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ABSTRACT

Background: Despite the numerous positive effects of augmented reality (AR) on learning, previous research has shown am-
biguous results regarding the cognitive demand on the learner arising from, for example, the overlay of virtual elements or novel
interaction techniques. At the same time, the number of evidence-based guidelines on designing AR is limited or focuses on
global effects, primarily relying on media comparison studies, whose validity is criticised.

Objective: To guide the meaningful design of learning and training settings, this paper systematically reviews empirical re-
search on AR design and synthesises the findings to develop evidence-based recommendations for designing AR systems con-
sidering cognitive load.

Methods: We conducted a systematic literature review, initially screening 810 distinct papers and ultimately analysing findings
from 27 publications, which report on 29 distinct experimental studies. This selection was based on rigorously defined inclusion
and exclusion criteria, adhering to the PRISMA guidelines.

Results and Conclusion: The central value of this paper is the aggregation of existing evidence from empirical studies, result-
ing in 15 recommendations for AR design based on six design dimensions: Spatiality-related, Interaction-related, Contextuality-
related, Content-related, Guidance-related and Display Selection. Additionally, with three points for future research, this
systematic literature review, first, stresses the need for more empirical evidence and value-added studies. Second, learner char-
acteristics that might influence cognitive load in AR-based learning should be examined. Third, it advocates for the inclusion of
measurements beyond the NASA-TLX, and including more physiological measurements (e.g., eye-tracking, EEG) to enhance the
applicability of the results for learning and training situations.

1 | Introduction the virtual representations in real-time (Azuma 1997; Milgram
and Kishino 1994) and directly apply the learning content in the
physical space, supporting knowledge and skill development

in realistic environments (Chu et al. 2019). Several positive ef-

Augmented reality (AR) offers a wide range of possibilities for
learning and training since it presents additional virtual infor-

mation, cues and 3D objects directly into the physical learning
environment. Devices that enable these functions include AR
glasses, tablets, or projections. The learner can interact with

fects of AR have been identified, including improved attitudes
towards learning, learning achievements, satisfaction and
flow (e.g., Buchner, Buntins, and Kerres 2022; Hsu 2019; Lin
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Summary

« What is already known about this topic

o Augmented reality (AR) positively affects learning
but can also add cognitive load.

o AR-specific design guidelines to foster a meaningful
AR design for learning are rare.

o Currentresearch on AR requires a systematisation of
empirical evidence to identify which specific aspects
of AR contribute to cognitive load and learning.

« What this paper adds

o This review systematically evaluates existing liter-
ature to assess the impact of AR attributes on cog-
nitive load in educational and training contexts and
postulates AR-specific recommendations.

o The article identifies three points of future research
targeting the need for more empirical research and
value-added studies.

« Implications for practice

o The central value of this paper is the aggrega-
tion of existing evidence from empirical cognitive
load studies, resulting in 15 recommendations
for AR instructional design on six design di-
mensions: Spatiality-related, Interaction-related,
Contextuality-related, Content-related, Guidance-
related and Display Selection.
The findings offer practical guidance for instruc-
tional designers and practitioners in AR-based
learning and higher education training.

o

and Yu 2023; Yu 2023). While the potential to decrease men-
tal demand through integrated representations in AR is high
(Altmeyer et al. 2020), the empirical results are not yet conclu-
sive, showing positive (Lin and Yu 2023) and negative (Bautista,
Maradei, and Pedraza 2023) impacts.

Meaningful design and instructions are necessary to leverage the
benefits of AR concerning cognitive demand (Buchner, Buntins,
and Kerres 2021, 2022). The design of AR-based environments
can be based on general multimedia principles (Kriiger and
Bodemer 2022; Mayer 2021), but more AR-specific recommen-
dations for instructional design are still missing. Abstract guide-
lines for using AR based on media comparison studies (e.g.,
‘Recommending using AR for learning of applied knowledge’) are
common, but concrete guidelines (e.g., ‘AR should integrate attri-
bute X in manner Y to foster learning’) are sparse. To define the first
design recommendations based on empirical evidence, this paper
systematically reviews the literature on how instructional AR de-
sign attributes affect cognitive load and learning or training perfor-
mance. Based on this review, the goal is to cluster identified effects
and formulate recommendations for AR design. In the following,
important constructs and related research will be described, lead-
ing to the research questions for this systematic review.

1.1 | Augmented Reality

AR s a technological paradigm that overlays computer-generated
information onto the physical environment, supporting the
learner with additional information and instructions (Daling

and Schlittmeier 2022; Hou et al. 2013). It enables dynamic in-
teractions by juxtaposing digital and physical realms, contrib-
uting to an enriched and contextually relevant user experience.
Rauschnabel et al. (2022) distinguish AR use cases through AR
devices (Stationary, Mobile, Wearable, On-body and In-body), AR
enablers (App, Web AR, Platform AR and Stationary setup) and
AR displays (AR mirror, video see-through, optical see-through
and projection-based AR). The most common AR devices and dis-
plays include head-mounted displays (HMD), handheld displays
(HHD) and spatial displays (Carmigniani et al. 2011). HMDs, as
‘wearable’ AR devices, sit on the user's head to deliver virtual
content into the field of view, freeing their hands for concur-
rent tasks. They can utilise optical-see-through (OST) or video-
see-through (VST) techniques as classified by Rauschnabel
et al. (2022). OST employs transparent displays to overlay virtual
objects in the user's field of view, while VST captures the phys-
ical environment through cameras to digitally integrate it with
virtual elements on screens. In contrast, HHDs are ‘mobile’ AR
devices and usually VST displays that users hold in their hands
like smartphones and tablets. Spatial augmented reality (SAR) is
usually enabled through ‘stationary’ AR devices, external to the
user and often seamlessly embedded into the natural environ-
ment through projection devices (Carmigniani et al. 2011).

AR devices and display technologies augment reality through
virtual content. With AR, information can be integrated into
the work process, delivering contextual insights and real-time
assistance for applying learning content by overlaying or con-
necting the real-world setting with virtual objects (Azuma 1997;
Milgram and Kishino 1994). Research on AR has increased since
it emerged as a promising solution for delivering supplementary
information and crucial cues essential for process-integrated
learning. The effectiveness of learning with AR is studied in
application contexts and occupational settings like industry, as-
sembly (Howard and Davis 2023; Wang et al. 2022) and medi-
cal education and training (Fischer et al. 2016; Lu et al. 2020;
Uruthiralingam and Rea 2020). Systematic reviews show that
a general positive effect of AR on learning achievements can be
found when comparing it to more traditional learning media,
showing effect sizes (Hedge's g) between 0.49 and 0.92 depend-
ing on the type of measurements and achievements (Chang
et al. 2022; Garzon et al. 2020; Garzén and Acevedo 2019; Xu
et al. 2022; Zhang et al. 2022).

However, concerning information processing and related fac-
tors like mental demand, the outcomes are inconclusive. On
the one hand, additional information presented via in-place
and image recognition may contribute to less demand than
traditional applications (Lin and Yu 2023). For example, AR
can simplify information processing within a physical learn-
ing environment by integrating elements, compared to in-
struction on a separate screen, where the learner must extract
the required information while integrating it with the appli-
cation context (Altmeyer et al. 2020). On the other hand, AR
attributes may introduce distractions and overwhelm learn-
ers. Integrating and simultaneously processing virtual and
natural information was perceived as challenging (Bautista,
Maradei, and Pedraza 2023; Uruthiralingam and Rea 2020).
Another pitfall is the effort required to process information
while performing tasks, for example, when integrating vir-
tual elements and unfamiliar interaction techniques, such as
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gestures or voice commands. This could lead to additional de-
mand since the learner must simultaneously process various
real and virtual stimuli. These findings contrast with studies
indicating that AR can provide users with cognitive support,
guidance and assistance (Daling and Schlittmeier 2022; Hou
et al. 2013). To understand general learning outcomes, it is
thus important to investigate the cognitive processes and de-
mands that environments may evoke.

