%, 98.1%]), the differences increased
with higher levels of scale to 28-scale (standing: `𝐸𝑀𝑀 = 69.2%
[66.5%, 72.0%], sitting: `𝐸𝑀𝑀 = 75.9% [73.2%, 78.7%], 𝑝 < .001).

Finally, we found a significant (𝐹3,51 = 5.17, 𝑝 < .01, [2
𝐺
= 0.01)

interaction effect between direction and target with a small ef-
fect size. The success rates were comparable between extension and
flexion from 1/8-target to 5/8-target with differences between 1% and
4.5% in the EMMs (all 𝑝 > .05). Interestingly, for the 7/8-target condi-
tions, however, we found the highest (flexion: `𝐸𝑀𝑀 = 88.7% [85.4%,
91.9%]) and lowest (extension: `𝐸𝑀𝑀 = 76.8% [73.5%, 80.0%]) suc-
cess rates of all direction and target combinations (𝑝 < .001).
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Figure 5: Success rate (a) and task-completion time (b) in the experiment. For ease of reading, data are averaged across the 4

levels of target. All error bars depict the standard error.

4.2 Task-Completion Time

As a measure of efficiency, we analyzed the task-completion time
(TCT) as the time between the display of the target and the click to
confirm reaching it. We found that all-toes, sitting, and extension
led to significantly faster TCTs compared to the respective other
levels. As expected, higher levels of scaling also increased the TCT.
We found values ranging from ` = 2.2 s, 𝜎 = 0.6 s (all-toes, standing,
extension, 4-scale, 3/8-target) to ` = 11.2 s, 𝜎 = 5.8 s (lateral-toes,
standing, flexion, 28-scale, 3/8-target), see fig. 5 (b).

The analysis showed a significant (𝐹1.39,23.66 = 23.72, 𝑝 < .001,
𝜖 = 0.70, [2

𝐺
= 0.07) main effect of the toes with a medium effect

size. Post-hoc tests confirmed rising TCTs from all-toes (`𝐸𝑀𝑀 = 3.7𝑠
[2.9s, 4.4s]) over hallux (`𝐸𝑀𝑀 = 4.8𝑠 [4.1s, 5.6s]) to lateral-toes
(`𝐸𝑀𝑀 = 5.9𝑠 [5.1s, 6.7s]) with significant differences between all
groups (hallux - lateral-toes 𝑝 < .01, other 𝑝 < .001).

We found a significant (𝐹1,17 = 4.46, 𝑝 < .05, [2
𝐺

= 0.01) main
effect for the posture with a small effect size. Post-hoc tests con-
firmed a significant (𝑝 < .05) faster TCTs for sitting (`𝐸𝑀𝑀 = 4.7𝑠
[4.0s, 5.4s]) compared to standing (`𝐸𝑀𝑀 = 4.9𝑠 [4.2s, 5.6s]).

Also, the analysis showed a significant (𝐹1,17 = 45.44, 𝑝 < .001,
[2
𝐺

= 0.04) main effect for the direction with a small effect size.
Post-hoc tests indicated higher TCTs for flexion (`𝐸𝑀𝑀 = 5.5𝑠 [4.8s,
6.2s]) compared to extension (`𝐸𝑀𝑀 = 4.1𝑠 [3.4s, 4.8s]), 𝑝 < .001.

Further, the analysis found a significant (𝐹2,34 = 73.04, 𝑝 < .001,
[2
𝐺

= 0.10) main effect of the scaling with a medium effect size.
Post-hoc tests confirmed significantly rising TCTs with higher
levels of scaling (4-scale: `𝐸𝑀𝑀 = 3.4𝑠 [2.7s, 4.1s], 12-scale:
`𝐸𝑀𝑀 = 4.9𝑠 [4.2s, 5.6s], 28-scale: `𝐸𝑀𝑀 = 6.1𝑠 [5.4s, 6.8s],
all 𝑝 < .001).

As a lastmain effect, the analysis indicated a significant (𝐹1.76,29.90 =
13.16, 𝑝 < .001, 𝜖 = 0.59, [2

𝐺
= 0.03) influence of the target with a

small effect size. Post-hoc tests confirmed significant differences
between 7/8-target (`𝐸𝑀𝑀 = 5.7𝑠 [5.0s, 6.4s]) compared to all other

levels (all between `𝐸𝑀𝑀 = 4.29 s and `𝐸𝑀𝑀 = 4.75 s, 𝑝 < .01 for
5/8-target, rest: 𝑝 < .001).

