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Augmented reality (AR) applications promise to substantially amplify human capabilities in a variety of
industrial work contexts. However, there is a lack of repeated-measures studies on productivity effects of AR
HMDs on humans doing real tasks in realistic industrial settings. Moreover, productivity is mostly measured as
time to completion, but other important measures, such as quality and usability, are often not considered over
time. To address this research gap, we carried out a repeated experiment with participants using AR HMDs for
a real industrial repair task. We find that even though there are no immediate task efficiency gains, the use

of AR HMDs results in significantly faster repairs over time. The use of AR HMDs also has an immediate and
positive effect on work quality. However, this effect diminishes as participants gain more experience. Finally,
we find that usability and comfort were no significant problems for the subjects in our experiment.

1. Introduction

Among XR devices, Augmented Reality (AR) HMDs are especially
prominent in the digital transformation of manufacturing and ser-
vice contexts (Bohné, 2018; Moencks, Roth, Bohné, Basso, & Betti,
2022; Moencks, Roth, Bohné, & Kristensson, 2022). Research shows
that XR devices may reduce cognitive workload and improve task
performance in industry (Jeffri & Rambli, 2021). Research on the
effects of XR-based training on objective performance measures has
gained momentum (Daling & Schlittmeier, 2022). AR based training
in manual assembly tasks seems to induce promising results (Daling
& Schlittmeier, 2022; Eswaran & Bahubalendruni, 2023). In some
contexts, AR or VR based trainings are just as good or even better than
training in a non-simulated control environment (Bohné et al., 2021;
Kaplan et al., 2021).

However, as is evident from multiple scoping and systematic re-
views of XR (Chiang, Shang, & Qiao, 2022; Dey, Billinghurst, Lindeman,
& Swan, 2018; Kadir, Broberg, & da Conceicdo, 2019; Pietschmann,
Bohné, & Tsapali, 2022), there is a distinct lack of field studies in
industry, on industrial applications, and on the effects of XR devices
on humans and their work over time.

To address this research gap and make progress with a better
understanding of how XR might affect human operations in indus-
trial settings, we report here the results of a series of field experi-
ments we conducted with workers using an Augmented Reality (AR)
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head-mounted display (HMD) for an industrial repair task. AR is a
particularly promising technology for skill development and human
augmentation in industry as it potentially allows more intuitive, in-
teractive, and efficient experiences (Segura et al., 2018; Westerfield,
Mitrovic, & Billinghurst, 2015), and it has the potential to transform
human-computer interaction (Mahr, Heller, & de Ruyter, 2023).

AR can be broadly defined as “all cases in which the display of an
otherwise real environment is augmented by means of virtual (com-
puter graphic) objects” (Milgram & Kishino, 1994). According to this
definition, AR encompasses a variety of concepts and devices including
HMDs and smart glasses as used in our experiments.

In our experiment we investigated the potential of AR to assist with
a real repair task over time. The repair task was performed by ap-
prentices with industry experience but no task-specific prior expertise.
Participants in our study had to restore a damaged car windshield, a
damage that is frequently caused by stone chips. The repair is a highly
standardized process in the car industry. In our experiment, we used
a between-subjects design, i.e., in our experimental treatment, a group
of participants received step-by-step instructions via an AR HMD. In
the other treatment, the same instructions were conveyed to another
group of subjects via smartphones. The latter group constituted our
control treatment, as receiving instructions via smartphones, tablets, or
some handheld analog device like a handbook is currently the dominant
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industrial practice of instructing workers. To investigate the possible
effect of AR HMDs on productivity, we measured the time subjects
required to repair the damaged windshield. Additionally, a third-party
expert evaluated the quality of their work. To explore potential learning
effects, we repeated the experiment with the same participants after
four weeks in a second round.

We found, in the first round of our experiment, that the subjects
who used the AR HMD delivered higher quality work than the subjects
who used smartphones. There were, however, no differences between
the two groups concerning the time to complete the task (TCT). In
the second round of the experiment, the quality differences between
the experimental groups leveled up. TCT decreased in both groups, but
the decrease was significantly larger in the group with AR HMDs (28
percent) compared to the group with smartphones (14 percent).

We contribute to the literature by conducting one of the first
repeated-measures experimental field studies investigating the effec-
tiveness of AR HMDs in a repair process. We provide initial evidence
that AR may lead to faster repair times over time compared to more
conventional (handheld) devices. However, despite initial quality gains
of AR HMDs over handheld devices, differences in quality ratings
diminished over time.

