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Abstract

Augmented reality (AR) can support manual assembly tasks by plac-
ing instructions directly at relevant objects and positions. Yet it re-
mains unclear how task complexity moderates the relative effective-
ness of AR form factors. We report an exploratory within-subject
study with 18 participants comparing a monitor-based baseline,
handheld AR, and head-mounted AR across an adapted standardized
assembly benchmark with three levels of spatial task complexity.
Measures included completion time, errors, workload, preferences,
and qualitative feedback. While the monitor baseline was fastest at
the lowest complexity, consistent with prior work, AR benefits in-
creased with spatial task complexity: head-mounted AR was fastest
at medium and high complexity, handheld AR also outperformed
the baseline once complexity was highest, and both AR modalities
reduced workload at the highest complexity. These findings sug-
gest that hardware choices for AR assembly guidance cannot be
generalized from low-complexity benchmarks alone and warrant
further study across systematically varied task complexities.
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1 Introduction

Assembly instructions require workers to map abstract information
to physical parts and positions [9]. Augmented Reality (AR) can
support this transfer by presenting assistive instructions in-situ [4],
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a form of spatially contextualized representation identified as a key
performance indicator for industrial AR task guidance [12].

To make comparative research on the benefits of AR assembly
instructions more cumulative, Funk et al. introduced a standard-
ized LEGO® Duplo benchmark task in 2015, with a paper baseline
and a task model that separates locating parts and assembly posi-
tions from task-dependent assembly actions [9]. This setup and its
adaptations have since supported focused comparisons for several
moderators. Funk et al. reported advantages for in-situ projection
across task phases, errors, and workload in a comparison with
head-mounted-display (HMD), tablet, and paper instructions [10].
Biittner et al. found that in-situ and paper led to faster task comple-
tion times and fewer errors than HMD instructions [6]. Blattgerste
et al. found paper fastest, while HoloLens-based in-situ guidance
reduced errors [5], and later found that 3D in-situ AR-glasses in-
structions outperformed side-by-side visualizations when occlusion
was handled [4]. Kosch et al. studied tactile, auditory, and visual
assembly error feedback [14], and later used a related Duplo setup
to evaluate cognitive assistance with mobile electroencephalogra-
phy [13]. Renner et al. adapted the task for occluded assembly target
investigations [16] and Alves et al. compared handheld AR, indi-
rect AR, and see-through HMD visualization methods [1]. Besides
their main finding, these works also revealed limitations: the Duplo
task prioritizes reproducibility [9], but may be too simple to clearly
differentiate AR visualization methods [1]; its paper reference in-
structions can be ambiguous, including rotated interpretations [5];
and target occlusions are a particularly relevant spatial factor, but
are not systematically varied in the task despite their importance
for unambiguous in-situ visualization [4].

Together, the mixed performance results and these task-related
limitations warrant further investigation into the broader question
of when and which type of AR guidance becomes beneficial as task
complexity increases, especially given initial evidence that AR ben-
efits can vary with assembly stage and task demands [17]. Because
AR can present instructions directly at the object of interest [4],
we hypothesize that its benefits become more relevant when place-
ments are harder to infer from conventional instructions; this ex-
pectation, however, still requires empirical testing. Prior work often
operationalizes increasing task complexity as increasing numbers
of steps [8, 9, 11]. Such length-based scaling is useful for repro-
ducible tasks, but mainly increases repetition rather than the spa-
tial inference demands that AR actually supports most. Assembly-
complexity research usually treats complexity more broadly as well:
final assembly workers perceive complexity through variants, work
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content, layout, tool usage, support tools, and instructions [15],
while manual assembly complexity criteria include accessibility,
visibility, precision demands, and geometric variation [7]. Workload
research similarly links complexity to information processing and
choice demands [2].

This paper therefore contributes an exploratory comparison of
handheld AR, head-mounted AR, and a monitor-based station-style
baseline under increasing spatial task complexity. Here, spatial task
complexity refers to placements that become harder to infer from
instructions because spatial relations are less obvious or the target
is less accessible. We therefore explore the question: How do these
instruction modalities affect completion time, errors, and
perceived workload as spatial task complexity increases?

