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Augmented Reality (AR) instructions offer companies tremendous savings potential. However, developing these
AR instructions has traditionally been challenging due to the need for programming skills and spatial knowledge.
To address this complexity, industry and academia are working to simplify AR development. A crucial aspect of
this process is the accurate positioning of AR content within the physical environment, which requires effective
AR interaction techniques that enable full 3D manipulation of AR elements. In this study, we conducted an

experimental comparison of three different AR interaction techniques with 55 participants to empirically assess
their performance, workload, and user satisfaction across tasks related to AR instruction development. Our
findings contribute to the design of future AR instructions and AR authoring tools, emphasizing the importance of
evaluating AR interaction techniques that can be utilized by users without programming experience tailored to
the specific needs of the intended application domain.

1. Introduction

Over the past three decades, numerous studies have demonstrated
that augmented reality (AR) is a powerful and innovative technology
that supports various industrial operations, including maintenance
(Henderson and Feiner, 2011) or quality control (Krenzer et al., 2019).
One of the most significant use cases for AR in the industry is the utili-
zation of AR instructions for process support (Klinker et al., 2018; Kor-
tekamp et al., 2019). This application domain frequently leverages AR
technology due to its substantial cost-saving potential. For example,
implementing AR in Boeing’s cable assembly processes resulted in a
40 % productivity increase and a 25 % reduction in wiring production
time (Cohen et al., 2018). These savings drive industrial organizations to
transition from traditional technical documentation to AR instructions
(Porter and Heppelmann, 2017). Traditional technical documentation,
often presented as printed or electronic manuals, relies on comprehen-
sive text and images (Geng et al., 2020), making it challenging to relate
to the physical environment and the tasks involved (Chen et al., 2019).
In contrast, AR-based technical instructions provide users with the
necessary contextual information directly in the physical environment at
the appropriate time (Azuma, 1997). However, as AR applications
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become more widespread, so do the associated challenges. One of the
most significant challenges in the industry is the complexity of devel-
oping AR applications. In addition to technical expertise, advanced
programming skills are required, and virtual objects and their physical
placements must be created within programming environments (Ashtari
et al., 2020; Nebeling and Speicher, 2018). Moreover, manually posi-
tioning AR elements in the physical environment requires AR interaction
techniques that are unfamiliar to many users and demand extensive
spatial knowledge (Azuma, 2016; Braker et al., 2023). The complexity of
developing AR applications has led to approximately 64 % of AR ap-
plications in the industry being custom-built solutions (Palmarini et al.,
2018). These custom-built solutions developments are often impractical
for small and medium-sized enterprises, as even minor changes can
result in significant development costs, thereby slowing the adoption of
AR in the industry (Konopka et al., 2024).

While there is a trend to ease the AR development processes so that
no extensive programming knowledge or experience is required, such as
in traditional software development (Matook et al., 2023) or for devel-
oping Al-based systems (Elshan et al., 2023), recent research shows that
the AR authoring tools are still mainly used by experienced software
developers (Ashtari et al., 2020; KrauB et al. 2021; Nebeling and
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Speicher, 2018). To further streamline the AR development process and
empower domain experts, such as service technicians, to independently
create AR instructions, previous research on AR development tools has
primarily focused on simplifying the creation of AR content (Fortuna
et al., 2024; Scurati et al., 2018). This approach enables domain experts
to utilize pre-built 3D models, animations, and annotations to generate
on-site AR instructions without requiring programming skills (Nebeling
and Speicher, 2018). However, while the development of AR content is a
critical component of these authoring tools, another crucial aspect is the
need for domain experts without programming expertise to manually
anchor or position the AR content within the physical environment
(Braker et al., 2023).

This task requires an interaction that allows the 3D movement of AR
elements within the physical environment (henceforth referred to as the
AR interaction technique). AR interaction techniques encompass the
methods and mechanisms that enable users to manipulate AR elements
anchored in the physical environment. While the field of human-
computer interaction (HCI) broadly defines interaction as a reciprocal
exchange between a user and a system, in this paper, we focus specif-
ically on the actions a user actively performs—namely, the inputs users
make within an immersive AR system (Hertel et al., 2021). Selecting the
appropriate AR interaction technique is crucial for AR authoring tools,
as precise and efficient positioning of AR content in the physical envi-
ronment is a core component of AR instructions (Braker et al., 2023).
Although the general performance of existing AR interaction techniques
has been extensively studied (Goh et al., 2019; Liu et al., 2015), an ex-
amination of current AR authoring tools reveals that those not requiring
programming knowledge are typically tailored to specific application
domains (Damarowsky and Kiihnel, 2022; Laviola et al., 2022). Given
the wide variation in application domains for immersive technologies in
the industry (Buchholz et al., 2022; Dolata and Schwabe, 2023), eval-
uating how different AR interaction techniques perform when applied to
specific use cases is important. Our study focuses on handheld devices
for AR, as their widespread availability and lower costs, compared to
wearable devices, make them particularly accessible and appealing for
small and medium-sized enterprises (SMEs). Additionally, current
research has shown that handheld devices are well-suited as AR
authoring tools in the industry, as they do not require hands-free oper-
ation during the development of AR instructions, unlike their use for
executing AR instructions (Honemann et al., 2024). To the best of our
knowledge, there is no clear consensus on which AR interaction tech-
nique is best suited to convert traditional technical documentation into
AR instructions. Therefore, we aim to address the following research
questions:

RQ1. : What are the performance, workload, and satisfaction trade-
offs of AR interaction techniques for conveying traditional technical
documentation into AR instructions?

RQ2. :What are the strengths, weaknesses, opportunities, and risks of
using the different AR interaction techniques when creating AR
instructions?

To address these research questions, we conducted an experimental
comparison of three different AR interaction techniques with a total of
55 participants, aiming to empirically evaluate the trade-offs in terms of
performance, workload, and user satisfaction when positioning AR ele-
ments in designated locations across tasks necessary for developing AR
instructions. Satisfaction refers to the user’s satisfaction with the process
and the final positioning of the 3D elements in the physical environment.
Additionally, we assessed the strengths, weaknesses, opportunities, and
risks associated with each AR interaction technique within the specific
application domain. The tasks were derived from the six information
types used to convert traditional technical documentation into AR in-
structions (Gattullo et al. 2020). To ensure that our results are gener-
alizable and broadly applicable, we focused on AR interaction
techniques suitable for standard handheld devices and based on the most
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common input methods in both practice and academia—namely,
device-based and touch-based interactions (Goh et al. 2019). We
compared three AR interaction methods: two touch-based interactions,
Gizmo-based and Plane-based, and one Device-based interaction. Gizmo--
based interaction represents a widely used 3D manipulation technique
found in 3D modeling tools such as Unity (Unity Technologies, 2024).
Plane-based interaction is commonly employed in commercial AR ap-
plications like IKEA Place (IKEA, 2017). The third method, Device-based
interaction, relies on the movement of hardware rather than touch input
and is utilized in commercial applications like the Apple Measure app
(Apple, 2024).