2. Background

Remarkably, to date, only few experiments have examined the effect
of head-mounted AR technology on real industrial assembly or main-
tenance tasks (Pietschmann et al., 2022). Baird and Barfield (1999)
carried out one of the first experiments with 15 participants to study
the effectiveness of AR displays on the manual assembly of a computer
motherboard. They found that subjects who used HMDs performed
the assembly task almost 50 percent faster than the participants who
used paper instructions. Henderson and Feiner (2011) conducted a
pilot experiment with an HMD to augment 18 tasks carried out by
military mechanics. They found that the HMD allowed mechanics
to locate tasks more quickly and resulted in less head movement.
However, the experiment only involved six participants across three
treatments, which limits the experiment’s statistical power. Hanson,
Falkenstrom, and Miettinen (2017) and Fager, Hanson, Medbo, and
Johansson (2019) carried out experiments with five participants on the
effectiveness of AR for conveying picking information. They found that
if batch preparation was supported by AR this resulted in significantly
shorter picking times. Seeliger, Netland, and Feuerriegel (2022) com-
pared a HoloLens2 and tablet for a machine set-up performed by eight
operators. Both devices performed similarly in task completion time
and errors, but tablets were rated higher by users in perceived workload
and usefulness.

2.1. Learning effects of AR HMDs in industrial settings

While AR might be able to accelerate learning processes (Ibrahim
et al., 2018), its effects on the learning process of operators in industrial
settings remains poorly understood, both empirically and conceptu-
ally (Dunston & Wang, 2011; Kraut, Fussell, & Siegel, 2003). According
to a review conducted by Bacca et al. (2014), between 2003 and 2013
only one study focused on the use of AR technology for vocational
educational training. A recent review of research on AR in vocational
training (Chiang et al., 2022) found only 17 empirical studies between
2000 and 2021. This suggests both a substantial lack of and consider-
able potential for research on to better understand the effect of AR on
learning in industrial contexts.

Most experimental studies published to date have either applied AR
technology to artificial tasks, such as assembly tasks with LEGO (Alves,
Marques, Ferreira, Dias, & Santos, 2022; Hou & Wang, 2013; Loch,
Quint, & Brishtel, 2016) or did not use HMDs (Gavish et al., 2015;
Longo, Nicoletti, & Padovano, 2017; Sirakaya & Kilic Cakmak, 2018).
While these studies offer important initial insights, research has shown
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that transferring skills from artificial tasks or virtual environments
into real world applications is not straightforward (Bossard, Kermarrec,
Buche, & Tisseau, 2008; Catrambone, 1990). Moreover, empirical evi-
dence on the effect of a wide range of HMDs on learning-related human
factors such as cognitive load remains largely inconclusive (Yang et al.,
2019): studies have found positive (Kalawsky, Hill, Stedmon, Cook, &
Young, 2000; Strzys, Thees, Kapp, & Kuhn, 2018; Thees et al., 2020),
negative (Frederiksen et al., 2020) and no influence (Ikiz, Atici-Ulusu,
Taskapilioglu, & Gunduz, 2019; Kearney, Starkey, & Miller, 2020)
of the technology on cognitive load. In short, what is missing are
experiments that go beyond a cross-sectional design and instead use
a longitudinal design to better understand the effect of AR HMDs on
operators over time (Atici-Ulusu, Ikiz, Taskapilioglu, & Gunduz, 2021).

3. Experimental design and procedures

In our experiment, we focus on the potential effects of AR HMDs on
productivity, measured both as time to complete the task (TCT) and
work quality, as well as usability. We employed a between-subjects
design, i.e., in our experimental treatment AR a group of subjects used
AR HMDs to receive instructions, while in our control treatment SP,
a different group of subjects used smartphones to receive instructions.
AR HMDs allow the use of an AR application that provides information
via a wearable head-mounted display, whereas smartphones represent
the traditional approach to access information via a handheld screen.
The current learning and work practice in the automotive industry,
as in many other industries, is still heavily based on either a paper
manual or instructions on handheld devices. The manual in our exper-
iment describes all stages to finish the repair task (see Fig. A.1 in the
Appendix).

To investigate possible learning effects, we ran two experimental
rounds for each treatment. The second round took place four weeks
after the first run. In both rounds, subjects either used only AR HMDs,
or they only used smartphones, i.e., with respect to learning, we
employed a within-subjects experimental design.

3.1. Repair task

Subjects had to complete a real task, which was the complete repair
process of a damaged windshield. Such damage usually occurs when
small stones hit a moving car. The repair task is a standard repair
process in the car industry. There are different types of damage that can
occur when a stone hits a windshield. Damages are generally classified
as a fissure, star break, bulls-eye, crack, or combined damage.

In the experiment, subjects had to repair a combined damage, which
is not only one of the most common damages, but also easier to
replicate in an experimental research design, compared to the other
damage types. Fig. 1 shows an example of the repair task in our
experiment, in this case done with AR HMDs.

