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Figure 1: The five controller-free pointing techniques for study: (a) Arm, (b) Wrist, (c) Finger, (d) Eye, and (e) Head. Each was
tested at 2, 6, and 10 meters of depth to evaluate movement time, error rate, throughput, and workload in AR 2D selection.

ABSTRACT

This paper presents a systematic evaluation of five controller-
free pointing techniques for 2D target selection in AR, using
ISO 9241-411. We compared them across multiple depths (2m,
6 m, 10 m) in terms of movement time, accuracy, throughput, and
workload (NASA TLX). Head- and eye-based pointing significantly
outperformed the hand-based methods (Finger, Wrist, and Arm);
Head input was the most accurate and remained the most consistent
across depth. Depth significantly impacted performance, with
complex interactions with target size and distance. Our results
offer a comprehensive empirical basis for selecting appropriate
controller-free techniques in depth-varying AR tasks.
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1 INTRODUCTION

Remote pointing facilitates interaction in both augmented reality
(AR) and virtual reality (VR), allowing users to aim at distant points
or select and manipulate objects beyond physical reach [3, 50, 77].
Traditionally, remote pointing requires controllers to manipulate
the origin and direction of a virtual ray; pressing a button afterward
completes the interactions, such as confirming object selection
or locomotion [10, 36]. However, recent advances in hand- [14,
62], head-, and eye-tracking [38, 59] support new controller-free
pointing techniques including arm-, wrist-, finger-, head-, and eye-
based methods. These present competitive alternatives, potentially
eliminating the need for physical controllers [11].

Prior studies have explored the benefits and limitations of
these techniques. Hand-based input (e.g., arm, wrist, and finger)
is intuitive and supports proprioception [7, 41], but it can yield
fatigue [18, 27]. Wrist-based pointing is less fatiguing [14], but also
less precise, especially for very far targets [53, 55]. The finger is
widely used for manipulation, gestures, and Ul interaction [9, 34, 46],
but due to tracking limitations it is rarely used for remote pointing
and is underexplored [57]. Head-based pointing offers stable, hands-
free interaction [40], while eye-gaze is fast [38, 59], but it is sensitive
to calibration errors and involuntary eye movements [8].

Unfortunately, prior work differs widely in focus and method-
ology. There are evaluations of specific combinations of pointing
technique and selection indication mechanisms, such as gaze with
dwell, pinch, or button click [8, 52]. Other work evaluated only
limited subsets of modalities, such as gaze, foot, and head [49], or
compared controllers with gaze or finger input [20, 34, 48]. Several
studies explore compound interactions (e.g., gaze with hand input),
but do not isolate the individual contributions of each modality [43,
67, 76]. Most prior research evaluates an input modality relative
to a hand-held controller [16, 20, 58, 69], rather than directly
comparing controller-free modalities against each another. To date
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there are no systematic evaluations isolating hand-, finger-, or wrist-
based pointing performance [82]. Comparing these input modalities
(i.e., finger, wrist, arm, eye and head) systematically is important
because each one offers distinct strengths and limitations (e.g.,
movement time, error rate, and workload) that are often confounded
in techniques that combine multiple input modalities.

Another difficulty in comparing previous results lies in the
variety of study tasks, such as menu selection in AR [8] or in
virtual and real-world environments [85]. ISO 9241-411 [1] is based
on Fitts’ law [21], and improves study comparability through
use of a standardized task and measures. Fitts’ law is a robust
predictive model of pointing performance and is widely applied in
VR [2, 30, 60, 63] and, to a lesser extent, in AR [12]. According to
Fitts’ law, pointing performance is influenced by target distance
and width in both VR [15, 35, 49, 52, 76] and AR [6, 38, 85].
Most Fitts” law evaluations in 3D environments overlook the
influence of target depth in 3D selection tasks [2]. Yet, in 3D
environments target depth influences pointing performance due
to both perspective scaling and since the ray’s angular precision
degrades with distance [29, 36, 37]. Stereo displays, including
all commercially available head-mounted displays (e.g., Meta
Quest Pro), are also subject to vergence-accommodation conflicts,
impacting depth perception and compromising interaction [6, 78].

We present a study addressing these gaps via a rigorous,
systematic, and generalizable evaluation. Most prior pointing
research focused on VR [22, 30, 33, 60, 63, 84], with comparatively
fewer studies in AR [12, 32, 54]. Although early work reported
differences between VR and AR [32, 54], more recent findings
suggest that this gap may be smaller with improved hardware [6].
We therefore conduct an up-to-date, systematic comparison of
controller-free pointing techniques in AR. Our research question
is: What are the performance and user experience differences
between controller-free remote pointing techniques in AR?

