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ARTICLE INFO ABSTRACT

Keywords: Blind area manual assembly arises from the narrow and inter-obscuring structures of products which makes it
Mixed reality difficult for workers to see the assembly site. Mixed Reality (MR) visualization systems can provide intuitive
Blind area assembly interfaces to improve efficiency and reduce errors in blind assembly, but the neural mechanisms in MR
EEG

visualization of blind area assembly are not well understood. We conducted a user study (N = 24) that
compared the difference in cognitive load between using a future advanced visualization system simulated
using MR (Low latency, high accuracy and easy detection of current movements) and blind area assembly
with the intention of explaining its core dynamics. Significant differences in electroencephalographic (EEG)
features including power spectral density (PSD), coherence (Coh) and event-related potentials (ERPs) were
analyzed between the two conditions. And the overall EEG was divided into three segments based on three
events (Pickup, Localization and Insertion). The results showed that MR visualization exhibits PSD features such
as decreased theta power, increased gamma power, and increased beta power, Coh features such as weakened
theta, alpha connectivity, and increased beta, gamma connectivity, and shorter latencies for ERP components
such as N2 and P300 at specific phases. We discuss these insights and directions for future work. We hope
that research this may provide suggestions for the construction of current blind area assembly visualization

systems.

1. Introduction to implement in narrow areas. Using tactile sensation or contact force
between parts to achieve precise positioning has been proven to be an
Manual assembly is an indispensable activity within the field of effective solution [6,10]. This phase is often just before the assembly
manufacturing engineering. However, the potential for human error is finished, and the operator still needs to hold the part in mid-air and
to affect assembly efficiency is a significant concern [1]. This is par- find the correct position. However, hand movements and the posture

ticularly the case for blind area assembly where the operator’s vision of the part while being held are difficult to track.
is affected by mutual occlusion between assembly parts [2]. Given MR may be used to overcome some of the limitations of blind area

structural complexity, cost, etc., blind area assembly cannot necessarily
be deconstructed into an unobstructed form that provides intuitive
assembly training. Mixed Reality (MR) technology can superimpose
virtual information onto the real world, offering promising solutions
for human-computer interaction in manual assembly processes [3].
Previous studies [4-8] have employed Augmented Reality (AR) to
visualize invisible parts, gestures, and other elements in blind areas,
thereby enhancing accuracy and efficiency in task performance.
Although using sensors such as cameras to collect blind area in-
formation in real time can produce intuitive results [8], but this can
also cause problems with hand-eye coordination [4,9] and is difficult

assembly. MR simulation [11] is considered a method that can be used
to control experimental variables as a tool for evaluating AR systems
that can provide a better field of view(FoV), clarity, etc. In this paper,
the obstacles for blind area assembly are addressed by MR simulation,
which provides future-proof systems with advanced performance, and
it helps us to advise on the development of systems for the present.
MR visualization is generally expressed by means of a virtual model,
as its purpose is to mimicking the assembly action in a non-blind area.
Considered on a cognitive level, the difference between MR visualiza-
tion and blind area assembly focuses on the visual representation: the
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virtual model is superimposed in real time on the invisible. Previous
studies [12-14] have shown that seeing virtual body movements can
trigger similar activation patterns in the brain as viewing real-world
scenes. However, operators in blind area assembly cannot see the
structures in the real world, and although they can learn from process
manuals and perceive the shape through touch and force feedback,
their understanding of the blind area assembly is a kind of motor
imagery [15]. This means that operators generally do not have a priori
experience of actually operating in a blind area. Kinesthetic experience
should be valued more than visual representation of movement [9],
thus, there could be a difference between MR kinesthetic experience
and blind area motor imagery in terms of brain activation patterns.
However, this is an area of research that has not been well studied.

In this paper, we explore the impact of MR visualization for blind-
area assembly on brain activity, with a specific focus on its role
within human-centered manufacturing systems. Rather than targeting
the optimization of production equipment or process planning, this
work addresses the cognitive and interaction layer of manual assembly,
which constitutes a critical yet often underexplored component of
digital manufacturing systems.

Compared with previous studies, the main novelty of this work lies
in the task-driven integration of an MR-enabled blind-area assembly
simulation with Electroencephalography (EEG) analysis, enabling the
investigation of how advanced in-situ visualization influences oper-
ators’ cognitive processes during assembly. By modeling the entire
assembly process under MR and analyzing brain activity across key
assembly events, this study aims to uncover the influencing factors and
core cognitive mechanisms underlying MR-assisted blind-area assem-
bly. The ultimate goal is to establish a cognitive-level understanding
of human-computer interaction in assembly tasks, and to provide
design-oriented insights that can inform the optimization of human-
computer integration in digital manufacturing systems, particularly
for precision-demanding, confined-space assembly scenarios requiring
real-time feedback. Our contributions include:

1. Creating a MR visualization method integrating gesture tracking
and force sensing devices aimed at simulating future advanced blind
area assembly MR-enabled systems.

2. Developing a prototype system and conducting a user study to
evaluate the system and user experience.

3. Exploring the core dynamics of MR visualization and blind area
assembly using EEG analysis and providing some recommendations.

