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ABSTRACT

Manual order picking remains a central intralogistics activity, but performance is 
constrained by non-value-added travel and by search and verification effort at the shelf. 
Augmented-Reality pick-by-vision systems promise context-sensitive guidance directly 
in the field of view of the workers, yet practical deployment must cope with deviations 
such as empty compartments without breaking task flow. This paper presents the design 
and prototype implementation of a feedback-driven adaptive assistance concept for 
picking. Following a Design Science Research process, requirements were derived from 
a scenario analysis and an expert interview, then realized in a Unity-based simulation 
prototype that combines egocentric route guidance with bin-level highlighting and a 
deterministic correction mode. When a stock shortage is reported at the target shelf, the 
system switches to a predefined reserve location and recalculates guidance accordingly. 
The prototype was assessed in an exploratory qualitative think-aloud study (N = 5). 
Participants reported high confidence in task completion (mean 8.8/10) and highlighted 
the route line and shelf framing as helpful cues. They also noted usability issues with 
the visibility and affordance of the stockout reporting control. This highlights an AR 
trade-off, as prominent overlays can increase guidance visibility but may obstruct the 
environment.
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INTRODUCTION

Order picking in picker-to-parts warehouses is still dominated by manual 
work and therefore by human performance. In such settings, non-value-
added movement and search activities dominate the time budget. Travel 
accounts for roughly half of working time and shelf-level search for around 
one fifth (De Koster et al., 2007). Since travel does not create direct added 
value, it offers high leverage for optimization (De Koster et al., 2007).

At the same time, intralogistics organizations face pressure from 
both demand and labor dynamics. The paper situates this work against 
declining labor availability in logistics (Hempfing and Schwemmer, 2019) 
and increasing efficiency demands in intralogistics (Jäckl and Voigt, 2024). 
In parallel, e-commerce continues to drive order volumes and therefore 
picking throughput requirements (bevh - Bundesverband E-Commerce und 
Versandhandel Deutschland e.V., 2024).
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Augmented-Reality (AR) pick-by-vision systems aim to externalize 
guidance by presenting context-sensitive information and visual cues directly 
at the point of work (Reif and Günthner, 2009; Rejeb et al., 2021). This work 
argues that such systems should not treat the worker as a passive receiver of 
instructions, but as a human-in-the-loop partner who can feed back deviations 
that are difficult to detect automatically in changing environments (Schirner 
et al., 2013; Quandt et al., 2023). Building on this framing, this paper designs 
and prototypes an adaptive assistance concept that reacts to a reported stock 
shortage by switching to a reserve target and rerouting guidance without 
leaving the task context.

This paper is organized as follows. Background and design considerations 
summarize related work and key implications for AR picking assistance. 
The method section describes the requirements process and study procedure. 
Design rationale and implementation detail how requirements were translated 
into the Unity prototype, and the evaluation and discussion report findings 
from the think-aloud study.

BACKGROUND AND DESIGN CONSIDERATIONS

From a user perspective, shelf-level errors often stem from the cognitive 
effort of locating a storage position and identifying the correct item. Also, 
search inefficiencies lead to time losses and increase the risk of picking errors 
(“mis-picks”) (Rejeb et al., 2021).

Here, pick-by-vision is positioned as combining software-based flexibility 
with digital guidance and hands-free work compared to static paper-based 
methods and hardware-bound alternatives (Reif and Günthner, 2009). The 
scenario analysis further emphasizes acceptance factors for heterogeneous 
workforces. Older employees may prefer paper-based processes, perceived 
ease of use (PEU) is treated as critical for acceptance, and heterogeneous 
language proficiency motivates a text-light, symbol-based representation 
of work instructions (Rohacz and Strassburger, 2021; Reif and Günthner, 
2009).

The requirements framing also reflects cognitive ergonomics. Information 
density should be limited to essentials to avoid overloading working 
memory (Sweller, 1988) and to reduce the risk that prominent overlays 
capture attention at the expense of events in the environment (“attentional 
tunneling”) (Wickens and Alexander, 2009).

For navigation cues, the prototype follows an egocentric dynamic-line 
approach. The dynamic trajectory lines in virtual environments can reduce 
navigation task time compared to map-based tools by providing egocentric 
cues (Yi and Lee, 2022).

