Effects of Passive Shoulder Support Exoskeleton and Keyboard Interaction
Design on Mid-Air Typing in Mixed Reality
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Abstract

Typing in Mixed Reality (MR) presents significant interaction and ergonomic challenges, particularly in mid-air
scenarios. This study investigated how passive shoulder support exoskeletons and different keyboard interaction
designs affect mid-air typing in Mixed Reality. Twenty participants performed typing tasks across three
keyboard conditions (Physical, Virtual-Poking, and Virtual-Touch) both with and without exoskeleton support.
Results showed exoskeletons significantly reduced deltoid muscle activity and self-reported fatigue without
compromising typing performance. When wearing exoskeletons, participants exhibited increased shoulder
flexion and abduction angles with decreased hand movement distance. Physical keyboards significantly
outperformed virtual keyboards in typing metrics. Among virtual keyboards, the Poking interface received
higher haptic sensation ratings than the Touch interface and demonstrated better compatibility with exoskeletons.
These findings inform the development of sustainable mid-air text entry solutions that balance ergonomic
support with performance and satisfaction, suggesting keyboard interfaces should match available physical
support infrastructure to optimize user experience in extended MR applications.
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1. Introduction

Mixed Reality (MR) has emerged as a transformative platform for human-computer interaction (HCI), offering
immersive experiences by creating virtual worlds (Cipresso et al., 2018; Cometti et al., 2018). Recent
advancements in commercial MR headsets have significantly enhanced the quality and accessibility of MR
experiences (Bailenson et al., 2024). These environments enable innovative applications across education (Radu,
2021), manufacturing (Plakas et al., 2020), healthcare (Kan Yeung et al., 2021), and numerous other domains
(Helin et al., 2018; Ullo et al., 2019).

Within these MR environments, text entry remains a fundamental requirement, allowing users to enter
information into system interfaces and facilitate communication in collaborative virtual spaces. However, typing
in MR presents significant ergonomic challenges, particularly in mid-air typing scenarios. Unlike traditional
interfaces where surfaces support users’ arms, MR interactions require sustained arm elevation without physical
support, which causes arm fatigue commonly referred to as the ‘gorilla arm’ effect (Jerald, 2015; Joseph J.
LaViola Jr., 2017). This prolonged unsupported posture creates substantial musculoskeletal strain in the shoulder
region (Cheng et al., 2022; Huang et al., 2022), resulting in user discomfort, accelerated fatigue, and diminished
task performance (Jerald, 2015; Kang & Shin, 2014; Shin & Zhu, 2011). With MR technologies becoming
increasingly integrated into various aspects of work and daily life, developing solutions to these ergonomic
issues has become essential for enabling sustainable and comfortable user experiences.

Passive shoulder support exoskeletons, initially developed for industrial tasks involving prolonged overhead
work, offer promising ergonomic interventions that could mitigate these MR-related ergonomic challenges. In
manufacturing and assembly-line contexts, these exoskeletons have consistently demonstrated their capability to
reduce muscle activation and alleviate discomfort, improving work endurance without compromising
performance (Ma et al., 2023; Jorgensen et al., 2022a, 2022b; Naito et al., 2007; Sylla et al., 2014; Van
Engelhoven et al., 2018). Given their effectiveness in addressing similar physical demands in industrial settings,
these devices could effectively reduce the ergonomic burdens of sustained mid-air interactions in MR
environments. However, to date, research has primarily focused on industrial applications. Although Kong et al.
(2023) demonstrated that exoskeletons can significantly reduce shoulder muscle activity during AR interactions
involving mid-air gestures such as pointing and tapping. However, their effects across extended tasks such as
keyboard typing and on comprehensive performance metrics remain unclear.

While ergonomic support systems like exoskeletons might address the physical strain of MR mid-air typing,
keyboard interaction design represents another critical avenue for improving mid-air typing experiences. The
fundamental challenge with virtual keyboards lies in their significantly diminished performance compared to
physical keyboards due to factors such as tracking inaccuracies and the absence of haptic feedback. This
performance gap has motivated diverse research approaches to enhance virtual keyboard interactions (Speicher
et al., 2018; Yeo et al., 2017; Yi et al., 2015).

The absence of haptic feedback in mid-air typing significantly deteriorates the user experience by failing to
provide confirmation of user actions. Research consistently confirms this problem across multiple studies
(Aromaa et al., 2020; Benko et al., 2006; Burnett, 2008; Facth & Harding, 2014; Islam & Lim, 2022a; Zhao et
al., 2014), and this has led researchers to explore pseudo-haptic features as an alternative solution—creating the
illusion of haptic feedback through visual cues without requiring physical stimuli (Chattopadhyay, 2016;
Hachisu et al., 2011).

Among the various pseudo-haptic features explored, key protrusion has received particular attention in MR
text entry research, though under different names such as “pseudo-haptic button” (W. Kim & Xiong, 2022a;
Speicher et al., 2018), “3D key” (Bermejo et al., 2021; Dube & Arif, 2020), or “spatial enhancement technique”
(Yang et al., 2019)—has been studied in MR text entry with inconsistent results. Research has continued to
investigate this promising approach in various contexts. Dube and Arif (2020) conducted a comparative study of
six different key designs (3 shapes x 2 dimensions) and revealed that key shape significantly affects typing
speed, while dimension impacts accuracy. Kim and Xiong (2022) examined pseudo-haptic and self-haptic
approaches, finding that keys with pinch interactions and pseudo-haptic features like protrusion and hit effects,



improved user experience, haptic sensation, and embodiment without requiring additional hardware. Akhoroz
and Yildirim (2024) examined different key representations and found that protruded 3D keys with push-and-
depress functionality (poke typing) outperformed flat 2D interfaces in text entry speed, error reduction, and
cognitive load. However, these findings contrast with Bermejo et al., (2021), who found lower entry speed with
protruded keys, highlighting the complexity of optimizing virtual keyboard design factors.

In addition to these inconsistent results, a significant methodological gap exists in the literature. Current
research primarily relies on subjective evaluations of physical fatigue and basic hand movement metrics, but
lacks analysis of more comprehensive objective indicators for muscle activity. Most notably, there remains a
need for integrated examinations incorporating electromyography (EMG) data alongside precise measurements
of shoulder angles and movement patterns to fully understand the ergonomic implications of differences
between typing on physical and virtual keyboards, as well as variations among different virtual keyboard
designs.

Lastly, while both exoskeleton and keyboard interaction design have shown potential individually, the
synergy between these approaches remains insufficiently investigated. Previous studies have primarily assessed
the isolated impact of exoskeleton support on non-typing task execution but have not systematically evaluated
how variations in user interface (UI) design might interact with ergonomic interventions (Choi et al., 2024;
Kong et al., 2023). A comparative analysis of various keyboard interaction designs under varying support
conditions could yield valuable insights into potential interaction effects and uncover new design opportunities
for sustainable MR text entry.