2. Related work
2.1. MR-enabled blind assembly

The concept of MR/AR-enabled blind area assembly was first pro-
posed by Wang et al. [2,16], who highlighted the potential challenges
associated with the use of handheld parts or tools in confined or narrow
spaces. These limitations, as they relate to the assembly process, stem
from the lack of the necessary visual information, which can lead to
difficulties or even block the assembly process itself. One of the biggest
challenge in AR visualization comes from motion tracking. Khenak
et al. [17] compared the difference between visualizing frames or axes
for assembled objects in the blind area, however, this may not be
applicable for more complex structures as the full model is not shown.
There are several examples of MR and AR being used for bland area
assembly. Chu et al. [18] built an MR assembly scene and tracked
hand movements through Leap Motion sensors and used this to infer
the position of parts. They found that when approaching the exact
assembly position, the operator tended to locate it by feeling with
their fingers. Zhang et al. [5] used data gloves to locate gestures and
indirectly calculated the positions of fingertips and parts, but found
that using the shoulder position as a reference may cause greater error
accumulation. Wei et al. [19] proposed an interactive AR solution for
occlusion perception that allows for complete visualization of the part
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while the hand is occluding it, but this is not applicable when the part
is completely occluded. Feng et al. [4] used the position of a head ray
to make the target area semi-transparent. In a bolt installation task,
they also used hand tracking to indirectly express the position of parts
indirectly. The results of their user study indicated an improvement
in both learning ability and operational efficiency. In addition, they
discussed the method of installing a mini camera on the hand to provide
a third-person perspective. Although this improved efficiency in some
cases, the lack of incoordination between hand movements and video
images brought great difficulties to the operator. Hou [8] et al. focused
on providing dynamic status monitoring based on RGBD data, making
the system more applicable. Zheng et al.’s [20] work focuses with
recognizing arms and guidance, but this also requires the deployment
of tracking sensors.

However, the sensor devices used in the above-mentioned AR sys-
tems will take up additional space, and the use of wearable devices such
as data gloves raise bring about the problem of inaccurate positioning.
One solution for this problem is to use force feedback for positioning
near the assembly completion stage, which makes full use of the assem-
bly scene itself and conforms to the operator’s intuition. In the work of
Zhang et al. [6], the effectiveness of applying force sensing devices has
been verified, but the gestures were not fully tracked. In this paper,
we aim to improve system performance that is currently unattainable
by integrating devices such as MR, force sensing and haptics for blind
area assembly visualization that is as complete and accurate as possible.

2.2. Perception of virtual movements

The hands and arms are the main parts of the users in the assembly
action and are our concern and so we wanted to focus on the perception
of virtual movements of these body parts. Our research compares
of blind area assembly with MR visualization, using EEG features
encompassing cognitive workload [21], attention [22], stress [23],
and emotion [24]. These are widely used to measure user experience
during human-computer interaction, but also to focus on their core
difference: the EEG patterns of real-time action virtual projection and
visual-guidance-free operation. Previous work [12,25,26] has shown
that motor training in virtual reality produces similar positive effects
as real-world training. Motor neurons are modulated by visual infor-
mation [27], and motor errors in vision can affect motor learning
[28,29].

Perani et al. [30] compared the effects of observing virtual move-
ments and real movements on brain perception. They found that only
real movements can activate the visual spatial network, otherwise, it
only starts the visual perception process. However, they only studied
passive observation of movements, rather than actively moving real
hands or virtual hands. Daniel et al. [31] investigated simultaneous
haptic stimulation of human hidden real and virtual hands, pointing
out that subjective illusions of virtual hand ownership can also be
induced by imagining motor behavior following virtual hand move-
ments. Through their study of the threat of virtual hands, Gonz’alez-
Franco et al. [32] noted that when individuals develop the illusion of
ownership of a virtual body, there is an autonomic response that corre-
sponds to what is observed in events that occur in reality. Alimardani
et al. [33] pointed out that in hand motor imagery, visual observation
similar to real hands optimizes information integration in the brain,
thereby providing a sense of embodiment. Silvia et al. [34] compared
the differences in executing hand movements from a first-person view
in reality, a VR scene showing realistic virtual hands, and a VR scene
showing abstract virtual hands. They found using realistic hand models
can evoke comparable lateralized activation patterns in motor brain
areas than in real-world scene.

More features of virtual hand movements also influence the inter-
action process, Tieri et al.’s [35] data suggests that limb discontinuity
alters the ownership and agency of the virtual body as observed by the
individual’s first-person perspective, even without any multi-sensory
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stimulation of the real body. However, this does not mean that the
virtual hand needs to be made more realistic, and the work of Ferran
et al. [36] demonstrates that the sense of agency is stronger for less
realistic virtual hands, and that the greater sense of ownership of the
human virtual hand benefits from the direct mapping between real
and virtual hand degrees of freedom. Avinash et al. [37] point out
that speed is an important component in combining hand movements
with visual and proprioceptive information during interaction with real
and virtual objects. Schwind et al. [38] investigated the effect of hand
appearance on how the brain combines visual and tactile signals using
a cue-conflict paradigm. They show that deviations of virtual hand
appearance from human norms affect haptic experience, but do not
systematically affect performance on discrimination tasks.

Unlike previous work, our study is driven by the assembly task
and analyzes the virtual visualization behavior individually in segments
based on haptic and force characteristics.

2.3. EEG analysis in assembly

Most of the previous studies on EEG-assisted assembly have only
considered relatively single EEG features. Xiao et al. [39] presented a
method for assessing brain fatigue in operators during manual assembly
processes, using power spectral density(PSD) as the primary test indica-
tor. Similarly, Kosch et al. [40] help assess cognitive load by measuring
alpha power. Pusica et al. [41] also recorded frontal theta and parietal
alpha power to assess assembly work. Qin et al. [42] presented a
method for assessing brain load in timber frame assembly in which PSD
measurements were applied. They [43,44] also proposed methods for
categorizing and predicting cognitive load. Morton et al. [45] found
that a lower individual alpha frequency (IAF) served as a marker to
distinguish between different levels of cognitive load and overload.
Alessa et al. [46] measured PSD in the theta, alpha, and beta frequency
bands to evaluate cognitive processing workload in assembly. Mijovié¢
et al. [47] focused on the event-related potential (ERP) amplitude of
the P300 component in the assembly task.

There are also studies in the field of human—-computer collaboration
that apply EEG. Mohammed et al. [48,49] extracted frequency domain
signal features from EEG to generate robot control commands for
supporting collaborative human-robot assembly. Their research [50]
outlines EEG feature extraction and classification methods in human-
computer collaboration. Buerkle et al. [51,52] also uses a similar
approach to predict human movement to improve the safety of human-
connection collaboration. Wang et al. [53] also classified assembly
commands by categorizing time—frequency features.