2 Method

To address the question, we adapted Funk et al’s benchmark [9]
into a 3 (instruction modality) X 3 (spatial complexity level) within-
subject study. Figure 1 shows the experimental apparatus, complex-
ity levels, and instruction modalities.

2.1 Apparatus and Task

The apparatus is designed to compare instruction hardware under
increasing spatial inference and access demands while retaining a
reproducible pick-and-place task. We kept the benchmark’s eight-
bin/color setup but replaced the paper baseline with a monitor-
based workstation-style baseline, closer to a realistic industrial
assembly station. The workspace combined a central build plate,
two covered side build plates, eight part bins, a workspace marker
for AR localization, and keyboard-controlled step advancement.

We compared three instruction modalities. The monitor base-
line showed an egocentric virtual view of the accumulated build
state up to the current step, with the current brick and source bin
highlighted. Handheld AR used an iPhone 16 Pro with LiDAR to
overlay the current brick at its target pose in the real workspace.
Head-mounted AR used an Apple Vision Pro video-see-through
HMD to show the same in-situ current-brick overlay hands-free.

All modalities were implemented in a shared custom Unity
project with identical scripted sequences advanced by keyboard
input. The current brick was rendered as static 3D geometry and
highlighted with an outline shader; when placement geometry was
occluded, the outline kept the target identifiable. The source bin for
the current brick was highlighted in the brick’s color. To control the
hardware comparison, the monitor condition used the same current-
step and source-bin cues as the AR modalities, unlike the original
paper baseline. The Unity application, scripted sequences, and ren-
dering parameters are available in an open-source repository for
reproducibility [3].

Spatial complexity was operationalized as three scripted se-
quences that varied local spatial relations, visibility, and access de-
mands. Complexity 1(C1) retained Funk et al’s coherent structure,
in which placed bricks had clear local spatial relations. Complexity
2 (C2) used fixed pseudo-random placements on the central plate,
reducing coherent spatial relations between placements. Complex-
ity 3 (C3) distributed placements across the central and the covered
side plates; the physical target areas on the left and right base plates
were hidden from the central view, requiring participants to infer
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placements from the instructions and move to the sides to inspect
and access them. C1 and C2 used 32 steps, C3 used 48 steps, and the
same scripted sequence for each level was used across modalities.

2.2 Study Design, Procedure, and Measures

The study followed this 3 x 3 within-subject design: each participant
completed all three modalities and all three spatial complexity levels.
Instruction modality order was fully counterbalanced, with each
of the six possible orders completed by three participants. Within
each modality, complexity levels were presented in fixed ascending
sequence (C1, C2, C3).

The study was completed by 18 participants (5 female; age: M =
25.4 years, SD = 2.8, range 20-30). Participants were recruited
from our university and received 15 € as compensation. Under our
institution’s guidelines, formal ethics approval was not required
for this low-risk exploratory study without vulnerable groups.

At the start of each session, participants received study infor-
mation, gave informed consent, completed a demographic ques-
tionnaire, and, in line with the benchmark [9], were explained to
prioritize accurate assembly of the target model, with the second
priority being speed. Before each modality, participants were intro-
duced to the modality and keyboard-based step advancement; for
AR modalities, devices were localized to a workspace marker and,
when necessary, the experimenter fine-calibrated alignment via
keyboard input. After each complexity level within each modality,
participants answered NASA-TLX questions read aloud by the ex-
perimenter. At the end of the session, participants self-completed a
questionnaire in which they ranked the three instruction modalities
and answered open-ended free-text questions about the experiment
overall, including why they preferred their top-ranked modality
and what worked well or could be improved.

Dependent variables were task completion time (TCT, seconds),
logged by the system; task errors (TE; incorrect or missing place-
ments), counted from corrected or replaced bricks during the task
and from remaining errors identified in final assembly photos;
and perceived workload, measured with a verbally experimenter-
administered, non-validated RTLX adaptation (original NASA-TLX
items with an adapted 1-10 scale, transformed to 0-100 without
weighting). Additional measures were a preference ranking and
qualitative feedback; one researcher summarized open-ended re-
sponses descriptively by grouping comments into recurring themes.