This study aims to address aforementioned research gaps by investigating the relationship between passive
shoulder support exoskeleton and keyboard interaction design during mid-air typing tasks in MR environments.
In this research, we evaluate conditions with and without exoskeleton support across three different keyboard
interfaces: one physical keyboard and two virtual keyboards with different designs. Through this experimental
design, we comprehensively examine: (1) the overall impact of exoskeleton support on virtual keyboard typing
performance and ergonomics, (2) the comparative effects between physical and virtual keyboards, as well as
between different virtual keyboard designs, and (3) the potential interaction effects between exoskeleton support
and keyboard interfaces. We evaluate multiple metrics, including text entry performance, muscle activation
patterns, motion tracking, self-reported fatigue, and subjective usability measures. By examining various factors,
we seek to identify optimal design combinations that effectively balance ergonomic support with typing
efficiency and user satisfaction, ultimately contributing to the development of more sustainable text entry
solutions for extended MR applications.

2. Methods
2.1. Participants

Twenty gender-balanced, healthy young Korean adults (10 males and 10 females), all fluent in English typing
(Grudin, 1983), participated in this study (Table 1). All participants had normal or corrected-to-normal vision
and were right-handed. Each participant met the minimum height requirement of 165 cm specified in the
exoskeleton manufacturer guidelines for proper fit and functionality. All participants had prior experience with
MR headsets, although the majority (13 participants) were classified as light users, engaging with MR
applications no more than once per year. All participants provided informed consent in accordance with the
protocol approved by the University Institutional Review Board (IRB No. KAISTIRB-2025-22).

Table 1. Descriptive statistics (mean =+ standard deviation) of the participants

Gender Number of participants Age (years) Body height (cm) Arm length (cm)
Male 10 23.70 +£2.87 174.78 +5.24 54.70 +£2.50
Female 10 23.80+3.16 168.30£3.16 52.40 +£2.50

Total 20 23.75+2.57 171.54 £5.36 53.55+2.74




2.2. Experimental design

A 3 x 2 within-subject factorial design was implemented to evaluate the effects of keyboard type (Physical,
Virtual-Poking, and Virtual-Touch) and exoskeleton condition (with and without) on mid-air typing performance
and user experience (Figure 1).

For the keyboard conditions, a Logitech MX Keys Mini served as the baseline Physical keyboard. The two
virtual keyboard conditions were implemented as follows: the Touch keyboard consisted of a virtual 2D panel
that responded to direct touch input, and the Poking keyboard incorporated protruded 3D keys with pseudo-
haptic press-and-release interaction, adapted from Akhoroz & Yildirim (2024). The Poking keyboard featured
keys with a pushable contact surface that could be visibly moved downwards to the base, providing enhanced
visual feedback during key activation.

In the Poking keyboard, each key was modeled as a 3D object with a depressible surface rendered in Unity.
When the fingertip cursor contacted the key surface, the key began to visually depress, and input was registered
once it was fully pressed down by 0.3 cm, which corresponded to the physical key height. During this process,
the system also provided visual cues: as the finger approached within 3 cm of the key center, the key color
changed to light gray, and upon activation it transitioned to a brighter gray. This visual depression created the
illusion of pressing a physical key, whereas the Touch keyboard registered input immediately upon contact
without any depth-based depression animation. To prevent visual obstruction during typing, virtual hand
representations were rendered semi-transparently throughout the experiment, guaranteeing a clear view of the
keyboard.
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Figure 1. Three types of keyboards investigated in this study: (a) Physical, (b) Virtual-Poking, and (c) Virtual-
Touch keyboards.
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Figure 2. Keyboard layouts and dimensions. (a) The Logitech MX Keys Mini used in the Physical keyboard
condition, and (b) the layout of virtual keyboards used in both Poking and Touch conditions. The key height of
the Poking keyboard condition was 0.3 cm, identical to that of the Physical keyboard.



2.3. Experimental settings

The experimental apparatus integrated multiple hardware and software components to create a controlled MR
environment for text entry evaluation (Figure 3). Participants were equipped with a Meta Quest 3 MR headset
connected to a Windows 11 PC (Intel Core 19-14900K processor, 32 GB RAM, NVIDIA RTX 4070 GPU) via
Oculus Link using a USB 3.0 cable. We used the Meta Quest’s built-in functionality for real-time hand tracking.
The experimental environment was carefully controlled to eliminate potential tracking interference sources.

The study utilized the CDY'S shoulder exoskeleton (Crimson Dynamics Technology Co. Ltd., Dalian, China),
weighing 2.6 kg, which incorporated a mechanical spring system, shoulder and waist straps, metallic frames,
and upper-arm support components (Figure 3a). This exoskeleton employed a spring-based mechanism in which
supporting force increased proportionally with the angle of shoulder flexion up to 150°, after which the support
gradually decreased (Jonathan & Xiong, 2024). The device was individually adjusted to accommodate each
participant’s anthropometric measurements.

To measure muscle activity, four Delsys Trigno Avanti EMG sensors (1250 Hz sampling rate), were attached
to the participant’s dominant arm: three on the anterior, middle, and posterior deltoid muscles, and one on the
upper trapezius muscle (Ho Kim et al., 2020). Motion tracking was conducted using an eight-camera OptiTrack
Flex 13 system (120 Hz sampling rate), with markers placed on the participant’s dominant hand side at the waist,
shoulder, elbow, and hand (Figure 3a). The virtual test environment was developed in Unity 2022.5.23f. The
virtual keyboard was positioned in front of the participant at chest height, angled at 67.5° relative to the ground.
Participants were allowed to adjust their standing distance from the keyboard to establish their optimal typing
position (Figure 3b). Participants experienced the environment through the Quest 3’s passthrough mode. This
allowed them to simultaneously see both virtual keyboards and the physical Logitech MX Keys Mini while
maintaining awareness of their physical surroundings.

Text
Indicator

rd
67.5°

Adjustable

Chest Height

(b)

Figure 3. Experimental configuration: (a) hardware setup comprising the Meta Quest 3 headset, passive
shoulder support exoskeleton, EMG sensor placements, and motion tracking markers for the Optitrack system
(yellow circles); and (b) the virtual environment.

2.4. Experimental procedure

The experimental protocol followed a systematic six-phase procedure designed to comprehensively assess the
effects of keyboard interaction design and exoskeleton support on mid-air typing performance: (1) pre-test
questionnaire, (2) familiarization, (3) main experimental trials, (4) subjective evaluation, (5) keyboard
preference rating, and (6) open-ended question (Figure 4). All six phases were conducted on the same day
within a single experimental session for each participant, which took about 90 minutes on average.

