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ABSTRACT

Head-mounted displays (HMDs) are central to virtual and augmented reality (VR/AR) experi-
ences, yet their reliance on head movement for interaction imposes physical demands on the
neck. While neck pain is already a prevalent musculoskeletal issue, neck muscle activity during
HMD usage remains poorly understood. In this paper, we present the first empirical study of neck
muscle activity during head fixation in a seated VR pointing task. Using surface electromyography,
we measured muscle activity across 67 head poses in 15 participants. Our findings describe how
neck muscle workload increases with rotation angle, is asymmetric across directions, and exhibits
distinct temporal dynamics depending on head rotation angle. We contribute an open dataset
and a detailed characterisation of neck muscle activity during prolonged head fixation, providing
a physiological baseline for future research on the ergonomics of immersive technologies. Our
findings highlight how specific head orientations and fixation durations differentially load the neck
musculature, offering the basis for a physiological explanation for discomfort during prolonged
VR use and establishing a baseline for future ergonomic assessments.

Keywords: Virtual reality, head-mounted display, 3D user interface, head movement, ergonomics, EMG, Surface electromyography

1 INTRODUCTION

Head-mounted displays (HMDs) enable interaction within 3D environments primarily through head
movement, which controls the user’s view and often serves as an input modality. These interactions require
the neck muscles to move, rotate, and stabilise the head — effects which are exacerbated by the additional
weight of the HMD (Chen and Wu, [2023; Souchet et al., 2022} |Kazemi and Lee, 2023). Despite the fact
that virtual and augmented reality (VR/AR) have seen a rapid uptake (Fares et al., 2024)), the effect of
head-based interaction in VR on the neck has not yet been quantified. We provide the first empirical
characterisation of neck muscle activity via surface electromyography over time while using a VR-HMD
in a seated fixation task, considering head and torso rotation. Having a deep understanding of how an
HMD impacts the neck musculature is essential for the ergonomic design of AR/VR user interfaces. Once
developers and designers understand how head fixation and rotation affect neck muscle activity, they can
build user interfaces that mitigate negative effects and, by that, ensure productive and enjoyable usage.

Even without considering HMDs, neck pain is one of the most common musculoskeletal disorders (27
per 1000 in 2019, Kazeminasab et al. (2022)).Modern headsets with a weight of around 600 to 650 grams
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(Apple Vision Pr introduce additional mass and shift the wearer’s centre of gravity forward (Chen and
Wul, 2023; Souchet et al., 2022; Kazemi and Lee, [2023)), exacerbating the problem. Besides, over-extended
sessions are common in VR/MR applications, such as immersive gaming, reading, or 3D modelling, forcing
users to continuously engage their neck to control the HMD. Specifically, these repetitive or sustained
loads on the neck muscles can cause fatigue, localised pain, and, in some cases, longer-term postural issues
(Gosselin et al., 2004).

Within those neck muscle loads, sustained head fixation appears to be both important and potentially
discomfort-inducing. This happens because humans tend to hold their heads very still while performing
tasks that require focused visual attention, such as reading detailed text, inspecting fine graphical elements,
or searching for specific items in a complex virtual scene (Rayner, 1998 |[Fang et al., 2015; Sidenmark and
Gellersen, 2019). This stillness, combined with the need for neck muscles to maintain a constant posture
and perform continuous contractions, can quickly lead to muscle strain and discomfort (Sadamoto et al.,
1983; McNeil et al., 2015). Additionally, prior work in ergonomics and human factors has shown that
sustained muscle contractions, particularly in low-load static postures, can be more discomforting over
time than movements of comparable effort (Mousavi-Khatir et al., 2018)).

To avoid these negative consequences and optimise user interfaces for AR/VR, fundamental knowledge
about neck muscle activity characteristics during HMD usage is essential. However, few investigations
have directly measured neck muscle activity during HMD usage (e.g., Kim and Shin| (2018))), and none
have measured it during sustained off-centre fixations (e.g., during reading on a second virtual screen).
Notably, previous work by Zhang et al. examined neck muscle activity during head pointing at targets
in the visible range of an HMD (Zhang et al., 2023)). They integrate their data into an overview of neck
muscle activity and a model to predict it. However, the study did not encompass the full range of head
movement and focused primarily on short fixations (as they occur during brief glances away from the
neutral head position). With that in mind, we conducted a study (N = 15) in which participants were tasked
with turning their heads from a neutral position to a target angle. There, they were shown a video clip that
required their focus for 30 seconds. After that, they returned to the centre position, rested for 5 seconds, and
moved on to the next target. Neck muscle activity was measured using surface electromyography (sSEMG),
with electrodes positioned on the sternocleidomastoid muscle (SCM), splenius capitis muscle (SPL), and
extensor muscle group (EXT, cf. [Figure 4). We collected data for 67 head poses for head rotations in the
range of +80° (yaw) x£50° (pitch). Detailed information about neck muscle physiology is in Section 2.1

In this study, we set out to characterise neck muscle activity during head fixation. We explore how neck
muscle activity develops during sustained head fixation across a large neck rotation range and the torso’s
role during head rotation. Among others, we outline that activity increases significantly for larger head
rotation angles. We also describe the asymmetry in neck muscle activity and a stronger increase for upward
movements than for downward movements. In addition, we characterise temporal dynamics: Neck muscle
activity increases slowly and steadily over time during head fixation on targets above the horizon, but
decreases sharply within the first 5 seconds during fixation on targets presented to the left or right on the
horizon. The core contributions of our work are:

e An open-source data set of neck muscle activity.
e A characterisation of neck muscle activity, split by muscles, during head fixation over 30s.

e Implications for user interface design based on our descriptive results on neck muscle activity.