To make the repair process as similar as possible for each subject,
an expert applied the same impact procedure for each windshield. This
was done with a metal ball attached to a rubber band that was released
several times against the windshield. The resulting damage classifies as
a combined damage. Small variations between damaged windshields
were inevitable. However, given that the repair process for combined
damage is comprehensive and highly standardized, the exact shape of
the damage was negligible in the actual repair process.

3.2. Repair app and devices

For the experiment, we developed an application (“app”) that con-
veyed the repair instructions to the subjects. The app was programmed
in Java and developed using the Android SDK platform, and it is
compatible for any device with an API 16 or higher. The app had a step-
by-step structure leading the subjects through the repair process, with
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Fig. 1. Repair task.

each step shown on a new screen. Fig. A.2 in the Appendix provides
further particulars of the step-by-step instructions.

After completing each step, and in order to progress with the next
screen, the subjects had to tap a button on the HMD (or tap on the
smartphone). During some steps, the subject could choose between a
button to acquire more information on the actual step or a button to
continue with the next step. To move back to the main path, the subject
had to tap the Android back button that was located at the bottom of
the display. The last screen corresponded with the last step when the
app informed the subject that he/she had finished the task. Fig. A.3 in
the Appendix shows how the app looked like in a smart phone and in
the AR HMD.

Subjects in the SP treatment were provided with AQIFON 4776300
devices with a 4.0-inch touchscreen. Subjects in the AR treatment
were provided with Recon Jet devices with a WQVGA 16:9 screen
and a lateral touch sensor, shown in Fig. A.4 in the Appendix. The
AR HMDs weighted 81.5 g. The apps running on both devices were
almost identical. The display of the smartphone was larger than the
display of the AR HMDs, which only slightly changed the format of the
shown information. The AR app had a black background with white
font, and the smartphone app had a white background with a black
font, which resulted from the different design recommendations for
each device. The AR HMDs required a dark background because of the
weak available brightness of the display, and research suggests that a
dark background is most efficient for text readability in see-through
devices (Debernardis, Fiorentino, Gattullo, Monno, & Uva, 2013). This
was not a limitation for the smartphones, which allowed a standard
format of the background and font colors for the smartphone app.

3.3. Workplace and subjects

We conducted both rounds of the experiment at an industrial train-
ing center in Zaragoza, Spain; we ran Round 2 four weeks after Round
1. In Round 2 we replaced the windshields to replicate the experiment.
24 apprentices aged 15-23 years participated in our experiment, of
which one subject was female. We had to exclude one subject from the
data analysis because this participant had myopia but only reported this
condition at the end of Round 2.

All subjects were enrolled in a vocational degree course in the
automotive industry. 6 subjects were enrolled in their last year and
therefore the second year of their professional degree; 7 subjects were
enrolled in the first year of their professional degree; 8 subjects were
in their second year of the obligatory vocational degree, and the other
3 were in the first year of their obligatory vocational degree.

Table 1 outlines the descriptive statistics of the treatment groups.
The participants were on average 17.9 years old (SD 1.4 years). Neither
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Table 1
Participants’ age and education.
Treatment N Age Education®
Sp 12 18.1 2.8
(2.2) (1.1
AR 11 17.3 2.3
1.2) (0.9)

Treatment averages. Standard deviations are in parentheses.
2 Education is coded as 1 being the first year of the two-year obligatory vocational
degree to 4 being the second year of the two-year professional degree.

the age of the participants (z = —1.072, p = 0.284), nor their vocational
experience (z = —1.176, p = 0.294) significantly differed between both
treatments.

Participation in the experiment was voluntary, and subjects received
no monetary incentives. All procedures complied with the ethical re-
quirements of the RWTH Aachen University for experimental studies
involving human subjects. Each day, from Tuesday to Friday, we ran
two sessions at 10:00 am and 12:30 pm. In each session, three subjects
performed the repair in the presence of an expert, employed by the
training center, simultaneously on three different windshields. The
workplace, the tool case used for the repair task, and the arrangement
of the subjects during an experimental session are shown in Fig. 2.

Subjects were instructed not to communicate with each other. Be-
fore the experiment started, they were given an instruction sheet that
clarified the whole procedure. The translated version of the instructions
are provided in the Appendix. In all sessions in Round 1 and 2, the same
expert was present, who also ensured that subjects were only focused
on their task.

We focused on apprentices firstly, because they are one of the target
groups for many training programs of industrial and manufacturing
organizations. The insights of the experiment should help delineate the
possible advantages and limitations that the users of AR HMD might
encounter when adopting this technology. Secondly, due to the high
costs of the set-up per subject, we aimed as well to have a small
but representative sample of randomly selected participants, where the
dexterity of the subjects was as homogeneous as possible in order to
facilitate the experiment to more clearly discern the effects that each
treatment could have in the users’ capabilities to execute a given but
unknown task.