During the pre-test questionnaire phase, participants completed a standardized form documenting
demographic characteristics (age, gender, height, and arm length) and prior MR experience. This established



baseline participant profiles and verified compliance with inclusion criteria. Subsequently, participants
underwent a 5-minute familiarization protocol with both the MR environment and exoskeleton operation to
minimize novelty effects and ensure competence with the experimental apparatus. During this period,
participants practiced raising and lowering their arms while wearing the exoskeleton and tested mid-air typing
motions at chest level to become accustomed to the system.

We implemented a counterbalanced design to minimize order effects during the experimental testing phase.
Exoskeleton conditions (with and without) were administered in blocks, with participants randomly assigned to
start either with or without the exoskeleton. Ten participants began testing with the exoskeleton, while the other
ten started without it. For each exoskeleton block, the three keyboard conditions (Physical, Poking, and Touch)
were presented in randomized sequence.

For each experimental condition, participants completed standardized text entry tasks comprising 13 phrases
from the phrase set of Mackenzie and Soukoreff (2003), an established benchmark in text entry research. Text
entry performance was evaluated using TextTest++ (Wobbrock et al., 2006; Zhang & Wobbrock, 2019), a
validated assessment platform that precisely captures speed, error rates, and correction behaviors during typing.
The first three phrases served as practice trials, with subsequent phrases used for analysis. Participants were
instructed to type each phrase as quickly and accurately as possible, balancing typing speed and accuracy.

After each experimental condition, participants removed the MR headset and completed a comprehensive 21-
item evaluation instrument. This multi-dimensional assessment included subjective strain measures using the
Borg CR-10 scale (Borg, 1982). The scale was used to quantify localized discomfort in the hand, shoulder and
trapezius muscles. It also featured MR interaction quality assessment using nine items evaluating haptic
sensation, embodiment, sense of reality, spatiotemporal perception, and overall satisfaction (Gonzalez-Franco &
Peck, 2018; W. Kim & Xiong, 2022a; Schwind et al., 2018). Additionally, user experience was evaluated using
the UEQ-S instrument (Schrepp et al., 2017) to assess both pragmatic attributes and hedonic qualities (Table 2).
To minimize potential language barriers, participants were provided with both the official English version and a
validated Korean translation obtained from the UEQ project website (UEQ, n.d).

To mitigate fatigue effects, participants took a mandatory three-minute rest period between conditions, during
which they were instructed to relax their upper extremities completely. Following completion of all conditions
within each exoskeleton block, participants performed a comparative ranking of the three keyboard types,
providing an explicit preference hierarchy. The protocol concluded with interviews soliciting qualitative
feedback regarding participants’ experiences with the keyboard interaction designs and exoskeleton conditions,
facilitating deeper insights into user perceptions and preferences beyond quantitative measures.
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Figure 4. Flowchart of the experimental procedure. The order of exoskeleton conditions (with and without) was
randomized for each participant.



Table 2. Survey items used to assess subjective evaluation and user experience in this study. Participants
responded using 7-point Likert scales. For subjective evaluation items, the scale ranged from 1 (strongly
disagree) to 7 (strongly agree). For user experience items, responses ranged from -3 (strongly aligned with
negative descriptor) to +3 (strongly aligned with positive descriptor). These survey items were adapted from the
work of Kim & Xiong (2022b), which incorporated validated measures from previous research (Gonzalez-

Franco & Peck, 2018; Schwind et al., 2018).

Questionnaire  Aspect No Item
Haptic 1 I could feel a haptic sensation as if I were touching a real keyboard.
. I felt the key being pressed at the exact location where the key was actually
sensation 2
pressed.
3 When pressing the keypad, my virtual hand (actual hand) was perceived as if
Embodiment it were my real hand.
4 When pressing the keypad, it felt like I could treat the virtual hand (actual
Subjective hand) as my own hand.
evaluation . 5 The experience in MR felt consistent with the experience in real life.
Sense of reality . . . . . .
6 Pressing the keyboard in MR felt similar to pressing a keyboard in real life.
. When pressing the keyboard, it was easy to perceive the distance between my
Spatiotemporal hand and the keypad
perception g When pressing the keyboard, it was easy to recognize when the key was
actually pressed.
Satisfaction 9 Overall, I am satisfied with the experience of pressing the keyboard.
1 Boring — Exciting
Hedonic 2 Not interesting — Interesting
quality 3 Conventional — Inventive
User . 4 Usual — Leading edge
:é%eg_:;ce 5 Obtrusive - Supportive
Pragmatic 6 Complicated — Easy
quality 7 Inefficient — Efficient
8 Confusing — Clear
2.5. Data analysis

2.5.1. Text entry performance

Text entry performance was measured using three metrics: Words Per Minute (WPM), Corrected Error Rate
(CER), and Uncorrected Error Rate (UER). WPM was calculated as Equation (1).

IT-11, 60 0

WPM = 5 X5

where S represents the typing duration in seconds and |T| denotes the transcribed text length in characters. The
constant 60/5 converts the input rate to the standard WPM measure, assuming an average word length of 5
characters. Error rates were computed as Equation (2) and (3).

CER = INF/(C+IN F+IF) )
UER = IF/C+INF+IF) 3)

where C represents correct characters, INF is the minimum string distance between presented and transcribed
text (Soukoreff, 2001), and IF denotes deleted characters. Detailed explanations of these metrics can be found in
Zhang and Wobbrock (2019).



2.5.2. Muscle activity

Muscle activity was recorded at a sampling rate of 1,250 Hz using a wireless EMG system, monitoring four key
muscles: anterior deltoid, middle deltoid, posterior deltoid, and upper trapezius. These muscles were selected
based on their established role in shoulder and upper extremity movements during AR tasks (Ho Kim et al.,
2020).

Following the European Surface Electromyography (SENIAM) guidelines, maximal voluntary contractions
(MVCs) were recorded for normalization purposes (Hermens et al., 2000) before the main experiment. For all
deltoid muscles, MVC measurements adhered to the protocol established by Boettcher et al. (2008). Upper
trapezius MVC measurements required participants to perform shoulder shrugs against resistance while keeping
their arms straight at their sides, ensuring no trunk movement (Harms-Ringdahll et al., 1996). Each MVC test
was conducted twice per muscle, lasting 5 seconds per trial, with a 3-minute rest interval between contractions
as per SENIAM guidelines (Hermens et al., 2000). The highest 2-second segments from each trial were
extracted and averaged to establish MVC normalization values.

The collected EMG signals from both MR typing tasks and MVC trials underwent processing through a
20—-400 Hz band-pass filter. After filtering, signals were normalized as percentages of their corresponding MVC
values. Muscle activation was quantified by calculating root mean square (RMS) values from these normalized
signals, using 100 ms windows with 50% overlap (Renshaw et al., 2010).