!'https://www.apple.com/uk/apple-vision-pro/specs/, accessed: 2025-07-21
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Movement/Direction Target location

Flexion (down) Targets are on the midline below the horizon
Extension (up) Targets are on the midline above the horizon
Left/right lateral rotation (left/right) Targets are on the horizon (left/right)

Left/right lateral rotation with extension (upper left/right) Targets are above the horizon and left/right of midline
Left/right lateral rotation with flexion (lower left/right) Targets are below the horizon and left/right of midline

Table 1. Description of movements and direction terms used throughout the paper.

Our findings provide foundational knowledge that can inform the development of more ergonomic and
healthier systems.

2 RELATED WORK

The neck plays a vital part during human-computer interaction (HCI) as it controls head movements and, in
addition to eye movements, enables us to look around and interact in VR-HMD (Sidenmark and Gellersen,
2019). This makes neck ergonomics especially important. Thus, it has been investigated in various contexts
such as desktop settings (Lee et al., 2018]), tablet interaction (Chiu et al., 2015), smartphone scenarios (Ning
et al., 2015; Yoon et al., 2021} (Choi et al., 2016), mid-air interaction (Kim et al., 2020), and, notably,
extended reality. Before this work outlines the related work on (neck) ergonomics in XR and ergonomics
assessment methods, we provide a primer in neck physiology.

2.1 Physiology of the neck

The human head weighs approximately 4.5-5 kg, and its position relative to the trunk significantly
influences cervical spine loading (Kroemer, 2007; Winters and Cragol 2000; Debnath, 2023). Even small
deviations from neutral posture increase the torque on cervical joints, requiring sustained activation of neck
muscles to maintain equilibrium. Forward head posture or prolonged rotation amplifies these demands, as
extensor and flexor muscle groups must generate counterbalancing forces against gravity and inertial loads.
Over time, such static or asymmetric loading patterns can lead to elevated muscle activity, fatigue, and
discomfort, particularly in tasks involving head fixation or constrained movement.

Head yaw rotation is normally 80° for one side, while neck flexion and extension are about normally 80°
and 50°, respectively (Ahmad Sukari et al.,[2021)). To achieve these head movements, neck muscles like
the semispinalis capitis (part of the extensor muscle group, EXT), sternocleidomastoid muscle (SCM), and
splenius capitis muscle (SPL) are deeply involved (cf. [Figure 4). According to Vasavada et al.| (1998)), most
of the extension moment-generating capacity comes from EXT (37%) and the SPL (30%). In addition,
levator scapulae, trapezius, erector spinae, and suboccipital muscles also contribute 5-10% each (Vasavada
et al.,[1998). Flexion is dominated by the SCM (69%), with small contributions from longus capitis and
colli (17% total) and scalenus anterior (14%) (Vasavada et al., 1998). Lateral rotation comes from trapezius
(32%), followed by 10-20% from SPL, SCM, semispinalis, and suboccipital muscles (Vasavada et al.,
1998)). Generally, these muscles work together to move and stabilise the head (Moore et al., 2013]).

In this work, we used head flexion/extension to describe the user looking down/up, left/right lateral
rotation for looking left/right, and left/right lateral rotation with extension/flexion for the four corners,
such as upper right and lower left (cf. [Table T). Note that left and right always describe directions from an
egocentric perspective (participant view).

Frontiers 3
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2.2 Neck muscle activity in HMD

Previous studies have investigated neck muscle activity when users use phones, laptops, and desktop
computers (Lee et al., [2017; Ning et al., 2015} |Yoon et al., 2021} [Yadegaripour et al., [2021). However,
the relationship between neck muscle activity and HMD has received limited attention to date. Astrologo
et al. (2024) report that HMD leads to increased head movements during slow and fast rotations (due to
the decreased field of view of HMDs) and higher load on the muscles (due to the additional weight of
HMDs, (Chihara and Seo, |2018))). This has been confirmed for short interactions by Zhang et al. (2023)) and
for prolonged usage (60 mins) in a setup where the content was placed in front of the user (+20 yaw x £10
pitch, (Kim and Shin, 2018)). Similarly, earlier work using SEMG to study neck muscle fatigue induced by
different head-worn equipment like helmets and night vision goggles (Thuresson et al., 2005; \Gallagher
et al., 2008)) showed impaired ergonomics and higher load. Specifically, significant increases in upper neck
discomfort were reported as early as hour 2 and continued throughout the session. Moreover, higher EMG
amplitude levels and neck discomfort were observed compared to the initial hours, indicating that time is a
crucial factor in causing neck fatigue (Gallagher et al., 2008), which motivates us to consider the temporal
effect in this study. However, these ergonomic studies have focused on specific tasks or aspects of HMD
usage. A broader understanding of how head pose affects neck muscle activity is necessary.