Our study contributes to the design of future AR instructions by
identifying the tasks that participants found particularly challenging
when creating AR instructions. Additionally, our qualitative findings
provide insights into which AR interaction techniques may be suitable
for applications beyond the domain of AR instructions and the risks
associated with each technique. We also present empirical performance,
workload, and user satisfaction data for the three AR interaction tech-
niques evaluated. Finally, our results underscore the need to assess AR
interaction techniques within AR authoring tools that are intended for
users without programming experience, specifically tailored to their
intended application domains.

This paper is organized as follows. First, we review the related work
on AR interaction techniques, AR authoring tools, and the information
types used to convey technical documentation into AR instructions.
Next, we describe the laboratory experiment procedure and present the
results. Finally, we conclude with a discussion of the findings.

2. Related Work

We have organized the related work into three sections: (1) Types of
AR interaction techniques on handheld devices, (2) Augmented Reality
Instructions, and (3) Augmented Reality Authoring Tools.

2.1. Types of AR Interaction Techniques on Handheld Devices

In AR, 3D interaction is a fundamental concept, as emphasized in its
definition (Azuma, 1997). These 3D interactions require control over six
degrees of freedom (6DOF), with 3DOF for object translation and 3DOF
for object rotation. In handheld mobile AR, virtual object manipulation
techniques can be broadly categorized into two main types widely used
in science and practice: (1) Touch-based interaction and (2)
Device-based interaction techniques. This section provides a detailed
description of these two handheld AR interaction techniques.

2.1.1. Touch-based interaction

Touch-based interaction involves using on-screen touch inputs via
fingertips to manipulate 3D objects (Goh et al. 2019). A key challenge
with this interaction type is mapping 2D touch points on a screen to 3D
attributes, allowing for complete 3D object manipulation consisting of
6DOF (Martinet et al. 2010). Three approaches can be considered to
obtain the additional depth information necessary for manipulating
objects along the Z-axis. The first approach involves using additional
hardware. For instance, Wilson et al. (2008) proposed a camera capable
of providing depth information per pixel, which could be used to create a
comprehensive 3D model of the hand, thereby expanding interaction
possibilities. However, the need for additional hardware often leads to
increased costs. The second approach to achieving full 3D object
manipulation is through touch-based interaction using two fingers. For
example, Liu et al. (2012) proposed an interaction concept that enables
6DOF manipulation by using two fingers on the screen. This allows for
3DOF translation and 1DOF rotation with simultaneous finger move-
ment, while an additional gesture involving one moving finger and one
stationary finger can achieve 2DOF rotation. The third approach in-
volves using translation and rotation gizmos, enabling 6DOF interaction
with just one finger (Drey et al. 2023).
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Table 1
Information types in AR instructions proposed by Gattullo et al. (2020).
Information Description System Spatial Example
Type Models Models
Identity To display the identity of an object. Static 2D An image of the object.
Location To determine or highlight the location of an object in the users’ physical environment. Static 3D An arrow pointing at the object.
Way-To To visualize the operation to be carried out. Dynamic 3D An animation showing how to
move the object
Notification To display additional information which are necessary for an assembly step but also for ~ Static 2D A text which displays a hint.
different conditions or other quality indications
Order To visualize the assembly sequence Static 2D A number that indicates the
assembly sequence.
Orientation To visualize the alignment of an object Static 3D A 3D model of the object.

2.1.2. Device-based interaction

Device-based interaction refers to techniques that utilize the physical
attributes of handheld mobile devices to manipulate 3D objects. Users
control 3D objects by rotating, tilting, skewing, and moving the mobile
device (Goh et al. 2019). This interaction category offers several ad-
vantages: the device can be held with both hands, it is free from oc-
clusion (Tanikawa et al. 2015), and 3D objects can generally be
manipulated more quickly compared to touch-based interactions (Marzo
et al. 2014; Mossel et al. 2013). However, there are also notable draw-
backs. For example, larger rotations (beyond 90°) are either difficult to
perform or impossible without significant effort. To address this issue,
Samini and Palmerius (2016) proposed an interaction method with a
hold function, allowing larger rotations by fixing the object at various
positions. Another challenge is that translation and rotation cannot be
performed independently—a rotation accompanies each translation,
and vice versa. To mitigate this, Polvi et al. (2016) employed ray casting
in conjunction with epipolar geometry, integrating the device’s existing
positioning technique, which tracks the device’s movement by aligning
the built-in camera’s position with the 3D object. Object rotation is
impossible in this method, so a touch-based interaction was used as a
complementary technique (Polvi et al. 2016).

2.2. Augmented Reality Instructions

One of the most important use cases of AR in the industry is the
application of AR as a process guidance system, which is an AR in-
struction (Klinker et al. 2018; Kortekamp et al. 2019). These systems
provide users with the right information at the right time and place in
the physical environment, supporting them in performing their daily
tasks in a process-compliant manner (Morana et al. 2017). These process
guidance systems, in the form of AR instructions, are crucial in industrial
settings due to their immense potential to facilitate the execution of
complex and unfamiliar tasks (Hoffmann et al. 2020). For example,
Servan et al. (2011) demonstrated a 90 % reduction in preparation time
using AR instructions, which assisted service operators in wiring harness
installation by displaying both the tasks to be performed and the
essential operating parameters directly in the operators’ physical envi-
ronment. Beyond cost savings, research has also shown that AR in-
structions can reduce the user’s mental workload (Tang et al. 2003).

The information in an AR instruction can vary in type, and no
standard classification exists. Gattullo et al. (2020) proposed six infor-
mation types to convey traditional technical documentation in an AR
instruction to streamline the development of AR instructions and iden-
tify the necessary AR content. A unique characteristic of these infor-
mation types is their inclusion of dynamic content, such as animations,
alongside static content, such as 3D models. In addition to the system
model, an AR instruction typically includes both 3D and 2D elements
(Gattullo et al. 2020; Mohr et al. 2015). Table 1 provides an overview of
these six types of information and their respective characteristics.