3.4. Controlled environment and experimental set-up

To investigate the usability of both treatments in an industrial
complex, we selected an experimental setting that was familiar for the
subjects. The participants could reach the testing facilities as well, with-
out the need to arrange any transportation from the vocational center.
The familiarity and the reachability of the facilities had the aim to de-
crease differing confounding factors that each subject could encounter
before and while performing their task during the experiment. The
industrial training center in Zaragoza enabled the expert to control the
sound exposure and limit any external distractions during the sessions.
For this the center was instructed to restrict access to the facilities
to anyone that was not participating in the experiment. Besides of
the locational considerations, the testing sessions were organized in
the morning to temper the differing effects of accumulated fatigue
during the day on the subjects abilities to execute the repair process.
Nevertheless, we did not perform any physical or mental examinations
on the subjects to evaluate their fitness before of the experimental
sessions.

3.5. The course of action of an experimental session
Our experiment consisted of two rounds. In Round 1, subjects

received their respective instructions for the session upon arrival. The
full instructions can be found in the Appendix. In the AR treatment,
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(b) Experimental setting

(c) Tool Case

Fig. 2. The workplace and the experimental settings.

after the expert handed out the HMD and briefly explained the task,
the subject could adjust the device to feel comfortable with it. Once
the subject was ready, they started the task. The expert measured the
time it took them to complete the task (TCT) and, separately, the time
the subject needed to clean up the workplace. At the end of the repair
process, the expert evaluated the quality of the repair by applying a
standardized quality checklist, which is displayed in Fig. A.5 in the
Appendix.

After each session of the experiment, subjects completed a question-
naire including questions about their background, and evaluated the
device used with respect to the application itself, the device, and the
perceived difficulty of the task. Subjects then had to answer a question
about their willingness to use the device in their daily tasks. Finally,
the subjects could leave a comment about things they especially liked
or disliked about the task or the device.

We conducted the second experimental round four weeks after
Round 1. After the first round, participants did not know that there
will be a Round 2, and between the Rounds 1 and 2, they had no
access to the application or the devices used in experiment. The course
of action during Round 2 was exactly as during Round 1. Subjects
performed the task again, without receiving any feedback on their indi-
vidual performance from the previous round. Subjects also completed
a questionnaire to capture subjects’ progress in the repair task.

4. Results and discussion

We first test the effect of AR HMDs on repair times (TCT). Then we
compare the quality ratings scored by subjects who used AR HMDs or
smartphones. Finally, we investigate the usability and the comfort of
both technologies. In our data analyses, we rely on the non-parametric
Mann-Whitney’s rank sum test to detect significant differences between
treatments (also called U test, abbreviated as MWU). For within treat-
ment comparisons, we use the non-parametric Wilcoxon matched-pairs

test (abbreviated as WMP), for example to test improvements from
Round 1 to Round 2. We report the p-values of two-sided tests. To
investigate the impact of different variables on individual behavior, we
also conduct multi-variate (parametric) regression analysis.

4.1. Effects of AR HMDs on TCT

We take TCT (in minutes) as our measure. Fig. 3 shown below
presents the different findings on TCT and displays therefore the me-
dian, and the upper and the lower quartiles of TCT as observed in
both treatments and rounds. There is no significant difference between
subjects in the SP and AR treatment in terms of repair time in Round
1 (average TCT in SP: 47.9 min and in AR: 49.4 min, MWU test,
z = —0.431, p = 0.667). The standard deviation of TCT in Round 1
amounts to 7.7 in the AR treatment, and to 5.9 in the SP treatment.

In Round 2, the subjects with AR HMDs achieved lower TCT, on
average, than the subjects with smartphones (SP: 40.1 min and AR:
34.9 min, MWU test, z = —2.462, p = 0.014). Compared to Round 1,
subjects in the AR treatment improved considerably in the Round 2.
Their progress, measured as repair time reduction, is significant (from
49.4 min to 34.9 min, WMP test, z = —2.934, p = 0.003). We also
observe a significant reduction in TCT for subjects using smartphones
(from 47.9 min to 40.1 min, WMP test, z = -2.589, p = 0.010).
In absolute terms as well as in percentages, however, subjects in the
AR treatment display a significantly greater reduction in their TCT
compared to subjects in the SP treatment. The relative TCT reduction
with AR HMDs is significantly larger than with smartphones: it amounts
to 28.2 percent in AR, but only to 14.4 percent in the SP treatment,
MWU test, z = —2.216, p = 0.027). The standard deviation of TCT in
Round 2 amounts to 4.5 in the AR treatment, and to 2.3 in the SP
treatment.

Result 1. There is no significant repair time difference between subjects
using AR HMDs and smartphones when performing the task for the first time.
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Fig. 3. Time to completion (TCT).

When the task is repeated, both experimental groups become significantly
faster. The relative improvement of the subjects using AR HMDs is almost
double that of the subjects using smartphones.