Notably, Zhang et al.| (2023) recently conducted a study measuring and modelling VR users’ neck
muscle activity levels while pointing at targets for 2 seconds in VR. To do this, they relied on surface
electromyography data (SEMG, cf. [Section 2.3), a technique used to measure the electrical activity of
muscles. They placed electrodes on two neck muscles, the SCM and SPL, to measure EMG while
participants fixated on targets for 2 seconds (63 different positions) within + 50° horizontally and + 30°
vertically. The study found that head pose (yaw and pitch) had a significant influence on muscle contraction
levels. Additionally, their results showed a symmetric neck muscle activity for left and right lateral rotations
and an asymmetric neck muscle activity distribution between extension and flexion. However, a limited
range of head poses and short fixations is not enough to characterise the entire neck muscle activity in a
VR-HMD.

Therefore, this study aims to further investigate and contribute to a deeper understanding of how head
rotation affects neck muscle activity over long fixation durations (30 seconds) and across the full range of
head rotation. We also included the neck extensor group (EXT, in addition to SCM and SPL) as a primary
contributor to head movement, and investigated how torso rotation compensates for neck muscle activity.
By that, we aim to provide insights for scenarios where content is placed at angles that require sustained,
extended head fixation. That could be, for example, multi-screen setups in VR/MR for working (e.g.,
reading, 3d modeling, or coding (Rayner, |1998))) or 360°-videos where viewers follow aeroplanes high
up in the sky (looking up) or observe content that happens below them (e.g., while standing on a cliff in
VR (Lo et al., 2017)).

2.3 Surface Electromyography (sEMG)

Experiments with sSEMG involve placing electrodes on the skin’s surface above the muscles of interest
and recording the electrical signals generated by muscle contractions (Merletti and Farina, 2016). By
analysing SEMG data, researchers and practitioners can evaluate muscle activation and estimate discomfort
and fatigue (Merletti and Farina, [2016). Generally, SEMG is a valuable tool in human-computer interaction,
supporting ergonomics assessment (Yoon et al., 2021} |Choi et al., 2016), interaction design (L1 et al.,
2014)), and acting as a direct input method to control devices (Subba and Chingtham, 2019). However,
sEMG signals can be affected by noise from other electrical devices and movement artefacts and thus need

Frontiers 4
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adequate preprocessing (Merletti and Farina, [2016; |[Halaki et al., 2012). Besides, accurate placement of
electrodes, often done via manual palpation, is critical for reliable and comparable measurements (Merletti
and Farina, 2016)). By that, SEMG provides a direct, real-time, and non-invasive measurement of muscle
activity during tasks or activities (Merletti and Farinal 2016). It can capture muscle activity from specific
muscles or muscle groups with high temporal resolution, valuable information for our study (Merletti and
Farina, 2016). In VR, (Figas et al., 2023) highlighted asymmetries of various muscles (trapezius, SCM)
during short-term motions while wearing a VR-HMD, speculating about an effect of handedness. |Zhang
et al.| (2023)) characterised neck muscle activity for the visible Field of View (FOV) and small fixation
durations.

As ergonomic issues in HMDs are common, they have been studied extensively (Chen and Wu, |2023};
Souchet et al., 2022; Kazemi1 and Lee, |2023; |Chen et al.,[2021). Yet, comprehensive knowledge of neck
muscle activity during prolonged head fixation remains incomplete, which complicates the development of
solutions for work-associated ergonomic musculoskeletal issues. A thorough and precise understanding of
neck muscle dynamics during HMD use, particularly during prolonged periods of head fixation, is crucial.
This understanding enables researchers, developers, and designers to take specific measures to refine device
form factor, interaction methods, and user interface design, aiming to enhance comfort by minimising neck
muscle strain. Our objective is to offer insights into neck muscle activity using SEMG.

3 STUDY METHODS AND MATERIALS

This work aims to investigate how head fixations affect neck muscle activity, simulating users’ daily tasks
in HMDs, such as reading and searching. In our study, participants were instructed to watch a video while
wearing a VR HMD. Every 30 seconds, the video would stop and change position. The video paused
if the participants’ head-forward vector (measured via the HMD) was not pointing at the centre of the
video frame. This means participants had to align their heads to the target to watch the video. The video
continued playing once they realigned their head. We measured neck muscle activity (via sSEMG), head
orientation, and torso rotation.

3.1 Task description

A trial was started with the participants looking straight ahead at a target at (0°, 0°). After that, a blue
target (diameter = 2.68° visual angle) appeared (Figure[La). If the target is farther away than 20°, a blue line
guides participants’ movement. Participants were instructed to rotate their heads towards the target. Once
reached, the video frame appeared (size = 33.4° x 19.2° visual angle) and started playing as long as the
users’ head gaze remained within the region of 2° in the centre of the frame (Figure[1b). While their head
gaze remained at the centre, a video (Your Name, 201@ was played in the background during the head
fixation to keep participants’ attention. If the participant’s head gaze moved away from the centre during
the 30-second fixation, the time counting would pause until their gaze returned to the centre. Generally,
participants rarely deviated from the target; even when they did, they quickly returned. EMG was recorded
when head orientation reached the target and ended when the target disappeared (after 30 seconds). EMG
was recorded only during the head fixation. After each trial, the video player would disappear, while a new
blue target appeared in the centre of the FOV to give participants time to relax their neck muscles for 5
seconds ([Yates et al., (1987} |Lind, [1959). During the rest period, participants did not need to fixate on any