Besides themain effects, the analysis revealed a significant (𝐹2,34 =
3.74, 𝑝 < .05, [2

𝐺
= 0.01) interaction effect between posture and

scaling with a small effect size. While the TCTs were comparable
between standing and sitting for 4-scale and 12-scale (both within
0.1 s), we found a more pronounced difference for 28-scale (stand-
ing: `𝐸𝑀𝑀 = 6.5𝑠 [5.7s, 7.2s], sitting: `𝐸𝑀𝑀 = 5.7𝑠 [5.0s, 6.5s]).
This finding is supported by post-hoc tests confirming significant
interaction effects between all conditions except for 4-scale while
sitting compared to 4-scale while standing and 12-scale while sitting
compared to 12-scale while standing.

Further, we found a significant (𝐹2,34 = 8.52, 𝑝 < .01, [2
𝐺
= 0.01)

interaction effect between scaling and direction. While we could
not find significant differences between flexion and extension for
4-scale, we found significantly higher TCTs for flexion movements
for both 12-scale (+1.6 s) and 28-scale (+1.8 s) (both 𝑝 < .001).

Additionally, we found a significant (𝐹3.23,54.93 = 4.93, 𝑝 < .01,
𝜖 = 0.54, [2

𝐺
= 0.01) interaction effect between toes and target

with a small effect size. While we found a slow and constant, yet not
significant, rise of the TCTs for more distant targets in the all-toes
(+0.5 s from 1/8-target to 7/8-target) and hallux (+0.9 s) conditions, the
impact on the TCTs was significant for lateral-toes (+1.7 s, 𝑝 < .001).

Finally, we found a significant (𝐹3.00,51.02 = 3.13, 𝑝 < .05, 𝜖 =

0.50, [2
𝐺

= 0.01) interaction effect between scaling and target
with a small effect size. More distant targets increased the TCTs for
28-scale only slightly (+0.5 s from 1/8-target to 7/8-target, 𝑝 > .05).
For 4-scale and 12-scale, however, the rise in TCTs for more distant
targets was more pronounced (4-scale: +1.4 s, 12-scale: +1.8 s, both
𝑝 < .01)

Beyond the two-way interaction effects, we found an interaction
effect between toes, scaling, and direction that we omit due to
space limitations.
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Figure 6: Number of crossings (a) and holding error (b) in the experiment. For ease of reading, data are averaged across the 4

levels of target. All error bars depict the standard error.

4.3 Number of Crossings

We analyzed the number of crossings as another measure of the
efficiency of participants. We found higher numbers of crossings
for lateral-toes compared to all-toes and hallux. Further, we found
higher numbers of crossings while standing and for the 1/8-target.
As expected, higher levels of scaling also led to higher numbers
of crossings. Overall, we found numbers of crossings ranging from
` = 0.1, 𝜎 = 0.3 (all-toes, standing, extension, 4-scale, 7/8-target) to
` = 5.3, 𝜎 = 3.8 (lateral-toes, sitting, extension, 28-scale, 1/8-target),
see fig. 6 (a).

The analysis showed a significant (𝐹2,34 = 17.50, 𝑝 < .001, [2
𝐺
=

0.03) main effect of the toes with a small effect size. Post-hoc tests
confirmed significantly higher numbers of crossings for lateral-toes
(`𝐸𝑀𝑀 = 2.4 [2.0, 2.8]) compared to all-toes (`𝐸𝑀𝑀 = 1.4 [1.0, 1.8],
𝑝 < .001) and hallux (`𝐸𝑀𝑀 = 1.7 [1.3, 2.2], 𝑝 < .01).

Further, we found a significant (𝐹1,17 = 5.89, 𝑝 < .05, [2
𝐺
= 0.01)

main effect of the posture with a small effect size. Post-hoc tests
confirmed significantly (𝑝 < .05) lower numbers of crossings while
sitting (`𝐸𝑀𝑀 = 1.8 [1.4, 2.2]) compared to standing (`𝐸𝑀𝑀 = 1.9
[1.5, 2.3]).

Also, the analysis revealed a significant (𝐹1.24,21.13 = 77.57, 𝑝 <

.001, 𝜖 = 0.62, [2
𝐺

= 0.20) main effect of the scaling with a large
effect size. Post-hoc tests confirmed significantly rising numbers of
crossings for higher levels of scaling ranging from `𝐸𝑀𝑀 = 0.5
[0.1, 1.0] (4-scale) to `𝐸𝑀𝑀 = 3.2 [2.8, 3.7] (28-scale), all 𝑝 < .005.

As a last main effect, we found a significant (𝐹2.17,36.90 = 12.61,
𝑝 < .001, 𝜖 = 0.72, [2

𝐺
= 0.03) influence of the target with a small

effect size. Post-hoc tests revealed significantly higher numbers
of crossings for 1/8-target (`𝐸𝑀𝑀 = 2.4 [2.0, 2.8]) compared to all
other groups (`𝐸𝑀𝑀 between 1.54 and 1.82, 𝑝 < .01 for 1/8-target -
3/8-target, rest: 𝑝 < .001)

Besides the main effects, we found a significant (𝐹2,34 = 4.19,
𝑝 < .05, [2

𝐺
= 0.01) interaction effect between toes and direction

with a small effect size. While the numbers of crossings were com-
parable between flexion and extension for all-toes (difference: 0.04)
and hallux (difference: 0.11), the difference effect seemed stronger
on lateral-toes (difference: 0.45). However, post-hoc tests did not
support this finding (𝑝 > .05).