A potential explanation for the significant reduction in TCT between
both rounds may be that during the first round, subjects had to perform
the task for the very first time, which required similar levels of time to
understand the task. At this stage, repair times of the AR HMDs and
smartphone groups are similar. In the second round, however, subjects
already had a basic understanding of the repair task, and only needed
cues to complete the procedure, e.g., on how long they have to polish
the resin, which tool is necessary for each stage, etc. During the second
round, AR HMDs hence might have allowed subjects to decrease their
interaction time with the available information, as the glasses are more
easily accessible, e.g., subjects did not have to reach in their pockets or
to the table to access the information. This line of argument is also
supported by the questionnaires after Round 1 (see Table 2) and after
Round 2 (see Table 3). Subjects in both treatments considered their first
interaction with the task more difficult than the second one, in terms of
understanding the information provided at each stage of the repair task.
On a Likert scale from 1 (very easy) to very difficult (5), in Round 1,
subjects in the AR treatment rated their understanding with 2.55, and
with 2.45 in the SP treatment, while in Round 2, with 2.00 in the AR
treatment and 1.92 in the SP treatment. Our result is consistent with
previous research that found AR HMDs leading to improved TCT (Atici-
Ulusu et al., 2021; Hou & Wang, 2013), but departs from research that
did not find TCT improvements (Seeliger et al., 2022).

Effects of AR HMDs on quality

Fig. 4 displays the quality scores obtained by the subjects in both
experimental rounds for each of the treatments. The quality rating is
reported on a scale from 1 to 25, where 25 is the highest possible
quality score.

As can be seen from Fig. 4, in Round 1, subjects who used AR
HMDs obtained on average higher quality scores than subjects using
smartphones (SP: 15.9 and AR: 19.2, MWU test, z = —2.381, p = 0.017).
In Round 2, however, there is no significant difference between both
treatments (SP:19.3 and AR: 16.6, MWU test, z = 1.518, p = 0.129).
In terms of the differences between the first and second trial, we
observe that subjects who used smartphones improved their quality
ratings (WMP test, z = —1.932, p = 0.053), while there is a negative
but statistically non-significant tendency for the subjects who used AR
HMDs (WMP, z = 1.386, p = 0.166).

Result 2. AR HMDs have an immediate and positive effect on the
work quality of untrained workers. The difference between AR HMDs and
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smartphones diminished as workers gained experience. In the second round,
we observed no significant quality differences.

An interesting question is why subjects immediately achieved a
higher quality score with AR HMDs compared to subjects using smart-
phones? A starting point to answer this question may be the com-
ponents of the quality rating. In other words, are subjects in the AR
treatment better than subjects in the SP treatment in some particular
sub-measures? Indeed, in Round 1, subjects who used AR HMDs were
rated better in polishing (SP: 2.91, AR: 3.55, MWU test, p = 0.132),
and significantly better in resin treatment (SP: 2.73, AR: 3.64, MWU
test, z = —-2.243, p = 0.025). Why were they better in these sub-
tasks? The questionnaire data after Round 1 show that subjects rated
the app used for the AR HMDs as more intuitive compared to the
respective ratings of the smartphone group, though the difference is
not statistically significant (SP: 4.18, AR: 4.45, MWU test, z = —1.330,
p = 0.184). Subjects who used AR HMDs also felt that the task was easier
than did the group with smartphones, though the difference again is
not statistically significant (SP: 2.50, AR: 1.91, MWU test, z = 1.500,
p=0.134).

Another interesting question is why the quality ratings decreased
in the AR HMDs group between the first and second round? One
explanation might be that there is a productivity-quality trade-off. On
the one hand, while subjects who used AR HMDs got quicker with their
task (28 percent quicker in our experiment), they might have lost some
of their focus on the task and quality performance might have dropped
as a result. On the other hand, subjects who used smartphones were
slower (they improved only 14 percent in our experiment). This might
have kept participants in a more focused state, explaining the higher
quality performance in the second round.