3 Results

Table 1 summarizes the descriptive statistics for all quantitative
outcomes, and Figure 2 visualizes the mean trends across spatial
complexity levels and instruction modalities. For each quantita-
tive outcome, we used a 3 X 3 repeated-measures ANOVA to test
whether instruction modality effects varied across spatial complex-
ity levels. Because complexity levels were presented in fixed ascend-
ing order and differed structurally in task size, main effects of spatial
complexity level are not interpreted independently. Spatial complex-
ity level was retained in the models to test the instruction modal-
ity X spatial complexity level interaction. Because Mauchly tests
indicated sphericity violations for some effects, ANOVA p-values
are Greenhouse-Geisser corrected. Post-hoc paired comparisons
are Holm-corrected to adjust for multiple comparisons. Diagnostic
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Shapiro-Wilk checks of condition distributions indicated some de-
viations from normality, particularly for task errors; however, the
reported significant post-hoc comparisons met paired-difference
normality checks. We retained parametric tests for comparability
with prior benchmark studies. Effect-size magnitudes for significant
post-hoc comparisons are reported as paired-samples Cohen’s |d;|.
Repeated-measures ANOVAs indicated no systematic instruction-
modality order effects for TCT, TE, or RTLX (all F(2,34) < 1.31,
p = .282-.587). All observations were retained for analysis, and no
outliers were excluded.

3.1 Task Completion Time

For task completion time, the repeated-measures ANOVA showed
a significant main effect of instruction modality, F(2,34) = 6.61,
p =.006, 1712, = .28, and a significant instruction modality X spatial
complexity level interaction, F(4,68) = 13.89, p < .001, 1712, = 45.
Post-hoc tests indicated lower TCT for baseline instructions than

Apparatus

Baseline
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for handheld AR at C1 (p = .001, |d;| = 1.02). At C2, post-hoc
tests indicated lower TCT for head-mounted AR than for baseline
(p = .009, |d;| = 0.78) and handheld AR (p < .001, |d;| = 1.16). At
C3, post-hoc tests indicated lower TCT for handheld AR and head-
mounted AR than for baseline (p = .024, |d,| = 0.58, and p = .001,
|dz| = 1.08, respectively), and lower TCT for head-mounted AR
than for handheld AR (p < .001, |d;| = 1.29).

3.2 Task Errors

For task errors, the repeated-measures ANOVA showed no signifi-
cant main effect of instruction modality, F(2,34) = 0.22, p = .739,
and no significant instruction modality X spatial complexity level
interaction, F(4, 68) = 0.13, p = .832. Thus, task errors did not pro-
vide evidence for modality-specific differences across complexity
levels in this experiment. Because task errors showed normality de-
viations and qualitative feedback suggested different error sources

Complexity Level

Handheld AR

Instruction Modality

Figure 1: The experimental apparatus and two within-subject factors. Top left: adapted assembly workspace based on the
benchmark by Funk et al. [9], extended with two side plates, opaque occlusion covers, and a monitor for a workstation-style
baseline; side-platform contents are visualized schematically through the covers for illustration. Top right: final target models
for the three spatial complexity levels (C1-C3). Bottom: the instruction modalities compared: monitor baseline, handheld AR,

and head-mounted AR.
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Table 1: Mean + SD values for task completion time (TCT), task errors (TE), perceived workload (RTLX), and preference rank by
instruction modality and spatial complexity level; lower preference ranks indicate stronger preference.