1.2 | Cognitive Load and Workload

Different terms among different disciplines describe human
cognitive demand, like cognitive workload, cognitive load, or
mental workload (Kosch et al. 2023). In education and learn-
ing research, cognitive demand is often described using cog-
nitive load theory (CLT). CLT is based on assumptions about
human cognitive architecture and how information is pro-
cessed, stored and transferred between working and long-term
memory (Bannert 2002; Gerjets, Scheiter, and Cierniak 2009;
Kalyuga 2023; Sweller, van Merriénboer, and Paas 2019). It
states that humans' abilities to process novel information are
restricted due to the limited capacity of the working mem-
ory. The theory distinguishes three dimensions of cognitive
load: intrinsic cognitive load (ICL), germane cognitive load
(GCL) and extraneous cognitive load (ECL) (Bannert 2002;
Gerjets, Scheiter, and Cierniak 2009; Kalyuga 2023; Sweller,
van Merriénboer, and Paas 2019). ICL refers to the complexity
of the learning material in interaction with learners’ skills to
recognise schemata and structures. It is associated with prior
expertise and knowledge influencing how new information
is processed. GCL describes the load necessary for a success-
ful learning process, integrating newly perceived informa-
tion within working memory and with prior knowledge from
long-term memory. ECL is influenced by external stimuli
like instructional and didactical design and attributes of the
learning environment (Mayer 2021; Sweller, van Merriénboer,
and Paas 2019) and can be decreased by designing effective
instructions and reducing unnecessary or redundant infor-
mation. Therefore, ECL is defined as negatively associated
with learning performance and should be considered when
evaluating instruction and interface design (Bannert 2002;
Kalyuga 2023; Mayer 2021; Sweller, van Merriénboer, and
Paas 2019; van Merriénboer, Jelsma, and Paas 1992). During
learning activities, most cognitive capacity should be focused
on the learning content (ICL) and not on unnecessary informa-
tion or instructions (ECL). Design principles based on CLT, for
example, in multimedia learning, aim to reduce ECL and keep
ICL within an appropriate level to support efficient learning of
novel information without overstraining the learner (Gerjets,
Scheiter, and Cierniak 2009; Mayer 2021).

Besides CLT, other conceptualisations of load have been used
in research on AR. Buchner, Buntins, and Kerres (2021) found
in a mapping review that most studies on AR used the NASA
Task Load Index (NASA-TLX) conceptualisation developed by
Hart and Staveland (1988). It refers to six global constructs of
workload, including mental, physical and temporal demand
as task-based constructs, perceived performance and effort as
behaviour-based constructs and frustration as a person-based
construct (Hart and Staveland 1988). The proposed workload

components go beyond mental demand and have been applied
in learning but in various contexts (Hart 2006). Another concep-
tualisation in multiple AR studies distinguishes between mental
effort and load (Buchner, Buntins, and Kerres 2021). This dis-
tinction describes mental effort as the load that learners actively
invest related to GCL, and mental load as passively elicited by
the task affordances related to ICL (Klepsch and Seufert 2021).
These different conceptualisations show the variety of research
on cognitive load in AR-based learning. In the current system-
atic review, all conceptualisations will be included and the dis-
tinction will be used to structure the collected papers.

1.3 | Multimedia Design Guidelines

Mayer's (2021) Cognitive Theory of Multimedia Learning
(CTML), like CLT, assumes that humans' information process-
ing capacity is limited. The theory provides 15 guidelines for de-
signing effective multimedia materials, reducing ECL, thereby
preserving learning capacity, managing ICL or enhancing GCL
(Mayer 2024). Multimedia learning describes learning from
text-picture combinations, sometimes including other modes,
such as haptics, smells, or tastes (Niegemann and Heidig 2012).
CTML assumes that learners process information through two
separate channels (visual and auditory information). Combining
spoken words and displayed images allows simultaneous infor-
mation processing, fostering learning without overloading the
learner (Mayer 2021; Wickens 1981).

AR offers value through the combination of information
sources, images, sound and physical integration. However, em-
ploying AR does not inherently yield enduring benefits, which
necessitates meaningful design and instructions (Buchner,
Buntins, and Kerres 2021, 2022). While many AR applications
have been released, the ability to derive specific guidelines for
AR design is limited. Most AR applications are still in the proto-
type stages or focus on technological implementation, requiring
a more human-centred perspective (Bottani et al. 2021). CTML
has been identified as a relevant theory for the instructional de-
sign of AR-based learning environments (Buchner, Buntins, and
Kerres 2021; da Silva et al. 2019; Garzon et al. 2020; Sommerauer
and Miiller 2014). The multimedia, spatial and temporal conti-
guity, signalling, segmenting and modality principles are exam-
ples of principles that have been applied in AR-based learning
setups (Lin and Tsai 2021; Sommerauer and Miiller 2014).
However, in a systematic literature review of articles from 2020
and before, Ceken and Taskin (2022) found no papers that spe-
cifically tested the effectiveness of multimedia principles in AR.
A few studies apply relevant principles when comparing AR and
non-AR or might be transferable to AR. The following section
presents studies in the context of virtual reality (VR) or AR that
implement CTML principles and report their effects.

Dealing with integrating different information sources, the
spatial and temporal contiguity effect advocates for the spa-
tial and temporal alignment of related information to optimise
cognitive resources and foster a more seamless learning expe-
rience (Mayer 2021). In studies comparing AR and non-AR,
Thees, Altmeyer and colleagues tested the influence of the
spatial contiguity principle (i.e., corresponding informa-
tion placed far apart causing ECL) by comparing integrated
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AR-based and separate screens to deliver physics knowl-
edge in a hands-on experiment in multiple studies (Altmeyer
et al. 2020; Thees et al. 2020, 2022). However, the results in
the individual studies differed, showing both positive and
negative effects of AR on ECL and knowledge outcomes.
The authors argue that the choice of AR device (i.e., tablet or
HMD) may have made an impact, with a mismatch between
technological affordances and targeted cognitive processes
leading to issues in coherence formation processes (Thees
et al. 2022). This underscores the cognitive challenge posed
when information is presented disparately across modalities,
emphasising the importance of cohesive presentation for en-
hanced comprehension based on task goals.

Describing the potential usage of multimedia design in AR-based
environments, Kriiger and Bodemer (2022) evaluated the in-
structional design of combined physical and virtual information
in environments simulating AR learning situations. The studies
focusing on spatial contiguity and coherence principles found no
confirmation of those principles in these designs (Kriiger and
Bodemer 2022). While the testing was not done with real AR, the
results may partially apply similarly to real AR environments.
Other results that may be partially transferable are established
in research on VR. Based on the modality effect, it is assumed
that an audio-visual presentation, compared to a visual-only pre-
sentation, can lead to higher learning outcomes (Mayer 2021),
which was tested in VR by Albus and Seufert (2023). The results
show a reverse modality effect, with higher learning outcomes
and GCL when only visual material instead of combined audio-
visual material was used, and no difference in ECL. The sig-
nalling effect, which describes the usage of cues, highlights, or
annotations to guide learning processes through more organised
material (Mayer 2021), was tested for HMD-based VR, where
learners' recall and GCL were improved through annotations,
but ECL was not different (Albus, Vogt, and Seufert 2021). In
a 360° desktop VR implementation, signalling increased recall
and comprehension and decreased ECL but did not influence
transfer performance and GCL (Albus and Seufert 2022).