In summary, the various measures of EEG have yet to achieve
greater potential in the cognitive assessment of assembly tasks, and
in this work we have attempted to analyze the scenario of blind-area
assembly in a more detailed and comprehensive manner.

3. Methods
3.1. MR simulation system

The MR simulation approach has been shown to be an effective
strategy for modeling advanced and non-existent systems. AR interface
design [54], task training [55], and experiential evaluation [56] all
demonstrate the benefits of using an MR simulation approach.

We created the MR visualization system shown in Fig. 1, where hand
movements are tracked and displayed optically by MR head mounted
display (HMD), assembly scenarios are positioned by the controller, and
bolts are positioned by fingertip pressure sensors before touching the
product and a 6-axis force sensor when touching the product. The entire
scene is shown in MR HMD with the pass-through background, and in
order to have better performance we by re-configured the blind area
system into an open structure for easy tracking and localization.
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Fig. 1. Simulated “blind assembly” visualization system.
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Fig. 2. Assembly process under MR system.

Using a black box as a product the user task involved inserting bolts
into holes in the box. This has previous been shown to be a validated
and effective scenario [6]. The setup of the system will be described
next in terms of a complete one-shot insertion process: finding and
picking up the bolt, feeding it into the blind area, finding the target
location and confirming and inserting it.

3.2. Assembly task scenario

The entire background environment is shown in pass-through video.
Firstly the bolts are neatly lined up next to the product, and par-
ticipants see through the pass-through(see Fig. 2a), with the user’s
hand displayed as a virtual model. The blind product is displayed as a
virtual model, and the target bolt location is shown in green(Fig. 2b).
Participants are asked to pinch the bolt and are given a model of the
bolt unobstructed by their hand (Fig. 2c). After the participants take
the bolt behind the corresponding hole and made contact, the bolt is
converted to a visualization via force feedback is provided to enable
more accurate positional tracking (Fig. 2d).
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Fig. 3. Hardware setup.

3.3. Hardware and software

Our system integrates multi-sensor fusion, combining optical, tac-
tile, and force feedback data streams. The prototype system used a Meta
Quest3s HMD [57] with an LCD display, a resolution of 1832 x 1920
pixels per eye and an 89° diagonal FoV, 90 Hz refresh rate. The VR
headset was connected via a USB-C cable to a laptop with the following
specifications: AMD Ryzen 7 5800H Core, NVIDIA GeForce RTX 3060
Laptop GPU, 16 GB DDR4 Quad Channel DDR4 memory, 512 GB SSD.
The operating system was Windows 11 x64. The force sensing device
used was a DECENT y 74 6-axis force sensor [58] with a measurement
range of 3 to 100 Nm and an accuracy of 0.2% full scale. The black box
was made of acrylic sheets and weighed 2.8 kg, while the metal bolt
weighed 10 g. The fingertip-set thin-film pressure sensor was 0.3 mm
thick, with a range of 0 to 500 g with a response point of less than 20 g,
and transmits signals to a PC via a Raspberry Pi zero 2 W. We used
the NSW364 [59], a 64-channel EEG device with a 10-10 international
standard lead system, and we set the sampling frequency to 500 Hz.
Fig. 3 shows the entire hardware setup. The software system was made
in unity 6000.0.27f1 and each function was developed in C# script. The
controller positioning and gesture recognition features were supported
through the Meta XR All-in-One SDK [60].

4. User study
4.1. Research question

RQ1:What are the perceptual and performance advantages of using
MR visualization in situ guidance in blind assembly?

RQ2:How does MR visualization work with brain cognitive pro-
cesses in blind assembly?

4.2. Research hypotheses

H1: perceived usability. MR visualization of in situ guidance
improves system usability for blind assembly.

H2: task performance. MR visualization of in situ guidance im-
proves user assembly speed and reduces errors in blind assembly.

H3: cognitive load. Cognitive load on the brain is reduced with
in-situ guidance of MR visualization of blind assembly.

H4: event impact. Specific event occurrences significantly influ-
ence brain cognitive processes in MR visualization of in-situ guidance
for blind assembly.
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Table 1
Interview questions.
No. Interview question
Q1 Can you describe your overall experience using the MR
visualization system for the assembly task?
Q2 In what ways did the MR visualization make the task easier or
more challenging compared to the traditional method?
Q3 Were there any specific features of the MR system that you found
particularly helpful or distracting?
Q4 How did the integration of gesture tracking and haptic feedback
influence your interaction with the system?
Q5 Did you experience any technical issues or discomfort while using
the MR headset or other equipment?
Q6 From your perspective, what are the main advantages and
disadvantages of using MR for blind area assembly?
Q7 If you were to use this system in a real-world assembly scenario,

what improvements would you suggest to make it more effective?

4.3. Task design

We set up two conditions for user study:

Baseline condition: the participants had to complete the blind area
assembly task following a guidance document, where the perspective
view of the product model and the target location were provided as
paper documents.

MR condition: the participants had to complete the blind area
assembly task in a MR view. During the process participants wore MR
HMD with their hand and the product presented as virtual models,
bolts were similarly displayed as they were pinched out and touched
the product surface, and unused bolts were displayed through the pass-
through background. Semi-transparent bolt models are shown at all
target locations to guide the user.

Participants completed an 18-bolt insertion task in each of the two
conditions and were asked to ensure that the bolts were assembled
correctly, and were informed of the results only after the task was
completed, as shown in Fig. 4.

4.4. Participants

We recruited 24 people, including 18 students and 6 assembly
workers(13 male, 5 female), aged 22 to 32 years (M = 26.17, SD =
3.11). All participants were right-handed. Their vision is normal or
corrected to normal and they do not have visual diseases or disorders
such as color blindness. Of the participants, 20 were familiar with AR
interfaces, providing a rating of three or higher on a 5-point Likert item
(1: novice, 5: expert). This indicated that they were familiar with AR
technology and our results would not be affected by the novelty of the
technologies.