METHOD

The work follows Design Science Research (DSR), producing knowledge for 
practice through the construction and evaluation of an artifact (Hevner, 2007). 
In the relevance cycle, the requirements derive from a scenario analysis in a 
logistics company and a guided expert interview with management, focusing 
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on process deficits, acceptance factors, and infrastructural constraints. It also 
applies communicative validation (member checking) to confirm interpreted 
statements and derived requirements (Quandt et al., 2023).

Requirements are formalized as functional (FA) and non-functional (NFA) 
requirements, following the distinction between system behavior and quality 
attributes (Glinz, 2007). The catalog includes hands-free operation (FA-01), 
visual attention guidance (FA-02), information reduction (FA-03), process 
validation with explicit confirmation (FA-04), and data security (FA-05) (Reif 
and Günthner, 2009; Billinghurst et al., 2015; Syberfeldt et al., 2015; Quandt 
et al., 2023). Non-functional requirements capture usability and cognitive 
ergonomics, including intuitive usability (NFA-01) grounded in PEU as an 
acceptance factor (Rohacz and Strassburger, 2021), perceptual certainty 
with attention management (NFA-02) (Wickens and Alexander, 2009), and 
latency and performance considerations for comfort (NFA-03).

In the design cycle, the requirements are instantiated in a Unity-based 
desktop simulation prototype to validate interaction logic before hardware-
specific deployment.

DESIGN RATIONALE AND TRACEABILITY

This section makes the requirements-to-design relationship explicit. It links 
each identified deficit to the corresponding requirements, design decisions, 
implementation choices, and evaluation signals. The prototype is intentionally 
narrow in scope. It operationalizes a single high-impact deviation case, a 
reported stock shortage. It relies on deterministic control to keep system 
behavior predictable for users operating in a dynamic environment 
(Millington, 2019).

High search and orientation effort in picker-to-parts systems motivated 
FA-02 on visual attention guidance and NFA-01 on intuitive usability. The 
design therefore combines egocentric route cues with a bin-level confirmation 
frame. This supports both navigation and shelf-level verification. The 
prototype implements the route cue by projecting a dynamic guidance line 
in ARNavigation. The line is derived from a baked NavMesh route (Unity 
Technologies, 2016). HighlightTrigger activates the shelf frame only when 
the user enters a defined interaction radius.

The risk of visual overload from constant overlays informed FA-03 on 
information reduction and NFA-02 on perceptual certainty. The design 
consequently shows interaction elements only when they are task relevant. 
It removes highlights outside the shelf context. The prototype realizes this 
through context-sensitive activation and deactivation on trigger entry and 
exit. It also applies occlusion handling to preserve depth ordering between 
virtual guidance and static geometry (Macedo and Apolinario, 2023). 

Deviations such as empty compartments can interrupt task flow. This 
motivated FA-04 on process validation and guidance. The design provides an 
explicit feedback control at the shelf and a predictable correction mode. In 
the prototype, ARManager embodies a finite-state decision model. It switches 
from the primary target to a predefined reserve target when feedback is 
provided. It updates status cues through color changes (Quandt et al., 2023; 
Millington, 2019). 
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Finally, NFA-03 on latency minimization guided decisions for robust and 
comfortable interaction in longer use. The design avoids per-frame expensive 
computations and stabilizes camera motion. The prototype therefore uses 
event-driven path recalculation. It includes a startup delay to ensure NavMesh 
readiness. Camera control constraints and jitter reduction were added as 
well. These choices were motivated by virtual motion sickness considerations 
(Yi and Lee, 2022).

PROTOTYPE DESIGN AND IMPLEMENTATION

The prototype was implemented in Unity as a desktop simulation environment 
that represents a warehouse aisle layout. A component-oriented structure 
is used where scripts are attached to GameObjects, and a central manager 
coordinates process state and UI feedback. Common object-oriented design 
patterns (e.g., singleton and observer) are used to structure responsibilities 
and event propagation (Gamma et al., 1994).

Navigation is implemented in the ARNavigation component. Route 
computation relies on NavMesh Agent infrastructure of Unity, which uses 
an A* search over a polygonal navigation mesh (Unity Technologies, 2016). 
The A* evaluation function and the role of admissible heuristics for optimal 
paths (Hart et al., 1968; Russell and Norvig, 2010). In the prototype, the 
computed route is rendered via a continuously updated line projected onto 
the floor to provide egocentric guidance (see Figure 1).