The results from the described studies, which only partially
support multimedia principles in AR and similar settings, sug-
gest starting from AR-specific affordances when effectively
applying already existing design guidelines for task execution
and cognitive processing. Adaptation of these or the creation
of new guidelines that are specifically applicable in AR-based
learning environments may be necessary. In the current paper,
the ultimate goal is to develop specific recommendations for
designing AR learning and training based on empirical evi-
dence. Therefore, the authors perform a systematic literature
review to evaluate and aggregate relevant study results. To
achieve this, studies that specifically test design decisions
within AR will be considered. For this purpose, we will focus
on value-added and learner-treatment interaction study de-
signs, excluding media comparison studies from the review.

1.4 | Media Comparison Versus Value-Added
and Learner-Treatment Interaction Studies

Research criticises using media comparison studies for design
statements (Buchner, Buntins, and Kerres 2022; Hartmann

and Bannert 2022; Howard and Davis 2023; Lin and Yu 2023).
Media comparison studies investigate the global effects of AR
compared to other learning applications, for example, text-
books, virtual learning and web-based learning, comparing
their effectiveness but allowing no specific conclusions for AR
design. The methodology has persisted for several reasons,
such as a straightforward application of research design, the
high likelihood of significant effects, and explicit user feed-
back for novel technologies. One reason for positive effects
is that individuals initially exhibit heightened interest or en-
gagement simply due to the novelty of the technology itself,
potentially leading to motivational effects when using AR
(Hartmann and Bannert 2022). However, this can confound
the assessment, requiring researchers to carefully distinguish
between genuine sustained impact and short-term novelty-
driven responses. Moreover, researchers argue it is difficult to
establish comparable conditions for experimental and control
groups in media comparisons due to the non-comparability
of media, for example, textbooks and lectures varying both
in presentation style and human contact (Hartmann and
Bannert 2022; Surry and Ensminger 2001). Media compar-
ison studies focus on global effects while excluding specific
feature-based or human-system interaction effects.

Starting a general debate concerning the effect of technology
on learning, Clark (1983) argued that a medium merely de-
livers instructional methods and does not impact the learn-
ing process itself. Kozma (1994), on the other hand, argued
that media attributes like symbol systems and processing
capabilities can be consequential for cognitive processes. He
states that ‘a particular medium can be described in terms of
its capability to present certain representations and perform
certain operations’ (p. 11). In AR, for example, a multitude
of virtual representations can be implemented, including
2D and 3D, text and pictures, static and dynamic and visual
and auditory representations. Its unique nature involves the
possibility to combine these virtual representations with rep-
resentations in the physical world. Furthermore, on an oper-
ational level, real-time interaction with physical and virtual
elements is possible and almost unlimited in the case of vir-
tual representations. Distinguishing specific media attributes
leads to an alternative to media comparison studies, namely
value-added studies, where controlled variations of one learn-
ing medium are compared (Mayer 2019). Sometimes called
intra-medium studies, an attribute or characteristic of the
medium is manipulated as an independent variable (Surry
and Ensminger 2001). Howard and Davis (2023) advocate this
kind of research design to investigate the impact of specific
AR attributes and be able to formulate practical guidelines for
reasonable use and design. Another alternative to media com-
parisons is learner-treatment interaction studies, which exam-
ine how different learner characteristics interact with specific
design decisions (Surry and Ensminger 2001). AR-based re-
search has been mostly technology-centred and requires a
more human-centred perspective (Bottani et al. 2021). The
focus on cognitive load further includes human cognitive ca-
pacities. In the current systematic review, value-added stud-
ies and learner-treatment interaction studies will be included
so that causal statements about the effectiveness of specific
AR attributes and instructional features concerning cognitive
load can be made.
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So far, effects and conclusions about the design or use of AR
have been based on systematic literature reviews and meta-
analyses that mostly build on media comparison studies
(Buchner and Kerres 2023). In contrast, empirical studies in-
vestigating the effects of specific design attributes on cognitive
load and learning have not been systematically summarised
(see Appendix 1). A systematisation that can guide instruc-
tional designers in the development of AR-based learning and
instruction building on human-centred factors, like cognitive
processing and demand, is still missing (Bottani et al. 2021,
2021; Buchner, Buntins, and Kerres 2021, 2022; Hartmann
and Bannert 2022).

1.5 | Related Literature Reviews

Systematic literature reviews on AR attributes and instruc-
tions affecting cognitive load and learning are sparse, as
shown in a systematic mapping review (Buchner, Buntins,
and Kerres 2021). The authors questioned the approach of
media comparison studies, which were predominantly used in
their analysed studies. Previous systematic literature reviews
and meta-analyses that are concerned with learning through
AR either did not focus on cognitive load or focus on meth-
odological concerns. A meta-analysis by Lin and Yu (2023)
examined the effects of AR in interactive learning environ-
ments compared to traditional learning tools. The authors in-
cluded 70 studies between 2012 and 2022 and analysed the
impact of learning with AR on different learning outcomes
compared to conventional learning. Bautista, Maradei, and
Pedraza (2023) systematically discerned a design grounded
in CLT through a comprehensive systematic literature re-
view encompassing VR, MR and AR. Looking into the part
concerned with AR, the authors delineated attributes, cate-
gorising them into three topics: (1) spatial proximity, (2) visual
attributes and (3) content segmentation. However, in the liter-
ature overview (Bautista, Maradei, and Pedraza 2023), effects
of media comparison studies were mixed with value-added
studies and covered the continuum of AR, MR and VR, which
makes statements on the usefulness of AR more challenging.
Buchner, Buntins, and Kerres (2022) conducted a precise, sys-
tematic examination of the nexus between AR learning and
cognitive load. The authors undertook a comprehensive litera-
ture analysis up to 2019, discerning trends and patterns in the
relationship between AR implementation and cognitive load
dynamics. Their findings suggested that AR evokes a lower
cognitive burden than other applications, fostering learning
outcomes. Nevertheless, the observed trends were contingent
upon outcomes from media comparison studies. Appendix 1
summarises the literature on AR effects, cognitive load and
learning. Since research is dominated by work providing
global effects of AR on learning created by media comparison
studies, it needs to be discussed how AR-specific designs af-
fect cognitive load and learning.

1.6 | The Current Systematic Review: Goal
and Research Questions

Based on the review of the theoretical background and with a
different focus than previous reviews, this work systematically

reviews research articles that address AR-specific instructional
design and cognitive load for learning and training purposes.
The central research question is:

Which
recommendations to optimise cognitive load in
augmented reality-based learning and training can
be derived from the literature?

evidence-based  instructional  design

To address the central research question, this article analyses
research articles related to three sub-research questions:

RQ1l. How do different AR displays affect cognitive load
during learning and training?

RQ2. How do different instructional designs in AR affect cog-
nitive load during learning and training?

RQ3. What effects do the learner characteristics have in AR on
learning and cognitive load?

The focus on learning and training will be applied to all
three sub-research questions, based on the central research
question. As described in Section 1.1, the focus on only AR
will allow for technology-specific design recommendations
for similar symbol systems and information processing op-
erations (Section 1.4). The review will consider different AR
devices and displays as defined by Rauschnabel et al. (2022).
RQ1 focuses on study designs that compare different AR dis-
play types. As described in Section 1.4, comparisons of AR
with other types of media are excluded from this review,
which focuses on providing recommendations for designing
AR-based learning and training experiences. Comparisons
with other media do not provide enough AR-specific insights
for the pursued design recommendations. However, AR rep-
resentations can be implemented in different AR displays.
These displays may present information in slightly different
ways (e.g., OST vs. VST), leading to potential differences in
cognitive load and performance, while keeping the essential
AR experience which uniquely combines physical and virtual
elements. RQ1 will consider this. The focus on cognitive load
outcomes, as described in Section 1.2, allows a human-centred
perspective, which is currently still missing in many research
approaches on AR (Bottani et al. 2021; Buchner, Buntins, and
Kerres 2021, 2022; Hartmann and Bannert 2022; Section 1.4).
It will incorporate different types of workload and cognitive
load conceptualisations, focusing on a distinction of desirable
and non-desirable cognitive load as in CLT (Section 1.2). An
examination of value-added and learner-treatment interac-
tion studies will allow for creating specific design recommen-
dations and a more human-centred approach, as described
in Section 1.4. RQ 2 will be answered through studies with
value-added designs, and RQ 3 will be answered through
studies with learner-treatment interaction designs.