2.5.3. Shoulder and hand movement

Shoulder movements were tracked using the OptiTrack motion capture system operating at 120 Hz. The capture
volume was approximately 2 m x 2 m. After standard wand calibration, the system achieved a mean 3D error of
~0.3 mm, which is close to the manufacturer’s 0.2 mm specification, thereby ensuring sub-millimeter tracking
precision. The coordinate system was oriented with the X-axis directed forward, the Y-axis oriented upward, and
the Z-axis extending laterally to the participant’s right side. For analysis, shoulder flexion/extension and
abduction/adduction angles were characterized using their 5th, 50th, and 95th percentile values to provide a
comprehensive representation of postural distribution throughout the tasks. Additionally, the range of motion
(ROM) was computed during the keyboard typing tasks. Hand movement distance was measured as the total
path length traveled by the dominant hand marker during the typing tasks.

To align motion tracking and EMG signals temporally, both systems were hardware-synchronized using a
shared trigger pulse initiated at the start of each trial.

2.5.4. Statistical analysis

In analyzing performance and behavioral metrics, we excluded data from the first three phrases, which served as
practice trials. The subsequent analysis utilized the mean values derived from the following ten phrases,
explicitly omitting trials prematurely terminated due to unintended activation of the Enter key. Because such
missing cases were extremely rare, only two trials across all participants, no imputation was performed. Instead,
we excluded these trials from all subsequent analyses using a complete case approach.

Ryan-Joiner normality tests were conducted to verify distributional assumptions of the collected data, with
results indicating that most dependent variables satisfied the normality criterion (p > .05) or showed negligible
deviations from the Gaussian distribution. To assess statistical significance across measured responses, we
conducted repeated measures analysis of variance (RM-ANOVA). The independent variables were exoskeleton
condition (with and without) and keyboard type (Physical, Poking, and Touch), while dependent variables
included text entry performance metrics, muscle activity, motion tracking, self-reported strain ratings, and



subjective evaluation scores.

For significant effects, pairwise comparisons were conducted using Bonferroni correction. In cases where
Mauchly’s test indicated a violation of the sphericity assumption (epsilon < 0.75), Greenhouse-Geisser
corrections were applied to adjust the degrees of freedom. Effect sizes for all ANOVA results were reported as
partial eta-squared (;75) and interpreted according to Cohen's (1988) benchmarks: 0.01 (small), 0.06 (medium),
and 0.14 (large). Statistical analyses and data processing were carried out using R (version 4.4.1), with a
predetermined significance threshold set at o = 0.05.

3. Results
3.1. Text entry performance

Figure 5 presents the mean text entry performance metrics (WPM, UER, and CER) across different keyboard
types and exoskeleton conditions. Results from Figure 5 and the RM-ANOVA (Table 3) showed that no
significant interaction effects between keyboard type and exoskeleton condition for any text entry performance
metrics. For main factor effects, the exoskeleton condition showed no significant impact on any of the three-
performance metrics. However, keyboard type demonstrated significant main effects on both WPM (p<0.001)
and CER (p<0.001). Post-hoc comparisons revealed that the physical keyboard condition resulted in
significantly higher WPM and lower CER compared to both virtual keyboard conditions. However, no
statistically significant differences were identified in UER across conditions.

Table 3. F, ;75 , and p values from the RM-ANOVA results showing the effects of exoskeleton and keyboard on

mid-air text entry performance metrics. *p <.05, **p <.01, ***p <.001; applies to all tables

Variables Exoskeleton Keyboard Exoskeleton x Keyboard
F 775 p F m p F n p
WPM 0.08 | <0.001 0.779 | 428.39 | 0.807 **%<0.001 0.513 0.005 0.554
UER 0.63 | <0.001 0.436 3.02 | 0.033 0.091 0.336 | <0.001 0.649
CER 0.26 | <0.001 0.619 | 2494 | 0.139 **%<0.001 0.458 0.002 0.611
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Figure 5. Mean (+ SE) values of WPM, UER, and CER across exoskeleton conditions and keyboard types.
Statistical significance was assessed using Bonferroni-corrected paired t-tests. Asterisks denote significant
differences between keyboard conditions (¥*p < 0.05, **p < 0.01, ***p < 0.001). This applies to all line graphs.

3.2. Shoulder and hand movement

Analysis of hand movement characteristics revealed significant interaction effects between exoskeleton and
keyboard conditions for hand movement distance and ROM-flexion/extension (Table 4 and Figure 6).



Specifically, when participants wore the exoskeleton, differences in hand movement and flexion among
keyboard types were minimal. However, without the exoskeleton, substantial differences emerged between the
physical and virtual keyboard conditions.

Table 4. F, ;75 , and p values from the RM-ANOVA results showing the effects of exoskeleton and keyboard on

shoulder and hand movement metrics during mid-air typing. FE: Flexion/extension; AA: Abduction/adduction.

Variables Exoskeleton Keyboard Exoskeleton x Keyboard
F s P F n,f P F I p

Hand 31.07 | 0.162 | ***<0.001 | 24.41 0.236 | ***<0.001 | 11.50 | 0.065 | ***<0.001
Movement
ROM-FE 87.71 | 0.331 | ***<(.001 7.51 0.093 **0.005 5.19 | 0.060 *0.016
ROM-AA 4.59 | 0.064 *0.045 | 6.83 0.048 **0.003 1.25 | 0.008 0.296
5th-FE 31.57 | 0.298 | ***<0.001 1.94 | 0.007 0.167 9.15 | 0.016 | ***<0.001
50th-FE 20.90 | 0.215 | ***<0.001 1.90 | 0.006 0.174 | 2.24 | 0.004 0.120
95th-FE 15.68 | 0.164 | ***<0.001 346 | 0.010 0.050 | 0.83 | 0.002 0.437
S5th-AA 7.28 | 0.107 *0.014 | 0.86 | 0.003 0.396 | 0.48 | 0.002 0.552
50th-AA 8.08 | 0.125 *0.010 | 0.11 | <0.001 0.826 | 0.88 | 0.004 0.391
95th-AA 8.69 | 0.133 **0.008 | 0.53 0.002 0.528 | 0.61 | 0.002 0.503

Participants consistently exhibited reduced hand movement distances when wearing the exoskeleton
compared to the condition without it. The exoskeleton condition also resulted in a significantly more constrained
range of flexion/extension movements but was associated with an increased range of abduction/adduction
movements (Figure 6). Keyboard type effects showed that the physical keyboard consistently produced lower
behavior metrics across all parameters compared to both virtual keyboard conditions. However, no statistically
significant differences were observed between the two virtual keyboard types.
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Figure 6. Mean (+ SE) hand movement distance, ROM-flexion/extension, and ROM-abduction/adduction by
exoskeleton and keyboard type.