4.5. Procedure

A within-subjects user study was conducted with the two conditions
mentioned above: Baseline condition and MR condition. The sequences
were counter-balanced to avoid learning effects.

Participants filled out demographic questionnaires during the pre-
experiment phase, and their training included an introduction to the
system setup, task requirements, and usage. In the experiment, par-
ticipants were asked to sit down, complete tasks in both conditions,
and wore an EEG cap at all times. Participants were asked to rest with
their eyes closed for 90 s before the task to establish a baseline of
brain activity. After completing each condition, participants completed
the corresponding questionnaires, and at the end were given a gift
valued at $10. The entire experiment lasted approximately 1 h for each
participant. In the final interviews we asked the following questions, as
shown in Table 1.
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Fig. 5. Experiment procedure.
4.6. Metrics

The demographics questionnaire included a few questions (i.e.
name, age, and gender identity). The post-experimental questionnaires
were SUS questionnaire, NASA-TLX questionnaire and user preference
questionnaire which were used to confirm the performance of the sys-
tem. We also recorded task completion time and assembly correctness
as objective data. The force sensor can detect whether a bolt is inserted
in the correct position. We identify errors by comparing this with the
preset correct position. Fig. 5 shows the experiment procedure.

Throughout the experiment, we collected EEG data using the NSW
cap, measuring the prefrontal (FP1, FP2), inferior frontal(F7, F8),
frontal (F3, F4), central (C3, C4), parietal (P3, P4), occipital (01, 02),
temporal (T3, T4), and posterior temporal (T5, T6) lobes. Fig. 6 shows
the map of electrode distribution without REF and GND electrodes. The
force and pressure sensors were used for precise monitoring of three
actions: picking up a bolt, contacting the product for positioning and
completing the insertion of the bolt.

For the processing of EEG data we analyzed three features: The
assembly process is divided into three phases according to different ERP
trigger events, as shown in Fig. 7.
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Table 2
Mean (standard deviation) of the SUS results.
Learnability Usability Total
Baseline 70.21(13.49) 64.71(14.20) 66.15(9.89)
MR 64.58(13.63) 82.29(10.57) 78.75(7.84)

Power Spectral Density (PSD): § (1-3 Hz), 0 (4-7 Hz), « (8-11 Hz),
f (12-30 Hz), and y (31-45 Hz), reflecting frequency domain features
that help to reveal differences in the brain’s functional patterns under
different tasks or states.

Coherence (Coh): the degree of synergistic activity between dif-
ferent regions of the brain, reflecting spatial domain features and
helping to reveal how brain regions work together to achieve effective
information processing and behavioral control.

Event-related potentials (ERPs): changes in EEG signals associ-
ated with a specific event, reflecting time-domain features and reflect-
ing the neural activity of the brain at different stages in processing the
event. The ERP trigger is based on three key actions and is the same in
both conditions.

5. Results
5.1. System performance

The SUS results, NASA-TLX results, task performance and user pref-
erences were first tested to verify the validity of the proposed prototype
system.

The SUS results are shown in Table 2 and Fig. 8. For the SUS learn-
ability score, the difference between the baseline and MR conditions
was small and not significant, with a Cohen’s d of 0.34 (95% CI [-0.07,
0.75]). For the usability score, the MR condition scored significantly
higher (Z = -3.275, P < 0.05, Cohen’s d = —0.96, 95% CI [-1.44,
—0.471), with a large effect size. Similarly, the total SUS score showed
a large improvement (Z = —3.261, P < 0.05, Cohen’s d = —0.93, 95%
CI [-1.41, —0.45]) for the MR condition.

The average task completion time for the baseline condition was
923.2s, while for the MR condition it was 287.9s (see Fig. 9). The
Kolmogorov-Smirnov tests showed that the task completion times in
both cases conformed to a normal distribution, and the t-tests indicated
that the task completion times for the MR condition were significantly
lower (T=9.108, P < 0.01, Cohen’s d = 2.04, 95% CI [1.50, 2.55]) than
for the baseline condition.

The average number of errors was 0.5 for the baseline condition
and O for the MR condition (see Fig. 9). The Wilcoxon signed-rank



T. Liu et al

Journal of Manufacturing Systems 86 (2026) 67-81

- prefrontal

inferior frontal
frontal

central
parietal

occipital

- temporal
- posterior temporal

Fig. 6. EEG map.

Transition
phase

Searching

Insertion Transition

Piclkup phase Localilzation phase Inserltion phase

A e

I T

R AR S A R A I«—\ o
i | i 1
v!\w‘m v e A A\ M prne
o , ! )
g A W) N T e “\“”"\/\“h\‘//\"\/’_/\ﬁ\/\/\””"V’V‘M"‘“/A‘V'M wa\yw“/ \/‘Uw\“'\f Ay, o m/\j\“/\)\ id Wy

Triggered by
pressure sensor

Triggered by
force sensors

[AY

LB

Triggered when pressure
and force to zero

Fig. 7. Phase division.

test showed that the number of errors in the MR condition was sig-
nificantly less than the baseline condition(Z = —-2.070, P < 0.05).
And all participants indicated that they preferred the MR visualization
system.

The NASA-TLX results are shown in Table 3 and Fig. 10. The Mental
Demand (Z = -3.887, P < 0.01, r = —0.79), Physical Demand (Z =
—2.967, P < 0.05, r = —0.61), Temporal Demand (Z = —3.380, P < 0.01,
r = —0.67), Performance (Z = —2.101, P < 0.05, r = —0.43), Frustration
(Z = —4.286, P < 0.01, r = —0.87), and Total scores (Z = —4.286,
P < 0.01, r = —0.87) were all significantly better in the MR condition
than in the baseline condition. The Effort score showed no significant
difference.