We ran a regression analysis to investigate a potentially negative re-
lationship between TCT and quality. In our regressions, the dependent
variable is the quality rating, independent variables are the TCT, and
treatment, the latter one being a dummy variable, taking the value 1 for
the AR, and O for the SP treatment. As the respective column in Table
4 shows, in Round 1, TCT had no significant effect on the obtained
quality rating. In Round 2 there was a weakly significant treatment
effect, as the dummy variable treatment shows, indicating that subjects
with AR HMDs obtained a lower quality rating. While time still had
no effect on quality for the SP treatment, there is indeed a weakly
significant positive effect of time on quality in the AR treatment. The
significant interaction term between TCT and the treatment dummy
shows: the more time (in minutes) is taken, the higher the quality
rating in the AR treatment. This positive effect alleviates the weakly
significant negative treatment effect we observed in the AR treatment.
Our result adds important new repeated-measures evidence to the
literature, as previous cross-sectional studies found that AR HMDs led
to fewer errors (Alves et al., 2022; Biittner, Funk, Sand, & Rocker, 2016;
Hao & Helo, 2017)
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Table 2
Results from the questionnaire after Round 1.
Questionnaire after Round 1 SP AR
1. How intuitive was the application?* 4.18 4.45
(0.40) (0.69)
2. How would you rate the quality of the explanations?* 4.27 4.27
(0.47) (0.79)
3. How do you rate the design of the layout?* 4.36 4.27
(0.92) (0.47)
4. How comfortable was the device?* 4.64 4.09
(0.62) (1.049)
5. How do you rate the resolution of the display?* 4.36 3.91
(0.74) (0.70)
6. Interaction with the device during the task* 4.73 4.00
(0.65) (0.45)
7. Design of the glasses* n/a 4.00
(0.63)
8. Understanding the information at each stage** 2.45 2.55
(0.87) (0.93)
9. Performing the tasks described in the display** 2.55 2.18
(0.78) (0.75)
10. Performing the tasks while using/ wearing the device** 2.18 1.91
(0.85) (0.90)
11. In general terms, how do you rate the task?** 2.73 1.91
(1.00) (0.70)
12. How would you feel if you had to work for 8 h with this equipment?*** 2.64 2.64
(0.79) (0.67)
Treatment averages. Standard deviations are in parentheses.
* Likert scale from very good (5) to very bad (1).
** Likert scale from very easy (1) to very difficult (5).
#*% Likert scale from “I would not enjoy it” (1) to “I would enjoy it” (3).
Table 3
Results from the questionnaire after Round 2.
Questionnaire after Round 2 SP AR
1. In general, how do you rate your last experience?* 8.25 8.64
(1.76) (1.29)
2. In general, how do you rate the results from your last task?* 7.25 6.73
(1.82) (1.49)
3. In general, how do you rate this experience?* 8.08 8.91
(2.11) (0.83)
4. In general, how do you rate your results from this task?* 6.83 6.82
(2.12) (2.09)
5. How do you rate the usability of the application?* 8.67 8.36
(1.37) (1.86)
6. How do you rate the information displayed?* 8.58 7.45
(1.38) (1.63)
7. How do you rate the interaction with the device?* 8.17 8.36
(1.99) (1.50)
8. Did you felt more comfortable with the device than last time?** 0.83 0.73
(0.39) (0.47)
9. Did you consider that this task was more difficult than the last one?** 0.00 0.00
(0.00) (0.00?)
10. Understanding the information at each stage*** 1.92 2.00
(0.79) (0.63)
11. Performing the tasks described in the display*** 1.92 1.73
(0.67) (0.47)
12. Performing the tasks while using/wearing the device 1.58 2.27
(0.51) (0.65)
13. In general terms, how do you rate the task? 2.33 2.27
(0.89) (0.79)

Treatment averages. Standard deviations are in parentheses.
* Likert scale from very good (10) to very bad (1).

** Binary option with yes (1) and no (0).

#** Tjikert scale from very easy (1) to very difficult (5).
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Table 4
Multivariate analysis for quality.

Dependent variable: Quality score Round 1 Round 2
Task completion time (TCT) -0.016 -0.222
0.117) (0.357)
Treatment (0 = SP,1 = AR) 7.615 —34.041
(7.792) (16.718)*
TCT x Treatment —0.087 0.862
(0.158) (0.432)*
Constant 16.693 28.238
(5.674)*** (14.358)*
Adjusted R? 0.19 0.25
N 23 23
Regression coefficients. Standard errors in parentheses.
Significance levels: () = 0.1, (s%) = 0.05, (x#%) = 0.01.
Table 5
Evaluation of the application.
Round 1 SP AR
Usability of the application 4.18 4.45
(0.40) (0.69)
Interaction with the device 4.33 4.00
(0.65) (0.45)
Comfort 4.25 4.09
(0.62) (1.04)
Round 2* SP AR
Usability of the application 8.67 8.36
(1.37) (1.86)
Interaction with the device 8.17 8.36
(1.99) (1.50)

Treatment averages. Standard deviations are in parentheses.
Likert scale from very good (10) to very bad (1).
* In Round 2, we used a more fine-grained Likert scale.

Usability of the AR HMDs

Previous studies have shown that a lack of comfort and usability is
a common concern and problem preventing wider adoption of HMDs
in the industrial sector (Booher, 1975; Quint et al., 2016; Stocker,
Spitzer, Kaiser, Rosenberger, & Fellmann, 2017). To capture usability,
we asked subjects several questions after each experiment. Table 5
summarizes our analysis of these questions. We find that the usability
of the application evoked positive and consistent feedback in both
treatments. Subjects rated the usability of both devices similarly. The
difference between AR and SP is neither significant in the first round
nor in the second round. Table 5 also shows that users did not perceive
any significant difference in the interaction with their devices. Addi-
tionally, we find that subjects rated both technologies as comfortable
to a similar extent. Our result departs from research that found low
usability for AR HMDs compared to tablet, projection or paper-based
instructions (Biittner et al., 2016; Seeliger et al., 2022).