2.3. Augmented Reality Authoring Tools

AR authoring tools provide an environment for designing, devel-
oping, and managing AR applications and experiences by integrating
virtual objects with the physical environment, which involves devel-
oping and manipulating AR elements (Nebeling and Speicher, 2018).
These tools target developers with varying skill levels and address
different stages of application fidelity (Ashtari et al. 2020; Kraul et al.
2021). By analyzing 60 different AR authoring tools from both scientific
and practical contexts, we classified the landscape of AR authoring tools
into two distinct clusters, as illustrated in Fig. 1. The left side of Fig. 1
presents a selective overview of various AR authoring tools identified in
our analysis. The left-hand coordinate system in Fig. 1 classifies a se-
lection of AR authoring tools based on their complexity (ranging from 1
- no programming knowledge required to 5 — advanced programming
knowledge required) and their versatility in developing AR applications
(ranging from 1 - suitable for one use case only to 5 — suitable for un-
limited use cases). The right-hand coordinate system in Fig. 1 shows the
distribution of AR authoring tools, where the dark blue/grey areas
represent coordinates with several tools assigned, and the lighter areas
indicate coordinates with only a few tools assigned.

The first cluster (grey) consists of highly complex tools that require
programming and scripting knowledge (Carmigniani et al. 2011).
Despite their complexity, these powerful tools can develop highly
customized AR applications that can meet almost any requirement. As a
result, both the complexity and versatility of these tools are very high.
Developers often use gizmo interactions on desktops when creating AR
applications with these tools. In practice, tools like Unity (Unity Tech-
nologies, 2024) or Unreal (Unreal Engine, 2024). are commonly used.
Notably, though unsurprisingly, most of these tools are developed and
marketed by large companies such as Snap Inc., Apple, and Google.

Tools in the second cluster (blue) consist of less complex tools that
require little to no programming skills. However, these tools are limited
in functionality and scope, often focusing on value creation within a
specific application domain. Consequently, both the complexity and
versatility of these tools are relatively low. The development of AR ap-
plications with tools from this cluster typically occurs on handheld de-
vices or head-mounted displays using various interaction techniques,
such as touch-based interactions (Rajaram and Nebeling, 2022) or
device-based interactions (Konopka et al. 2022). An example of a tool
used in practice is Microsoft Dynamics 365 Guides, which can be used to
develop AR instructions (Lavric et al., 2022).

A closer examination of the second cluster reveals that, just as de-
velopers tailor AR content to specific use cases, they should also tailor
the AR interaction technique to the specific use case and evaluate it
accordingly.

3. Method
To investigate the AR interaction techniques and the assumptions

outlined in the previous section, we designed a laboratory experiment to
compare three AR interaction techniques across a set of information
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Fig. 1. Clusters of AR authoring tools.

types used to convey technical documentation into AR instructions. We
first provided an overview of the (1) study design, (2) measures
collected, and (3) study sample. We then detailed the (4) study pro-
cedure, (5) the three AR interaction techniques (Plane-based, Gizmo-
based, and Device-based), and the lab experiment (6) tasks (Order,
Orientation, Way-To, and Location).

3.1. Study Design

In designing this study, we adhered to the guidelines outlined by
Bergstrom et al. (2021) for evaluating AR interaction techniques. We
employed a repeated-measures within-subject design, where partici-
pants used each manipulation technique in a randomized sequence. We
utilized a Latin Square design to ensure balance in the sequence of AR
interaction techniques among participants.

Bergstrom et al. (2021) suggest limiting the number of independent
variables to three, as this minimizes the influence of interpersonal
variability on performance in low-level tasks. In alignment with these
recommendations, we focused on two independent variables: AR inter-
action techniques (Plane, Gizmo, Device) and task types (Order, Orientation,
Way-To, and Location).

Additionally, Bergstrom et al. (2021) recommend setting a threshold
for object placement in manipulation tasks. In our study, this threshold
was self-determined by participants, who positioned the AR element and
confirmed the final position with a button press. A transparent version of
the 3D object was used to visualize colocation, as suggested by
Bergstrom et al. (2021). These transparent 3D objects are displayed on a
virtual object that imitates the real environment to simulate an AR
application.

The study also emphasized using low-level tasks, as Bergstrom et al.
(2021) recommended, which involves separating pointing and selection
from translation and rotation. Thus, our study focused exclusively on
rotation and translation tasks. Furthermore, a discrete task setup was
employed to maintain control over task distance, with manipulation
objects starting from a consistent initial position.

Each participant used each AR interaction technique for tasks pre-
sented in a random order, except for task order, which followed realistic
technical documentation. Participants began with the Order task
(determining the assembly order of a cylinder), proceeded to the
Orientation task (correctly positioning pistons), followed by the Way-To
task (placing a piston on the connecting rod from the starting position),
and concluded with the Location task (connecting the cylinder to the

connecting rod with a pin). Each task included one practice trial fol-
lowed by two evaluation trials.

In summary, participants engaged with three AR interaction tech-
niques across four tasks per technique. Each task comprised three trials,
including one practice trial and two evaluation trials. Thus, participants
completed a total of 36 trials, with 24 designated as evaluation trials.

3.2. Measures

Through a post-survey, we collected demographic data such as age
and gender to characterize the participants and assess their experience
with AR, providing insight into their proficiency with AR technology.
Additionally, we inquired about their 3D modeling experience to gauge
their familiarity with the different AR interaction techniques.

The participants’ workload and satisfaction with each AR interaction
technique were assessed through a survey. Participants rated the AR
interaction techniques using a seven-point Likert scale for satisfaction
and a ten-point survey scale for workload. We measured workload using
the RAW-TLX questionnaire (Hart, 2006) and satisfaction using the
questionnaire developed by Venkatesh et al. (2011). The measurement
items for satisfaction are presented in Table 2.

Following the guidelines of Bergstrom et al. (2021), we collected four
performance measures for each evaluated trial: (1) Threshold time—the
time from spawning the AR object to reaching the threshold accuracy;
(2) Distance error—the deviation in millimeters (X, Y, and Z axes); (3)
Path error—the path deviation in millimeters (X, Y, and Z axes); and (4)
Rotation error—the deviation in degrees (X, Y, and Z axes).

We conducted a semi-structured interview to evaluate the strengths,
weaknesses, opportunities, and risks associated with using the three AR
interaction techniques in relation to the tasks. During the interviews,
participants were asked to share their initial impressions of each AR
interaction technique, including perceived strengths and weaknesses.
We then asked them to identify potential opportunities and threats
related to the AR interaction technique. The interviews were recorded
and subsequently transcribed.