2 https://www.imdb.com/title/tt7456298/, accessed: 2025-07-19
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Video play
during 30s
Head move to head fixation
new target
(a) Head moves from neutral to a new target. (b) Head holds the fixation for 30s before returning to neutral.
Figure 1. Task description]Figure Tat A new head fixation target appeared. Participants were instructed to

rotate their heads towards the target. A blue arrow appears to guide participants’ head movement.
Once reached, a video frame appeared and started playing as long as the participants’ head forward vector
remained within the region of the target.

e pre-study
Main study

40+

201

_20 4

Vertical degree (Pitch, Y)
o
[ ]

T OB OO T TOTOTO
[F% ]

-80 -60 -40 -20 O 20 40 60 80
Horizontal degree (Yaw, X)

Figure 2. Fixation target distribution. The blue dots are the 105 pre-study head fixation targets, and the
orange targets are the 67 of the main study. The red ellipse outlines the average person’s head movement
range (Ahmad Sukari et al., 2021).

target and were allowed to move their necks. Before starting the new trial, they had to return to the blue dot
in the centre.

3.2 Procedure

Participants arrived at the lab, signed an informed consent form, filled in a demographics questionnaire,
and were fitted with the SEMG device, HMD, and tracking equipment. Our goal was to sample neck
muscle activity across a wide field of view (FOV). We initially defined 105 measurement points spanning
from —80° to 80° horizontally and —50° to 50° vertically, as illustrated in To reduce experiment
duration, we conducted a pre-study with four participants (2 male, 2 female; mean age = 22 years, SD =
1.22, range: 20-23). Based on the results, we reduced the number of measurement points to 67 to shorten

Frontiers 6
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Figure 3. Manual resistance for normalising EMG data involves moving the head against resistance in
four directions: flexion, extension, left rotation, and right rotation (Attwood et al., 2022).

the overall experiment duration (cf. [Figure 2)), while preserving high spatial resolution in the central region
where changes in muscle activity were more subtle.

Pilot tests showed that blocks longer than 15 minutes lead to muscle discomfort and fatigue. We stayed
below that and opted to design for 10—12 minutes per block, depending on how fast participants moved
between targets. Thus, each block contained 16 to 17 trials. Participants were given five-second breaks
between trials and five-minute breaks between blocks to minimise fatigue (Yates et al., [1987; Lind, [1959).
The sequence of fixation positions was randomised for each participant to avoid any order effects. In
addition, participants had the opportunity to practice the task until they felt confident.

During the study, participants were seated on a non-revolving chair. They were allowed to make natural
torso movements but needed to keep their lower limbs stationary on the chair and recenter their torso after
each trial. The study was approved by the university’s ethics committee, and the average total duration per
participant was approximately 120 minutes. Participants received £10 compensation for their time. EMG
was recorded only within the head fixation 30-second periods.

3.3 Measures
3.3.1 EMG
3.3.1.1 Measurement setup

sEMG was employed in both pre-study and main study to measure neck muscle activity (8-Channel EMG
Biosignalsplux KitEb. We bilaterally measured 6 EMG channels (1000 Hz sampling rate; 16-bit resolution).
We cleaned the skin with 70% alcohol wipeﬂ and Nuprep geﬂ before attaching electrodes. Medical tapelﬂ
was used to strengthen the electrode adhesion and ensure good signal acquisition because the neck skin
is unstable during head movement. We used gelled self-adhesive disposable Ag/AgCl electrodes (round;
diameter: 24mm)|

Frontiers 7
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Figure 4. sSEMG electrode placement on SCM, SPL, and EXT. Another three electrodes were placed on
the participant’s right side.

214 3.3.1.2 Electrode placement

215  We measure signals at the SCM, SPL, and neck extensor muscle group (EXT) locations (cf. [Figure 4).
216 The electrodes at the EXT primarily measure the activity of the semispinalis capitis, the SPL and the
217 upper trapezius because these three muscles cover each other. Therefore, more than 72% of extension
218 moment-generating capacity, 69% of flexion moment-generating capacity, and 70% of lateral rotation
219 moment-generating capacity muscles are included in the measurement (cf. [Section 2.T)). Final placements
220 were determined through manual palpation of each subject, following the instructions of Sommerich et al.|

221 (2000).