We employed the ISO 9241-411 [1] standard selection task to
compare accuracy and completion time of five controller-free
remote pointing techniques: Finger, Wrist, Arm, Eye, and Head
(Figure 1). Additionally, we assessed user workload using the NASA-
TLX questionnaire [26]. By comparing these interaction modalities,
we offer insights into which techniques are best suited to AR tasks
with varying spatial demands.

In summary, the main contributions of our work include:

e A systematic evaluation of controller-free pointing tech-
niques (Finger, Wrist, Arm, Eye, and Head) in AR.

e A thorough examination of the impact of target depth on
selection performance with these techniques.

e An analysis of pointing efficiency and the speed/accuracy
trade-off across input modalities using Fitts’ law metrics.

2 BACKGROUND
2.1 Pointing in AR/VR

Remote pointing supports reaching specific points or objects
beyond arm’s reach [31, 36, 65] in both VR and AR [3, 39]. It supports
distal interaction while reducing the need for locomotion [81]. It
involves visually identifying a target, pointing with a cursor (e.g.,
via ray-casting), and confirming selection through actions like a
button press, a pinch gesture, or dwell [8, 10, 52].
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Prior work suggests that using separate hands for pointing and
confirmation improves performance: Sindhupathiraja et al. [70]
reported better results when users pointed with the dominant hand
and confirmed with a non-dominant-hand pinch than when the
same hand was used for both actions. This division helps mitigate
the Heisenberg effect, where executing the confirmation action can
degrade pointing accuracy [56, 80]. Consequently, all confirmations
in our study used a non-dominant-hand pinch gesture.

While remote pointing historically relied on controllers, modern
devices (e.g., Meta Quest 3 [47]) enable controller-free pointing
through head-, hand-, and eye-tracking, supporting modalities such
as Head, Eye, Arm, Wrist, and Finger [14, 38, 59, 62]. Prior work
examined multimodal combinations (e.g., eye+head or eye+hand)
and confirmation mechanisms (pinch, click, gestures, dwell) [41,
43,52, 59, 68, 77]. Other studies focused on aiming dynamics (e.g.,
gaze behavior or target properties) [15, 48, 67]. However, these
studies usually emphasize combinations or dynamics rather than
fundamental comparisons of standalone pointing techniques.

Several studies have directly compared gaze and head pointing
against other inputs. Minakata et al. [49] compared gaze, head, and
foot pointing and reported head outperforming gaze. Lin et al. [41]
found hand better for tracking, while gaze was more effective
for discrete pointing. Hansen et al. [24] compared mouse, head,
and gaze, and Qian and Teather [61] reported head-based pointing
outperforming eye and the combination of eye and head.

In contrast, Arm-, Wrist-, and Finger-based pointing remains
underexplored as standalone selection techniques. Although com-
mon for navigation or gesture interaction in VR [30, 33, 63, 84],
they have rarely been evaluated in isolation. Early work explored
finger/wrist/arm using wearables [57], but not in VR and is
less representative of current AR tracking. Studies using hand-
held controllers [16, 20, 69] differ fundamentally from controller-
free modalities. A survey of 106 papers on VR/AR selection and
manipulation [82] reported no direct comparisons of these hand-
based modalities as standalone selection techniques.

Moreover, most pointing research targets VR [22, 30, 33, 60, 63,
84], with fewer studies in AR [12, 32, 54]. While early work reported
differences between VR and AR [32, 54], more recent findings
suggest smaller gaps, potentially due to improved hardware [6].
This motivates an up-to-date, systematic comparison of controller-
free pointing techniques in AR.

2.2 Selection and Fitts’ Law

Target selection techniques, including remote pointing, are com-
monly evaluated using ISO 9241-411 [1], and Fitts’ law [24, 44, 51,
57]. Fitts’ law predicts movement time (MT) to acquire a target as:

MT = a+blog, (%+1) (1)

where A is the movement amplitude (i.e., distance to the target),
W the target width (i.e. , target size). The log term is the index of
difficulty, or ID, which increases with higher amplitudes and/or
smaller targets. The coeflicients a and b are empirically derived
through linear regression between recorded average movement
time and ID. To mitigate speed-accuracy trade-off biases [83], an
accuracy adjustment [17] is applied to calculate the effective Index
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of Difficulty, ID,. Using ID,, throughput (TP) is calculated as:
A
TP=——, where ID, =log, (—e + l) )
We

Here, effective width, W, = 4.133-SD, where SD, is the standard
deviation of distance between selection coordinates and the target
centre. This accounts for variability in selection coordinates. W,
is an adjusted target size where 96% of selections would have hit
the target (i.e., 4% error rate). This accuracy adjustment facilitates
comparing throughput across studies with varying error rates [83].
Effective amplitude, A,, is the average distance from the cursor start
position to the end position in each trial. Both effective measures
better capture the task participants perform, rather than what is
presented. We used Fitts’ law to analyze pointing effectiveness to
improve comparability to previous research.