Measure Head-Mounted AR
C1 C2 C3 C1 C2 C3 C1 C2 C3
TCT (s) 175.0 £42.6  277.5+115.8 841.8+£365.4 228.5+60.6 276.4+76.1 660.1+159.5 284.5+232.6 199.4+70.1 488.6+ 128.9
TE 0.3+1.0 3.1+4.5 14.2 £ 8.6 0.3+1.2 3.7+£3.6 14.6 £ 3.6 0.9+2.5 4.2+33 14.2 £5.0
RTLX 20.1+11.1 29.9 + 16.4 48.4 + 22.3 20.4 +£15.9 25.3+15.3 39.2 +£22.0 15.4 + 8.1 17.9 £ 12.5 29.7 £13.9
Preference 2.22 +£0.88 2.11+0.76 1.67 £0.77
-9 Baseline Handheld AR —9- Head-mounted AR
Task Completion Time Task Errors Perceived Workload
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Figure 2: Mean trends in task completion time (TCT), task errors (TE), and perceived workload (RTLX) across spatial task
complexity levels (C1-C3) by instruction modality in the within-subject study; error bars show 95% confidence intervals.

across modalities, TE should be interpreted cautiously and the Dis-
cussion will elaborate on this aspect in more detail.

3.3 Perceived Workload

For perceived workload, the repeated-measures ANOVA showed
a significant main effect of instruction modality, F(2,34) = 7.05,
p =.003, 1712, = .29, and a significant instruction modality X spatial
complexity level interaction, F(4,68) = 3.73, p = .036, 1712, = .18.
Post-hoc tests showed no significant modality differences at C1 or
C2. At C3, post-hoc tests indicated higher perceived workload for
baseline instructions than for handheld AR (p = .044, |d;| = 0.56)
and head-mounted AR (p = .003, |d;| = 0.95); they also indicated
higher perceived workload for handheld AR than for head-mounted
AR (p = .044, |d;| = 0.59).

3.4 User Preference and Qualitative Feedback

Participants ranked the modalities after the study, with lower ranks
indicating stronger preference. We analyzed these matched ordinal
rankings with a Friedman test, which did not indicate a statistically
reliable difference between modalities, y?(2) = 3.11, p = .211; mean
ranks are reported in Table 1. Descriptively, head-mounted AR was
ranked first by 9 participants (50.0%), baseline instructions by 5
participants (27.8%), and handheld AR by 4 participants (22.2%).
Open-ended responses indicated different reasons for the prefer-
ences: participants who ranked head-mounted AR first emphasized
direct spatial guidance (5/9), lower effort or reduced counting (5/9),

and hands-free ergonomics (3/9); baseline-first participants em-
phasized confidence in exact placement or correctness (2/5) and
familiarity or absence of device handling (2/5); and handheld-first
participants emphasized fewer practical issues (2/4) and reduced
counting (2/4). Across modalities, participants described AR as
reducing display-to-workspace transfer through direct spatial guid-
ance (10/18) and highlighting relevant bins, boards, steps, or colors
(5/18), with some also reporting lower mental load or faster work
from reduced display switching and checking (4/18). AR-specific
limitations centered on tracking or alignment problems (13/18), vir-
tual overlays occluding real bricks during placement, prompting re-
quests for transparency or occlusion handling (4/18), handheld AR’s
small viewport and one-handed fatigue (6/18), and head-mounted
AR comfort issues such as blur, heat, or nausea (3/18). Monitor
comments valued stable, clear placement views but also requested
placement aids such as grids, distance cues, or arrows (7/18).

4 Discussion

This exploratory study compared a workstation-style baseline,
handheld AR, and head-mounted AR across increasing spatial task
complexity levels. It provides an initial empirical indication that
the relative value of AR instruction modalities may depend on the
spatial demands of the task, warranting further systematic study.
The results point less to one universally best instruction modality
than to a trade-off between representational transfer and device
overhead. At the lowest complexity level (C1), the coherent and
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visible structure may have made the monitor baseline compara-
tively easy to interpret with fair information and visualization
parity. Here, TCT was lower for the baseline than for handheld
AR, while the baseline and head-mounted AR did not differ re-
liably, suggesting that the AR instruction modalities first had to
offset device overhead. Handheld AR introduced handling costs,
and head-mounted AR may have been affected by display unfamil-
iarity and novelty, reflected in its higher C1 TCT variance. At C2,
less coherent placements increased the need for actual spatial infer-
ence; here, head-mounted AR showed lower TCT than both other
instruction modalities, although perceived workload did not differ
reliably. At the highest complexity level (C3), occluded side plates
and physically distributed target areas further increased display-to-
workspace transfer demands; here, handheld AR showed lower TCT
than the baseline despite its handling costs, while head-mounted
AR showed lower TCT and perceived workload than both other in-
struction modalities. This pattern suggests that both AR instruction
modalities became more useful when direct spatial cues reduced
spatial search, display switching, and mental transformations. This
interpretation is consistent with qualitative feedback about direct
spatial guidance and reduced effort, even though the preference
ranking was not significant.