4.4 Holding Error

We analyzed the holding error as the maximum deviation during
the hold phase within 3s in percent of the interaction range. We
found higher holding errors when using the lateral-toes and while
standing. Further, we found that extension increased the holding
error and that 1/8-target (in both directions closest to the starting
position) showed lower holding errors. Over all conditions, we
found holding errors ranging from ` = 1.3%, 𝜎 = 1.2% (hallux,
sitting, flexion, 4-scale, 3/8-target) to ` = 10.6%, 𝜎 = 7.6% (lateral-
toes, standing, extension, 4-scale, 3/8-target), see fig. 6 (b).

The analysis revealed a significant (𝐹1.20,20.47 = 28.84, 𝑝 < .001,
𝜖 = 0.60, [2

𝐺
= 0.07) main effect of the toes with a medium effect

size. Post-hoc tests confirmed significantly higher holding errors
for lateral-toes (`𝐸𝑀𝑀 = 6.2% [5.3%, 7.1%]) compared to all-toes
(`𝐸𝑀𝑀 = 3.4% [2.6%, 4.3%], 𝑝 < .001) and hallux (`𝐸𝑀𝑀 = 3.6%
[2.7%, 4.5%], 𝑝 < .001).

Further, the analyses showed a significant (𝐹1,17 = 30.61, 𝑝 <

.001, [2
𝐺

= 0.01) main effect of the posture with a small effect
size. Post-hoc tests revealed significantly (𝑝 < .001) lower holding
errors for sitting (`𝐸𝑀𝑀 = 4.0% [3.2%, 4.8%]) compared to standing
(`𝐸𝑀𝑀 = 4.9% [4.1%, 5.6%]).

Also, the analysis showed a significant (𝐹1,17 = 18.79, 𝑝 < .001,
[2
𝐺
= 0.03) main effect of the directionwith a small effect size. Post-

hoc tests confirmed significantly (𝑝 < .001) smaller holding errors
for flexion (`𝐸𝑀𝑀 = 3.6% [2.8%, 4.5%]) compared to extension
(`𝐸𝑀𝑀 = 5.2% [4.4%, 6.1%]).

As a last main effect, we found a significant (𝐹1.50,25.56 = 3.42,
𝑝 > .05, 𝜖 = 0.50) influence of the target with a small effect
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Figure 7: Involuntary movement of the toes that are not active in the respective condition. All error bars depict the standard

error.

size. Post-hoc tests confirmed significantly lower holding errors
for 1/8-target (`𝐸𝑀𝑀 = 4.0% [3.1%, 4.8%]) compared to 7/8-target
(`𝐸𝑀𝑀 = 4.8% [4.0%, 5.6%]), 𝑝 < .05.

In addition, we found a significant (𝐹1.73,29.38 = 10.54, 𝑝 < .001,
𝜖 = 0.58, [2

𝐺
= 0.02) interaction effect between direction and

target. The holding error was comparable for 1/8-target (flexion:
`𝐸𝑀𝑀 = 4.0% [3.0%, 5.0%], extension: `𝐸𝑀𝑀 = 3.9% [3.0%, 4.9%],
𝑝 > .05). Interestingly, for higher levels of target, the holding
error rose for extension (7/8-target: `𝐸𝑀𝑀 = 6.4% [5.4%, 7.4%]) and,
at the same time, declined for flexion (7/8-target: `𝐸𝑀𝑀 = 3.2%
[2.2%, 4.2%]), 𝑝 < .001.

Additionally, we found three higher-level interactions that we
omit due to space limitations.

4.5 Involuntary Movement of Inactive Toes

To gauge the capability for separate voluntary movement of the
toes, we measured the movement of the toes not active in the
lateral-toes and hallux conditions. We excluded one participant
from the analysis due to technical difficulties with data collection.
Themeasurements are in % of the interaction range.We found fewer
involuntary toe movements for extension compared to flexion. As
expected, we found that the 7/8-target (which required the highest
extension and flexion) also increased involuntary movement. Over-
all, we found involuntary movements between ` = 0.9 %, 𝜎 = 1.3 %
(hallux, standing, extension, 12-scale, 1/8-target) and ` = 45.0%,
𝜎 = 33.4 % (hallux, standing, flexion, 12-scale, 7/8-target), see fig. 7.