2.3 Depth Perception

Perceptual problems persist in AR/VR displays, impacting target
acquisition. Notably, the convergence/accommodation mismatch
impacts user ability to localize targets in 3D [20, 28]. Target depth —
the distance of the interaction plane from the user [31, 64, 72] — also
influences pointing performance [29, 36, 37]. Due to perspective,
target depth directly relates to target width in display space (i.e.,
farther targets appear smaller), which in turn affects selection
time [29, 35, 37]. Teather and Stuerzlinger [74] found that stereo
cursors can help with near-screen targets but degrade performance
for deeper ones due to diplopia (i.e., double vision). Recent work [5]
in VR using modern headsets like the Quest 3 confirmed that selec-
tion performance significantly degrades (i.e., increasing movement
time and reducing throughput) as targets move away from the focal
plane due to the vergence-accommodation conflict. Triantafyllidis
and Li [75] highlight existing research gaps in VR/AR pointing,
which notably includes that the impact of depth perception issues is
underexplored. We therefore evaluate performance across multiple
target depths for several controller-free pointing modalities.

3 POINTING TECHNIQUE DESIGN SPACE

Pointing in AR is influenced by choice of pointing technique, target
depth, and, per Fitts’ law, target size and distance. We discuss the
contributions of each below.

3.1 Pointing Techniques

We selected five controller-free pointing techniques to cover the
main tracking capabilities of modern AR HMDs. This included three
hand-based ray origins (Finger, Wrist, Arm) alongside two hands-
free ray origins (Head, Eye). This facilitates controlled evaluation
of how different ray origins affect selection performance under
identical conditions (e.g., confirmation and cursor).

Figure 2: The five pointing techniques, depicting ray origin
and direction: (a) Finger, (b) Wrist, (c) Arm, (d) Eye, (¢) Head.
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1. Finger: By aligning the index finger with the target (Figure
2a), participants rely on very fine motor control in the finger [57].
The selection ray is cast from the fingertip, allowing rapid pointing.

2. Wrist: The pointer ray originates from the user’s dominant
wrist (Figure 2b), leveraging fine motor control at the wrist joint
[13, 14]. The device’s built-in SDK! handles tracking, and wrist
orientation controls the ray’s direction. Wrist was included because
the ray direction is directly steered by wrist rotation, allowing
fine-grained control through the wrist joint itself.

3. Arm: The pointer ray originates from the distal forearm
(Figure 2c) and the ray direction is controlled by the user’s
arm orientation. This relies on gross motor control with the ray
anchored at the lower arm region [14]. We included both Arm and
Wrist because they rely on different control mechanisms. In Arm,
the ray is primarily steered by forearm/arm orientation, and wrist
rotation does not affect cursor movement.

4. Eye: Targets were selected via gaze using the device eye
tracker!, see Figure 2d. The ray direction was determined by the
eye gaze vector provided by the device SDK', which represents the
user’s gaze in world space based on the tracked eye pose.

5. Head: The pointer ray originates from the midpoint between
the user’s eyes (Figure 2e), following the approach in Movement
SDK?. This frees the hands [38] and is useful when arms are fatigued
or engaged in other tasks [53].

No filtering (e.g., smoothing) was applied to any of the five
techniques. This ensured that our evaluation captures the baseline
performance of each method without the confounding influence of
a filtering algorithm [45] or the latency they can introduce [73].

3.2 Target Width and Amplitude

According to Fitts’ law, target size and distance influence selection
task difficulty (ID) and thus target acquisition time. It is thus
customary to vary target width (W) and movement amplitude (A)
to present a wide range of IDs, in accordance with ISO 9241-411
[1, 71]. This provides the advantage of comparing different pointing
techniques/devices across a range of task difficulties (e.g., easy
selection tasks vs. hard selection tasks), enhancing experimental
external validity. Previous work mostly considered linear target
width and movement amplitude, i.e., measured in meters or pixels
[21, 25, 42, 55, 66, 72]. Therefore, we used target width of 0.2m,
0.3m, and 0.4 m and for target amplitude we used 1.5 m, 2.5m, and
3.5 m. The combination of these width and amplitude values results
in 9 distinct ID levels, ranging from 2.24 to 4.21 bits (see eqn. 1). Gori
et al. [23] cautioned that confounding effects in Fitts’ law studies
can arise when different amplitude/width combinations yield the
same ID, especially in designs with geometrically distributed
amplitudes and widths. In our study, amplitude and width values
were not geometrically distributed, and the nine amplitude and
width combinations yielded nine distinct ID values.