Table 2
Satisfaction measurement items (Venkatesh et al. 2011).

I am ... with the use of the interaction technique.

SAT1 Extremely displeased ... Extremely pleased.
SAT2 Extremely frustrated ... Extremely contented.
SAT3 Extremely dissatisfied ... Extremely satisfied.
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3.3. Participants

We selected a student sample comprising undergraduate, graduate,
and postgraduate students from the fields of business economics and
engineering, as they represent future domain experts in the industry. We
recruited 57 participants for our lab experiment, excluding two partic-
ipants due to incomplete performance data resulting from a technical
error. Thus, our study included a total of 55 participants. The gender
distribution was as follows: 53 % (29 of 55) were male, 44 % (24 of 55)
were female, and 3 % (2 of 55) chose not to disclose their gender. The
average age of the participants was 28.7 years (SD = 9.76), with all
participants providing their age information. The participants had a
rather balanced overall AR Experience. When asked about their AR
experience on a scale of 1-7 (1-No experience, 7-A lot of experience),
only seven participants indicated that they had no AR experience (2:
n=10; 3: n=14; 4: n=13; 5: n=4; 6: n=5; 7: n=2). The 3D Modeling
Experience of the participants, however, is somewhat lower. For
example, 14 participants stated they had no 3D modeling experience at
all (2: n=12; 3: n=9; 4: n=11; 5: n=>5; 6: n=1; 7: n=3). Each participant
received a gift of 15 euros as an incentive for participation. Additionally,
to further motivate participants, the top three performers—those with
the lowest average threshold time, distance error, rotation error, and
path error across all AR interaction techniques and tasks—received an
additional gift of 20 euros.

3.4. Procedure

At the beginning of each experimental session, participants were
informed about the research objective: to evaluate three different AR
interaction techniques across various information types to transform
technical documentation into AR instructions. The experimental pro-
cedure was also explained to them. Participants were reminded to
complete the tasks as quickly and accurately as possible. Following this
introduction, the experiment commenced.

At the start of the experiment, the experimenter selected the initial
AR interaction technique for each participant and placed a pre-built 3D
model, serving as the task foundation, on a flat surface in the partici-
pant’s physical environment. Participants were then provided with a
tablet device to use during the tasks. Each of the four tasks began with a
practice trial that participants could initiate independently. During the
practice trial, participants were encouraged to take their time to
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familiarize themselves with the AR interaction technique and the task at
hand. They were allowed to ask the experimenter questions regarding
the task and the AR interaction technique if needed. The practice trials
were marked as such in the application. Following the practice trial,
participants proceeded with the evaluated trials. Fig. 2 provides an
overview of the study procedure in the laboratory environment.

Upon completing all four tasks using a specific AR interaction tech-
nique, a semi-structured interview was conducted. After the interview,
participants were asked to complete a questionnaire assessing their
workload and satisfaction of using the AR interaction techniques to
complete the tasks (i.e., positioning the AR elements to the designated
position). Once all tasks with all AR interaction techniques were
completed, participants completed a final questionnaire collecting de-
mographic data, AR experience, and 3D modeling experience. The entire
lab experiment lasted between 45 and 60 minutes, depending on the
speed at which participants completed the tasks and questionnaires.

3.5. AR Interaction Techniques

In our laboratory experiment, we compared three AR interaction
techniques: two representing touch-based interaction and one repre-
senting device-based interaction. These AR interaction techniques are
widely referenced and utilized in both scientific research (Goh et al.
2019) and practical applications in manufacturing and service. We
focused on the following three AR interaction techniques, as illustrated
in Fig. 3.

3.5.1. Plane-based (Plane)

In this technique, AR objects were moved along a surface detected by
the device. By touching the plane beneath the AR objects, users could
move them along the surface. As shown in Fig. 3(a), only 2DOF (degrees
of freedom) was possible when translating along a surface, so we
implemented a slider that allowed the object to be moved vertically
(1DOF). The surface always served as the origin, and moving the object
below the surface was impossible. If a new surface was detected and the
AR object was moved from one surface to another, the new surface
became the starting point. Rotation in this technique was achieved
through a 3D touch technique. Fig. 3(b) illustrates the touch gestures
that allowed AR objects to be rotated along all three axes. A horizontal
movement with two fingers rotated the AR object along the Y-axis, while
a vertical movement with two fingers rotated it along the X-axis. When

Fig. 2. Conducting the study in the laboratory environment.
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Fig. 3. Three AR interaction techniques.

fingers were moved diagonally, the AR object rotated along either the X
or Y axis, depending on which axis the diagonal movement was closer to.
The AR object rotated around the Z-axis when a rotation gesture was
performed with two fingers, with the distance between the fingers
determining the rotation speed—the closer the fingers, the slower the
rotation. We chose this AR interaction because it is one of the most
commonly used interactions in practice and is featured in several AR
authoring tools (Nebeling et al. 2018). Practical examples include
furnishing apps like IKEA Place (IKEA, 2017) or messaging apps like
Snapchat (Snap AR, 2024).

3.5.2. Gigmo-based (Gizmo)

In this technique, AR objects were translated and rotated using giz-
mos. As shown in Fig. 3(c) and Fig. 3(d), the AR objects could be moved
and rotated by interacting with the different gizmos attached to the
objects. Given the limited screen space on the device and to simplify the
interaction for participants, we separated translation and rotation
functions. A button allowed users to switch between translation and
rotation modes. We selected this AR interaction technique because it
represents a widely used 3D object manipulation method in AR
authoring tools from the first cluster described in the previous section
(Unity Technologies, 2024; Unreal Engine, 2024) and is also frequently
utilized in AR authoring tools referenced in academic literature
(Rajaram and Nebeling, 2022).

3.5.3. Device-based (Device)

In this technique, the device’s own attributes were used, with the
device serving as a controller for the interaction. As shown in Fig. 3(e)
and Fig. 3(f), to translate or rotate an AR object, participants had to align
the crosshair in the center of the display with the AR object they wished
to manipulate. Pressing a button initiated the interaction, and releasing
the button stopped it. X, Y, and Z translations were performed by
physically moving the device along the desired axis; for instance, par-
ticipants could move the AR object along the Z-axis by stepping forward
or backward. X, Y, and Z rotations were achieved by rotating the device
along the corresponding axis, such as simulating a steering wheel
movement to rotate the AR object around the Z-axis. Due to ergonomic
constraints, AR objects could only be rotated by approximately 90° at a
time. To achieve a full 180° rotation, participants needed to rotate the

object 90°, stop the interaction, return the device to the starting posi-
tion, and then perform another 90° rotation. We selected this AR
interaction technique because it is widely used in practice, such as in
measurement apps like Apple’s Measure app (Apple, 2024), and is also
featured in many AR authoring tools discussed in academic literature
(Konopka et al. 2022).