Regarding task errors, the absence of significant differences
should be interpreted cautiously because TE likely captured dif-
ferent error sources across modalities. Descriptive observations
and final-assembly inspections suggest different error patterns:
baseline C3 errors often involved miscounting, rotated side-plate
constructions, or swapped left/right plates, including one 37-error
trial, whereas AR C3 errors more often appeared as small shifts
or alignment-, tracking-, and calibration-related placement issues.
Because these modality-specific error sources were not system-
atically coded or statistically tested, TE is best interpreted as a
complementary outcome rather than as evidence that the modal-
ities were equally robust. Notably, in the open-ended responses,
13 of 18 participants reported AR tracking or alignment problems;
these issues did not correspond to higher total error counts, but
likely contributed to AR-specific error patterns and practical device
overhead. Because these technical issues were reported frequently,
they may also have contributed to device overhead and could have
influenced completion time or perceived workload; this should be
considered when interpreting the results.

Observations also clarify the handheld/head-mounted difference:
handheld AR often required participants to hold the phone in their
dominant hand, while head-mounted AR avoided this cost and
provided a larger field of view.

Finally, our findings also help contextualize the mixed results
from prior work using the assembly benchmark [9], where conven-
tional instructions often remained competitive and AR advantages
varied [1, 4-6, 10]. Our C1 result broadly aligns with this pattern,
while C2 suggests that head-mounted AR may already reduce TCT
when mental transformations increase, before C3 adds side-plate
occlusions and access demands, where post-hoc comparisons also
indicated lower TCT for handheld AR than for the baseline.
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4.1 Limitations and Outlook

Several limitations qualify these exploratory findings. Most impor-
tantly, spatial task complexity, presentation order, and task size
were confounded: C1-C3 were always presented in ascending or-
der within each instruction modality, so C1 also captured device
onboarding and later levels may reflect learning, fatigue, or fa-
miliarity; counterbalancing modality order does not remove this
within-modality confound. C3 also added 48 instead of 32 steps,
side plates, occlusion, and access demands, so the results cannot
isolate which component specifically shifted modality performance.
Accordingly, the significant interaction effects show that modality
differences varied across task levels, but not which aspect of the
bundled levels drove this variation. Further limitations are the small,
homogeneous sample with limited prior AR/MR experience, task-
errors with floor effects, an adapted experimenter-administered
non-validated RTLX-style workload measure, and qualitative feed-
back summarized descriptively by a single researcher. Both the AR
modalities and the assembly task remain laboratory abstractions:
handheld AR is a constrained form-factor comparison, video-see-
through head-mounted AR operationalized wide field of view de-
spite being unrealistic for actual industrial use, and the benchmark
supports standardized comparison rather than realistic industrial
assembly. Task-error analysis was also affected by AR-specific mis-
alignments: the lack of a significant difference in error counts across
modalities may partly reflect modality-specific error sources, with
AR errors driven partly by technical limitations rather than by
participants’ interpretation or execution of the assembly task.

Ultimately, these findings suggest that the comparative effective-
ness of AR assembly instruction modalities cannot be generalized
from low-complexity benchmarks alone. Follow-up studies should
test whether the pattern found in this exploratory study holds under
systematically varied task complexities, including but not limited
to spatial task complexity, with larger and more diverse samples
and more realistic assembly tasks and constraints.
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