The analysis revealed a significant (𝐹1,16 = 13.56, 𝑝 < .01, [2
𝐺
=

0.08) main effect of the direction with a medium effect size. Post-
hoc tests confirmed significantly (𝑝 < .01) less involuntary toe
movement for extension (`𝐸𝑀𝑀 = 10.1% [4.0%, 16.2%]) compared
to flexion (`𝐸𝑀𝑀 = 23.0% [16.9%, 29.1%]).

Also, we found a significant (𝐹1.26,20.16 = 28.84, 𝑝 < .001, 𝜖 =

0.42, [2
𝐺
= 0.16) main effect of the target with a large effect size.

Post-hoc tests indicated significantly higher involuntary toe move-
ments for 7/8-target (`𝐸𝑀𝑀 = 31.2% [25.2%, 37.3%]) compared to all
other groups (𝑝 < .001). Further, post-hoc tests showed significantly

higher involuntary toe movement for 5/8-target (`𝐸𝑀𝑀 = 17.4%
[11.3%, 23.4%]) compared to 1/8-target (`𝐸𝑀𝑀 = 6.4% [0.3%, 12.4%]).

Besides, we found a significant (𝐹3.44,54.98 = 3.10, 𝑝 < .05,
𝜖 = 0.57, [2

𝐺
= 0.01) interaction effect between scaling and target

with a small effect size. While 28-scale resulted in the highest invol-
untary toe movement for 1/8-target (`𝐸𝑀𝑀 = 6.8% [0.4%, 13.2%]) to
5/8-target (`𝐸𝑀𝑀 = 19.7% [13.3%, 26.1%]), it resulted in the lowest
involuntary toe movement for the 7/8-target (`𝐸𝑀𝑀 = 29.5% [23.1%,
35.9%]) compared to 4-scale (`𝐸𝑀𝑀 = 32.7% [26.2%, 39.1%]) and
12-scale (`𝐸𝑀𝑀 = 31.6% [25.2%, 38.0%]). However, post-hoc tests
did not confirm this finding (all 𝑝 > .05).

Beyond two-way interaction effects, we found an interaction
effect between toes, posture, and scaling that we omit due to
space limitations.

4.6 Questionnaire

We asked participants for subjective feedback on a 7-point Likert
scale after each block. The participants, therefore, answered the
questions for all targets of the condition together. Figure 8 depicts
all answers from our participants.

Convenience. We found that participants rated all-toes, sitting,
and extension better compared to the respective other levels of the
factors. Further, participants also rated the highest level of scaling
worse compared to the other levels.

The analysis revealed a significant (𝐹2,34 = 25.85, 𝑝 < .001, [2
𝐺
=

0.15) main effect for the toes with a large effect size. Post-hoc tests
confirmed significantly higher approval rates for all-toes compared
to hallux and lateral-toes (both 𝑝 < .001). Further, we found a
significant (𝐹1,17 = 17.50, 𝑝 < .001, [2

𝐺
= 0.02) main effect of the

posturewith a small effect size. Post-hoc tests showed significantly
higher approval ratings for sitting compared to standing (𝑝 < .001).
Also, we found a significant (𝐹1,17 = 11.11, 𝑝 < .01, [2

𝐺
= 0.06)

main effect of the direction with a medium effect size. Post-ho
tests confirmed significantly higher approval rates for extension
compared to flexion (𝑝 < .01). Finally, we found a significant (𝐹2,34 =
6.33, 𝑝 < .01, [2

𝐺
= 0.01) main effect for the scaling with a small
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Figure 8: The participants’ answers to our four questions in the Likert-questionaires. The plots contain the data of all levels of

scaling.

effect size. Post-hoc tests showed significantly lower approval rates
for 28-scale compared to both 4-scale (𝑝 < .01) and 12-scale (𝑝 <

.05).
Further, we found a significant (𝐹2,34 = 6.17, 𝑝 < .01, [2

𝐺
= 0.02)

interaction effect between toes and direction with a small effect
size. While we could not find significant differences between flexion
and extension for all-toes (𝑝 > .05), we found significantly higher
approval for extension compared to flexion for hallux and lateral-
toes (both 𝑝 < .001). Finally, we found a significant (𝐹1,17 = 21.89,
𝑝 < .001, [2

𝐺
= 0.01) interaction effect between posture and

direction with a small effect size. While we did not see significant
differences in the ratings for extension while standing and sitting,
we found that flexion resulted in significantly lower ratings while
standing compared to sitting (𝑝 < .001).

Physical Demand. We found lower perceived physical demand
for all-toes and sitting compared to the other levels of the factors.
Further, we found that the highest scaling increased the perceived
physical demand.