Analysis of shoulder joint angles revealed statistically significant interactions between exoskeleton and
keyboard conditions for 5th-FE (Table 4). As shown in the line graph (Figure 7), the exoskeleton condition
showed slightly higher angles with virtual versus physical keyboards, whereas in the non-exoskeleton condition,
the difference between the keyboards was small.

The exoskeleton condition consistently exhibited significantly higher shoulder flexion angles across all
percentile measurements. Similarly, shoulder abduction angles were significantly higher under the exoskeleton
condition across all measured percentiles. In contrast, keyboard type had no significant effect on shoulder
positioning, with comparable flexion and abduction angles observed across all three keyboard conditions (Table
4 and Figure 7).
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Figure 7. Mean (= SE) shoulder joint angles at different percentiles (5th, 50th, and 95th) for both
flexion/extension and abduction/adduction across exoskeleton conditions and keyboard types.

3.3. Muscle activity

Analysis of the EMG data revealed no significant interaction between exoskeleton condition and keyboard type
in all muscle activities, except for the middle deltoid muscle (Table 5). Even in this case, the interaction effect
size was negligible (n,?> < 0.001), showing minimal practical differences and no consistent patterns across
conditions (Figure 8). Therefore, we focus on the main effects.

Table 5. F, ;75, and p values from the RM-ANOVA results showing the effects of exoskeleton and keyboard on

muscle activity metrics during mid-air typing. AD: anterior deltoid; MD: middle deltoid; PD: posterior deltoid;
UT: upper trapezius.

Variables Exoskeleton Keyboard Exoskeleton x Keyboard
F n p F n P F m p
RMS-AD 2244 | 0.327 | ***<0.001 0.49 | 0.003 0.518 0.17 | 0.001 0.709
RMS-MD 8.06 | 0.003 *0.011 1.14 | <0.001 0.328 4.31 | <0.001 | *0.021
RMS-PD 0.08 | <0.001 0.781 1.05 | <0.001 0.345 1.78 | <0.001 0.192
RMS-UT 0.07 | <0.001 0.801 0.23 | <0.001 0.744 1.70 | 0.003 0.205

The exoskeleton condition showed a significant main effect across muscle groups (Table 5). Participants
exhibited notably reduced anterior deltoid activation when wearing the exoskeleton, approximately half the
activation compared to the without-exoskeleton condition (Figure 8). Although differences in middle deltoid



activation between exoskeleton conditions were less pronounced, statistical significance was still observed. The
main effect of keyboard type alone was not statistically significant for any measured muscle groups.
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Figure 8. Mean (+ SE) muscle activation (% MVC) for anterior deltoid, middle deltoid, posterior deltoid, and
upper trapezius muscles across exoskeleton conditions and keyboard types.

3.4 Self-reported body strain, subjective evaluation, user experience, and preference

Analysis of self-reported body strain revealed significant interaction effects between exoskeleton conditions and
virtual keyboard types for hand and trapezius muscle strain (Table 6 and Figure 9). Participants rated the Touch
keyboard as resulting in lower fatigue compared to the Poking keyboard under the condition without the
exoskeleton. However, this pattern reversed when the exoskeleton was used, showing increased fatigue ratings

for the Touch keyboard relative to the Poking keyboard.

Table 6. F, ;15 , and p values from the RM-ANOVA results showing the effects of exoskeleton and keyboard on

self-reported body strain, subjective evaluation, user experience, and preference metrics during mid-air typing.

Variables Exoskeleton Keyboard Exoskeleton x Keyboard
F | P F A P F |7 p

Hand Strain | 13.72 | 0.044 *%0.002 | 25.07 0.176 | ***<0.001 | 5.03 | 0.007 *0.016
Shoulder 4242 | 0.231 | ***<0.001 | 28.02 0.270 | ***<0.001 | 2.00 | 0.014 0.161
Strain
Trapezius 52.02 | 0.235 | ***<0.001 | 44.19 0.240 | ***<0.001 | 3.64 | 0.025 *0.045
Strain
Embodiment | 0.21 | 0.001 0.649 | 39.80 0.376 | ***<0.001 | 3.70 | 0.014 *0.034
Haptic 0.09 | <0.001 0.764 | 87.78 0.606 | ***<0.001 | 1.13 | 0.006 0.330
sensation
Satisfaction 1.18 | 0.008 0.292 | 32.33 0.363 | ***<0.001 | 2.06 | 0.015 0.142
Sense of 0.63 | 0.002 0.438 | 62.78 0.416 | ***<0.001 | 2.32 | 0.012 0.115
Reality
Spatio-temp 1.40 | 0.006 0.252 | 44.12 0.485 | ***<0.001 | 4.04 | 0.022 *0.031
oral
Hedonic 5.86 | 0.050 *0.026 | 10.36 0.161 | ***<0.001 | 4.00 | 0.025 *0.030
Pragmatic 0.45 | 0.005 0.509 | 44.71 0.434 | ***<0.001 | 5.24 | 0.054 *0.016
Preference 0.00 | <0.001 1.000 | 38.55 0.512 | ***<0.001 | 4.29 | 0.098 *0.031

Participants consistently reported reduced fatigue in their hands, shoulders, and trapezius muscles when using
the exoskeleton. Similarly, a significant main effect of keyboard type was observed. Post-hoc analyses further
revealed that the physical keyboard significantly reduced reported fatigue in these areas compared to both
virtual keyboard conditions (Table 6 and Figure 9).
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Figure 9. Mean (+ SE) self-reported body strain by exoskeleton and keyboard type.

For subjective evaluations, significant interaction effects were observed across embodiment and
spatiotemporal perception measures (Table 6 and Figure 10). While the Touch keyboard generally received
higher average ratings than the Poking keyboard without the exoskeleton, these ratings notably decreased below
those of the Poking keyboard when the exoskeleton was worn. No significant interaction effects were detected
for other subjective dimensions.

Examining main effects, the exoskeleton condition showed no significant impact across subjective evaluation
dimensions (Figure 10). However, keyboard type demonstrated significant main effects across all subjective
factors. Post-hoc analyses indicated that the physical keyboard consistently received higher ratings compared to
both virtual keyboards. Between the virtual keyboard conditions, a significant difference emerged only in haptic
sensation (T=2.12, p=0.047); the Poking keyboard (M=3.72, SD=1.29) was rated significantly higher than the
Touch keyboard (M=3.22, SD=1.28).
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Figure 10. Mean (+ SE) subjective evaluation rating by exoskeleton and keyboard type.

User experience analysis revealed significant interaction effects for both hedonic and pragmatic quality
measures (Table 6 and Figures 11). The Touch keyboard’s ratings decreased more substantially than the Poking
keyboard’s when paired with the exoskeleton, particularly for pragmatic quality. For main effects, the
exoskeleton condition resulted in higher hedonic scores but had no statistically significant effect on pragmatic
scores. Keyboard type demonstrated significant effects on both measures, with the physical keyboard associated
with significantly higher pragmatic ratings but lower hedonic ratings compared to both virtual keyboards.