222 3.3.1.3 Data filtering and artefact removal

223  The raw EMG signal was filtered by a bandpass filter with a 15Hz to 450Hz frequency to remove noise
224 and highlight relevant frequencies 11997). After performing full wave rectification, we applied the
225 Savitzky-Golay filter to smooth the EMG data for reduction of high-frequency noise and highlight the
226 signal envelope (Kline and De Lucal, 2014; [Staudenmann et al., 2006). While the moving average filter is a
227 simple and efficient option, it may not preserve signal features as well as the Savitzky-Golay filter, which
228 utilises polynomial fitting for a more sophisticated smoothing process (Kawala-Sterniuk et al.,[2020). Then,

3 nttps://www.pluxbiosignals.com/collections/research-kits/products/8-channel-biosignals—kit,accessed: 2025-07-
18

4 https://optimummedical.co.uk/product/optipro/, accessed: 2025-07-18

5 https://www.weaverandcompany . com/products/nuprep/} accessed: 2025-07-18

6 https://medical.essity.co.uk/brands/orthopaedics/category-product-search-o/physiotherapy-bandages/
strapping-tapes/leukotaper-p.html, accessed: 2025-07-18

7 lhttps://www.pluxbiosignals.com/en-gb/collections/electrodes/products/gelled-self-adhesive-disposable-ag-agcl-ele
accessed: 2025-07-18
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the processed EMG would be divided by the corresponding Maximum voluntary contraction (MVC) value
measured before, and the output would be normalised EMG.

3.3.1.4 Data normalisation

Given that numerous internal and external factors influence EMG amplitudes, such as muscle size and
skin conduction, the recorded amplitudes cannot be directly compared without normalisation (Halaki et al.,
2012). MVC EMG amplitudes are commonly used to normalise the EMG signal (Criswell, 2010} Yang
and Winter, 1984; [Netto and Burnett, 2006). MVC is each channel’s absolute maximum EMG amplitude
(not related to the specific head movement). We measured MVC by manual resistance for each desired
head direction, including head flexion, extension, and left and right rotation (Figure 3). During the manual
resistance, users were expected to gradually increase the force and manual resistance to the maximum
and maintain it for 10 seconds. To avoid muscle fatigue accumulation, there was a 10-second rest period
between each manual resistance test (Yates et al., [1987; Lind, 1959). We used the maximum amplitude as
the muscle MVC. Before the MVC measurement, we performed a baseline measurement in the resting
position for 20 seconds. We treated the average as the minimum value for each electrode pair. The minimum
EMG generally contains noise, cross-talk, or electrode offset. With minimum and maximum value, we
normalised data with EM Grorm = (EMGprocessed — EMGmin) [ (EMGmae — EMGipin) * 100%. This
normalised EMG is functionally equivalent to %MV C and can be used to describe the level of motor unit
recruitment.

3.3.2 Torso rotation

We measured torso movement with an HTC Vive tracker 3.(ﬁ attached to the participant’s chest. The
tracker recorded the torso’s orientation when the user’s head was at the centre before the head movement
for a fixation trial and the mean torso orientation during head fixation trials. The final torso movement
is the difference between the above two recorded positions. Note that torso rotation was only measured
during the main study.

3.4 Apparatus

We developed the task scenarios with Unity 2021.3.14f1. We used an HTC VIVE Pro Eye VR headset
for the study, with 110° diagonal FOV, 2880x1600 pixels resolution, and 90 Hz refresh rate on a computer
with an Intel Core 17-12700 CPU, 16 GB RAM, and an NVIDIA GeForce RTX 3070 Ti GPU. Additionally,
we utilised an HTC VIVE Tracker 3.0 to track participants’ torso rotation during the study, securing it to
the chest with a harness.

3.5 Participants

We recruited 19 participants. 4 were excluded due to neck muscle pain and excessive hair growth on the
neck, preventing electrode placement. In the end, we included data from N = 15 participants (5 identified
as male, 9 identified as female, and 1 identified as non-binary). All were students from the local university.
On average, participants were M = 25.1 years old (SD = 3.4, Min = 21, Max = 33). 12 self-reported being
right-handed, and 3 being left-handed. All participants reported no neck or shoulder pain or related disease,
and no dermatological conditions.

8 https://www.vive.com/uk/accessory/tracker3/, last accessed: 2025-07-18

Frontiers 9


https://www.vive.com/uk/accessory/tracker3/

266
267
268
269
270
271

272

273

274
275
276

277
278
279
280
281

282

283
284
285
286
287
288
289
290

291
292

Lietal.

N
B
[

Sum of 6 channels normalised EMG

e Measured Points

Vertical degree (Pitch, Y)
S 8 8 B o5 N
w 19, w w

w
w

w

—-80-70-60-50—40-30-20-10 0 10 20 30 40 50 60 70 80
Horizontal degree (Yaw, X)

Figure 5. Mean neck muscle activity by head pose over 30 seconds.

4 RESULTS

We present a description of neck muscle activity over time and target angle. We further characterise the
influence on torso rotation during head rotation in VR. The study’s results are presented in three parts, each
corresponding to a research aim: viewing angle development over time in and
torso rotation in If not explicitly mentioned, all angles are the angles of the HMD, consisting
of neck and torso rotation. If not explicitly split up, neck muscle activity is the sum of all 6 normalised
EMG measurements. Raw data and scripts for data processing are available in the Supplemental Material.

4.1 Influence of viewing angle
4.1.1 Average neck muscle activity

Figure 5|illustrates the average neck muscle activity during head fixations of all participants over 30
seconds. For each measurement point, we averaged the data of the 30-second interval. We linearly
interpolated the data from the measurement points to generate the heatmap.