3.3 Target Depth

In our study, target depth is the perpendicular distance from the user
to the interaction plane where the targets reside [31, 64, 72]. There

!https://developer.oculus.com/documentation/unity/unity-isdk-interaction-sdk-
overview/
2https://developer.oculus.com/documentation/unity/move-overview/
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Figure 3: (a) Study setup with different target depth conditions, (b) yellow cursor approaching target with 0.4m target width,
(c) yellow cursor colliding with target with green visual cue and the target amplitude is 2.5m, and (d) After confirming the
selection the next target turns red. The solid arrow shows the path to the current target, while dashed arrows represent the

sequential order in which the user must select the 9 targets.

are known issues relating to depth perception [28, 75], especially
across different input methods [75]. We therefore investigate 3
depth values (2m, 6 m, and 10 m away from the viewer) across the
five pointing techniques. We maintained constant target widths in
meters across depths (similar to previous Fitts’ law studies [4, 15,
70, 74]) rather than fixed angular widths. While this design decision
inherently varies visual angle, it prioritizes ecological validity: in
real-world AR scenarios, physical objects do not dynamically scale
with user distance. Table 1 summarizes the corresponding visual
angles for each amplitude/width/depth combination.

Depth (m)
2 6 10
Amplitude (m) | 15 25 | 35 15 | 25 | 35 15 | 25 [ 35
£ __ [ 02 536 | 4.86 | 431 | 1.89 | 1.87 | 1.83 | 1.14 | 1.14 | 1.13
2E [03 8.03 7.28 | 646 | 284 | 280 | 275 | 171 | 171 | 1.69
= 0.4 1070 | 9.70 | 861 | 3.79 | 374 | 367 | 229 | 227 | 226

Table 1: Angular widths in degrees for each combination of
width (W), amplitude (A), and depth (D).

4 METHODOLOGY

We conducted a systematic evaluation of five controller-free
pointing techniques for AR target selection, evaluating both target
depth and selection task difficulty.

4.1 Participants

We recruited 20 participants (11 men, 9 women), aged 19 to 48
years (mean = 27.95, SD = 8.51), from the local university. All
participants were right-handed, had (corrected-to-) normal vision,
with no known motor impairments. Of the 20 participants, 8 had no
prior experience with AR/VR. The study was conducted in Canada;
each participant provided consent in accordance with Carleton
University’s Research Ethics Board protocol, and received $15 CAD
for their participation.

4.2 Apparatus

We used a Meta Quest Pro headset for its built-in hand- and eye-
tracking capabilities, high-resolution (1800 x 1920 pixels per eye)
displays, and wide field of view (106° horizontal, 96° vertical).
Participants sat in a quiet laboratory setting, free from distractions,
ensuring consistent experimental conditions.

We implemented an ISO 9241-411 reciprocal target selection
task in Unity3D. Circular 2D targets were arranged in a ring at

Figure 4: Augmented Reality View of the task from
participant’s perspective for Wrist. When the yellow cursor
intersects the red target (seen in figure 3), the target turns
green to provide visual feedback that it is ready for selection.

three depths (2m, 6 m, 10m) with widths (0.2m, 0.3m, 0.4m)
and amplitudes (1.5m, 2.5m, 3.5m), yielding nine ID levels (2.24—
4.21 bits). The software presented a 20 cm yellow cursor (as seen
in Figure 3 and 4), which resided in the plane of the targets
where the selection ray intersected that plane. For each trial,
the current target changed red while the other targets remained
white. When the cursor intersected the current target, it turned
green to indicate that it was ready for selection. Selection was
confirmed with a pinch gesture by the non-dominant-hand thumb
and forefinger. If the cursor was outside the target, the system
registered confirmations as a miss; however, the trial continued
until the participant successfully selected the target, after which
the next target in the sequence would become active and turn red.
The target sequence is seen in Figure 3d. We used Meta’s OVRHand
SDK to obtain tracked poses for the pointing techniques (see section
3.1) and logged all trial data via Firebase Realtime Database?.