We found a significant (𝐹2,34 = 11.45, 𝑝 < .001, [2
𝐺
= 0.12) main

effect of the toeswith a medium effect size. Post-hoc tests indicated
significantly lower physical demand when using all-toes compared
to both hallux (𝑝 < .01) and lateral-toes (𝑝 < .001). Further, the
analysis showed a significant (𝐹1,17 = 9.07, 𝑝 < .01, [2

𝐺
= 0.02)

main effect for the posture with a small effect size. Post hoc test
confirmed significantly lower physical demand for sitting compared
to standing (𝑝 < .01). Also, we found a significant (𝐹2,34 = 5.11,
𝑝 < .05, [2

𝐺
= 0.01) main effect of the scaling with a small effect

size. Post-hoc tests showed significantly higher physical demand
for 28-scale compared to both 4-scale and 12-scale (both 𝑝 < .05).

In addition to the main effects, we found a significant (𝐹2,34 =

6.08, 𝑝 < .01, [2
𝐺
= 0.02) interaction effect between toes and direc-

tion with a small effect size. We found no significant differences
between flexion and extension for the all-toes conditions (𝑝 > .05).
For the hallux and the lateral-toes conditions, however, we found
significantly higher physical demand ratings for the respective
combinations with flexion compared to extension (hallux: 𝑝 < .05,

lateral-toes: 𝑝 < .01). Finally, we found a significant (𝐹1,17 = 5.75,
𝑝 < .05, [2

𝐺
= 0.01) interaction effect between posture and di-

rection with a small effect size. While we found no significant
differences between flexion and extension while sitting (𝑝 > .05),
we found a significantly higher physical demand for flexion com-
pared to extension while standing (𝑝 < .01).

Mental Demand. We found that all-toes, sitting and extension
interactions led to a reduced perceived mental demand compared
to the respective other levels of the factors. Further, the highest
subdivision of scaling also increased the perceived mental demand.

The analysis showed a significant (𝐹2,34 = 14.24, 𝑝 < .001,
[2
𝐺
= 0.09) main effect of the toes with a medium effect size. Post-

hoc tests confirmed significantly lower mental demand for all-toes
conditions compared to both hallux and lateral-toes (both 𝑝 < .001).
Further, the analysis indicated a significant (𝐹1,17 = 10.88, 𝑝 < .01,
[2
𝐺

= 0.01) main effect of the posture with a small effect size.
Post-hoc tests confirmed significantly lower mental demand while
sitting compared to standing (𝑝 < .01). Also, we found a significant
(𝐹1,17 = 13.57, 𝑝 < .01, [2

𝐺
= 0.02) main effect of the direction

with a small effect size. Post-hoc tests indicated significantly higher
mental demand for flexion compared to extension (𝑝 < .01). As
a last main effect, we found a significant (𝐹2,34 = 9.50, 𝑝 < .001,
[2
𝐺
= 0.02) influence of the scalingwith a small effect size. Post-hoc

tests confirmed a significantly higher mental demand for 28-scale
compared to 4-scale (𝑝 < .001).

Finally, we found a significant (𝐹2,34 = 7.22, 𝑝 < .01, [2
𝐺

=

0.02) interaction effect between toes and direction with a small
effect size. We found no significant differences between flexion
and extension for all-toes. For hallux and lateral-toes, however, we
found significantly higher mental demand for flexion compared to
extension (both 𝑝 < .001).

4.7 Subjective Feedback

In general, participants responded positively to the concept of in-
teracting by moving their toes and praised the “great” (P9) work as
“[it is] surprisingly easy to use, similar to indirect control via mouse”
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(P12). P15 imagined using such a system when interacting with
an “AR Interface [. . . ] you can subtly interact with the system when
wearing shoes”.

When asked about their favorite toes, there was a clear con-
sensus on the all-toes level (16 participants, hallux: 2 participants).
Asked for the reasons, participants told us that using all toes felt
“most pleasant” (P0, P13) and “easier” (P2, P5, P10, P15) as “[it was]
most natural” (P13). P5 further described the advantage over hal-
lux and lateral-toes operation: “Moving individual toes down was
impossible for me, up was okay but still mentally more difficult than
using all toes”. P12, among the subgroup who preferred interacting
using the hallux, stated that this provided him with “more stability
while still [being] flexible [but] only for extension”.

Regarding posture, participants showed a slight preference for
seated interaction (14 participants, standing: 4 participants). Partic-
ipants described seated interaction as “less straining” (P3) and that
the posture “[helped me] to keep the balance” (P4). P9 added that he
had more “control [. . . ] while there is no body weight on the foot”. In
contrast, other participants felt that the interaction while standing
was more “controllable” (P12). P5 expressed indecision regarding
the preference: “Even though standing was less comfortable, I felt
like I had more control [compared to sitting]”.

