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ABSTRACT

Despite a decrease in the number of accidents, construction sites remain hazardous
environments necessitating stringent safety measures. The construction industry
is complex, and work methods frequently change due to various factors. Digital
transformation (DX) is being adopted to enhance safety and efficiency, and this
includes the provision of remote technical support during disasters. This study
developed a mixed reality (MR) system, utilizing Microsoft’s HoloLens, to visually
convey instructions from supervisors to workers. The system overlays arrows and
drawings onto the worker’s field of vision, thereby facilitating precise task execution.
Four MR instruction methods were tested: drawing only, drawing with text, drawing
with voice, and animation. The results indicated that MR instructions reduced
operation time and mental burden. Specifically, the methods employing drawing with
voice, and animation, proved to be the most effective.
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INTRODUCTION

Construction sites are complex and inherently dangerous working
environments where workers from various industries frequently collaborate.
Concurrently, the construction industry is promoting the digitalization of
work and the adoption of smart devices as part of digital transformation
(DX). One such application is the provision of rapid and accurate technical
support during wide-area disasters by remotely assessing the local situation,
thus eliminating the need for direct on-site access. Furthermore, to enhance
work efficiency, efforts are being directed towards applying remote presence
technologies to tasks that traditionally required on-site attendance.

Xiao et al. (2018) conducted a review of virtual reality and augmented
reality (VR/AR) applications in construction safety, which included a
classification based on technology characteristics, application areas, safety
enhancement mechanisms, and evaluation. They also have noted that
challenges for safety inspection and instruction contain low interoperability
of VR/AR-CS information and unskilful visual literacy of workers.
Yang et al. (2021) conducted a literature review on augmented reality
for digital fabrication in architecture, analysing human-robot interaction,
data sharing, and AR3D holographic instructions. They indicated that
AR seems the have indeed the potential capabilities to solve the
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traditional construction problems and fabrication difficulties, by overlapping
holographic instructions to on-site projects in the real world. Alizadehsalehi
et al. (2020) presented a review containing relevant articles on BIM
(Building Information Modeling) and XR (Extended Reality: VR, AR, MR)
within the AEC (Architecture, Engineering, Construction) industry. They
indicated that various XR technologies have shown great potential to truly
revolutionize how to design, build, operate, and monitor in the AEC industry.
Consequently, there are high expectations regarding the potential of AR,
MR, and XR within the construction field. However, limited research
has been reported on the application of MR to construction machinery,
such as backhoes, and the verification of its effectiveness. In a previous
study (Hironao et al., 2024), the authors compared the effectiveness of the
proposed MR work support system against presenting the completed figure
after stacking blocks and instructions from the block-stacking manual. The
results confirmed that the working time tended to decrease with the use of this
system, and a similar trend was observed for the mental burden, as measured
by NASA-TLX. Therefore, this study proposes four variations of MR work
support systems and compares their performance.

To address the challenge of quickly and accurately conveying complex
instructions to workers operating construction machinery, a human-machine
system has been developed. This system utilizes mixed reality (MR),
functioning as an MR work instruction presentation system, to visually
display instructions from the site supervisor to the workers. This system
superimposes arrows and construction drawings onto the worker’s field of
vision, enabling the easy and accurate conveyance of detailed instructions,
such as the target crushing location for construction machinery, the grasping
point, and the transportation route of materials. In this study, a construction
machinery work support system was constructed utilizing Microsoft’s
HoloLens, and subject experiments were conducted using an actual machine.
For the presentation of work instructions using MR for the transport and
stacking of blocks by construction machinery, four methods were proposed
in this study. During the experiment, block transport and assembly work was
performed using the four proposed work instruction presentation methods.
The optimal instruction presentation method was then examined based on
the recorded work time and the mental burden assessed using NASA-TLX.

A Work Order System Using MR

Figure 1 illustrates an overview of the proposed system, which comprises
a construction robot, a see-through head-mounted display (HMD) worn
by the construction robot operator, and a tablet PC operated by the work
leader. In this research, Microsoft HoloLens was selected as the see-through
HMD due to its established presence in the construction field. The tablet PC
serves as the interface for work instructions. The work instructor uses it to
acquire the image perspective of the construction robot operator transmitted
from the HoloLens in real time. Subsequently, the work instructor can draw
instructions onto the acquired video image based on the work situation and
present them to the construction robot operator. The MR system has the
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potential to significantly enhance efficiency on large construction sites by
enabling skilled workers to instruct multiple less-skilled workers on work
procedures.

Figure 1: Overview of the proposed system.

Four methods for presenting work instructions using MR for the transport
and stacking of blocks by construction machinery were proposed in this
study: A) work instructions using only drawing processing, B) work
instructions using drawing processing and text, C) work instructions using
drawing processing and voice, and D) work instructions using animation.
(see Figure 2).