3.6. Task

The six information types presented in the related work section
served as the foundation for the tasks in our lab experiment. We focused
on four of the six information types for the experiment. The two infor-
mation types, Identify and Notification, were excluded from the labora-
tory experiment because they are displayed in AR instructions using
simple 2D elements without any reference to the physical environment.
As a result, these types neither required nor allowed for 3D manipula-
tion. In practice, the Identify information type is typically represented by
a photo or illustration of the object, while Notification is usually
conveyed through simple text. The Order task addresses manipulating
2D texts or images in the physical environment. We designed a practical
and realistic task relevant to an industrial context for each of the four
selected information types, as illustrated in Fig. 4.

3.6.1. Order

As shown in Fig. 4(a), this task required participants to attach a 2D
object (a number) to a specified location (highlighted in blue) on the
model, which would later be used to visualize the assembly process.
Performance in this task was evaluated based on the accuracy of the 2D
object placement in the designated locations.

3.6.2. Orientation

As shown in Fig. 4(b), this task required participants to place a 3D
object (a piston) in a specified location (highlighted in blue) relative to
the model, ensuring that the 3D object’s orientation would serve as the
starting point for the next assembly step. Performance in this task was
evaluated based on the precise placement of the 3D object in the
designated location.
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a) ORDER

b) ORIENTATION

&

Fig. 4. Four tasks to convey technical documentation in AR instructions.

3.6.3. Way-To

As shown in Fig. 4(c), this task required participants to move a 3D
object (a piston) along a specified pathway (highlighted in blue), rep-
resenting the creation of an animation (attaching a piston to the con-
necting rod). Performance in this task was evaluated based on the
accuracy of the 3D object’s movement along the designated pathway.

3.6.4. Location

As shown in Fig. 4(d), this task required participants to place a 3D
object (a connector pin) in a specified location (highlighted in blue)
within another object, indicating the position for an assembly step.
Unlike the Orientation task, this task involved placing objects inside
another object, necessitating occluded interaction. Performance in this
task was evaluated based on the precise placement of the 3D object in
the designated location.

4. Results

The results section is structured as follows: (1) an analysis of the
performance data collected during the evaluated trials, (2) an analysis of
the workload and satisfaction data provided by participants in the
questionnaire, and (3) participants’ evaluations of the three AR inter-
action techniques in terms of strengths, weaknesses, opportunities, and
risks.
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c) WAY-TO d) LOCATION

4.1. Performance

We conducted a statistical analysis of the dependent variables
collected during our lab experiment. To compare the effects on
nonparametric data, such as performance, we utilized the Aligned Rank
Transform (ART) method, as proposed by Wobbrock et al. (2011). This
approach enabled us to perform a three-way repeated measures ANOVA
with factors for AR Interaction Technique, Task, and Time. In the ART
method, data is first aligned for each effect before being ranked, making
it suitable for non-normally distributed data (Wobbrock et al. 2011). The
variable Time consisted of the first and second evaluated trials.
Following this, we applied Bonferroni post-hoc tests for pairwise com-
parisons to identify significant differences between the AR interaction
techniques. When Mauchly’s test indicated a violation of the sphericity
assumption, we applied Greenhouse-Geisser corrections in our analysis.

4.1.1. Threshold Time

Fig. 5 shows the estimated marginal means of threshold time for the
three interaction techniques across the four tasks during the first eval-
uated trial. We found a significant main effect for the variables Task and
Interaction. Additionally, we observed a significant three-way interac-
tion for Task x Interaction x Time (F(6324) = 9.04, p < 0.001). Significant
two-way interactions were identified for Task x Interaction in both the
first evaluated trial (F(6324) = 3.12, p = 0.009) and the second evalu-
ated trial (F(6324) = 2.80, p < 0.020).

In the first evaluated trial, there was a significant simple main effect
for all tasks in reaching the threshold time across the AR interaction
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Fig. 5. Estimated marginal means of the threshold time.



K. Honemann et al.

techniques (p < 0.001). Specifically, in the Order task, there was a sig-
nificant difference between the Device and Plane interactions and be-
tween the Device and Gizmo interactions. For the Orientation task,
significant differences were observed between the Plane and Gizmo in-
teractions and between the Gizmo and Device interactions. Significant
differences were found between all three interaction techniques in the
Way-To task. For the Location task, significant differences were identi-
fied between the Plane and Gizmo interactions and between the Gizmo
and Device interactions.

We also found significant simple main effects for the AR interaction
techniques Plane (p = 0.005) and Gizmo (p < 0.008) in reaching the
threshold time between tasks in the first evaluated trial. When using the
Plane interaction, significant differences were observed between the
tasks Order and Location, Orientation and Way-To, and Way-To and
Location. For the Gizmo interaction, significant differences were found
between the tasks Order and Way-To, Orientation and Way-To, and Way-
To and Location. In the second evaluated trial, the same simple main
effects were observed as in the first evaluated trial.

4.1.2. Distance Error

Fig. 6 shows the estimated marginal means of the distance error for
the three interaction techniques across the three tasks between the first
and second evaluated trials. We found a significant main effect for the
variables Interaction and Time. Additionally, there was a significant
three-way interaction for Task x Interaction x Time (F(4216) =12.21,p <
0.001). Significant two-way interactions were identified for Interaction x
Time in the Order task (F(2108) = 6.78, p = 0.005), the Orientation task
(F(2108) = 14.05, p < 0.001), and the Location task (F(2108) = 10.16, p
< 0.001).

In the Order task, a significant simple main effect was found for the
distance error across all AR interaction techniques between the first and
second evaluated trials (Plane p < 0.001, Gizmo p = 0.048, Device p =
0.003). In the Orientation task, significant simple main effects were
observed for the distance error with the Plane (p < 0.001) and Gizmo (p
< 0.001) interactions between the first and second evaluated trials. In
the Location task, significant simple main effects were also found for the
distance error with the Plane (p = 0.014) and Gizmo (p = 0.005) in-
teractions between the first and second evaluated trials.