For the direction, we found a slight preference for extension
(13 participants, flexion: 5 participants) as it felt “less straining”
(P2, P4, P12) and “more comfortable” (P5, P8, P13). While the re-
sponses with a preference for the extension direction were more
concerned with the pleasantness of the interaction, the group that
preferred flexion mentioned that it felt “more precise” (P0, P3). P5
described the relationship: “[extension] felt more comfortable to use,
even though I also felt less accurate that way”. Regarding the two
tasks, P4 added: “When holding, flexion was more pleasant and when
moving, extension”. Further, participants made their ratings of di-
rection dependent on posture as “[flexion] is easier [while] sitting
[. . . ] because you do not have to keep your balance and you are [. . . ]
more accurate” (P13).

Concerning the scaling, we found the highest agreement with
the 12-scale (12 participants, 4-scale:4 participants, 28-scale: 1 par-
ticipant). Participants described this intermediate scaling as a “good
compromise” (P3) between 28-scale where it “was very difficult to
be accurate” (P5) and 4-scale with “too few options” (P3). The par-
ticipants who preferred a coarser division as in 4-scale explained
that it was “easier” (P2, P4, P10) because “you do not have to be so
precise” (P8).

5 DISCUSSION AND GUIDELINES

Our results indicate that toe movements can provide a viable input
modality for efficient and accurate interactions. We found accuracy
rates of up to 100% (i.e., without a single error across all repetitions
and all participants) and interaction times (which included recog-
nizing the target, moving the toes, and confirming the target) well
below 2.5 s. In combination, we found the best overall performance
using all-toes or hallux while sitting for flexion movements on a 4-
scale. Our results showed that the performance varied considerably
across the other levels of the five factors. In this section, we discuss
our results in relation to our hypotheses and present guidelines for
the future use of toe-based interfaces.

5.1 Guideline 1: Use a small number of options

As a fundamental premise, we hypothesized that the accuracy of vol-
untary toe movements is sufficient to discriminate targets and thus
enable purposeful interaction (H1). To assess this, we investigated
different partitions of the interaction space as scaling. Across all
measures, we found a strong influence of the scaling on participants’
performance. We observed that increasingly finer subdivisions of
the scaling resulted in a) decreasing accuracy rates as well as b)
increasing interaction times. In particular, with the finest subdivi-
sion, this effect renders targeted interaction impossible. While the
relationship between increased difficulty and decreasing accuracy
rates seems intuitive, the second finding that increased difficulty
also led to a decrease in efficiency was more surprising.

We attribute both results to participants having difficulties select-
ing targets at finer scales (and, thus, smaller target ranges). While
this directly affected accuracy rates, it also affected efficiency: We
saw participants oscillating around the targets, increasing the in-
teraction times. Higher numbers of crossings for these conditions
also support this hypothesis. We found this effect independent of
the target’s position within the scale.

Therefore, our results support H1 and point to a negative influ-
ence on interaction time. Based on these results, we suggest using
a 4-scale for both flexion and extension for most situations. This
is in line with the holding errors in the range of ≈ ±3% around
the starting point of the holding phase that we measured for these
conditions. This allows users to hold their toes in one of the fields
of the scale for longer periods, e.g., to select an item, similar to the
concept of dwell-time in eye-gaze interaction [79].

5.2 Guideline 2: Allow joint movements of the

toe groups

Given the separate muscle groups controlling the hallux and lateral-
toes, we hypothesized that these toe groups could be used separately
for interaction. Across all measurements, we found a substantial
advantage of joint usage of all toes: Interaction using all toes was
significantly faster compared to both hallux and lateral-toes. Regard-
ing accuracy, we found no significant differences between all-toes
and hallux, while lateral-toes showed a significant drop in success
rates.

However, even these comparable accuracy rates between all-toes
and hallux do not provide a foundation for independent use: In the
analysis of involuntary toe movements, we found large movements
of the currently passive toes between 22% and 40%. However, a
future system that aims to interpret users’ toe movements would
now need to distinguish if a movement by a group of toes was
intentional or just a dependency effect on the voluntary movement
of the first group. Matching this, our participants communicated
clearly that they found independent interaction difficult to impos-
sible. This result supports the findings of Yao et al. [109], who
found that requiring the user to control the deflections of two toes
simultaneously severely degrades operability.

Reflecting on the results, we have found ample evidence that
contradictsH2, indicating that the independent use of the toe groups
for different interactions should be considered infeasible. Future
systems should therefore use other factors (e.g., direction or finer
scales) to increase the number of options while interacting.
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(a) App Launcher (b) Music Player (c) Kitchen Assistant

Figure 9: A set of use cases for a toe-based input modality. The (a) App Launcher allows users to select and launch applications

on an HMD. The (b)Music Player allows users to skip songs and change volume without requiring a visual interface. The (c)

Kitchen Assistant helps users while cooking by allowing them to control the interface on a tablet while their hands are dirty.