When asked about which system they referred using, all participants
indicated that they preferred the MR visualization system. In the above
tests, the paired data with significant differences all have effect sizes
exceeding medium effects (Cohen’s d > 0.5 or r > 0.3). These results
show that our prototype system has significant advantages in terms of
perceived ease of use, task performance, perceived workload and user
preferences.
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5.2. EEG analysis

EEG data were recorded using a 64-channel wireless system
(NSW364, Neuracle) with electrodes placed according to the inter-
national 10-10 system (sampling rate: 500 Hz). Preprocessing was
performed offline in MATLAB (R2021b, EEGLAB v2023). Data were
band-pass filtered at 1-45 Hz and notch-filtered at 50 Hz, and re-
referenced to the common average. Event triggers were defined for
three actions: Pickup (fingertip pressure > 20 g), Localization (6-axis
force > 0.2 N), and Insertion (sensor values return to baseline). Data
were epoched from -500 to 1500 ms relative to triggers, with —200 to
0 ms used for baseline correction.

PSD estimates were obtained on artifact-free data using Welch’s
method (MATLAB pwelch). For each participant and condition, epochs
were either averaged per epoch and then averaged across epochs or
concatenated across trials to increase spectral stability. Functional con-
nectivity was estimated using magnitude-squared coherence (MSC) de-
rived from cross-spectral density estimates via Welch’s method (MAT-
LAB mscohere/cpsd).
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All data were judged by the Kolmogorov-Smirnov test to deter- significance. Given a full understanding of the similarities between
mine whether or not they obeyed a normal distribution, t-tests were the two scenarios, we also performed an equivalence test for the PSD,
performed for those that obeyed a normal distribution, and Wilcoxon using an empirical equivalence constraint with a significance level of
signed rank tests were performed for those that did not obey for 5% [61]. To address multiple comparisons across electrodes, frequency
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Table 3

Mean (standard deviation) of the NASA-TLX results.
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Mental Demand

Physical Demand

Temporal Demand Performance

Baseline 83.33(8.61) 80.92(8.31) 86.25(6.25) 66.25(10.58)
MR 64.17(10.66) 71.46(11.65) 75.54(10.73) 58.46(10.92)
Effort Frustration Total

Baseline 41.21(13.43) 70.13(12.07) 74.34(5.77)
MR 36.42(9.97) 37.46(8.66) 54.36(4.67)
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Fig. 10. NASA-TLX results.

bands, and time windows, p-values were adjusted using false discovery
rate (FDR, q < 0.05).

During the transition phase, the PSD results for the MR condition
relative to the baseline condition are shown in Table 4. The prefrontal
(FP1, FP2) and inferior frontal (F7, F8) regions exhibited decreased 6
power (p < 0.05). In the frontal region (F3, F4), 0 power significantly
increased (p < 0.05). The a power in the center region (C3, C4) shows
equivalence. The parietal region (P3, P4) showed a significant increase
in p power (p < 0.05). In the occipital region (01, 02), a power
significantly decreased (p < 0.01). The temporal region (T3, T4) showed
decreased a power (p < 0.05). No significant changes were observed in
the posterior temporal region (T5, T6).

During the searching phase, the PSD results for the MR condition
relative to the baseline condition are shown in Table 5. In the prefrontal
region (FP1, FP2), 6 power significantly decreased (p < 0.01) and y
power increased (p < 0.05). In the inferior frontal region (F7, F8), «
decreased (p < 0.05). The frontal region (F3, F4) showed increased p
power (p < 0.05). In the central region (C3, C4), a« and f power de-
creased (p < 0.05). In the parietal region (P3, P4), « power significantly
decreased (p < 0.05) while y significantly increased (p < 0.05). The
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occipital region (01, 02) showed no change in §, while « significantly
decreased (p < 0.05) and y increased (p < 0.05). In the temporal region
(T3, T4), 6 decreased (p < 0.05). The posterior temporal region (T5, T6)
showed an increase in y power (p < 0.05).

During the insertion phase, the PSD results for the MR condition
relative to the baseline condition are shown in Table 6. In the prefrontal
region (FP1, FP2), 0 power decreased (p < 0.05) and # power increased
(p < 0.05). The frontal region (F3, F4) exhibited increased p power
(p < 0.05). The central region (C3, C4) showed equivalence in 6,
while g power significantly increased (p < 0.01) and y power increased
(p < 0.05). In the parietal region (P3, P4), a decreased and both g
and y power increased (p < 0.05). In the occipital region (01, 02), y
increased (p < 0.05), « decreased. The temporal region (T3, T4) showed
equivalence in « power. Finally, the posterior temporal region (T5, T6)
exhibited increased y power (p < 0.05).

The Coh results for the MR condition relative to the baseline condi-
tion are shown in Fig. 11. The three phases have similar trends: partial
connectivity decreases for 6, 6 and «, and partial connectivity increases
for p and y (q < 0.05). Specifically, there was less significant change
in connectivity in &, a significant decrease in connectivity between the
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Table 4

PSD for the transition phase. xx< 0.01, %< 0.05, = equivalence.
Brain Region ] /] a Yij y
prefrontal (FP1, FP2) - *] - - -
inferior frontal(F7, F8) - %] - - _
frontal (F3, F4) - #1 - — _

central (C3, C4) - -
parietal (P3, P4) - -
occipital (01, 02) - - s |, - _
temporal (T3, T4) - - ) - _
posterior temporal (T5, T6) - - - - —

Table 5
PSD for the searching phase. *x< 0.01, x< 0.05, = equivalence.

Brain Region o 0 a Y} y

prefrontal (FP1, FP2) - EEA) - -
inferior frontal(F7, F8) - - %] - -
frontal (F3, F4) - - _
central (C3, C4) - - %]
parietal (P3, P4) - - %] _
occipital (01, 02) x] _
temporal (T3, T4)
posterior temporal (T5, T6) - - - -

Table 6
PSD for the insertion phase. *x< 0.01, x< 0.05, = equivalence.