2 | Methodology

This article presents a systematic literature analysis on AR
learning and cognitive load. The authors followed the PRISMA
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TABLE1 | Search string applied.

Search string

Title/topic And

Title-abs-key

And Title-abs-key

(‘augmented reality’
OR ‘extended reality’
OR ‘mixed reality’)

(‘cognitive load’ OR ‘mental load” OR
‘workload’ OR ‘task load’ OR ‘mental
demand’ OR ‘dual task’ OR ‘overload’)

(‘learning’ OR ‘education’ OR
‘training’ OR ‘instruction’)

guidelines to pursue a methodologically rigorous and compre-
hensive approach (Page et al. 2021).

2.1 | Search Terms

The review commenced by delineating precise search terms. The
literature search was conducted using four databases, Scopus,
Web of Science, PubMed and ERIC, to ensure profound access
to the topic. Three terms were searched in combination, where
‘augmented reality’ was supplemented with ‘extended reality’
and ‘mixed reality’ as the terminological distinction is not used
clearly (Rauschnabel et al. 2022). The second term consists of
‘cognitive load’ and synonyms like ‘mental load’ OR ‘task load’,
‘workload’, ‘mental demand’, ‘dual task’, OR ‘overload’. Since this
systematic literature review focuses on the application context
of learning and training, ‘learning’, ‘education’, ‘training’, OR
‘instruction’ were added as the application context (see Table 1).

2.2 | Inclusion and Exclusion Criteria

A set of inclusion and exclusion criteria was established to de-
limit the scope of the review. Since the authors sought primary
and empirical peer-reviewed research, only journal articles
and conference proceedings were included, excluding reviews,
meta-analyses, theses and book chapters. Additionally, only
primary studies with a comparative study design contrasting at
least two different AR settings (value-added studies) were con-
sidered. Exclusive consideration was accorded to peer-reviewed
articles to maintain a high-quality standard. Only texts written
in English were considered. To address the scope of the research
questions, studies with the following criteria were excluded:

Studies that

» Do not evaluate cognitive load or similar concepts like
workload, mental load, mental effort, task load, or mental
demand.

» Do not include AR as defined in Section 1.1, specifically ex-
cluding VR and 360° video.

« Execute media comparisons, comparing AR to another
learning application (e.g., paper-pencil, VR, ‘traditional
learning’; distinction based on Mayer 2019).

« Do not aim to foster learning or training performance, ex-
cluding other domains, such as automated driving.

Furthermore, since this article examines the use of AR in the
tertiary education sector, studies on education for children (pri-
mary or secondary sector) were excluded.

2.3 | Search Strategy

The literature search was conducted between May and June
2024. Applying the search terms to the given databases with
no publication year restrictions revealed 1188 references. Three
hundred and seventy-eight duplicates were eliminated. The re-
maining 810 sources were screened based on the inclusion and
exclusion criteria independently by both authors, who reviewed
all titles and abstracts. In instances of disagreement, the abstract
was reviewed collaboratively until a consensus was reached.
This process resulted in 74 articles proceeding to full-text
screening. These articles were divided between the authors for a
final decision. If an author needed clarification about including
an article, it was reviewed jointly to reach a collective decision.
Ultimately, 27 articles were included in the review containing
29 distinct studies since some publications include more than
one study, leading to a higher number of studies than articles.
Figure 1 demonstrates the literature search and filtration pro-
cesses for each step.

2.4 | Coding Scheme

Both authors collaborated on the coding process for the 29 stud-
ies. Each study included in the review was jointly assessed and
coded. For the coding of the AR technologies, the authors use
the classification by Rauschnabel et al. (2022), distinguishing
AR devices into stationary, wearable, mobile, on-body and in-
body and AR display types into optical see-through (OST), video
see-through (VST), projection-based AR and AR mirrors. For
the research questions, the studies were split into: (1) studies
comparing different AR display types for RQ1, and (2) studies
comparing different attributes within a single display type for
RQ2, coding the instructional design comparison. The inclu-
sion of the assessment of learner characteristics was coded for
RQ3. Basic study descriptions were gathered from all papers,
including the application context, sample size, study population
and study design. Furthermore, the methods used to measure
cognitive load and learning performance were collected from
each study. Finally, we summarised the findings of each study
regarding cognitive load/workload and learning performance.
The results of the full coding can be found in the table provided
under this Link. https://osf.io/u9rt7/?view_only=d6c4d503d5
93433386a84fe20c8dbl2c.

Based on this full coding, particularly relevant data for an-
swering the research questions is summarised in the findings
in Section 3. The type of AR display and the type of cognitive
load measurement are provided as context variables. To address
RQ1, the effects of different AR display types on cognitive load
and performance reported in studies from the first cluster are
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= PubMed (n = 99) (n=378)
35 ERIC (n = 63)
v
Records screened Records excluded
—>
(n=2810) (n=736)
A4
Reports sought for retrieval Reports not retrieved
—>
2 (n=74) (n=2)
=
/]
g
a \4
ReBorts assessed for eligibility Reports excluded: No
(n=72) > ¢
learning context (n = 13)
added-value study (n = 13)
AR technology (n = 5)
cognitive load measurement
(n=5)
inferential statistics (n = 4)
v experiment design (n = 2)
tertiary education (n = 2)
3 Reports included in review peer-reviewed paper (n = 1)
S (n=27)
S Studies included in review
i= (n=29)

FIGURE1 | Overview of the conducted review process following the Prisma guidelines.

summarised. For RQ2, the effects of the instructional design
comparisons assessed in the second cluster of studies are cat-
egorised and summarised. To address RQ3 the studies were
screened for effects of learner characteristics on cognitive load
and learning. In order to develop design recommendations as
postulated by the overarching goal of the systematic review,
the observed effects are summarised into recommendations,
which are clustered into categories within different design
dimensions.

3 | Findings

In this section, we will describe the results of the systematic lit-
erature review, addressing the sub-research questions RQ1, RQ2
and RQ3. The translation of the findings into specific design
recommendations, responding to the central research question,
happens in Section 4. As described in Section 2.4, the 29 studies
are distinguished into two clusters:

1. Five studies that compare different AR display types with
each other (RQ1).

2. Twenty-four studies that compare specific design decisions
within one AR display type (RQ2 and RQ3).

To address RQI1, we analyse and summarise the five studies
comparing the effects of different AR display types on cogni-
tive load and learning performance. For RQ2, the second cluster
with 24 studies comparing specific design attributes within one
display type is analysed and summarised concerning the effect
of specific instructional design. Concerning RQ3, we found four
studies that examine the influence of learner characteristics,
which are all in the second cluster.

When an article presents two independent study designs, we
classify and report them as two separate studies, which is why
there are 29 studies from 27 articles. However, when studies em-
ploy a two-factor design, we treat them as a single study. When
there is no observed interaction effect between the two factors,
we separately report the two instructional designs and detail
their respective effects as distinct entries in the tables.