4.3 Procedure

Upon arrival, participants provided written informed consent prior
to participating. They were then introduced to the Quest Pro

Shttps://firebase.google.com/products/realtime-database
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headset and the general study objectives. Before starting the actual
trials for each pointing technique, participants completed at least 10
practice trials to familiarize themselves with the pointing technique
and the confirmation gesture. For each condition, we instructed
participants to primarily use the intended pointing technique to
control the ray via the specified joint or pose. If they were observed
using a joint other than the target joint during the Arm, Wrist,
and Finger conditions, we gently reminded them to only use the
specified joint. Eye-tracking calibration was performed prior to
the eye pointing condition. Head motion was not constrained, as
users naturally rotate their heads during target acquisition [55],
particularly when target amplitude is high [38].

In each trial, a target appeared at a specified depth, width, and
amplitude combination. Participants were instructed to select the
target as quickly and accurately as possible using the currently
assigned pointing technique. After acquiring the target (i.e., aligning
the pointer with the target), they performed a pinch gesture with
their non-dominant hand to confirm selection.

Participants completed a NASA TLX questionnaire and provided
comments after each technique. They were allowed to rest and
briefly remove the headset before starting the next technique if
needed. Upon completing all trials with each selection technique,
participants completed a short demographic survey and ranked the
techniques. We then thanked them for their time and compensated
them at the end of the experiment.

4.4 Design

Our study followed a 5 x 3 x 3 x 3 within-subjects design with the
following independent variables and levels:

Pointing Technique: Finger, Wrist, Arm, Eye, Head
Width: 0.2m, 0.3 m, 0.4m

Amplitude: 1.5m, 2.5m, 3.5m

Depth: 2m, 6 m, 10 m

For each combination of independent variables, the user had
to perform 9 trials. Each trial involved selecting a single target.
Pointing technique order was counterbalanced using a Latin square
design to mitigate order effects. The 9 combinations of Amplitude
and Width yielded 9 distinct IDs, representing varying task difficulty.
For each Pointing Technique, the order of ID and Depth were
randomized. Each participant completed 5 (techniques) x 9 (IDs) x
3 (depths) x 9 (trials per ID) = 1215 trials, for a total of 24,300 trials
across all 20 participants.

Our dependent variables included:

e Movement Time: The duration between selecting the
previous target and selecting the current target, in seconds.

o Error rate: The percentage of trials where the selection
ended outside the target boundary (i.e., missed the target).

o NASA TLX: Subjective workload ratings via the NASA TLX
questionnaire. We calculated the overall workload using raw
NASA-TLX values.

e Throughput: We also calculate the Throughput (TP)
derived from movement time and effective ID (via effective
width and amplitude) using equation 2.
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5 RESULTS

We removed outliers where the movement time exceeded three
standard deviations from the mean (1.65% of data), leaving 23,898
trials. We analyzed time and throughput via repeated measures
ANOVA with Bonferroni corrections. Sphericity violations were
corrected using Greenhouse-Geisser (egg < .75) or Huynh-Feldt
(ecG = .75). Error rate and NASA-TLX data were analyzed using
the Aligned Rank Transform (ART) ANOVA [19, 79].

In Figures 6, 7, and 8, pairwise significant differences are depicted
as horizontal lines where p < .05. Squares enclosing the endpoints
of these lines indicate conditions that were significantly different
from all other conditions. Significant differences across depths are
omitted for clarity.

5.1 Movement Time

We found that Fitts’ law accurately models movement time in
terms of ID, with R> > 0.88 for all techniques, as indicated by
the Fitts’ Law regression lines in Figure 5. The Head- and Eye-
based pointing techniques offered the fastest movement times
and the smallest sensitivity to ID, resulting in faster and more
stable performance compared to Arm, Wrist, and Finger techniques.
There were significant main effects for both pointing technique
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Figure 5: Movement Time vs Index of Difficulty

(Fa76 = 57.73, p < .001, I]Z = 0.75) and depth (Fp33 = 63.19,
p < .001, 172 = 0.77) on movement time.

Pairwise comparisons of the pointing techniques revealed that
both Head (mean = 1.43s, SD = 0.07s) and Eye (mean = 1.55s,
SD = 0.10 s) were significantly faster than Arm (mean = 2.38s, SD =
0.10's), Wrist (mean = 2.43 s, SD = 0.15 s), and Finger (mean = 2.93 s,
SD = 0.14 s), with all comparisons significant at p < .001. For Depth,
all pairwise comparisons between all three levels—2m (mean =
1.91s, SD = 0.08 s), 6 m (mean = 2.03s, SD = 0.08 s), and 10 m (mean
=2.50s, SD = 0.12 s) were significantly different.