Fig. 7 shows the estimated marginal means of the distance error for
the three interaction techniques across the three tasks during the first
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evaluated trial. We identified significant two-way interactions for Task x
Interaction in both the first evaluated trial (F(4216) = 8.69, p < 0.001)
and the second evaluated trial (F(4216) = 2.87, p = 0.038). In the first
evaluated trial, there was a significant simple main effect for all tasks
regarding distance error between the AR interaction techniques (p <
0.001). In the Order task, significant differences were found between the
Plane and Gizmo interactions and between the Device and Gizmo in-
teractions. The same significant differences were observed in the
Orientation task. Significant differences were identified between all AR
interaction techniques in the Location task.

Additionally, we found a significant simple main effect for the Plane
(p = 0.001) and Gizmo (p < 0.001) interaction techniques regarding
distance error across tasks in the first evaluated trial. Significant dif-
ferences were observed between all tasks when using the Plane or Gizmo
interactions.

4.1.3. Rotation Error

Fig. 8 shows the estimated marginal means of the rotation error for
the three interaction techniques across the three tasks between the first
and second evaluated trials. We found a significant main effect for the
variables Task and Time. Additionally, we observed a significant three-
way interaction for Task x Interaction x Time (F(4216) = 7.23, p <
0.001). Significant two-way interactions were identified for Interaction x
Time in the Orientation task (F(2108) = 6.97, p = 0.006) and the Location
task (F(2108) = 4.74, p = 0.025).

In the Orientation task, we found a significant simple main effect for
rotation error with the Gizmo (p = 0.002) and Device (p = 0.028) in-
teractions between the first and second evaluated trials. In the Location
task, a significant simple main effect was observed for the rotation error
with the Device interaction (p < 0.001) between the first and second
evaluated trials.

Fig. 9 shows the estimated marginal means of the rotation error for
the three interaction techniques across the three tasks. We identified
significant two-way interactions for Task x Interaction in both the first
evaluated trial (F(4216) = 8.23, p < 0.001) and the second evaluated
trial (F(4216) = 3.78, p = 0.018). In the first evaluated trial, we found a
significant simple main effect for the Order (p < 0.001) and Orientation
(p = 0.037) tasks regarding rotation error between the AR interaction
techniques. In the Order task, significant differences were observed be-
tween the Plane and Gizmo interactions and between the Device and
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Gizmo interactions. The same significant differences were found in the
Orientation task.

Additionally, we found a significant simple main effect for the Plane
(p = 0.001) and Gizmo (p = 0.016) interaction techniques regarding
rotation error across tasks in the first evaluated trial. When using the
Plane interaction, significant differences were observed between the
Order and Orientation tasks and between the Order and Location tasks.
Similar significant differences were found when using the Gizmo
interaction.

4.1.4. Path Error

Since path error was only measured in one task (Way-To), we con-
ducted a two-way repeated measures ANOVA after aligning and ranking
the data. We then applied Bonferroni post-hoc tests for pairwise com-
parisons to identify significant differences between the AR interaction
techniques. Fig. 10 shows the mean values of the path error for the three
interaction techniques in the Way-To task. We found a significant main
effect of Time (F(1,54) = 13.91, p < 0.001) on path error. The post-hoc

analysis revealed a significant difference in path error between the first
and second evaluated trials, as well as a significant difference between
the Gizmo and Device interactions.

4.2. Workload and Satisfaction

Based on the participants’ workload and satisfaction ratings when
using the different AR interaction techniques—measured on a seven-
point Likert scale for satisfaction and a ten-point survey scale for
workload—we conducted an ANOVA to compare the main effects of the
AR interaction techniques. We then applied Bonferroni post-hoc tests for
pairwise comparisons to identify significant differences between the AR
interaction techniques.

4.2.1. Workload

Fig. 11 shows the mean perceived workload of the three AR inter-
action techniques. We found a significant main effect of the AR inter-
action techniques on mental demand (F(2162) = 10.19, p < 0.001),
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Table 3
Summary of the SWOT Analysis Regarding the Plane Interaction.
Plane
Helpful Harmful
Familiar Interaction "[...] with the touch control it is reasonably intuitive Difficulties with the "The rotation has caused me problems. I haven’t quite  Internal
[...] especially the control with one or two fingers is very ~ rotation of the AR objects figured out which gestures to use to initiate which axis  origins
familiar [...]" rotation. [...]"
Fast translation of the ,.I found it very good for the translation and also much  Inaccuracy of the rotation “The rotation has caused me problems. I have not
AR Objects faster. You only had to position the object below the of AR objects found out with which gestures I initiate which rotation,
position and then move itup [...]” [.] “
Suitable for occluded “I found it worked well in the last task because the Unsuitable for small AR "[...] If you click on the object to move it, you canno  External
interactions shadow (plane) was displayed below the object, and I, objects longer see the object, and then it feels more like a origins

therefore, knew whether the position was roughly
correct.”

"[...] to create a navigation in 2D. So a path can be
created for the technicians to show where the container
door is so they can position themselves correctly.”

Suitable for placing AR
objects on a flat surface
(4 DOF)

Initiating a rotation
requires two fingers,
which increases fatigue.

matter of luck whether it does what it is supposed to
do.”

"There is a risk of fatigue and thus the risk of dropping
the tablet, as you can only hold it in one hand, as the
interaction requires two fingers."

effort (F(2162) = 11.32, p < 0.001), and frustration (F(2162) = 8.68, p
< 0.001). The post hoc analysis revealed that the mental demand of
using the Plane interaction technique was significantly lower than that
of Gizmo (t(162) = —1.56, p = 0.001) and Device (t(162) = —1.82, p =
0.001). It also showed that the effort required for using Plane was
significantly higher than for Gizmo (t(162) = 1.36, p = 0.001) and Device
(t(162) = 1.67, p < 0.001). Additionally, the frustration associated with
using Plane was significantly lower than that of Gizmo (t(162) = —1.40,
p = 0.009) and Device (t(162) = —1.86, p < 0.001). No significant dif-
ferences were identified between the Gizmo and Device interaction
techniques.

4.2.2. Satisfaction

Fig. 12 shows the mean perceived satisfaction with the three AR
interaction techniques. We found a significant main effect of the AR
interaction techniques on satisfaction (F(2162) = 14.75, p < 0.001). The
post hoc analysis revealed that the Plane interaction technique resulted
in significantly higher user satisfaction compared to both Gizmo (t(162)
= 0.96, p < 0.001) and Device (t(162) = 1.33, p < 0.001).