Conclusion, limitations and future research opportunities

We started this paper with the observation that XR has the potential
to amplify human capabilities in a variety of industrial contexts and
may be able to play a significant role in the digital transformation of
manufacturing and service systems. However, there remain significant
research gaps in experimentally examining the performance effects
of XR in real industrial settings. In our experiment, we focused on
one particular XR technology, namely AR HMDs. We found that even
though there were no immediate repair time effects, the use of AR
HMDs resulted in significant gains over time compared to the control
group in the second round of our experiment. The use of AR HMDs also
had an immediate and positive effect on work quality for untrained
workers, but this effect diminished fairly quickly as workers gained
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more experience. Finally, we found that the usability and comfort of
the HMD presented no problems for the subjects in our experiment.

We believe our findings, which are based on a repeated experiment
and real industrial repair task, make new and important contributions
to our understanding of how AR HMDs affect TCT, quality and usability
in industrial settings. Nevertheless, our experiment is subject to some
limitations. Peer effects, such as the ones found by Giirerk, Bonsch,
Kittsteiner, and Staffeldt (2019), can play a role because subjects in our
experimental setting typically worked in parallel at three workstations.
The distance in itself between the subjects performing the task, where
meticulous attention to detail was required, was large enough to hinder
imitation. However, the first subject in each round to finish their task
might have had an impact on the TCT of the remaining participants. We
mitigated this effect as much as possible, while at the same ensuring
that the experiment reflected a realistic industrial setting. Subjects
were explicitly instructed not to communicate with each other, and the
expert observing the work also ensured that subjects were only focused
on their tasks. Possible peer effects could be further mitigated in future
studies by placing non-intrusive but visual barriers that separate each
subject within the industrial facilities.

We see several opportunities to extend our experiment in future
research projects. Although our data already allowed some longitudinal
insights on learning and productivity effects, future research could
extend our insights with a multi-year long-term study of performance
effects. There is also potential for future research to experimentally
study the effects of AR HMDs for different industrial tasks and in
different industrial settings or explore its use in collaborative settings
where peer effects could be more pronounced. Moreover, we did not
measure cognitive load in our study, which could be a useful theoretical
framework and measurement to consider in future studies (Ayres, Lee,
Paas, and Van Merrienboer (2021), particularly as our results seem
counterintuitive in that quality for users using AR diminished over time
even though we would have expected cognitive load to reduce over
time and improve actual task performance. Similarly, future studies
could also include commonly used measures of cognitive fatigue, i.e., a
decrease in cognitive resources developing over time on sustained
cognitive demands (Trejo et al., 2005), to explore its potential effect
on quality decrease when the task is executed repeatedly.
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Attention: It is only possible to
repair impacts on the windshield
if the damage is not around the
driver's windshield wiper.

—

The damage cannot be repaired
if: The diameter of the point of

Security measures:
Use security glasses (Only if you

impact is larger 5mm. The diam-
eter of the whole damage is
larger than 5 cm.

» are not wearing smart glasses)
Use gloves of nitrile.

l Combined

Y fissure

Bull's eyt
star half-moo

e or
n

Combined damage:

Clean the impact zone.

Do not apply the cleaning prod-
uct in the impact zone.

The selected dam-
age is not correct,
please chose an-
other one!

The selected dam-
age is not correct,
please chose an-
other one!

The selected dam-
age is not correct,
please chose an-
other one!

v

Now remove all the broken glass
from the damaged area. In the
case that the orifice does not
reach the surface go to ‘more
info’.

First moisten the suction cup of
the injection holder. Then fix the
injection holder as explained in

Moisten the suction cup of the
mirror and fix it in the interior of
the windshield, so that you can

‘more info’.

see the back of damage from
the front.

v

Now place the injector in the in-
Jjector holder. The mouth of the
injector must be perfectly posi-
tioned and applying pressure
over the point of impact.

Now place the injector in the in-
jector holder. The mouth of the

Prepare the injector by resetting
the cylinder and putting 3 drops
of resin filler in its mouth.

injector must be perfectly posi-
tioned and applying pressure
over the point of impact.

v

Keep the injector in this position
till the resin stops flowing

>

Unscrew the cylinder to create a
vacuum. After a few seconds
screw the cylinder back again.

Repeat the unscrew and screw
process of the cylinder till the
resin has filled the whole of the

damaged area. The last cycle
must be the one applying pres-

sure.
v

Place now the finishing resin
over the damage. Afterwards
put a sheet over it. Cure the
resin, as in the last stage for 6
min.