The interaction effect Pointing Technique X Depth was also
significant (F4.06,152 = 6.97, p < .001, 172 = 0.27). Pairwise
comparisons revealed depth-related differences between most
pointing techniques, with a few exceptions: for the Arm, there
was no significant difference between 2m (mean = 2.15s, SD =



Gl 26, June 9-12, 2026, Waterloo, Canada

0.13s) and 6 m (mean = 2.25s, SD = 0.10 s); for the Head, there was
no significant difference between 2 m (mean = 1.45s, SD = 0.07 s)
and 6m (mean = 1.34s, SD = 0.06 s), nor between 2m and 10 m
(mean = 1.52s, SD = 0.10 s). For the Wrist, there was no significant
difference between 2 m (mean = 2.28 s, SD = 0.14 s) and 6 m (mean
=2.26s, SD = 0.15s). As seen in Figure 6, depth effects generally
followed the main effect trends, with a few notable deviations. At
2m, Eye was the fastest pointing technique (mean = 1.14ss, SD =
0.07 s), significantly outperforming all others, including the Head
(mean = 1.45s, SD = 0.07s). At 2m depth, the Arm and Finger
pointing techniques were not significantly different; however, they
were significantly different at the 6 m and 10 m depths. At 10m
depth, the Head pointing technique (mean = 1.50 s, SD = 0.10 s) was
fastest, significantly outperforming Eye (mean = 2.00s, SD = 0.16s).
Notably, performance with Head was stable regardless of depth; MT
with all other pointing techniques increased with greater depth.

4.0

w
]

m Finger mWrist m Arm m Eye mHead

Movement Time (s)
I = Ing N w
o w o w o

o
wn

o
o

6
Depth(m)

Figure 6: Mean Movement Time per depth per technique.

Error bars indicate standard error.

It is also worth noting that amplitude and width influenced the
finger and wrist pointing techniques, yielding significant Pointing
Technique X Amplitude (F3.9675.29 = 3.68, p < .01, n? = 0.16)
and Pointing Technique x Width (Fs 152 = 11.39, p < .001, p?
= 0.38) interaction effects. Specifically, at an amplitude of 1.5 m, the
performance of Finger and Wrist was not significantly different,
while at 2.5 m and 3.5 m, Finger was significantly slower than Wrist.
For width, there was no significant difference at the largest width
(0.4 m), but Finger was significantly slower than Wrist at the smaller
widths of 0.2m and 0.3 m.

5.2 Error Rates

There were significant main effects on error rate for Pointing
Technique (F4 2565 = 170.92, p < .001) and Depth (F4 2565 = 180.21,
p < .001). Head had a lower error rate (mean = 5.81 %, SD = 0.70 %)
than the other four pointing techniques.

Pairwise comparisons revealed significant differences between
all technique pairs, except for Arm and Wrist. Eye (mean = 14.27 %,
SD = 1.53 %) also had a lower error rate than Wrist (mean = 16.91 %,
SD = 1.39 %), Arm (mean = 17.55 %, SD = 1.61 %), and Finger (mean
= 24.58 %, SD = 1.40 %). Similarly, all depths were significantly
different from one another. A significant interaction effect between
Pointing Technique and Depth (Fg 2565 = 9.94, p < .001), indicated
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40
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Figure 7: Error Rate per Technique and Depth. Error bars
indicate standard error.

Arm error rates were stable between 2 m and 6 m, while Eye and
Finger degraded significantly at every depth interval. Head and
Wrist remained stable between 6 m and 10 m, suggesting superior
stability with greater depth.

5.3 Throughput

There were significant main effects for Pointing Technique
(F1.8334.81 = 56.45, 7> = 0.75) and Depth (F235 = 125.58, n°
= 0.87) on throughput. Pairwise comparisons between the Pointing
Techniques (see Figure 8) reveal that Head (mean = 2.41 bits/s, SD =
0.11 bits/s) and Eye (mean = 2.53 bits/s, SD = 0.16 bits/s) offered
significantly higher (all p < .001) throughput than Arm (mean =
1.48 bits/s, SD = 0.08 bits/s), Wrist (mean = 1.47 bits/s, SD = 0.09
bits/s) and Finger (mean = 1.21 bits/s, SD = 0.06 bits/s). Additionally,
it was found that all other pointing techniques had significantly
higher throughput than Finger (all p < .005).
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Figure 8: Throughput per technique per depth. Error bars
indicate standard error.