Figure 1: User view in the unity-based simulation prototype at the start of an order. 
The head-up display presents task information, while a floor-projected route line 
provides egocentric navigation guidance.
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At the shelf, HighlightTrigger provides visual attention guidance by 
activating a frame when the user enters the interaction zone. The frame both 
confirms that the correct bin has been reached and focuses attention on the 
target compartment. To minimize clutter, the frame is deactivated when 
leaving the zone and interaction elements follow the same context-sensitive 
principle to reduce user effort (Sweller, 1988).

Adaptive deviation handling is realized through state-based control 
logic of ARManager. When the worker reports a stock shortage using the 
on-site feedback button, the system enters a correction mode, switches the 
active target to a predefined reserve location, and recalculates navigation. 
The state variable that distinguishes standard and correction modes ensure 
deterministic behavior and clear state transitions (Millington, 2019).

Perception stability is considered a quality objective of the system. Correct 
occlusion of virtual guidance by static geometry is addressed to preserve depth 
perception and avoid misleading superimposition (Macedo and Apolinario, 
2023). It also motivates technical measures for stable motion and reduced 
jitter to mitigate virtual motion sickness risk (Yi and Lee, 2022).

Unity 2022.3 LTS and Visual Studio Code were used for development. 
NavMesh baking was configured with an Agent Radius of 0.8, a Max Slope 
of 45°, and a Voxel Size of 0.266. Navigation is activated after a 0.5-second 
startup delay to ensure that the NavMesh has initialized.

EVALUATION AND DISCUSSION

The prototype was evaluated in a qualitative user study conducted in the 
desktop simulation. Data collection followed the think-aloud method 
to capture participant reasoning during task execution and to surface 
mismatches between user mental models and the implemented logic (Van 
Someren et al., 1994).

The sample comprised five male participants aged 19 to 23 (N = 5). 
The authors justify this size using probabilistic arguments for discovering 
usability issues in iterative design, that a large portion of relevant problems 
can be identified with five participants (Turner et al., 2006) and framing this 
as an efficient strategy in early-stage evaluations (Nielsen, 2000).

Participants were briefed to act as new employees in a large warehouse 
with limited knowledge of the local language. They performed an order-
picking task in which they had to locate and remove “Torx screws (M8)” 
with a specified quantity, and they were instructed to use the problem-solving 
mechanism of the system if an “empty compartment” occurred. The procedure 
thereby explicitly tested the correction mode under a known disturbance.

Measures combined subjective and qualitative data. Confidence in task 
completion was rated on a 1–10 scale, yielding a mean of 8.8/10. Qualitatively, 
participants repeatedly highlighted the navigation line (see Figure 1) as the 
most helpful element for quick orientation, and they described the bin-level 
frame as supportive for confirming the correct compartment. After reporting 
a stock shortage, all participants understood the rerouting behavior and 
rated it as useful.



Feedback-Driven Adaptive AR Assistance for Intralogistics: Design� 111

The evaluation also revealed concrete usability issues. Several participants 
initially overlooked the stockout reporting control at the shelf, suggesting that 
its placement and affordance should be refined. One participant perceived 
the camera/movement lock (introduced to reduce motion sickness risk) as a 
potential crash, and acoustic feedback was described as too quiet in at least 
one case.

The results indicate that externalized visual guidance can support confident 
task completion, but they also expose interface trade-offs. Increasing visual 
prominence can improve recognizability, yet prominent overlays may 
obstruct the environment and contribute to attentional tunneling (Wickens 
and Alexander, 2009). 

CONCLUSION

The paper presented a feedback-driven adaptive AR assistance concept for 
manual order picking and instantiated it as a Unity simulation prototype. 
The system combines egocentric route guidance and shelf-level highlighting 
with a deterministic correction mode that reroutes to a predefined reserve 
location when a stock shortage is reported.

Methodologically, the study was conducted as a desktop simulation 
without quantitative process time measurement, and interaction differed 
from real walking and AR headsets use. The small, homogeneous sample 
limits generalizability, and the implemented adaptation covers a defined 
stockout case.

Future work should validate the interaction concepts on AR headsets, 
broaden the evaluation to operational user groups, and integrate feedback 
events with a backend to support process improvement.
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