3.1 | General Study Information

To describe the included studies and provide some context for
the research questions, we will first give an overview of the AR
devices, display types and cognitive load measurement methods
utilised in the sample.
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3.1.1 | AR Device and Display

Different types of AR devices and displays as categorised
by Rauschnabel et al. (2022) were used in the studies (see
Appendix 2). 21 of the studies used wearable AR devices, with
18 studies using OST HMD and three studies using VST HMDs.
Eight studies used mobile AR on tablets (six studies) or smart-
phones (two studies). Four studies employed stationary AR, with
three utilising projection-based applications and one using an
AR mirror. Notably, all instances of stationary AR were com-
pared against other AR displays, such as OST and VST. No study
in the sample examined the effects of instructional design de-
cisions within projection-based AR. Furthermore, we found no
studies that used on-body or in-body AR.

3.1.2 | Measuring Cognitive Load and Workload

The studies incorporate various cognitive load measurements,
which can be distinguished into mono-method (using one as-
sessment method) and multi-method assessments (combining
at least two assessment methods). Appendix 3 presents an
overview of assessment methods and references, respectively.
The majority of 23 studies used one method, namely ques-
tionnaires. Out of these, 18 studies used the NASA-TLX. This
questionnaire assesses workload in total and on the subdimen-
sions mental demand, physical demand, temporal demand,
performance, effort and frustration (Hart and Staveland 1988).
Another six studies used questionnaires that distinguish be-
tween mental load and mental effort by either Hwang, Yang,
and Wang (2013), Krell (2015) or Paas, van Merriénboer, and
Adam (1994). Only one study relied on the cognitive load
theory conceptualisation in the subdimensions ICL, GCL
and ECL using the questionnaire by Klepsch, Schmitz, and
Seufert (2017).

In contrast to mono-method assessment, studies using a multi-
method approach supported the cognitive load assessment with
a second questionnaire or physiological measurements. Four
studies used a second questionnaire, combining the ICL, ECL
and GCL assessment with the workload assessment (NASA-
TLX). Another three studies used physiological measurements
such as heart rate variability, skin conductance (EDA) and eye-
tracking in addition to a questionnaire.

The studies identified in our systematic literature review ex-
hibit considerable diversity in the conceptualisation of cogni-
tive load or workload, employing nine different measurement
methods. In the subsequent presentation of results, we adhere to
the conceptualisations as defined by the respective authors, dis-
tinguishing workload, which refers to the measurement NASA-
TLX, and cognitive load, which covers the assessment of mental
load and mental effort, as well as the conceptualisation of ICL,
ECL and GCL.

3.2 | Effects of the Augmented Reality Display

To address RQ1, ‘How do different augmented reality displays
affect cognitive load during learning and training?’, we sum-
marise the findings of the five studies comparing two display

types. Table 2 presents an overview of the studies and their find-
ings. Projection-based AR is predominantly evaluated against
see-through AR. This is done by juxtaposing VST, projection-
based AR and OST methods (Baumeister et al. 2017) or by com-
paring projection-based AR against OST approaches (Boyce
et al. 2022; Nowak et al. 2020). The fifth study compares OST
with AR mirror (Karg et al. 2023).

In the two studies by Baumeister et al. (2017), reaction tasks were
carried out with different versions of a control panel displaying
high or low amounts of information. The findings show that
projection-based AR in comparison to VST and OST resulted in
lower cognitive load, as determined by the single-item assess-
ment of Paas, van Merriénboer, and Adam (1994) and quicker
secondary task response time, and also in better performance
measured as faster primary task response times. The authors
reason that the OST and VST HMD devices' limited field of view
played a substantial role in the results. With a high amount of
simultaneously presented information, OST outperformed VST
when field of view was accounted for (Baumeister et al. 2017).
The study by Boyce et al. (2022) reports similar findings regard-
ing decision-making in military tactics. Projection-based AR in
comparison to OST led to lower workload, as measured by the
NASA-TLX, and shorter decision response times, although deci-
sion accuracy did not differ between the two AR displays.

Karg et al. (2023) and Nowak et al. (2020) investigated the usage
of OST and, respectively, projection-based AR and AR mirrors
in procedural tasks that demand motoric task execution, such
as an assembly and wiring task. Nowak et al. (2020) did not find
significant differences between the AR displays regarding work-
load or performance. The findings of Karg et al. (2023) indicated
a significant benefit of using OST, which led to shorter assembly
times and fewer errors. Additionally, participants using the OST
reported less workload in terms of mental demand, effort, frus-
tration and higher performance on the NASA-TLX subscales. In
contrast, the AR mirror setup led to participants deviating more
from the ideal position.

In total, the limited findings concerning RQ1 preliminarily
suggest advantages in performance for projection-based AR
and OST over VST but also increased performance when using
OST compared to AR mirrors. The type of task and especially
the consideration of the field of view in the task design seem
to play an important role in these relationships, so that no sim-
ple response to RQ1 is possible based on this data. The focus
on specific instructional design decisions and learner charac-
teristics in the following sections can provide more specific
insights.

3.3 | Effects of the Instructional Design Applied in
Augmented Reality

To address RQ2, ‘How do different instructional designs in aug-
mented reality affect cognitive load during learning and train-
ing?’, we summarise the effects of the 24 studies in the second
cluster, which assess the impact of a specific design attribute
within one display type. Table 3 provides an overview of the
studies and effects of instructional design attributes on cognitive
load/workload and learning performance.
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Eleven studies assess instructional design attributes for OST
HMDs, while 13 studies compare instructional designs within
VST displays, such as VST HMDs, tablets, or smartphones.
The design attributes in the studies were clustered into differ-
ent design categories: spatial integration, spatial visualisation,
physical-virtual integration, content modality, content complex-
ity, generative activity, interaction modalities, physical interac-
tion, embodied assistance and adaptive guidance.

Concerning RQ2 it can be concluded that many different design
attributes in AR-based learning environments can have an in-
fluence on cognitive load, workload and learning and training
performance. The specific results of the different design attri-
butes can be seen in Table 3. A more specific and multi-faceted
response to RQ2 will be provided in Section 4.1, assessing and
discussing the large variety of design attributes examined in the
studies, clustering the design categories and turning the find-
ings into recommendations.

3.4 | Effects of Learner Characteristics

To address RQ3, ‘What effects do the learner characteristics
have in augmented reality on learning and cognitive load?’
and enrich the design recommendations based on the findings
from Section 3.3, we examined the interaction effects of learner
characteristics and design decisions in four of the 29 studies
(see Appendix 4). Two of those studies included spatial abili-
ties, measured through a mental rotation test, in interaction
with spatial visualisation as a design dimension. Bogomolova
et al. (2023) used an OST display and found no interaction ef-
fect of spatial abilities and spatial visualisation (stereoscopic
3D vs. monoscopic 3D) on cognitive load or learning-related
variables. Kriiger, Palzer, and Bodemer (2022), on the other
hand, used a VST display and found a significant modera-
tion effect concerning learning outcomes that describes that
for learners with higher spatial abilities, 3D compared to 2D
visualisations improve their knowledge outcome. They also
found no interaction effect concerning cognitive load. Another
study that examined a learner-treatment interaction was exe-
cuted by Kim, Laine, and Ahlund (2021) with an OST display.
The authors found that confidence played a role when work-
ing with a virtual instructor, finding that only underconfident
but not overconfident students learned better with a virtual
instructor than without one. Furthermore, only for overcon-
fident students who learned with a virtual instructor a nega-
tive correlation between workload and learning performance
could be found. A fourth study separately examined the effects
for learners who were experienced in the targeted task execu-
tion and inexperienced learners (Lange-Nawka, Wiinsche, and
Thompson 2023). Different results were found in the groups
concerning cognitive load, amount of eye movement, focus
switches, focus time, focus depth and different types of errors.
However, no clear pattern of differences can be identified as
the results differed between different tasks, which the authors
partly attributed to unknown task characteristics (Lange-
Nawka, Wiinsche, and Thompson 2023). In total, the limited
number of findings concerning RQ3 preliminarily suggest that
learner characteristics such as spatial abilities, confidence and
prior experience can impact cognitive load and learning per-
formance in interaction with design decisions in AR contexts.