For the effect of Depth, pairwise comparisons revealed that
pointing from 2m (mean = 2.00 bits/s, SD = 0.09 bits/s) had
significantly higher (all p < .001) TP than both 6 m (mean = 1.89
bits/s, SD = 0.08 bits/s) and 10 m (mean = 1.57 bits/s, SD = 0.08 bits/s).
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Figure 9: NASA TLX scores vs. criteria per Technique.

The significant interaction effect between Pointing Technique and
Depth presented as for the 2m and 6 m depths, both Eye and Head

had higher throughput than Arm, Wrist, and Finger, while at 10 m,

Head had a higher throughput than Eye, Arm, Wrist, and Finger.

5.4 NASATLX

We found significant differences between Pointing Techniques

across all NASA TLX metrics (Figure 9): Performance (F4 76 = 18.72,

p < .001), Mental Demand (Fy76 = 14.6, p < .001), Physical

Demand (Fy76 = 6.59, p < .001), Temporal Demand (F4 76 = 6.43,
11.5, p < .001), Frustration (F47¢ = 11.97,

p < .001), Effort (F4,76 =
p < .001), and Overall Task Load (F4 76 = 16.83, p < .001).
Post-hoc comparisons revealed that Head was consistently rated
as the best technique. It outperformed all other techniques in terms
of perceived Performance, and showed significantly lower scores

in Mental Demand (vs. all), Effort (vs. Arm, Wrist, and Finger),
and Frustration (vs. Arm, Wrist, and Finger). For Physical Demand,

Head was significantly lower than Finger, better than Arm, but not
significantly different from Eye or Wrist.

The Eye-based pointing technique also performed well, with
higher perceived Performance than Finger, and lower Mental
and Physical Demand than Finger. In contrast, the Finger-based
pointing technique was consistently rated as the most demanding
technique. It received the highest (i.e., worst) scores in Mental and
Temporal Demand, Effort, Frustration, and Overall Task Load, being

significantly worse than most or all other techniques in each case.

5.5 Pointing Technique Ranking

Participants ranked the five techniques according to their subjective
preference, as illustrated in Figure 10. Head was the most preferred
technique (Median = 1, IQR = 1 to 2), with 12 participants ranking
it first and 7 ranking it second. Eye also received high preference

(Median = 2, IQR = 1 to 2), with 8 participants ranking it first.

Arm was typically mid-ranked (Median = 3, IQR = 3 to 4.25), with
10 participants placing it third, whereas 5 ranked it last, leading
to its higher variability. In contrast to Arm, Wrist showed more

stable opinions (Median = 4, IQR = 3 to 4), with most participants
consistently ranking it fourth (12 in total). Finally, Finger was
consistently rated as the least preferred technique (Median = 5,
IQR = 4 to 5), with 13 participants placing it in the fifth position.

-

Finger Wrist Arm Head
Technique

Ranking (1 = Most preferred, 5 = Least preferred)
w

Figure 10: Subjective preference rankings per Technique.

6 DISCUSSION

We analyze our findings in terms of both performance and user
experience, focusing on differences across pointing techniques and
the effects of depth on selection tasks.

6.1 Pointing Techniques

Our results reveal that head- and eye-based pointing outperformed
all hand-based pointing techniques across all dependent variables.
Head was 40% faster than Arm, 41% faster than Wrist, and 51% faster
than Finger. Eye was 35% faster than Arm, 36% faster than Wrist,
and 47% faster than Finger, while Arm and Wrist were 19% and
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17% faster than Finger, respectively. The comparable performance
between Head and Eye techniques can be due to the coordination of
eye and head movements in target acquisition [68]. Users naturally
look at a target before or while turning their head towards it, making
the eye- and head-based pointing faster compared to the arm, wrist,
and finger. While eye-gaze offers faster initial target acquisition
[38], its advantage is often offset by higher error rates, particularly
at greater depths. Head had significantly lower error rates than Eye,
consistent with prior work [24, 38, 49, 61]. Participants described
Head as “stable” and “accurate”. Three rated it as the best or most
consistent technique. Among hand-based pointing techniques, Arm
and Wrist performed similarly, while Finger yielded the worst
results. The similar performance of Arm and Wrist can be due
to them being physically linked, so arm motion also shifts the
wrist pose [57]. Results based on interaction effects show more
stable error rates with varying target width: Finger in small targets,
Wrist in large targets, and Arm in both. This challenges previous
assumptions suggesting that Finger technique could offer fast and
intuitive control [14, 48]. Four participants described Finger as
hard to control and difficult for selection. One stated, “Finger
[was] difficult to make precise selections.” NASA TLX matched
performance trends: Head was rated best overall, while Finger was
most demanding and frustrating.