4.3. Qualitative Results

The objective of the semi-structured interviews was to evaluate the
utility of different AR interaction techniques for the task types used to
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translate technical documentation into AR instructions. We employed a
deductive approach to analyze the rich interview data (Sarker et al.
2013). Participants’ opinions on the various AR interaction techniques
were coded using open coding, with short descriptive statements sum-
marizing the core idea of each text passage (Wiesche et al. 2017). We
then analyzed the codes using the framework of SWOT analysis. SWOT
analysis is a widely recognized method for systematic thinking and
thorough assessment of factors related to new products, technologies,
management, or planning (Weihrich, 1982). The following SWOT ana-
lyses summarize the most frequently mentioned strengths, weaknesses,
opportunities, and threats of the different AR interaction techniques.
The Plane interaction technique was found to be the most familiar to
users, though it presented the greatest challenge when initiating 3D
rotation. Table 3 provides a summary of the SWOT analysis for the Plane
AR interaction technique.

The Gizmo interaction technique was found to be the least intuitive,
but after a brief adjustment period, it led to the greatest learning effect
among the participants. Table 4 provides a summary of the SWOT
analysis for the Gizmo AR interaction technique.

The Device AR interaction technique offers the most natural inter-
action, as AR elements can be positioned through the user’s physical
movement. However, this also presents the greatest challenge in
achieving precise placement. Table 5 provides a summary of the SWOT
analysis for the Device AR interaction technique.
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Table 4
Summary of the SWOT Analysis Regarding the Gizmo Interaction.
Gizmo
Helpful Harmful
Precise placement of the AR "[...] I found it very good that the translation and the Difficult interaction "I found the arrows too small. They were very difficult ~ Internal
objects rotation are separated from each other, so I can due to limited space to grasp. You always had to turn the tablet in the right ~ origins
customize exactly the axes I need.” on mobile devices direction so that you could only see the arrow that you
wanted to select [...].”
Time-consuming "Since you have to adjust each axle individually, it
takes a very long time."
Suitable for technical “Rather in the area of construction to represent the Unsuitable for "[...] because it is less about the movement, such as External
constructions due to high position between objects. The focus here is not on creating animations when you install or remove a part, and more about the  origins
precision and reliability movement but rather on the final position, so I would say final positioning. ”
construction rather than maintenance or assembly [...]“
Suitable for occluded "With the arrows, you can imagine exactly in which
interactions since the direction the object can be moved."”
gizmos are a great visual
aid.
Table 5
Summary of the SWOT Analysis Regarding the Device Interaction.
Device
Helpful Harmful
Intuitive and natural "[...] the strength is that I have control over it, that it  Difficulties with the “Only all axes can be manipulated at the same time. If Iwant ~ Internal
interaction does exactly what I want it to do because I canmoveit  precise positioning of the  to move the object just a little bit to the left, then I move all  origins
in a 3D environment, and I'm not locked into the AR objects axes, and then there is a chance that it will be positioned
screen [...]" worse than before.”
Fast positioning of "[...] due to the fact that I could do both the translation
the AR objects and the rotation at the same time through this
interaction, this interaction was much faster [...]."
Suitable for creating “[...] especially for the task of moving the object along ~ Unsuitable for occluded "[...] if the elements are placed in another object [...] then External
Animations the blue line, the interaction seems very suitable.” interactions there is no visual display that indicates whether the objectis  origins

Suitable to move the
AR objects over
large areas

“You could use this in a large room if you want to
move large components [...] this is much easier.”

The interaction takes up
a lot of space, and people
can get hurt

Unsuitable for
positioning 2D elements

currently aligned.”

“The positioning of 2D objects did not work well. I found it
difficult to position the 2D objects on the same layer as
indicated.”

“You only look at the tablet and concentrate on the exact
positioning, which means I don’t really notice the
surroundings, and there’s a risk of bumping my head or
similar.”

4.4. Design Guidelines

Our experiment demonstrated the performance, workload, and
satisfaction trade-offs across a series of tasks involved in creating AR
instructions. In subsequent interviews, we identified the strengths,
weaknesses, opportunities, and risks associated with different AR
interaction techniques. Below, we consolidate our quantitative and
qualitative findings into design guidelines to support the development of
future AR instructions and AR authoring tools.

e When focusing on time when creating the AR application,
implement a device-based interaction. By using device-based
interaction, the AR objects can be positioned significantly faster in
almost any task without a significant loss in positional accuracy in
the physical environment.

e When focusing on precision when creating the AR application,
implement a gizmo-based interaction. By using a gizmo-based
interaction, AR objects can be positioned with the smallest rotation
error in the physical environment by taking more time, as users can
adjust each translation and rotation axis individually without
affecting the other axes.

e When creating an AR application with only 3DOF manipulation
(i.e., 2 DOF translation and 1DOF rotation), implement a plane-
based interaction. The use of plane-based interaction provides a
familiar interaction with the least effort and the highest satisfaction.
Implementing full 3D manipulation (6DOF) causes the AR elements
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to be placed with a significantly larger rotation error due to an
illusion of control.

When creating an AR application with many occluded objects,
implement a gizmo-based interaction. By using the gizmo-based
interaction, the gizmos, which are always visible, provide a visual
aid that indicates the orientation of the AR objects to the users.
When creating an AR application over a large area, implement a
device-based interaction. By using device-based interaction, users
can manipulate all translation and rotation axes simultaneously,
making moving AR objects over long distances easier and faster.
When creating an AR application with many animations,
implement a device-based interaction. By using device-based
interaction, users can manipulate all translation and rotation axes
simultaneously, allowing them to create animations faster and more
naturally.

Avoid using 2D objects anchored to the physical environment in
AR instructions. The 2D objects are manipulated using a 3D inter-
action technique, which resulted in the 2D objects behaving differ-
ently than users expected.

Avoid using occluded interactions in AR instructions. The
orientation and exact position of the AR objects to be manipulated
are no longer visible to the user. Users are dependent on visual cues,
as with gizmo-based interaction.

Discussion

Our findings can potentially enhance AR utilization in the industry
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by revealing previously unexplored aspects of AR authoring tools. We
evaluated the performance of three AR interaction techniques relevant
to practical applications. We highlighted the importance of assessing
these techniques within AR authoring tools that belong to the second
cluster, specifically tailored to the intended application domain. In our
case, this domain is the manufacturing industry in the service sector,
particularly for creating AR instructions. Our study produced perfor-
mance results that differ somewhat from those in the existing literature,
which often assessed AR interaction techniques without considering
specific application domains. These findings have theoretical and
practical implications for companies as they adopt or design future AR
authoring tools, whether for creating AR instructions or

5.1. Theoretical Implications

First, we contribute to understanding users’ performance, perceived
workload, and satisfaction when using different AR interactions for in-
dustrial applications, specifically in positioning AR elements within the
physical environment. Recent studies indicate that time is one of the
most critical factors in the adoption of new technology in the service
sector (Allmendinger and Lombreglia, 2005; Kundu and Ramdas, 2022).
In this regard, the device-based technique appears to be the most suitable
for creating AR instructions—our chosen application domain—since it
enables participants to position AR elements significantly faster across
almost any task.