Average neck muscle activity in the centre (vertical: -10° to 15°; horizontal: £ 30°) is lower than in the
periphery. This is expected as more eccentric angles require higher muscle activity to move the head to
the position and keep it there (stabilisation). Neck muscle activity is not symmetric along the vertical axis.
Instead, the neck muscle activity increase is less steep in the lower half (< 0°) compared to the upper half
(> 0°). Along the horizontal axis, neck muscle activity is relatively symmetric.

4 1.2 Individual muscle contribution

Figure 64| illustrates the individual muscles %MVC along the vertical axis (extended and flexed neck).
The figure shows an asymmetry of neck muscle activity in the upper and lower areas. The upper area
requires more than twice the total neck muscle activity (analogous to|Figure 5|in Section 4.1.2)). Most neck
muscle activity in extended positions is caused by the left and right SCM (up to 60 %MVC), while the
left and right EXT account for a significant amount of neck muscle activity in flexed positions (keeping
it from “falling” further down; about 20 %MVC). In upper visual field targets, the left and right SCM
together account for up to 70% of total muscle activity, while for horizontal rotations, each SCM contributes
approximately 50%.

illustrates the individual neck muscles along the horizontal axis. While there is a slight
asymmetry in individual muscle contribution (e.g., left and right SCM), we could not find a systematic
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Figure 6. Individual EMG channels neck muscle activity, averaged over 30s, along horizontal and vertical
direction with %MVC (individual normalised EMG). Fig.[6a] shows the mean neck muscle activity in the
vertical axis (x=0) and Fig. [6b]in the horizontal axis (y=0).

asymmetry upon closer inspection of other points and data. Left and right SCM %MVC reach around 80
in the outermost head position, indicating a higher risk of neck fatigue in these positions. SPL. and EXT
increase when head fixation is toward the periphery, but generally below 20 %MVC. All neck muscle
activity remains low between horizontal -30° and 20°.

4.2 Temporal dynamics of muscle activity
4.2.1 Breakdown by individual directions

Figure 7| shows neck muscle activity along the eight measured directions for the 30-second interval. Each
sub-figure corresponds to a direction. Each line illustrates the temporal behaviour of one target. Neck
muscle activity increases with more eccentric angles for all directions and positions. In addition, for very
eccentric lateral rotations and rotations with extended necks, data show a pronounced decrease directly after
participants reached the target point. These results may imply that transitioning toward the position involves
more neck muscle engagement than simply sustaining or stabilising it (as in Section [2.1)). For positions with
a very extended neck without rotations, neck muscle activity initially increases. This suggests that reaching
the position may be relatively easy, whereas maintaining and stabilising the head there may require greater
neck muscle activity. For all positions with a flexed neck (with and without rotation), neck muscle activity
is low, especially compared to positions with an extended neck in the outermost positions. There are also
no particularly outstanding spikes, increases, or decreases throughout 30 seconds.

4.2.2 Individual neck muscles over time

Figure [8| shows neck muscle activity of the eight outermost target positions as a line chart, illustrating
the behaviour of the different muscles and muscle groups for selected data points (each graph shows neck
muscle activity at measurement point). The individual normalised EMG increase beyond 100 in Figure (a)
(c) (d) (f). This may be explained by MVC and baseline measurements, which may be subject to variability,
influenced by individual or contextual factors.

SCM activity in the upper direction (b) increases sharply within the first three seconds by about 100%,
whereas in lateral rotations, it decreases by roughly 30% over the same period in subfigures (d, f). EXT
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Figure 7. Neck muscle activity over the 30s along the eight measured directions and the neutral position.
Each sub-figure corresponds to one direction. Each line corresponds to the normalised neck muscle activity
at one head position. The legends indicate the positioning (yaw, pitch) coordinates. (a), (c), (d), and (f)
show spikes in the beginning, followed by steady activity. (b) and (h) show initial increases for eccentric
angles. (g) and (1) are stable. Generally, activity increases at more eccentric angles.

activity remains low. SCM remain high about 100 %MVC and slightly increases during the periods in
(a, ¢). The SCM dominate neck muscle activity for lateral rotations with and without extension. The
initial peaks (d, f) are primarily because of high SCM and EXT (ca. 20% and 40% above average); their
activity decreases after a short time. The SPL pair stays relatively stable. Generally, the extensor muscle
group (EXT) is responsible for moving the head in extended positions, but relaxes shortly after the target
orientation is reached.

For the lower area, SCM decreases for rotations with a flexed neck (or starts low), but EXT increases over
time, suggesting an increased activity for stabilisation (keeping the head in position). The other channels
remain low during flexion.

4.3 Torso rotation

Figure 9|illustrates torso rotation by head rotation. The torso’s rotation is roughly symmetric along the
horizontal axis, increasing towards more eccentric lateral rotations. Asymmetry is also found in the vertical
axis, where looking up led to less torso compensation. Torso rotation in the horizontal direction is higher
than in the vertical direction, where horizontal torso rotation can be up to 14° while around 7° in the vertical
direction. Besides, we observe a relatively large no-torso rotation area in the centre, +40° in horizontal and
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Figure 8. Examples of neck muscle activity in 30 seconds with 6 EMG channels shown in different lines
at the outermost positions with %MVC (individual normalised EMG). (a), (b), (c), (d), and (f) show that
the SCM dominates neck muscle activity for horizontal and lateral extended rotations with relatively stable
activity over time after an initial drop. (g), (h), and (i) are stable.

from +30° to —20° in vertical. The shape of the contour line is more like a rectangle, which is different
from the ellipse-shaped neck muscle activity heat map We believe this is because the chair’s back
limits the user’s torso compensation in the vertical direction, and the physical structure of the human torso
is more effective in horizontal rotation (Apti et al., 2023)).