Remove the UV lamp and ex-
tract the resin with a knife. The
knife must be 90° in relation to
the treated surface.

Remove the injector holder.
Then place a sheet over the
damage. Afterwards place the

UV lamp to cure the resin. Do
not leave any air bubbles on the
sheet. Let the UV lamp cure the
resin for 6 min

v

Remove the sheet and extract,
as in the previous stage, the fin-
ishing resin with a knife

Clean the windshield, both from
the interior as well as the exte-

Now put one drop of polishing
liquid over the impact point and

rior. Afterwards clean-up the
work place

polish the zone, until shiny.

Fig. A.2. Full instructions.

v

You have finished the reparation
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(a) Smart glass display

Android Emulator - Nexus_5X_API|_25 x86:5554

el siguiente paso
ionaremos el dafio
spondiente.

(c¢) Example of instructions

(b) Subject uses the app on the smartphone

Android Emulator - Nexus_5X_API_25_x86:5554

Reparacion de lunas

Dafio Combinado

Limpie la zona de impacto
Evite introducir el producto de
limpieza en la zona del daiio

(d) Example of instructions

Fig. A.3. The user interface of the application for smart phones and AR HMDs.

Full instructions of the repair task
See Fig. A.2.
The development of the application

The application was developed in cooperation with Centro Zaragoza.
First, we shot a video showing the whole repair process. The video
helped to develop the application. We divided the procedure into
several screens. Each screen contained only around three to five lines
of explanations to ensure that the user was not overwhelmed with too
much information. At the bottom of each screen, the user could select
between one or two buttons. With one button a user could scroll for-
ward. In some screens, an additional button could be selected to display
more information about the current stage. After we developed all the
required screens, an expert used the AR HMDs with the application to
repair a damaged windshield to check that the order of the screens and
information shown were correct. Once we had a final version for the
AR HMDs, we copied the application into a compatible format for the
smartphones.

The team considered a few aspects during the development of this
application to ensure that users could navigate correctly through the
different screens. Firstly, the expert controlled the size of the letters
to ensure that the text was large enough so users could read the
information properly and know which button to select to avoid unnec-
essary confusion during the repair process. The guidelines displayed
had intentionally a simple user interface, style, and instructions.

10

Experimental instructions for the participants

Please read these instructions carefully before starting the repair
process! In the first place, make sure that you feel comfortable with the
AR HMDs. For this you should turn on the display. To do this, press the
turn in/turn out button for 10 s and then release it. Afterwards adjust
the glasses so that you can read the initial options easily. To adjust
the glasses, make use of the figures below. If you have any doubts,
please ask for assistance. Then locate the application “reparation of
the front moon”. During the initial adaptation phase, please do not use
the application with the name “reparation of the front moon”. Wait
for the instructor to open it. Once inside the application, you will have
to conclude the first stage and then you can select the damage that
matches the one you are confronted with. In general, the application
allows you to select between different options, go forwards or go
backwards. Additional information about the current stage can also be
displayed.

Please only conclude each operation in the manual once you have
finished the task. Once you feel comfortable with the glasses go to the
instructor and inform him that you are ready. He/she will then take
you to the place where you will repair the front moon. Please wait for
the instructor to tell you when you can start.

Please do not interrupt or pause your work during the whole period
of this experiment unless it is absolutely necessary.



O. Giirerk et al.

R ——
Button to go backwards
and to turn on/ and off

Slide your fingers without gloves over this surface
to choose between the different i The
options are to slide up/down to down/up and from
the left/right to the right/left.

Button to advance Adjust the small lever to

position the display correctly.

Adjust these rubbers to adapt the
high of the glasses

+ To lift the display, hold with

one hand the glasses in the

desired position and with the

other hand press these rubbers

to your nose to fix the position

Fig. A.4. Recon Jet devices with a WQVGA 16:9 screen and a lateral touch sensor.

Evaluation
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ESTHETIC EVALUATION 8
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ADDITIONAL QUESTIONS ves | no | por-
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CREATED NEW DAMAGES IN THE WINDSHIELD? [ I o )
DAMAGED THE EQUIPMENT? [m] ) =5
CLEAN-UP THE WINDSHIELDS? m} o !
PICKED THE EQUIPMENT UP? oo 2
USED THE SAFETY EQUIPMENT CORRECTLY? ol 0O 1
REPAIRED A WRONG DAMAGE? [ I )
TOTAL POINTS
END VALUE
TIME
TIME (MIN, SEC)
PARTICIPANTS MATN TIME:
PARTICIPANTS TIME TO CLEAN-UP THE WORKPLACE (OPTINAL):

NAME OF THE EXPERT, DATE, SIGNATURE

Page 1von 3

Fig. A.5. Quality check.

Data availability

Data will be made available on request.
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