Second, the performance of AR interaction techniques has tradi-
tionally been evaluated using general threshold tasks (Bergstrom et al.
2021). However, an analysis of 60 AR authoring tools from both practice
and research shows that tools in the second cluster—those that enable
the creation of AR applications without programming knowledge—are
typically designed for a specific application domain. Therefore, we
propose evaluating the AR interaction techniques used in these
second-cluster AR authoring tools with respect to their intended appli-
cation domain. Our study provides initial evidence supporting this
proposal, as we found performance results that differ from existing
studies that did not consider the application domain. Consistent with the
literature, our results show that across all tasks, participants were the
fastest at placing AR elements using the device-based technique (Grandi
et al. 2018; Marzo et al. 2014; Mossel et al. 2013). However, contrary to
previous studies, our findings do not indicate that AR elements placed
with touch-based interactions (Plane and Gizmo) are significantly more
precise (in terms of distance error and rotation error) than those placed
with the device-based interaction (Grandi et al. 2018; Marzo et al. 2014;
Mossel et al. 2013). Additionally, while traditional threshold tasks only
compare the final positions of AR elements, AR instructions often
involve dynamic AR elements, such as animations (Gattullo et al. 2020;
Hoffmann et al. 2021). Our results demonstrated that the device-based
technique also achieved the lowest path deviation in such tasks.

5.2. Practical Implications

Third, it is notable that the Orientation task appeared to be the easiest
for participants, who demonstrated the greatest accuracy in positioning
AR elements (in terms of distance and rotation error) using most of the
AR interaction techniques. These findings have important implications
for the future design of AR instructions. For example, the results indicate
that positioning 2D elements (Order task) using various AR interaction
techniques was more challenging for participants than positioning 3D
elements (Orientation task). As a result, we recommend that future AR
instructions use 3D texts to visualize the assembly sequence (Order task)
and, if possible, avoid occluded interactions (Location task). Addition-
ally, our results show that the workload for touch-based interactions is
lower than for device-based interactions, and touch-based interactions
generate higher satisfaction levels among participants. This effect is
likely due to participants’ familiarity with touch-based interactions,
whereas device-based interaction represents a new form of interaction
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for them (Beer and Mulder, 2020). Therefore, when incorporating
device-based interactions into AR authoring tools, we suggest imple-
menting a short tutorial to ease users’ initial experience with this new
form of interaction.

Finally, our results contribute to overcoming the barriers to adopting
and using AR authoring tools in the industry. Our study provides con-
crete design guidelines for future AR authoring tools, particularly for
creating AR instructions. Moreover, the qualitative results extend
beyond this specific application domain, addressing one of the most
challenging aspects of designing AR applications: the physical design of
immersive experiences (Ashtari et al. 2020). Additionally, our research
helps dispel misconceptions about AR hardware, particularly the ten-
dency to overestimate hardware and software performance while
overlooking hardware-specific limitations (Krauf et al. 2021). For
instance, several participants expected to be able to place AR content in
the physical environment with millimeter precision and persistence
without additional hardware. Others assumed that complete 3D trans-
lation and rotation on a 2D display would be intuitive, given their daily
use of mobile devices (Langer, 1975). However, this is not the case, as
such interactions represent a new skill that most users must learn.

5.3. Limitations and Future Research

Although our lab experiment adhered to established guidelines,
some potential limitations warrant further research. First, a virtual 3D
model was used as the basis for the tasks in the lab experiment, replacing
the physical model on which AR instructions would typically be created.
The use of a physical model may impact task processing, potentially
leading to different results. Second, the selected tasks in the lab exper-
iment, reflecting the four information types proposed by Gattullo et al.
(2020), may differ from the real tasks encountered in developing AR
instructions. However, we believe the chosen tasks have significant
practical relevance and can be generalized to various industrial opera-
tions. Third, participants used the AR interaction techniques for only a
limited period. Over several hours, the prolonged use of AR interaction
techniques in everyday work could yield different results, as factors such
as fatigue might significantly influence performance. A long-term study
conducted in a manufacturing company could provide valuable new
insights. Finally, we administered the cognitive workload and satisfac-
tion survey after the short interviews, which may have affected the ac-
curacy of the measurements.

Although our study has shown that device-based interaction is well
suited to convey traditional technical documentation into AR in-
structions, some open questions allow different research directions.
First, our results are based on the largest handheld device known to us, a
tablet. It remains unclear how display size might affect the performance
of different 3D object manipulation techniques and tasks. Additionally,
as the development of wearable devices such as HMDs becomes
increasingly important, the question of which 3D object manipulation
techniques are best suited for this hardware is raised. In evaluating the
different manipulation techniques, we used a threshold-based approach
where the final position of the 3D object was visually displayed to the
user. In the actual development of AR instructions, novice users inde-
pendently decide where to anchor the 3D objects in the real environ-
ment, making their own decisions about translations and rotations.
Assessing novice users during the development of an AR technical guide
could provide valuable insights into how they prefer to interact with the
authoring tool.

6. Conclusion

In this paper, we compare three AR interaction techniques across
four tasks relevant to AR instruction development, demonstrating the
performance, workload, and satisfaction trade-offs associated with using
these techniques to position AR elements in the physical environment.
The tasks in our study design were derived from AR instruction
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literature, and the three AR interaction techniques represent those
frequently mentioned and used in both science and practice. Our results
show that participants were able to place AR elements the fastest across
all tasks using the device-based interaction technique, which is particu-
larly relevant for our chosen application domain, the service sector.
Additionally, our findings indicate that participants experienced the
lowest workload and highest satisfaction with the touch-based Plane
interaction technique when placing 3D elements in specified positions in
the physical environment, likely due to familiarity with this interaction
technique. Our results also offer valuable insights for the future design of
AR instructions by identifying tasks that participants found particularly
challenging, such as occluded interactions in the Location task or posi-
tioning 2D objects as in the Order task. Our design guidelines provide
direction for researchers and practitioners in designing and imple-
menting AR interaction techniques for their specific application domains
and in the future development of AR instructions.
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