Analysis of user preference indicated a significant interaction between exoskeleton and keyboard type (Table
6 and Figures 11), reflecting a notable decrease in preference for the Touch keyboard specifically when
participants wore the exoskeleton. For main effects, significant differences emerged across keyboard types, with
the physical keyboard consistently preferred over both virtual keyboards, whereas no significant main effect was



found for the exoskeleton. No significant differences emerged between the two virtual keyboard conditions in

overall preference.
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Figure 11. Mean (+ SE) user experience rating and preference for ranking scores by exoskeleton and keyboard

type.

3.5 Qualitative feedback from open-ended responses

In addition to quantitative measures, participants provided open-ended feedback on their experiences with the
exoskeleton and keyboard interaction designs. Representative comments are summarized in Table 7. These
qualitative insights complement the quantitative findings by highlighting nuanced user perceptions regarding

comfort, usability challenges, and interaction effects.

Several participants noted that while the exoskeleton was initially unfamiliar, it provided noticeable comfort
through supportive force (e.g., P02, P20). Others emphasized that physical keyboards felt most natural, whereas
the Poking keyboard facilitated clearer recognition of key activation compared to the Touch keyboard (e.g., P15,
P16, P19). Some participants also reported that the exoskeleton occasionally restricted their movement during
virtual typing, leading to unintended key activations on the Touch keyboard but less so on the Poking keyboard
(e.g., P11, P13, P15). These qualitative findings enrich and contextualize the quantitative results reported above.

Table 7. Representative responses from open-ended questions

Participants

Factor
No

Comments

Exoskeleton P02, P20

Wearing the Exo was awkward at first since it was my first time. However, 1
could still feel the comfort provided by its supportive force.

Physical was the easiest because it was most similar to reality. Poking made it

P19 easier to recognize when a key was actually pressed compared to the Touch
keyboard.
P16 Poking was relatively easier to use and quicker to adapt to compared to
Keyboard Touch. With the Touch keyboard, it was hard to identify key positions.
P15 With Touch, it was difficult to recognize when a key was pressed incorrectly,
and the depth sensation of pressing keys with hand felt different.
P04 With the Touch method, it was difficult to distinguish when a key had been
registered.
P15 The Exo was comfortable, but it created movement constraints that made
virtual keyboard typing more challenging
Exoskeleton When the exoskeleton provided shoulder support, it created an upward
) P13 pushing effect that caused unintended activation of upper keys with the Touch
Keyboard keyboard, but this occurred less frequently with the Poking keyboard.
P11 While the exoskeleton significantly helped reduce shoulder muscle fatigue




when typing on virtual keyboards, my arm seemed to shake more during
typing due to the interaction between the exoskeleton’s shoulder support and
the hand movements required for keystrokes, which decreased accuracy.

4. Discussion
4.1. Effects of exoskeleton assistance

4.1.1. Reduced muscle activity but unchanged typing performance

One of the primary objectives of this study was to examine how passive shoulder support exoskeletons alleviate
upper-limb muscular demands and influence typing performance during sustained mid-air typing tasks. The
EMG results demonstrated that exoskeleton usage significantly reduced muscular activation, with the anterior
deltoid exhibiting the most substantial decrease (approximately 50%). This finding aligns with previous research,
as the anterior deltoid experienced the highest muscular load among all measured muscles due to the substantial
shoulder flexions required during the experimental tasks (Kong et al., 2023). The exoskeleton implemented in
this study was specifically engineered to support shoulder flexion movements, which consequently yielded the
most pronounced impact on the anterior deltoid—the primary muscle responsible for this motion. These results
support previous investigations on exoskeletons in overhead or assembly settings, which have similarly
demonstrated significant reductions in anterior deltoid muscle activity when appropriate upper limb support is
provided (Choi et al., 2024; Jorgensen et al., 2022a, 2022b; Lauret et al., 2025; Musso et al., 2024; Van
Engelhoven et al., 2018).

In self-reported strain assessments, participants indicated substantially reduced fatigue in shoulder and
trapezius regions. Participants also reported increased hand comfort, though less pronounced than the relief in
shoulder and trapezius regions. This enhanced hand comfort may be attributed to either: the reduced hand
movement distance when wearing the exoskeleton, as the shoulder support facilitated more efficient positioning
(Cheng et al., 2022), or as postulated by previous research (Alabdulkarim & Nussbaum, 2019), the
exoskeleton’s redistribution of hand weight through its mechanical structure to the back, thereby reducing the
muscular effort required to support this load. These findings demonstrate that passive shoulder support
exoskeletons not only achieve their primary purpose of shoulder relief but also provide secondary comfort
benefits to other body regions.

Interestingly, however, exoskeleton support did not translate into significant improvements or decrements in
text entry performance metrics. This outcome supports previous research, which observed that exoskeletons can
effectively reduce physical strain without necessarily impacting task performance (S. Kim et al., 2018; Kong et
al., 2023). Additionally, our findings contrast with studies on table-based arm supports, which have
demonstrated performance improvements for mid-air tasks (Cheng et al., 2022), highlighting the distinct
biomechanical effects of exoskeletons compared to static surface supports despite both providing arm support.

4.1.2. Postural adjustments and subjective evaluation

Comprehensive motion capture analysis revealed that exoskeleton usage systematically influenced participants’
shoulder kinematics, resulting in significantly increased shoulder flexion and abduction angles across all
measured percentiles (5th, 50th, and 95th). As illustrated in the postural comparison (Figure 12), the
exoskeleton’s support mechanism produced distinct changes in upper extremity positioning, particularly in
terms of shoulder angle maintenance during typing tasks.

Without the exoskeleton, participants tended to maintain a posture with elbows closer to their torso, seeking a
more stable position that would reduce fatigue in the shoulder muscles (Wiker et al., 1990). When wearing the
exoskeleton, participants adopted distinctly different postures. This change occurred mainly because the
exoskeleton gives stronger support when the shoulder is raised higher (Jonathan & Xiong, 2024), encouraging



participants to find and maintain shoulder positions that balanced typing effectiveness with maximum support
from the exoskeleton.

Significant differences were additionally observed in range of motion and hand movement distance, which
appear to originate from fundamental alterations in motor control strategies induced by the exoskeleton. Without
exoskeleton, as shown in Figure 12b, participants primarily modulated shoulder flexion while typing. In contrast,
when wearing the exoskeleton, Figure 12a demonstrates that participants shifted to control typing movements
through shoulder abduction adjustments. This adaptation occurred because the exoskeleton provides support
primarily in the flexion direction; therefore, when participants needed to move in the extension direction, they
had to exert additional force to overcome the exoskeleton’s supportive resistance (Lauret et al., 2025). As a
result, participants naturally favored abduction movements where the exoskeleton offered less interference with
their intended motion. The observed reduction in hand movement distance can be attributed to stability effects
similar to those provided by table-like surfaces, suggesting that the exoskeleton offers comparable support
benefits that naturally constrain excessive movement (Cheng et al., 2022).