Brain Region 1) 0 a yii y

prefrontal (FP1, FP2) - *| -
inferior frontal(F7, F8) - - - - _
frontal (F3, F4) - —
central (C3, C4)
parietal (P3, P4) - -
occipital (01, 02) - -
temporal (T3, T4) - - = - _
posterior temporal (T5, T6) - - - -

prefrontal lobe and regions of the lateral frontal and temporal lobes in
0, a significant decrease in connectivity between the occipital lobe and
regions of the parietal lobe, posterior temporal lobe, and central lobe
in a, a significant increase in connectivity between the frontal lobe,
parietal lobe, and central lobe and the frontal lobe to each other in g,
and a significant increase in connectivity between the parietal lobe and
regions of the occipital lobe and prefrontal lobe in y.

The ERP features are first segmented according to different time
windows [62,63]. Fig. 12 shows the topography of the time-segmented
average voltage distribution of the three triggering actions(Pickup,
Localization, and Insertion), with a small difference between the two
conditions during the baseline period (—200 to 0 ms). For the Pickup
trigger event, FP1 electrode in the baseline condition showed positivity
during multiple window periods. In the MR condition, electrodes such
as FP1, T4 showed positivity in the early period (60-150 ms and
150-200 ms), followed by positivity in electrodes such as C3, C4, P3,
P4, and T6. For the Localization trigger event, electrodes such as F4, P4,
and T5 in the baseline condition showed positivity over multiple win-
dow periods, whereas the FP1 electrode in the MR condition showed
positivity. For the Insertion trigger event, electrodes such as T5 and
T6 in the baseline condition showed positivity, while F3, F4, and C3
electrodes in the MR condition showed positivity.

Typical components identified by independent component analysis
(ICA) for each event are shown in Fig. 13. The Pickup event was
prolonged in the MR condition with FP1 producing P300 and C3 and C4
showing P2, while the baseline condition had an N2 component at F3
and T6. The Localization event was prolonged in the MR condition with
FP1 showing P2 and P300, again delayed compared to F4 and P4 in the
baseline condition. The Insertion event in the baseline condition with
FP1 and F4 showed N2, T3 had a P2 feature, and P4 had a P300 feature,
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while the MR condition had P300 at C3 and P2 at P3 and T5. The
observed P2, N2, and P300 modulations remained significant after FDR
correction across different electrodes and time windows (q < 0.05).

6. Discussion
6.1. Why using simulation?

We decided to use the MR simulation method, and specifically
the opening of the blind product, stems from the undesirable results
we got with inertial sensing gloves. With the arm as a positioning
reference, superimposed on inertial offsets, errors remain unacceptable
in blind assembly visualization that requires continuous operation.
Whereas using external force sensors, pressure sensors do not face these
challenges, so we wanted to bypass this difficulty with the existing
hardware.

The use of cut-away perspective drawings is a basic approach in
the teaching activities of blind assembly, or in the structural or process
design phase, so we applied the idea of CAD drawings or 3D model
drawings in perspective to the physical arrangement of the blind as-
sembly. This is not realistic, but it achieves us excellent performance.
However, it is not simply a matter of using the pass-through functional-
ity of the MR HMD to copy the physical FoV. Products, parts and hands
must be tracked and displayed in their entirety as prominent virtual
models, ensuring that the essence of the simulation is not lost and the
need for MR visualization is exceeded.

Furthermore, we acknowledge that a difference exists in the back-
ground environments between the MR and baseline conditions. In the
baseline condition, participants directly viewed the real environment,
whereas in the MR condition, they perceived it through a video pass-
through feed. Although we employed a counter-balanced experimental
order to mitigate learning effects, this environmental difference could
potentially act as a confounding factor. The baseline condition provides
a natural, unrestricted view of the real environment, while the MR
condition presents the world through a video pass-through feed with
a more limited FoV (89°). Secondly, the baseline condition include
occlusion of the assembly scene by the opponent and parts, as well
as occlusion of parts by the hand. In contrast, the MR condition rely
on multi-modal methods such as force and haptic feedback, using
virtual models as complete substitutes. However, we did not establish
an additional MR blind assembly condition with occlusion. Because
eliminating visual barriers and enhancing ergonomic freedom represent
the cognitive benefits of in-situ visual guidance, and we aim to make
predictions for future advanced equipment.

The core variable we intended to study was the difference in visual
information presentation: the baseline condition forces reliance on
mental reconstruction and tactile feedback, whereas the MR condition
provides direct, unambiguous visual guidance. While the fidelity of
the pass-through background differs from a direct real-world view,
we argue that for the purposes of this task (e.g., seeing the bolts to
be picked up), the functionality is comparable. Previous studies [64—
66] on MR simulation have reached similar conclusions, namely that
during focused tasks, the background environment does not exhibit
a significant impact on users. Our analysis also primarily centered
on the assembly phases of Pickup, Localization, and Insertion, during
which cognitive processes are predominantly driven by interaction with
the assembly product (virtual or occluded), rather than the peripheral
background.

We verified that this simulated MR system can outperform cur-
rent systems, at least in terms of having a positive effect on task
performance, as well as having relatively better system ease of use.
So hypotheses H1 and H2 are supported. The application of multiple
sensors of the system also allows us to accurately monitor user behav-
ior, ERP events rely on force and pressure sensor detection, which is
not natively supported using inertial gloves. In summary, considering
the hardware size, means of detection, accuracy, and the ability to
discover more instructive kinetic reasons for MR visualization, we
believe that the simulated visualization system is capable of making
recommendations.
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Fig. 11. Significant differences in Coh for the MR visualization condition relative to the blind assembly condition. (P < 0.01).
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6.2. MR visualization vs. Blind assembly

In this subsection, we analyze the effect of training condition on
cognitive processing using EEG results, and the interview results.