5.3 Guideline 3: Prefer Extension while

Standing

We hypothesized that when standing, the interaction in the flexion
direction performs worse than in the extension direction because
the toes touching the floor hinders the interaction (H3). We found
significantly higher accuracy rates, faster interaction times, and
lower holding errors while sitting. This was also supported by the
analysis of the questionnaires, where we found significantly higher
ratings for convenience and lower ratings for the physical and
mental demand for interacting while sitting.

Looking for reasons for the inferior performance of the partic-
ipants while standing, we found that especially the combination
with flexion movements yielded a detrimental effect: While the
convenience was comparable between sitting and standing for ex-
tension movements, we found significantly lower approval ratings
and higher physical demand for flexion while standing.We attribute
this effect to the permanent muscle tension of the foot and, conse-
quently, the toes while standing to enable us to have a secure and
upright stance [105]. Voluntary movement of the toes interferes
with this firm stance. Or the other way around: A firm stance inter-
feres with the voluntary movement of the toes. This is especially
relevant for movements in flexion-direction while standing, where
the free movement of the toes is hindered by the floor, so the (fore-)
foot has to be slightly lifted. According to our participants’ feedback,
this destabilized their stance, explaining the deterioration of both
quantitative and qualitative performance measures for interaction
while standing.

Given these findings, our results provide evidence that sup-
ports H3. Therefore, we suggest focusing on extension movements
while standing. With 4-scale using all-toes, standing interactions in
extension-direction can provide enjoyable interactions with >95 %
accuracy and <2.5 s interaction times.

5.4 Guideline 4: Allow for Additional Options

When Sitting

When seated, the feet are not engaged in maintaining balance, facil-
itating their use for interaction. Building on this, we hypothesized

that sitting allows for more accurate, efficient, and comfortable
interaction compared to standing (H4). Whereas we uncovered
a decreasing effect of flexion movements on the performance of
participants while standing, we observed a contrary trend while
sitting: While we found accuracy rates well over 90 % across all
conditions for 4 targets, flexion while sitting proved to be the only
combination suitable for keeping comparable accuracy rates for
12 targets. The other conditions, in contrast, showed considerably
stronger drops in accuracy rates down to 70-80%.

As discussed in the last section, maintaining balance while stand-
ing puts a substantial strain on the toes, which affects the ability to
contribute movement to the interaction. When seated, this effect
is eliminated, allowing the toes to demonstrate their full potential.
Unleashing this potential, flexion movements enabled more fine-
grained interactions than extension movements. This result came
as a surprise, as the musculoskeletal system of the toes supports
greater active motion in the extension direction than in the flexion
direction [16]. Our results suggest that this larger range of motion
could be associated with lower control accuracy.

Based on these findings, we found supporting evidence for H4.
Therefore, we propose to offer additional options while sitting.
Thereby, extension movements can be used for a coarser selection,
while flexion movements additionally enable a more fine-grained
adjustment of options.

6 USE CASES

We acknowledge that toe-based interaction will not replace to-
day’s dominant interaction modalities as a stand-alone interface,
given the limited variability and expressiveness. However, we are
convinced that toe-based input offers great potential as a comple-
mentary interaction modality in various situations where today’s
standard interaction techniques are impractical or unavailable (e.g.,
when both hands are busy or privacy-sensitive interaction is de-
sired). In the following, we outline example applications illustrating
the applicability.

App Launcher. The app launcher allows users to scroll through
a list to select and open applications on an HMD. This use case
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highlights the possibility of interacting with Augmented Reality
(AR) [44] and portable Virtual Reality (VR) [45] interfaces in mo-
bile and public scenarios (see Figure 9a) anytime and anywhere.
Consequently, toe-based interaction facilitates interaction for users
whose hands are occupied or constrained. In addition, toe-based
interaction can serve as an intermediate solution for using AR in
public spaces, providing a smooth transition to social acceptance
of HMDs [46] in public.

Music Player. The music player (see Figure 9b) allows users to
skip songs (by extending their toes) and control the volume step by
step (by flexing and holding) without using the hands or other input
modalities, such as voice-based interaction, which is known to be
challenging in noisy environments [52] and impacts privacy [68, 95].
In contrast, this use case illustrates the appropriateness of toe-based
interfaces for private and environment-independent interaction
without occupying the environment or compromising user privacy
through voice interaction.

Kitchen Assistant. The kitchen assistant lets users control smart
kitchen elements [48, 101], such as a nearby tablet, by moving
their toes. This use case spotlights the versatility of our approach
to serve as an additional input modality for various devices (see
Figure 9c). Subsequently, toe-based interaction can provide an al-
ternative in situations where the primary input modality of devices
is impractical (e.g., when using a tablet with dirty hands).