These substantial postural adaptations did not adversely affect subjective usability metrics; conversely,
participants gave slightly higher hedonic scores in the exoskeleton condition. This positive evaluation could be
attributed to the fact that all participants were first-time users of the exoskeleton, and the novelty of this
experience likely contributed to their favorable assessments (Skavronskaya et al., 2020).

While participants consistently reported that the exoskeleton effectively mitigated muscle fatigue, it
demonstrated no significant enhancement of pragmatic usability metrics. The exoskeleton condition did not
yield higher pragmatic ratings or task-specific user satisfaction for typing. As supported by our qualitative data
from open-ended responses (Table 7), although most participants acknowledged the exoskeleton’s benefits for
reducing muscular fatigue, the constraints it imposed on movement freedom during precise typing tasks likely
counterbalanced these ergonomic advantages (Kranenborg et al., 2023; Ma & Xiong, 2024; Pacifico et al., 2020).

(a) With Exoskeleton (b)Without Exoskeleton

pressing pressing
position position

e

S

Initial position Initial position

Figure 12. Visual representation of typical shoulder posture during mid-air typing tasks (a) with and (b) without
exoskeleton, showing the difference in upper arm support and positioning



4.2. Effects of keyboard interaction design
4.2.1. Difference between physical and virtual keyboards

Our empirical results consistently demonstrated significant performance advantages for the Physical keyboard
compared to both virtual keyboards across multiple objective metrics. The Physical keyboard yielded
significantly higher text entry speeds and lower corrected error rates, supporting established literature
highlighting the crucial role of tactile feedback in efficient text entry (Dudley et al., 2019).

The physical keyboard showed clear advantages across all subjective evaluation metrics compared to virtual
keyboards. This pattern aligns with findings from extensive prior research which has established that the
absence of tactile confirmation in virtual keyboards creates substantial cognitive and perceptual challenges for
users (Cheng et al., 2022; Dudley et al., 2019; Gupta et al., 2020; Schmitz et al., 2024). Paradoxically, however,
results from the UEQ-S showed that virtual keyboards received higher hedonic scores than the physical
keyboard, suggesting that while virtual keyboards may underperform functionally, they offer an engaging and
novel experience that users find appealing. This contrast between functional performance and experiential value
is consistent with established literature where virtual reality interfaces often elicited higher hedonic ratings
despite functional limitations, highlighting the experiential value of novel interaction modalities (McLoughlin et
al., 2024; Pizzolante et al., 2024; Szczechowicz et al., 2024).

Our analysis uncovered a notable discrepancy between objective physiological and subjective perceptual
measures of physical strain. While EMG measurements showed no significant differences in muscle activation
between keyboard types, self-reported body strain indicated that participants perceived significantly higher
fatigue in their hands, shoulders, and trapezius muscles when using virtual keyboards compared to the physical
keyboard. This divergence between objective and subjective measures likely originates from the temporal
efficiency achieved with the Physical keyboard, resulting in shorter overall task completion times. Consequently,
the reduced duration of sustained arm positioning and hand movements with the Physical keyboard likely
contributed to lower perceived fatigue, despite similar muscle activation levels during the actual typing process
(Dallaway et al., 2022; Mohd Nur et al., 2015). This suggests that enhancing mid-air typing efficiency could
substantially reduce perceived fatigue despite similar muscle activation levels. Faster, more accurate mid-air
typing would shorten task duration, potentially decreasing both cognitive and physical fatigue to levels more
comparable with physical keyboards.

Physical keyboard usage also demonstrated distinct user behavior patterns. Lower hand movement can be
attributed to both higher typing efficiency with the physical keyboard, allowing users to complete tasks with
fewer overall hand movements, and the physical keyboard’s surface, which naturally limits excessive hand
movement by providing tactile boundaries and resistance (Dudley et al., 2019). The significantly reduced ROM
observed in physical keyboard conditions can be explained by the combination of tactile feedback and physical
constraints that create more economical movement patterns. Users receive immediate haptic confirmation of
successful keystrokes without requiring visual verification, while the keyboard’s surface establishes natural
boundaries that restrict excessive motion. The significant interaction effect observed in 5th-FE further illustrates
this compensatory behavior. Without exoskeleton support, participants maintained lower shoulder flexion when
typing on virtual keyboards compared to the physical keyboard, likely adopting more stable postures to
compensate for the absence of physical surface support. In contrast, when wearing the exoskeleton, the postural
differences between keyboard types were not notable, as the exoskeleton’s support provided assistance at lower
flexion angles.

4.2.2. Difference between virtual keyboards

When comparing the two virtual keyboard designs, our analysis uncovered subtle but meaningful differences in
user experience. The Poking keyboard with protruded 3D keys scored significantly higher in haptic sensation
compared to the standard Touch keyboard, indicating that the pseudo-haptic feedback generated by the visual



depression of keys established a more compelling tactile illusion. This aligns with previous research
demonstrating that visual cues simulating tactile depth can enhance the perceived realism of virtual interfaces
(Akhoroz & Yildirim, 2024; W. Kim & Xiong, 2022b).

A particularly notable finding emerged in our analysis of interaction effects between keyboard type and
exoskeleton use across multiple measures. This interaction effect can be explained by examining the divergent
precision requirements of each keyboard design. The Touch keyboard necessitates more precise targeting as
input is registered immediately upon contact with the virtual panel, offering minimal opportunity for correction
before keystroke commitment (Dube & Arif, 2020). Conversely, the Poking keyboard’s protruded design
provides an additional visual confirmation step during the pressing action, potentially reducing error rates
through this extended feedback mechanism. Previous research suggests that 2D touch interfaces often require
more correction attempts compared to interfaces with depth-based interaction models (Akhoroz & Yildirim,
2024). This distinction was supported by participant feedback, as P19 noted: “Poking made it easier to
recognize when a key was actually pressed compared to the Touch keyboard,” highlighting the improved
keystroke confirmation afforded by the protruded design.

This distinction was amplified when participants used the exoskeleton. As prior studies have demonstrated,
exoskeletons can increase task error rates and reduce stability in horizontal movements (Raveendranath et al.,
2024). These constraints likely make the Touch keyboard’s precision challenges worse. As P13 explicitly
articulated in our open-ended responses: “When the exoskeleton provided shoulder support, it created an
upward pushing effect that caused unintended activation of upper keys with the Touch keyboard, but this
occurred less frequently with the Poking keyboard.” Similarly, P17 reported that “When movement was
restricted, lightly touching (Touch keyboard) felt more difficult than the Poking method.” The Poking keyboard’s
more forgiving interaction process—with its clear visual feedback during key depression—appears to better
accommodate the reduced fine motor control experienced when wearing the exoskeleton. This mechanistic
explanation clarifies why participants’ overall experience ratings for the Touch keyboard declined more
substantially when paired with the exoskeleton, as the combination presented compounding precision challenges
that affected both performance and comfort.