Across all three phases, the 6 power was significantly decreased in
the prefrontal regions under the MR condition. The 6 activity is widely
associated with working memory [67] and attentional effort [68].
This reduction suggests that MR visualization reduces the need for
participants to rely heavily on working memory, as the system pro-
vides real-time visual feedback of the assembly components and target
locations. In contrast, blind assembly requires operators to mentally
reconstruct [69] the task from paper instructions or tactile feedback,
increasing cognitive load. Participants P2, P4, and P11 said, “Finding
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a target location based on a paper manual takes some time to think
about”. P8, and P10 said, “Although there is a 3D view that uses
a perspective view, the paper document guidelines are not intuitive
enough”. Nearly half of the participants who responded to Q1 reported
that it was subjectively easier to use the MR system.

During the searching and insertion phase, the y power increased
in the multi region under the MR condition. The y oscillations are
linked to enhanced visual processing [70], attention [71], and motor
coordination [72]. These increases suggest that MR visualization more
effectively engages the visual and motor systems, using superimposed
virtual models to improve perception and facilitate precise action ad-
vantages compared to in the baseline condition where operators rely on
non-visual cues. Participants P1, P8, P10, P16 all refer to seeing a direct
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Fig. 13. Typical ERP components identified.

schematic of the target position in the MR visualization, which allows
the hand to be moved quickly to the correct position. P18 stated that,
“in the blind assembly, it is not at all clear where one’s hand is until it is
subjected to haptic feedback”. It is clear that MR visualization provides
support for precise action, and in addition to being able to see, more
than 1/3 of the responses to Q2 mentioned that the errors and delays
between the virtual and real models were small enough to give them
sufficient confidence.

In the transition phase, decreased 6 power in the prefrontal and in-
ferior frontal regions alongside increased f power in the parietal region
suggests a shift from effortful planning to visually guided preparation
with MR support [72,73]. The searching phase’s decrease in a power
across multiple regions further implies reduced inhibition and height-
ened engagement with the visual stimuli provided by MR, contrasting
with the blind condition’s reliance on internal spatial mapping. In their
responses to Q6, none of the participants indicated that they were able
to distinguish the different stages on their own, or that particular events
had a sense of segmentation.

In the MR condition, connectivity in the # and a bands decreased
significantly. Specifically, 6 connectivity dropped between the pre-
frontal lobe and lateral frontal/temporal regions, while a connectivity
decreased between the occipital lobe and parietal/posterior tempo-
ral/central regions. Lower connectivity in these bands suggests a re-
duced need for widespread neural integration [74]. In blind assembly,
participants must synthesize tactile and proprioceptive inputs with
memorized instructions, necessitating greater inter-regional coordina-
tion. MR visualization, by providing direct visual input, simplifies
this process, minimizing the cognitive effort required for sensory in-
tegration. Conversely, connectivity in the p and y bands increased
in the MR condition. The f connectivity rose between the frontal,
parietal, and central regions, while y connectivity increased between
the parietal, occipital, and prefrontal regions. These patterns reflect
enhanced synchronization for motor planning [75] and visual-motor
integration [76], facilitated by the MR system’s real-time guidance. This
contrasts with the blind condition, where motor actions rely on less
precise, non-visual feedback, leading to less coordinated neural activity.

The significant reduction in § power [77] in prefrontal regions
during all task phases and a reduction in 6 and « band coherence, satisfy
hypothesis H3, supporting a reduction in cognitive load and cognitive
simplification.
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In th baseline condition, the N2 and P300 components exhibited
prolonged latencies during localization and insertion events. For ex-
ample, during localization, electrodes F4 and P4 showed delayed pos-
itivity, and during insertion, electrodes T5 and T6 displayed extended
N2 and P300 features. The N2 component is associated with cognitive
control and attention [78], while P300 reflects stimulus evaluation [79]
and decision-making [80]. These delays suggest that blind assembly
requires more time for sensory processing and decision-making, as
participants rely on contact feedback to confirm positions without
visual cues. In contrast, the MR condition showed shorter latencies
for these components. For instance, during localization, FP1 exhibited
rapid P2 and P300 responses, and during insertion, C3 and P3 showed
prompt P300 and P2 features. These quicker responses indicate that
visual feedback accelerates cognitive processing, allowing participants
to evaluate stimuli and make decisions more efficiently. The immediate
visibility of virtual models reduces uncertainty, streamlining the neural
processes involved. This provides insights into H4, where events of
haptic-visual integration have a significant effect on the modulation of
cognitive resources.

The EEG characteristics of the blind assembly were similar to what
we expected, a movement of motor imagery and haptic integration.
MR visualization significantly improved the user experience through
providing visual feedback, but unlike performing assembly operations
in the real world, a stronger visual stimulus was given through the vir-
tual model. Our two-condition comparison study differs from previous
cognitive studies on virtual movements in that participants never see
their hands directly, because participants do not train in open-ended
products. Previous related work focused on comparing the differences
between the virtual and the real.

There was more subjective feedback from the participants providing
insights into the details. P2 said, “If the model is the same skin color
as your own hand or translucent, you can focus more on the task,
but the bolts being more prominent does benefit efficiency”. P6 said,
“The force feedback visualization of the bolt requires me to touch
it in a fixed position, which is not very flexible but coherent, and
would be more practical if I could also visualize tools such as wrenches
for manipulation”. P15 said, “The background environments are very
immersive to me via pass-through replication, but the bolts are modeled
at a slightly different size than reality, which can cause misinterpre-
tation in fine manipulation”. While the feedback was largely positive,
some challenges were noted. Participants mentioned potential technical
issues or discomfort with the MR headset.
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6.3. Limitations and future work

Our “open box” approach intentionally circumvents existing hard-
ware limitations. While exploring the core cognitive dynamics of an
idealized visualization system, we must acknowledge the gap between
controlled experimental environments and the challenges of real-world
industrial deployment. This chapter explores the challenges of translat-
ing this concept into a practical tool for physically constrained, on-site
assembly tasks and proposes potential strategies for future research

The primary and most critical challenge lies in tracking and regis-
tration within occluded spaces. Our configuration allows for reliable,
inside-out optical tracking using the HMD’s camera, as the hand and
components are always within the FoV. However, in real-world blind
assembly tasks, such as working inside a machine chassis, these optical
systems fail due to physical obstructions. While alternative solutions
exist, such as IMU-based gloves, they suffer from cumulative drift and
require frequent recalibration. Another option is magnetic tracking,
but this is generally unsuitable for industrial environments due to
interference from surrounding metal structures. Therefore, a hybrid
tracking system should be developed that intelligently fuses data from
multiple sources, for example, combining an integrated IMU in the
glove for high-frequency motion tracking with a miniature camera
mounted on the tool for local visual feature-based correction, thus
maintaining accuracy even when direct line of sight is lost.