Appendix 4 provides a more detailed picture of the results per
study, and in Section 4.1, the findings are discussed and inte-
grated into the design recommendations.

4 | Discussion

This review addresses the central research question: “Which
evidence-based instructional design recommendations to
optimise cognitive load in augmented reality-based learning
and training can be derived from the literature?’. To approach
this research question, we systematically evaluate the exist-
ing literature concerning the effects of augmented reality
(AR) attributes on cognitive load in educational and training
contexts. The next step clusters these effects and develops
specific, evidence-based recommendations for designing AR
applications in learning (Section 4.1). The central value of this
paper is the aggregation of existing evidence from empirical
cognitive load studies, resulting in recommendations for AR
instructional design. The findings provide practical guidance
for instructional designers and practitioners involved in AR-
based learning and training in tertiary education. The review
summarises findings from added-value and learner-treatment
interaction studies, focusing on the specific impact of AR de-
sign features and learner characteristics rather than media
comparisons, which are criticised for their inability to exam-
ine the effect of specific AR features. The systematic screening
approach to identify and synthesise empirical studies explor-
ing the influence of AR design attributes on cognitive load and
learning outcomes applied here leads to systematic insights
into specific AR design decisions. Despite the promising po-
tential of AR-based learning to enhance learning processes
and achievements, the specific design needs to be considered.
While aggregating evidence from empirical studies, this re-
view also highlights significant gaps in the current literature,
including the limited number of studies empirically examin-
ing the effects of various AR attributes on cognitive load using
added-value methodologies, thus identifying critical areas for
further research and development (Section 4.2).

4.1 | Integration of Results

Based on the findings from the systematic literature review
described in Section 3, the results were aggregated, and design
recommendations were established. To structure the results,
the design attributes that were discovered in the studies were
clustered into different categories. Based on the data from
RQ1, the category of display selection was developed. Based
on the data from RQ2 and RQ3, two categories of design deci-
sions were identified: AR-specific design decisions and deci-
sions that can be independent of AR. For AR-specific design
decisions, the results were clustered into spatiality-related,
interaction-related and contextuality-related results based on
the ARcis framework (Kriiger, Buchholz, and Bodemer 2019;
Kriiger 2023). Two further categories, that are important for
instructional design in general but not necessarily connected
to AR-specific characteristics of the learning situation, were
clustered into content-related and guidance-related results.
The aggregated results and recommendations can be found in
Table 4.
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| (Continued)

TABLE 3

Effects on learning/

Reference

performance

Effects on cognitive load

Design attributes

Design categories

AR display

Lange-Nawka, Wiinsche,

Errors: Sign. less start time errors

CL, eye movement: No
general sign. differences.

Piano instructions
without a metronome

Others

and Thompson (2023)

0.04) but more missed end counts

(p

(p

0.02 and p=0.046) in song #2

Piano instructions
with a metronome

with metronome than without.

Czok et al. (2023)

Knowledge Test: No sign. differences.

ML/ME: No sign. differences.

With gamification

Others

Without gamification

Zhan et al. (2024)

Cultural literacy: Sign. higher in
collaborative than individual settings

ML/ME: Sign. less mental

Team competitive strategy

Others

0.02), sub-component cultural

(p=

0.03), no

sign. mental load difference.

effort in collaborative than

individual setting (p

Individual competitive strategy

0.03).

Computational thinking:

identity sign. higher (p

No sign. differences.

Note: p values reported for sign. differences and effect sizes added if reported in the paper.

Abbreviations: CL, ICL, GCL, ECL; EDA, skin conductance; errors, number of errors; HRV, heart rate variability; ML/ME, mental load/mental effort; OST, optical-see-through; TCT, task completion time; VST, video-see-through;

‘Workload, measured with NASA-TLX.

The spatiality-related results include studies on spatial integra-
tion and visualisation. In general, the studies on spatial integra-
tion show that in-place visualisations can reduce the completion
time in haptic tasks without overloading the learner and that
mental load can be decreased when spatially integrated AR in-
formation is embedded into a holistic visualisation (Ariansyah
et al. 2022; Yu et al. 2022; Zhang et al. 2021). As already men-
tioned in the theoretical background, AR has the unique po-
tential of spatially integrating virtual and physical content
(Altmeyer et al. 2020). The focus on this characteristic in mul-
tiple studies and the outcomes support this idea. Concerning
spatial visualisations, the results are mixed. Showing a positive
effect of using 3D objects for learning spatial relations only for
students with high and average spatial abilities, Kriiger, Palzer,
and Bodemer (2022) describe the necessity of including learner
characteristics in research on AR. Not all results support the ad-
vantage of a 3D representation, especially when the information
itself can be easily represented in 2D, as in the study by Simmen
et al. (2023). However, if a task requires spatial understanding,
including most STEM-based content, it is thus useful to visualise
the content in 3D, as it increases GCL, which is associated with
schema building and long-term memory integration (Sweller,
van Merriénboer, and Paas 2019), and improves spatial relation
knowledge results. This is in accordance with a systematic map-
ping review on STEM learning in higher education that showed
the prevalence of the usage of 3D models in AR-based education
(Mystakidis, Christopoulos, and Pellas 2021). The type of 3D vi-
sualisation, monoscopic or stereoscopic, did not seem to play a
role (Bogomolova et al. 2023).

The interaction-related results include studies on interaction
modalities and physical interaction. Concerning interaction
modalities, it was found that workload can be reduced when
using voice commands during an otherwise physical task (Li
et al. 2022), but not necessarily when the task does not need
usage of both hands (Ariansyah et al. 2022). Different AR de-
vices include different displays but also different possibilities
for interaction. Gesture-based and voice-based interactions are
possible in HMDs, but not always possible in handheld devices,
which usually need at least one hand to hold the device. When
designing a task in AR, the number of hands needed for interac-
tion and the possibility of using voice command as an alternative
should be considered. Physical interaction describes findings on
how physical interaction can support learning if the mental task
is not too demanding (Kriiger and Bodemer 2020). This shows
that it is important to provide meaningful physical interaction
that supports and does not clash with mental demands. This is
in accordance with Clark and Mayer's (2016) four quadrants of
interaction, showing that mental interaction but not physical
interaction is necessary for learning. Furthermore, when de-
signing an interaction, the usability of the control mechanisms
should be considered in a way that it does not increase ECL,
for example through the placement of control devices (Van den
Bergh and Heller 2020).

The contextuality-related results include only one study on
physical-virtual integration (Huang, Huang, and Cheng 2022).
This study shows that using physical objects as anchors of vir-
tual elements in AR can lead to decreased mental load and in-
creased knowledge. This is in accordance with the definition
of contextuality in the ARcis framework, which describes the
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TABLE 4

| Aggregation of empirical evidence-based study results.

Design dimension

Design categories

Evidence-based recommendations
based on empirical study results

Studies

AR-specific:
Spatiality-related

AR-specific:
Interaction-related

AR-specific:
Contextuality-related

General:
Content-related

General:
Guidance-related

Display-selection

Spatiallntegration

Spatial Visualisation

Interaction
Modality

Physicallnteraction

Physical-Virtual
Integration

ContentModality

Content Complexity

GenerativeActivity

Embodied Assistance

AdaptiveGuidance

OST or projection-based

1. Incorporating in-place visualisation can reduce the
completion time in haptic tasks without overloading the
learner.

2. To prevent mental overload, incorporate spatially
integrated AR information into a comprehensive, holistic
model.

3. Visualise content in 3D if a task requires spatial
understanding (e.g., STEM), as it increases GCL and
improves spatial relation knowledge results.