We calculated the correlation between average neck muscle activity and torso rotation for lateral rotation
(left/right) and centrally extended/flexed positions (up/down): The Pearson Correlation Coefficient (PCC)
between horizontal torso movement and mean neck muscle activity over 30s is 7 = 0.984, and for the
vertical axis, 7 = 0.705, indicating a positive correlation. Note that this refers to the horizontal and vertical

axes of both heatmaps and 9).

5 GENERAL DISCUSSION

In this paper, we characterised neck muscle activity during head fixation while wearing an HMD, quan-
tifying real-time EMG data. Specifically, we investigated the effect of target locations, fixation time,
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Figure 9. Interpolated heat map of mean torso rotation during 30-second fixations with measured points.
The X and Y axes are the head fixation positions, and the colour indicates torso rotation.

and torso rotation on neck muscle activity. In the following, we contextualise our findings to deepen the
understanding of neck muscle activity.

5.1 Neck muscle activity in time and space

We found neck muscle activity to be asymmetric along the vertical axis. This aligns with the natural
range of motion of the head, which is larger for extension than for flexion (Swartz et al., 2005) and agrees
with prior findings in studies without HMDForsberg et al| (1985). The difference in range of motion,
muscle sizes, and strengths between SCM and EXT is a major source of this asymmetry (Vasavada et al.,
2001)). Comparing our data and asymmetry with results from Zhang et al.| (2023)), while comparable
for neck extension, results differ for targets that require flexion. Their results indicate a decrease in neck
muscle activity between -10° and -25° before activity rises again between -25° and -30°. In our data, neck
muscle activity increased steadily for more eccentric targets without any decrease. We assume that the
reason for this is the extensor group (EXT), which adds additional neck muscle activity to the signal (see
[Figure 6a)) (Moore et al., [2013). Notably, our vertical asymmetry and horizontal symmetry correspond with
the natural head movement range, which is also asymmetric along the vertical direction but symmetric along
the horizontal axis (Ahmad Sukari et al., 2021)). These findings emphasise the importance of considering
muscle-specific contributions when interpreting EMG data in HMD contexts (rather than total EMG),
especially for postures involving vertical head movement.

Neck muscle activity exhibits distinct temporal dynamics within the first five seconds of head fixation
(Figure 7] Figure[8). For neutral and extended rotations, EMG signals begin at a high level and then decline.
In contrast, for pure extension movements without rotation, muscle activity increases over time. These
patterns may be driven by a combination of factors: the need for deceleration and stabilisation (Pope-Ford!
2013}; [Latashl 2018]), but also gradual postural adjustments. Consequently, our results suggest that certain
head angles are not inherently unsuitable for interaction, but rather that their viability depends on the
specific context and duration of use.

Our results show that the sternocleidomastoid (SCM) is a primary contributor to elevated neck muscle
activity overall and its temporal dynamics during head fixation. Given that the SCM is relatively small
and generates less force compared to other neck muscles (Vasavada et al,[1998)), it still is the primary
contributor and likely operates at higher activation levels to drive head stabilisation and movement. This
suggests that reducing SCM workload is key to improving neck ergonomics in HMD-based interactions.
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To that end, future VR research should explore strategies to alleviate SCM strain through both hardware
(e.g., dynamic load balancing on the HMD, advanced neck exoskeletons) and user interface design (e.g.,
adaptive interfaces that balance SCM load by repositioning, interaction pacing, and multimodal input).

Muscle fatigue is likely to occur when a muscle operates at a high percentage of its %MVC (Gandevia
et al.| [1995). As illustrated in Figures [§fa, b, c, d, f) and [6b] the %MVC (normalised EMG) for the left and
right SCM consistently range between 80 and 100, suggesting an increased risk of muscle fatigue under
these conditions.

Torso rotation was highly correlated with horizontal head rotation (PCC = 0.984). This was most likely
because participants began rotating their torsos as they approached the mechanical limits of neck rotation,
a strategy known to reduce neck strain (Guo et al., 2021)). In this context, torso rotation might serve as a
practical proxy for neck strain in the horizontal plane, as it is easier to integrate than EMG. The central
region with minimal torso movement may represent a ’neck comfort zone,” where head poses
can be maintained without compensatory body movement and low neck muscle activity.

Together, these findings highlight the complex interplay between muscle-specific activation, temporal
dynamics, and compensatory strategies like torso rotation in shaping neck load during VR use. Under-
standing these patterns is essential for designing more ergonomic VR systems that align with the physical
capabilities and limitations of the human body.

5.2 Ul design implications

Our data provides a detailed characterisation of neck muscle activity across both spatial and temporal
dimensions. This characterisation offers insights into how different head poses and fixation durations affect
neck muscle activity in the context of HMD-based interactions. In addition, the temporal dynamics of
muscle activation, especially the early-phase changes, can inform user interface design strategies. Building
on these findings, we outline several recommendations for reducing neck muscle load:

1. Fixations in lower area require little muscle activity: Both spatial and temporal data show that the head
fixates in positions below the horizon (flexion) lead to relatively low neck muscle activity, even for
rather eccentric target positions. Thus, this area can be considered an appropriate (fallback) solution
for user interface designers if content cannot be placed at the centre.