4.3. Practical implications

Our empirical findings yield several substantive implications for MR interface design and implementation. First,
passive shoulder support exoskeletons show promise for reducing physical strain during extended mid-air text
entry without compromising mid-air typing performance, establishing them as viable ergonomic solutions for
workplace environments where users engage in prolonged MR typing tasks. The significant reductions in
anterior and middle deltoid muscle activity suggest that exoskeleton may contribute to mitigating risk factors
associated with elevated arm postures, which could have implications for ergonomics as MR adoption
accelerates across professional settings.

While exoskeletons help reduce muscle fatigue, they can potentially limit natural movement and may cause
increased activity in certain muscle groups (De Bock et al., 2023). However, the benefits outweigh the
drawbacks, especially when using MR for extended periods, as reducing long-term physical strain compensates
for any side effects. This is particularly relevant in industrial workplaces where MR technology adoption is
growing. In these settings, exoskeletons are already being utilized for standard industrial tasks, and this

integration makes it easier to implement MR’s mid-air interaction tasks in such environments (Rosa-Garcia et
al., 2025).

Second, this study reveals an interesting relationship between perceived and objectively measured muscle
fatigue when using virtual keyboards. Despite EMG data showing no significant differences in muscle activation
between keyboard types, participants reported higher subjective fatigue when using virtual keyboards compared
to physical keyboard. This suggests that the extended task duration resulting from virtual keyboards’ lower
efficiency increased cumulative fatigue. Therefore, improving virtual keyboard performance to approach



physical keyboard levels is not merely about enhancing usability but is an essential condition for sustainable text
entry in MR environments. In particular, reducing task duration through improved typing speed and accuracy
will be a key strategy for addressing fatigue issues associated with prolonged MR use. Specifically, our results
suggest that the inefficiency of virtual keyboards stems in part from greater hand travel, longer typing durations,
and less distinct keystroke feedback compared to physical keyboards. To overcome these limitations, several
strategic directions can be pursued. (1) While prior work has shown that aligning virtual keyboards with
physical surfaces reduces hand movement (Dudley et al., 2019), future research could extend these benefits to
mid-air settings through body-anchored interfaces or adaptive keyboards that conform to surrounding surfaces.
(2) Post-hoc correction algorithms may help compensate for typical virtual keyboard errors such as key
ambiguity and unintended inputs, with probabilistic decoding approaches like Streli et al (2024) showing
promise for broader application. (3) Systematic integration of multimodal feedback, particularly auditory cues
as highlighted by Krasner and Gabbard (2024), could compensate for the lack of tactile feedback and enhance
typing confidence in mid-air conditions.

Third, our findings strongly indicate that keyboard interaction design should be contextually matched to the
available physical support infrastructure. When users wear exoskeletons, interfaces with 3D poking keyboard
appear to better accommodate the reduced precision imposed by the exoskeleton. This interaction effect
highlights the need for designers to conceptualize input devices and ergonomic support solutions as integrated
systems rather than as separate components. The higher preference for protruded interfaces when wearing
exoskeletons illuminates how contextual factors can fundamentally influence user experience.

Finally, regarding effect sizes, some statistically significant results were associated with small partial eta-
squared values, suggesting limited effect magnitudes. While such small ergonomic changes may appear modest
in single-session contexts, they can accumulate during prolonged MR use and at deployment scale to yield
meaningful comfort gains. Thus, practitioners should interpret these findings as directionally informative for
design, while avoiding overemphasis on the magnitude observed in a single session.

4.4. Limitations and future work

Several methodological limitations in our study warrant consideration and suggest promising directions for
future research. First, our experimental sessions were relatively brief. While the exoskeleton already
demonstrated significant reductions in muscle activity and strain, extended testing sessions (e.g., 60 minutes or
above) would more comprehensively explain cumulative fatigue effects during prolonged MR interactions and
better simulate real-world usage scenarios.

Second, our evaluation was limited to a single passive shoulder exoskeleton model. Different designs (active
vs. passive systems, varied support angles, adjustable tension) may yield different outcomes. Comparative
analyses of multiple exoskeleton configurations could identify optimal design parameters specifically tailored
for fine motor tasks in MR environments.

Third, our participant sample consisted exclusively of first-time exoskeleton users with limited MR
experience. Moreover, all participants were young and healthy adults, which may limit the generalizability of
our findings to broader age groups or individuals with varying physical conditions. Longitudinal studies could
reveal whether exoskeleton benefits increase as users adapt to the device or whether constraints on movement
freedom become more pronounced with extended use. Additionally, investigating expert users and more diverse
user groups could provide valuable insights into adaptation strategies and factors influencing long-term
acceptance.

Last but not least, the experimental paradigm employed a predominantly static typing task, with participants
standing in a fixed position throughout the experiment. Future studies should examine more dynamic MR
scenarios involving movement throughout the environment, reaching actions, or transitions between sitting and
standing positions, thereby better representing ecological usage conditions and potentially revealing differential
patterns of exoskeleton benefits and constraints across varied task demands. Future research could also draw



inspiration from recent advances in exoskeleton control across different applications. For example, lower-limb
exoskeletons have adopted sophisticated approaches including CPG-based multimodal cooperation (Kou et al.,
2025), robust model predictive control (Xu et al., 2025), and modified dynamic movement primitives (Yu & Bai,
2024). While these methods primarily focus on locomotion, similar adaptive principles could potentially inform
the design of future active upper-limb exoskeletons.

5. Conclusion

This study examined the effects of passive shoulder support exoskeletons and different keyboard interfaces on
mid-air typing in MR environments. The findings reveal that exoskeletons significantly reduce muscle
activation and perceived physical strain without compromising typing performance, although they induce
postural adaptations through increased shoulder flexion and abduction. Physical keyboards consistently
outperformed virtual keyboards in both objective and subjective measures, while the Virtual-Poking keyboard
with pseudo-haptic feedback demonstrated advantages over the Virtual-Touch keyboard, particularly when users
wore the exoskeleton. A notable interaction effect between keyboard design and exoskeleton use suggests that
interface design should be contextually matched to physical support infrastructure, as protruded interfaces better
accommodate the reduced precision when wearing exoskeletons. These insights contribute to developing
sustainable MR text entry solutions that effectively balance ergonomic support with user performance and
satisfaction. Future research should explore extended usage scenarios, varied exoskeleton designs, and more
dynamic MR tasks to further enhance understanding of these complex interactions.
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