3* However, consider the spatial abilities of the person
since they impact effectiveness.

4. Use voice control for procedural or motor tasks where
hands are required to perform a task, as it reduces
workload.

5. Provide meaningful physical interaction in the sense
of good usability, as it activates the learner.
5* However, no or poorly implemented physical
interaction increases the cognitive load in a negative
sense.

6. Incorporate tangible content since it increases
knowledge while reducing mental load.

7. Provide auditory information for procedural or motor
tasks since it reduces errors and time.

8. Balance the number of simultaneous tasks since too

many tasks overload the learner and cause more errors.

9. Adapting the content presentation based on mental

workload can decrease physiological measured mental
workload.

10. Incorporate generative activities since they lead to
better knowledge test results and fewer errors while the
learner is activated in terms of mental effort.

11. Integrate virtual assistance that provides suggestions
for improvement or guidance since it reduces workload,
resulting in shorter task duration and better learning.
11* Effects are increased for underconfident learners.
12. Incorporate a human-like/embodied tutor in a
volumetric rather than an avatar-like visualisation.

13. Adaptively adjust learning content based on the
user's learning progress, as this can lead to fewer
application errors or increased knowledge.

13* Adaptive design is not necessarily linked to reducing
cognitive load since learning occurs at an optimal
workload level at which under- and overstimulation
should be prevented.

14. If feasible and practical, consider incorporating
projection-based AR or OST for tasks that require
significant haptic interaction and tactile precision.
15. Avoid utilising AR mirrors for information displays
and consider alternative AR methods for optimal results
and reduced cognitive burden.

Ariansyah et al. (2022)
Zhang et al. (2021)
Yu et al. (2022)

Kriiger, Palzer, and
Bodemer (2022)
Bogomolova et al. (2023)
Simmen et al. (2023)

Ariansyah et al. (2022)
Liet al. (2022)

Kriiger & Bodemer (2020)
Van den Bergh and
Heller (2020)

Huang, Huang, and
Cheng (2022)

Yu et al. (2022)
Zhao et al. (2023)

Maitz et al. (2023)
Lenz et al. (2024)
Illing et al. (2021)

Chu et al. (2019)
Werrlich, Nguyen,
and Notni (2018)
Kriiger and Bodemer (2020)

Kim et al. (2023)
de Melo et al. (2020)
Sasikumar et al. (2021)

Herbert et al. (2022)

Baumeister et al. (2017)
Boyce et al. (2022)
Nowak et al. (2020)

Note: * markers the influence of learner attributes that interact with the reported effects.
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connection of corresponding virtual and physical elements as
one of the unique advantages of AR that should be leveraged for
learning situations in which virtual information and physical el-
ements are closely connected (Kriiger 2023; Kriiger, Buchholz,
and Bodemer 2019).

Content-related results, which are not necessarily specific to
AR, include studies on content modality, content complexity
and generative activity. Content modality results describe the
usefulness of providing auditory information, as errors and task
completion time can be reduced, especially in procedural or
motor tasks (Yu et al. 2022), but not in all types of tasks (Zhao
et al. 2023). This is in accordance with the results on the interac-
tion modality described above, showing the other side in which
visual channels may already be focused on other tasks and thus
not available to process visual information. Furthermore, look-
ing at the research on VR described in Section 1.3, a reversed
modality effect showed that unique characteristics of technology
and tasks may come together to break established design prin-
ciples (Albus and Seufert 2023). The topic of content complex-
ity is another prevalent area in research on AR-based learning
and cognitive load, showing that too many parallel tasks may
overload learners, producing more errors (Illing et al. 2021) and
that two independent task instructions lead to a higher work-
load when presented synchronously instead of after each other
(Lenz et al. 2024). As AR allows for the presentation of much
content in various formats, it is important to find a ‘sweet spot’
of how much information should be shown at what time to not
overload but still challenge learners. The potential of adaptive
environments automatically adapting task complexity to learn-
ers' workload is shown by Maitz et al. (2023), decreasing physio-
logically measured workload. However, learning improvements
were higher with non-adaptive material, showing that the adap-
tivity needs to be well thought through. When looking at the
results concerning generative activity, it is clear that introducing
assessments as a form of deeper learning or elaboration strat-
egy can increase knowledge and active load (s. Klepsch and
Seufert 2021) components like mental effort while decreasing
errors (Chu et al. 2019; Werrlich, Nguyen, and Notni 2018).
This is in accordance with the generative learning principle
(Mayer 2021). Another study that specifically examined the in-
troduction of a mentally demanding task found that the mental
interaction only led to increased knowledge outcomes when no
physically demanding task was apparent (Kriiger and Bodemer
2020). This shows that excessive demand could hinder learning,
and the aim is to strive for an optimal demand.

Guidance-related results include studies on embodied assistance
and adaptive guidance. The results on embodied assistance show
that using embodied compared to voice-based or no assistance
can decrease workload, especially for underconfident learn-
ers (Kim et al. 2023), and improve learning outcomes (de Melo
et al. 2020). This effect also appeared for a volumetric rather
than an avatar-based visualisation (Sasikumar et al. 2021).
Furthermore, gesture-based visualisations of assistance
have a positive effect on workload and task completion time
(Sasikumar et al. 2021). Adaptive guidance includes the results
of only one study by Herbert et al. (2022). Fading of instruction
based on learning progression can lead to less application error
or increased knowledge. However, adaptive design is not neces-
sarily linked to reducing cognitive load, since learning occurs at

an optimal workload level at which under- and overstimulation
should be prevented. Further studies focusing not only on detri-
mental workload, but also on advantageous cognitive load (e.g.,
GCL) should be considered for a more complete picture on the
influence of adaptivity in AR-based learning.

Concerning the display selection, the five reviewed studies
indicate a preference for using OST AR over AR mirror since
OST demonstrates shorter task completion times and fewer er-
rors in procedural tasks (Karg et al. 2023). Furthermore, the
reviewed studies show a preference for projection-based AR
over OST and VST, with decreased cognitive load and response
times (Baumeister et al. 2017; Boyce et al. 2022). The limited
field of view in HMD devices should be considered when using
AR for learning and training, either by considering the usage
of projection-based AR or by designing the tasks accordingly.
Projection-based AR excels because it seamlessly integrates vir-
tual elements into the user's environment without occlusion, re-
ducing cognitive load and facilitating quicker interactions. OST
is furthermore advantageous over VST because it can merge
digital and real-world visuals more effectively, avoiding latency
and resolution issues associated with video feeds (Baumeister
et al. 2017). Due to the small sample size of only five studies, the
recommendations for display selection are very tentative. The
specific task needs to be taken into account when deciding for
an AR display.

Based on the findings from the studies, recommendations for
the instructional design of AR-based learning and training can
be found in Table 4. Three studies that could not be included in
the established clusters looked at very specific phenomena. Czok
et al. (2023), for example, looked at the integration of gamifica-
tion with AR. No effects were found, and as many elements are
included in the gamification, including a narrative, contextual-
isation and other visuals, and the exact goal of the gamification
was not clear, no specific design recommendations could be es-
tablished. Another study focused on a support mechanism for a
very specific task, namely a metronome function for AR-based
piano training (Lange-Nawka, Wiinsche, and Thompson 2023).
No general design recommendations could be established due
to the mixture of modality and assistance, very individual re-
sults for different songs and mixed results due to learners' prior
experience (see Section 3.4). In general, the study shows that
it is important to consider the complexity of tasks, as different
tasks may profit differently from assistance. The third study
for which no general design recommendations could be estab-
lished, describes the comparison of collaborative and individual
settings with AR (Zhan et al. 2024). While both mental effort
and learning outcomes profited from the collaborative settings,
it is not clear how exactly this difference emerged. However, it
is important for instructional designers to not only think about
the design of the application but also potential context variables
when implementing a design in the field.