6.2 Effect of Depth

Depth degraded performance for all techniques except Head,
increasing movement time and error rates. This is consistent with
perspective effects and reduced angular precision at larger distances
[20, 36, 37]. However, some participants noted that Head was
sometimes fatiguing, particularly for the target depth 2m, as one
stated, “close targets [were] hard on [the] neck but [Head had] high
accuracy.” Eye was fastest at close range [59, 68], but its movement
time and error rate worsened with distance [77]. One participant
stated “closer targets were easier, best for big close targets.” Other
participants reported that they found Eye was “fast and easy” , but
one noted that “it was difficult to select smaller targets”. The pattern
may explain why Head outperformed Eye at farther depths: because
target visual angle decreased with depth, gaze-based pointing may
have been more sensitive than head-based pointing to the reduced
apparent target size. Arm and Wrist showed similar movement
times at 2m and 6 m, suggesting a threshold before depth costs
become evident. Participants found Arm to be worse at farther
distances. For example, one remarked that “Arm hurts for smaller
and farther targets,” while another observed that “Arm was tiring
and not stable for long distance.” Finger degraded between 2 m and
6 m, suggesting higher sensitivity to depth. Head remained stable
across depths, with limited differences in movement time and error
rate, making it a strong choice for medium to long-range selection
in depth-varying AR. Movement time and error rates increased
with amplitude and decreased with target width, in line with Fitts’
law [21]. But some depth interactions plateaued (e.g., no significant
difference of movement time between 2m and 6 m at 2.5-3.5m
amplitudes, and no significant difference of error rate for 0.3 m
vs 0.4 m widths at depths 6 m and 10 m). Throughput increased
from 1.5 m to 2.5-3.5 m amplitudes, and with larger target widths.
Interestingly, 0.2 m targets had significantly lower TP than wider
ones, suggesting users may trade speed for precision with narrow

Sultana et al.

targets. In summary, our design space analysis reveals a clear trade-
off: Head is the most stable and depth-robust [40]; Eye is the fastest
but depth-sensitive [38]; and Hand techniques, while familiar, suffer
from fatigue and instability [53].

7 LIMITATIONS AND FUTURE WORK

We conducted the experiment under controlled stationary condi-
tions, using a standardized 2D selection task (using ISO 9241-411) in
AR. Participants reported that the solid black background improved
focus by removing distractions (P18). While this controlled design
enabled fair comparison, future work should examine how locomo-
tion, lighting, and complex 3D AR environments affect performance
and workload for these pointing techniques. The absence of a
hand-held controller baseline is a limitation. While our aim was
to compare controller-free techniques in isolation, including a
standard controller-based pointing condition would have provided
a useful reference for interpreting their relative performance, which
future studies could explore. Another limitation is that target widths
were kept constant in meters across depths, which caused visual
angle to decrease as depth increased. Although this reflects many
real-world AR scenarios, the reduced apparent target size at farther
depths may have contributed to poorer performance for some
techniques, particularly Eye, on smaller targets. Finally, our findings
were derived using a Meta Quest Pro headset, which supports video
see-through augmented reality. Earlier work reported differences
between AR and VR [32, 54], while some more recent studies found
smaller or non-significant differences between the two platforms [6].
Since our task used controller-free selection on 2D panels, we
believe the relative differences between techniques found in our
environment (video see-through AR) may also apply to VR and
optical see-through AR. However, future work should compare
video see-through AR, optical see-through AR, and VR directly to
confirm the generalizability of our results.

8 CONCLUSION

We presented a systematic evaluation of five controller-free point-
ing techniques (Finger, Wrist, Arm, Eye, and Head) for selecting
2D targets at near (2 m), medium (6 m), and far (10 m) depths in an
AR environment. By leveraging the Fitts’ law, we investigated the
impact of target depth along with standard Fitts’ law factors (i.e.,
target width and amplitude) on user performance, focusing on key
metrics such as movement time and error rate. Our findings indicate
that head-based pointing consistently offers the optimal balance
of speed and accuracy across all tested depths, outperforming
arm-, wrist-, and finger-based approaches. Eye-based pointing
demonstrated reaching the target fastest, but its accuracy was
lower compared to head-based pointing. These results suggest that
head-based pointing may serve as an effective default technique
for a wide range of AR interactions, particularly when precise
selection is critical across different depths. Conversely, eye-based
pointing could excel in scenarios where rapid target identification is
essential but tolerates slight reductions in accuracy. By identifying
the strengths and weaknesses of each controller-free pointing
technique, our study offers practical guidance to designers and
developers of AR systems and contributes to the growing body of
knowledge in human-computer interaction.
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