2. Use the area above but close to the horizon: For head shifts to targets above the horizon, relatively close
to the centre, neck muscle activity is comparable to targets below the horizon (0°-20° vertical and
-30°—+30°. Here, targets can be placed without leading to considerable neck strain within 30 seconds.

3. Avoid Uls that require repeated fixations in the upper left and right: Looking up is generally expensive,
and neck extension with lateral rotation towards eccentric targets leads to spikes in neck muscle activity.
Thus, repeated short head shifts (<1 second) towards these directions should be avoided.

4. Fixations with strongly extended neck are tolerable — if short: Head shifts requiring large neck
extensions without rotations are forgiving within the first few seconds, but activity increases quickly
(>2s). Here, interactions should be short.

5. Avoid fixations that require large lateral rotations: While low for targets close to the centre, lateral
rotations along the horizon lead to spikes in neck muscle activity for more eccentric target locations
(>40°). The most eccentric targets lead to the highest measured neck muscle activity. This suggests
that repeated short head shifts in the medium range should be implemented only carefully, and very
large head shifts should be avoided altogether. If absolutely necessary, these locations should be used
for very infrequent but longer interactions.
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6. Torso rotation as proxy for "neck comfort zone”: We observed that as cervical rotation approached par-
ticipants’ comfortable limits, trunk rotation increased non-linearly, suggesting that trunk involvement
co-occurs with high cervical loading and may serve as an indirect marker of neck loading strategy:
frequently used interface elements can be put in the no-torso-rotation area (0°-2.5°). For this, torso
rotation could be tracked with inverse kinematics (e.g., FinalIK for Unity ﬁ)

5.3 Limitations and future work

Generalisation is limited, as our sample consisted of only 15 participants, predominantly university
students around 25 years old and mostly right-handed, resulting in a very young and healthy user group.
This study was conducted exclusively using the HTC VIVE Pro Eye HMD, which limits generalisability to
other headsets with different weights and centres of gravity. However, given that most contemporary HMDs
fall within a similar weight range and design, we expect that the overall patterns of muscle activity and
temporal dynamics would remain consistent across devices, though absolute values may vary. Future work
should validate these findings across a broader range of HMDs to confirm the robustness of our findings.

As we set out to characterise muscle load, we only provide pure EMG data and no other subjective
measures about fatigue, perceived exertion, or similar. Thus, our data does not allow precise statements
about ergonomics, although high neck muscle activity suggests poor ergonomics (Cheung et al.| (2003)).
Future work should correlate target locations with subjective measures to provide insights into ergonomic
limits.

The nature of EMG and common measurement biases, such as the precision of electrode placement and
skin conditions during signal acquisition, introduce additional measurement errors. We ensured proper
placement through manual palpation and prepared the skin before electrode application to avoid these biases,
but we can not fully prevent them. In addition, the manual measurement of MVC relies on participants’
subjective feelings, introducing potential bias that affects normalisation. It can lead to values of %MV C
above 100. In our case, this mostly happens in the beginning of the measurements. One possible reason is
that we measure MVC with isometric contractions. However, the values above 100% MVC happen at the
end of a head movement during dynamic contractions.

We cover a large angular area, but at the cost of sampling density. Distributing our fixation point along
three axes provides us with high-quality data along this axis. However, data is interpolated between the
axes and thus is less accurate. This needs to be considered when interpreting the data, especially the heat
maps.

Our design implications are grounded in SEMG-derived muscle activation during fixations and therefore
do not capture vertebral mechanics, ligamentous or capsular loading, or subjective discomfort. Low muscle
activation does not imply that a posture is biomechanically safe. Prolonged head fixation, particularly
at eccentric poses, may still impose adverse loads on cervical joints and soft tissues. We present the
implications as guidance only and recommend validating placement policies with measures of spinal
mechanics and user-reported comfort in future work.

Finally, our data showed peculiar neck EMG dynamics in the onset of head fixation. Future studies should
record and analyse neck EMG during head movement to further explain those dynamics.

9 https://assetstore.unity.com/packages/tools/animation/final-ik-14290| accessed 2025-07-18
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6 CONCLUSION

This work presents the first empirical characterisation of neck muscle activity during prolonged head fixation
in VR, offering a detailed view of how different head poses and durations affect muscle load. Our findings
reveal spatial asymmetries, distinct temporal dynamics, and the dominant role of the sternocleidomastoid
(SCM) in supporting head stabilisation, particularly during upward and lateral gaze. These insights are
central for understanding the physiological demands of HMD-based interaction and provide a foundation
for ergonomic design in AR/VR. By releasing an open dataset and highlighting key muscle-specific and
temporal patterns, we enable future research to build on this work. As immersive technologies continue
to expand into everyday use, ensuring their long-term usability and safety becomes not only a design
challenge but a public health concern. Our study contributes to this effort by offering actionable insights
and a physiological baseline for designing healthier, more sustainable VR experiences.
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