7 LIMITATIONS AND FUTUREWORK

We are convinced that the results presented in this paper provide
valuable insights into the applicability of toe-based interfaces for
interacting with computing systems. However, the design of our
experiment and the results impose some limitations and raise ques-
tions for future work.

7.1 External Validity and Real-World

Applicability

In this paper, we aimed to establish a robust baseline of the human
capabilities for leveraging voluntary toe movements for interaction.
To address the impact of the presented independent variables, we
excluded possible confounding factors such as technical challenges
of a tracking system or external factors (e.g., restrictions due to
footwear).

We are convinced that the technical challenges of accurate toe-
movement tracking will be resolved in the coming years through
further technical advances in real-time motion classification us-
ing electromyography (EMG) [39–41, 80] or inertial motion track-
ing [51, 91].

Besides the technical limitations, questions remain on how to
handle external factors, such as the cognitive demand of the inter-
action [49], the shape, or cut of the footwear. Such external factors
will influence the freedom of movement of the toes and thus their
efficiency and accuracy in the interaction. We see our results as
directly applicable to situations without fixed footwear (e.g., bare-
foot or in socks at home) or to special shoes prepared for toe-based
interactions (e.g., sandals or other open-toe shoes). Furthermore,
we are convinced that our work provides a solid foundation as an

upper bound for further investigations of toe-based interfaces with
restrictive footwear.

7.2 Confirming a Selection

In this work, we investigated the influence of several factors on the
capabilities of humans to move their toes in a given location. In a
potential real-world system, this can be mapped to the selection of
an item from a list. However, to use such a selection for interaction,
it is necessary to confirm it to avoid unwanted selections during
movement.

As discussed before, a dwell time similar to eye-gaze interaction
could be used, in which users keep their toes static in the selected
field. We investigated this possibility in our controlled experiment
and found holding errors below 3 % for most conditions, indicating
this to be feasible. As a possibly faster option, movements of the
toes of the secondary foot or a combination with movements of
the whole foot (both the interacting and the secondary foot) could
serve as confirmation. Further work is required to conclusively
assess the appropriateness of these options to confirm.

7.3 Continuous Interaction

The presented experiment focused on the human capabilities to
interact with discrete targets on a one-dimensional scale. In poten-
tial interaction techniques building on our results, this could be
mapped to the sequential selection of discrete options. We chose
this design for our experiment to establish a robust baseline and to
identify the influence of various factors on the accuracy, efficiency,
and user experience while interacting with such a system.

However, we are confident that interaction techniques for toe-
based interfaces can also support continuous interactions, such as
continuous volume adjustment (cf. use caseMusic Player, section 6).
For such techniques, the deflection angle of the users’ toes could be
directly mapped to a cursor or other continuous interface elements.
In this field, further work is needed to confirm and quantify the
suitability of toe-based interfaces to interact with such continuous
interfaces.

7.4 The Midas Toe Problem

As with the Midas Touch [37] in eye-gaze interaction and the Midas
Tap [73] in foot-based interaction, it is a major challenge for a
toe-based interaction system to distinguish natural movements in
locomotion or balancing while standing from voluntary movements
intended to facilitate interaction. As a possible solution, toe-based
input systems could be explicitly enabled using a special gesture
(e.g., a double grasping gesture of the toes) or a secondary input
modality (e.g., a foot movement gesture). As another possibility, toe-
based input could be automatically enabled while sitting or standing
while being disabled during locomotion using gait detection [17, 98],
helping to prevent unintentional interaction.

7.5 Toe-Based Interactions Without Visual

Feedback

In this work, we investigated toe-based interactions with visual
feedback. We chose this approach as our main interest was to gain
a robust baseline of our toes’ interaction possibilities. Our results



CHI ’23, April 23–28, 2023, Hamburg, Germany Müller et al.

thus enable interaction techniques for hands-free interaction with
visually-driven interfaces such as HMDs or nearby screens.

We acknowledge that visual feedback is not available in every sit-
uation. For such situations, other feedback modalities such as audio
or vibro (modifying the pitch or vibration intensity, respectively)
or even purely proprioceptive [56] or imaginary [28] interfaces
could be used. While we did not test this in the experiment, we are
confident that our results in terms of accuracy in interaction and,
in particular, holding on to a specific position (done without visual
feedback) can provide a solid baseline beyond visual feedback.

8 CONCLUSION

In this work, we explored the idea of leveraging voluntary move-
ments of the toes as an input modality. For this, we investigated the
influence of five factors on the accuracy, efficiency, and user expe-
rience of voluntary toe movements in a controlled experiment. Our
results indicate that the toes can provide a viable input modality
for fast yet precise interaction. Further, we found that the granu-
larity of the scaling, the toes, and the posture exert the most
substantial influence on the performance and user experience.
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