The second challenge lies in the miniaturization and practical
integration of the sensors. Our prototype uses 6-axis force and wired
pressure sensors for accurate event detection. While this setup is
effective for data acquisition, its bulkiness, wired connections, and
fragility may hinder natural worker movements and workflow, making
it difficult for industrial deployment. The solution lies in integrating
miniaturized wireless sensing technology. The advancement of micro-
electromechanical systems has enabled the development of compact,
low-power force and pressure sensors. These can be directly embedded
into the fingertips of ergonomic smart gloves or integrated into the
assembly tools themselves, wirelessly transmitting data to HMDs or
local controller via protocols such as low-energy Bluetooth.

Finally, deployment depends on the form factor and computing
architecture of the HMD. Our research used a consumer-grade HMD
connected to a laptop. An industrial solution must be a standalone,
robust, and ergonomically designed device suitable for extended use.
The computational load of real-time rendering of complex CAD models,
coupled with running sophisticated sensor fusion algorithms, conflicts
with the power and thermal limitations of lightweight, untethered
devices. A promising approach to addressing this trade-off is edge
computing or a split rendering architecture. In this model, the HMD
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remains lightweight, handling only the final rendering and local sensor
communication. Heavy computational tasks (processing large models
and running tracking algorithms) are offloaded to a powerful edge
server in the factory environment, and the generated visual data is
streamed wirelessly to the HMD. This approach enables a seamless,
low-latency experience without compromising the ergonomics of the
wearable device.

The insights gained can be translated into practical assembly envi-
ronments. For example, cognitive metrics derived from EEG can guide
the design of adaptive MR interfaces, dynamically adjusting visualiza-
tion complexity based on the operator’s cognitive load. Furthermore,
identified behavioral correlations can inform ergonomic adjustments
and task prioritization strategies in smart workshops, thereby achiev-
ing closed-loop optimization between cognitive feedback and process
performance. As outlined in Fig. 14, we introduce on how to sys-
tematically expand, refine, and validate the cognitive and behavioral
advantages demonstrated in our research, paving the way for MR
systems that go beyond simple blind assembly tasks, supporting a wide
range of complex, collaborative, and real-world industrial assembly
applications.

While the present work focuses on offline cognitive analysis, the
proposed event-driven and phase-aware framework provides a foun-
dation for future methodological extensions. One promising direction
is the integration of neuromuscular stimulation techniques, to actively
support motor execution and proprioceptive feedback. Moreover, this
framework may support the development of predictive or closed-loop
assembly assistance strategies. These directions highlight the extensibil-
ity of the proposed framework and are beyond the scope of the current
study.

7. Conclusions

This study presents an MR-simulated visualization system for blind-
area assembly and examines its effects on brain activity and assembly
performance through EEG analysis and a controlled user study with 24
participants. From both a practical manufacturing and methodological
perspective, the findings provide actionable insights for MR-assisted
assembly by explicitly aligning neural analysis with task-specific in-
teraction events. The proposed phase-aware framework interprets EEG
features across distinct assembly stages, revealing reduced cognitive
load, faster neural responses, and improved task performance. These
results indicate that MR visualization can effectively compensate for
limited visual access in confined assembly spaces and should prioritize
continuous spatial guidance, low-latency feedback, and event-aligned
interaction cues to support critical stages such as localization and
insertion. Fig. 15 shows the conclusions and application pathways.
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Based on these results we propose the following design recom-
mendations for the construction of MR visualization systems for blind
assembly:

1. Optimize the allocation of cognitive resources. The observed
reduction in frontal § power and a desynchronization in MR condition,
together with lower NASA-TLX mental demand scores, suggest that MR
reduces the need for effortful mental reconstruction. Therefore, when
designing a MR interface, it is important to provide continuous spatial
cues (such as real-time highlighting of target locations) to reduce the
user’s reliance on spatial imagination and to avoid making the interface
overly complex (for example, by highlighting key locations and hiding
unnecessary elements).

2. Enhance sensorimotor integration. The ERP results showed earlier
and more pronounced P2/P300 components in MR condition, indi-
cating facilitated stimulus evaluation and decision-making. Therefore,
it is essential to ensure high-precision, low-latency visual rendering,
accurate matching of virtual models, hand movements, and assembly
components, and integrate predictive visual cues, such as displaying
target locations in advance, to accelerate decision-making.

3. Support user-centered adaptability. Differences in y and # coher-
ence across regions revealed that MR enhances functional connectivity
associated with motor control and planning. This suggests that the
adaptability of visualizations (e.g., adjustable levels of detail between
schematic diagrams and full models to cater to individual preferences)
can better meet users’ ever-changing cognitive and motor needs.

4. Use multi-sensory channel fusion to provide feedback. Reduced
frustration scores and fewer errors under MR, combined with enhanced
parietal-occipital y connectivity, point to more effective integration
of visual and proprioceptive cues. The system should provide consis-
tent multi-sensory feedback, such as a brief vibration or force feed-
back when parts are correctly aligned, which can reduce cognitive
dissonance and improve operational accuracy.
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