Figure 2: Instruction presentation method.
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A) Work instructions are provided through drawing processing, where the
work instructor utilizes the following symbols:

• (block gripping position), L (installation alignment mark), and arrows
to specify the block’s transport number and destination.

Figure 3 illustrates the provision of work instructions. The figure depicts
lines and symbols indicating the gripping, installation, and stacking positions
as displayed by the MR system from the operator’s perspective. Based on the
instruction, the operator moves the corner of the block (Fig. 3, left), indicated
by the green L-shaped line, to the position of the red L-shaped line (Fig. 3,
right). The alignment of the red L-shaped line, positioned within the right-
side black dashed line, with the corner of block 1, indicated by the green
L-shaped line within the left-side dashed line, is observed.

Figure 3: Work instructions using drawing processing.

B) In addition to method A), text instructions provide specific guidance on
how to proceed with the work. The text is displayed within the field of view
of the construction robot operator at the work site.

C) In addition to method A), specific instructions on how to perform the
work are provided through audio.

D) Instructions for stacking blocks are presented in an animated video.
When providing instructions, a PowerPoint slideshow is initiated, and the
slides progress according to the work situation.

Evaluation of the Effectiveness of MR-Based Work Instructions

The experimental evaluation process utilized the following indices: work time
and mental strain as measured by NASA-TLX.

a) Working time
The time [s] required to complete the designated work was recorded as

an index of work time. To standardize measurement, timing commenced
when work instructions were presented to the subject and concluded upon
the successful stacking of all specified blocks.

b) Mental Workload Evaluation (NASA-TLX)
The workload was evaluated using the NASA Task Load Index (TLX)

(Hart and Staveland, 1988). The NASA-TLX subjective workload is assessed
based on six factors: mental demand (MD), physical demand (PD), temporal
demand (TD), own performance (OP), effort (EF), and frustration level (FR).
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The assessment using NASA-TLX involved the following steps:

(1) Paired comparison of each subscale,
(2) Workload assessment tasks (block stacking in this study),
(3) Workload assessment for each subscale.

Following these steps, the overall workload (WWL score: Mean weighted
workload score), as well as the workload for each subscale, can be assessed.

To investigate the optimal instruction presentation method, a subject
experiment was conducted utilizing the four proposed methods. The subjects
operated a construction robot to stack four designated blocks out of seven
on a platform in a specified order. The blocks to be used and the stacking
procedure were specified for each of the four work instruction presentation
methods. Six subjects participated in the experiment, and the optimal work
instruction presentationmethodwas investigated based on the recordedwork
time and the mental burden assessed using NASA-TLX.

Figure 4 presents the average task times for all subjects. The results indicate
that methods C and D yielded shorter average task times compared to
methods A and B. This is likely attributed to the fact that methods C and D
do not necessitate the checking of text or arrows, unlike methods A and B,
and facilitate an intuitive understanding of instructions.

Figure 4: Average of work time.

Figure 5 presents the average results of the six NASA-TLX evaluation
indices obtained from six subjects across the four different operation
methods. The vertical axis represents the average evaluation value for each
index, with method A depicted in blue, B in yellow, C in green, and D in
red. The results indicate that method B exhibited the highest values in the
MD (mental demand) and EF (effort) categories compared to methods A, C,
and D, with a substantial difference observed.

This result can be attributed to the time and effort required to process
textual instructions within the workspace during the implementation of
drawing processing and text (method B), as well as to the comparatively
lower intuitiveness of these instructions. Methods B and A showed higher
FR (frustration) scores. For method B, the effort involved in reading text
during the task, coupled with the potential for the text display screen to be
outside the HoloLens viewing angle during block transport and assembly,
likely contributed to these outcomes.
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Figure 5: Results of NASA-TLX.

Figure 6 presents the averageWWL scores obtained fromNASA-TLX.The
figure indicates that methods C and D resulted in low WWL scores, which
may contribute to a reduction in mental stress. Conversely, method B yielded
the highest WWL score. This is likely due to the cognitive effort required to
process instructions, as the text necessitates reading during task execution.

Figure 6: Average of WWL score.

CONCLUSION

This study developed and evaluated a construction machinery work support
system utilizing Microsoft’s HoloLens through subject experiments with an
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actual machine. The results confirmed that the developed system, when
employed for delivering work instructions, reduces construction machinery
operation time and significantly lowers mental burden as measured by
NASA-TLX. Furthermore, among the four proposed methods for presenting
work instructions, the most effective were the method employing drawing
processing and voice, and the method utilizing animation. These findings are
considered valuable for the further development of human-machine systems
that visually display instructions to workers.
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