4.2 | Implications for Future Research

Aswith any systematic literature review, the interpretation of re-
sults in this review is constrained by the studies selected accord-
ing to predefined inclusion and exclusion criteria. Nonetheless,
by adhering to a rigorous PRISMA guideline-based procedure,
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the authors have aimed to mitigate potential methodological
biases. The current research landscape on cognitive load and
AR learning reveals several significant challenges. This review
identifies three key areas for further investigation that we con-
sider essential for advancing a human-centred approach to AR
design for learning.

1. Call for empirical evidence generated by value-added
studies:

The review identified only 29 studies that examine the effects
of different AR design attributes or display on cognitive load in
tertiary learning and training contexts. More research on these
effects is needed to provide valuable evidence for guiding tech-
nology developers, instructional designers and researchers in
creating learner-centred AR solutions, particularly by focusing
on cognitive concepts like cognitive load. Many studies initially
included in our review were media comparison studies consistent
with findings from Buchner, Buntins, and Kerres (2021, 2022).
However, media comparison studies investigate the effects of a
medium compared to other media rather than the underlying
attributes impacting learning performance. Furthermore, none
of the included studies tested established design guidelines
from theoretical frameworks like CTML (Mayer 2021). While
it is important to consider the specific affordances of AR, it may
be helpful to base research on already established guidelines,
as also suggested by Kriiger and Bodemer (2022). Therefore,
we suggest performing value-added studies that deliver empir-
ical evidence by incorporating an investigation of the impact
of different AR displays or instructional designs, which should
be based on relevant theories or established guidelines applied
in AR.

2. Call for incorporating cognitive load measurement:

The studies in our review employ a range of cognitive load and
workload conceptualisations. The majority use the NASA-TLX
questionnaire, which conceptualises six global constructs of
workload, including mental, physical, and temporal demand,
perceived performance and effort, and frustration (Hart and
Staveland 1988). Initially developed to measure the task load
of pilots, the questionnaire is applied in various contexts
(Hart 2006). Although it continues to be widely used, criti-
cism of the questionnaire's suitability for usability testing of
technologies (Kosch et al. 2023) or in the context of learning
emerges.

Other conceptualisations are based in the learning context.
The differentiation into ICL, ECL and GCL allows for conclu-
sions on learning. The three subdimensions can be assessed
using questionnaires from Klepsch, Schmitz, and Seufert (2017)
or Leppink et al. (2013). Moreover, the review revealed that
only three studies included physiological measurements to
assess cognitive load. We advocate for increased utilisation of
physiological measurement methods, as they offer objective
insights into learning processes and development over time
(Gonnermann-Miiller et al. 2024)—insights that cannot be fully
captured through self-report questionnaires (Suzuki, Wild, and
Scanlon 2024).

3. Callfor empirical evidence including learner characteristics:

Only four of the studies addressed the effects of learner char-
acteristics on AR learning and cognitive load. Preliminary
findings within this review suggest that learner characteristics
such as spatial abilities (e.g., mental rotation skills), confidence
and prior experience significantly influence cognitive load
and learning performance in AR contexts. Especially learner-
treatment interaction study designs can offer insights into the
question of which design decisions work for which learners, as
also suggested by Buchner and Kerres (2023). More studies on
various learner characteristics are necessary.

5 | Conclusions

Inthe current paper,asystematicliterature review was conducted
with the goal of defining evidence-based instructional design
recommendations for augmented reality (AR)-based learning
and training. The review highlights the potential of AR to op-
timise cognitive load and learning performance if it is designed
well based on theory- and evidence-based design decisions. By
targeting value-added and learner-treatment interaction studies,
specific effects of design attributes and learner characteristics
could be defined. These result in 15 design recommendations
based on 29 empirical studies, which built the basis for 11 design
categories Spatial Integration, Spatial Visualisation, Interaction
Modality, Physical Interaction, Physical—Virtual Integration,
Content Modality, Content Complexity, Generative Activity,
Embodied Assistance, Adaptive Guidance, OST or projection-
based in the six dimensions Spatiality-related, Interaction-
related, Contextuality-related, Content-related, Guidance-related
and Display Selection. The findings aim at offering practical in-
sights for instructional designers and educators involved in im-
plementing AR in learning and training settings.

However, more systematic research is necessary to establish a
solid basis for well-grounded design principles for AR instruc-
tion. In the current review, many of the recommendations are
based on the results from a few studies. To reach a more sta-
ble basis for future recommendations, three steps have been
identified, with a focus on value-added and learner-treatment
interaction study designs incorporating a variety of cognitive
load and learning performance measurements. The categories
and recommendations resulting from this review can serve as a
starting point for further investigation and research in the area
of AR-based learning and training.
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Appendix 1

An Overview of the Scope and Limitations of Systematic
Reviews and Meta-Analyses Opens the Research Gap This
Systematic Literature Review Aims to Solve

Scope of recent
systematic
reviews and

meta-analysis Limitations Reference
A systematic No further distinction Bautista,
analysis of 53 of findings between Maradei, and
articles between different technologies Pedraza (2023)
1999 and 2022 on (VR, MR and AR).
design principles No further distinction
grounded in of results between
cognitive load media comparison
theory. studies and value-

added studies.
A systematic map Only bibliometric, Buchner,
of 60 articles (till geographical, and Buntins, and
2019) on the effects methodological Kerres (2021)

of AR learning on
cognitive load.

overview of the
literature. No
systematisation of
design effects.

A systematic No further distinction Buchner,
analysis of 58 of results between Buntins, and
studies (till 2019) media comparison Kerres (2022)
on the effects studies and value-

of AR learning added studies.

compared to other

learning methods on

cognitive load.

Meta-analysis of 70 No further distinction Lin and
articles (between of results between Yu (2023)
2012 and 2022) on media comparison

the comparison of studies and value-

AR with traditional added studies.

tools concerning

the effects of AR on

learning.

Appendix 2

Overview of AR Devices and Displays Used in the Set of Studies
Identified (N=29) in This Review

AR device N AR display N
Wearable AR 21 OST 18
VST (HMD) 3
Mobile AR 8 VST tablet 6
VST smartphone 2
Stationary AR 4 Projection-based AR 3
AR Mirror 1
In-body 0
On-body 0

Note: Classification following Rauschnabel et al. (2022). Due to some studies
comparing multiple AR displays, the total number of AR devices and displays

exceeds 29.

Abbreviations: OST, optical-see-through; VST, video-see-through.
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Appendix 3

Cognitive Load Measurements Across the Full Study Sample (N=27)

Assessment Specific
Assessment method(s) N measurement Reference
Mono- Questionnaire 18 NASA-TLX (Hart Bogomolova et al. (2023), Boyce et al. (2022)*, de Melo et al. (2020),
method assessing and Staveland 1988; Herbert et al. (2022), Illing et al. (2021), Karg et al. (2023)*, Kim et al.
workload Hart 2006) 2023; Lenz et al. (2024), Li et al. (2022), Maitz et al. (2023), Nowak
et al. (2020)*, Sasikumar et al. (2021), Simmen et al. (2023), Van den
Bergh and Heller (2020), Werrlich, Nguyen, and Notni (2018), Yu
et al. (2022), Zhang et al. (2021)
Questionnaires 4 Mental load and Chu et al. (2019), Huang, Huang, and Cheng (2022), Zhan et al. (2024)
assessing mental mental effort (Hwang
load and mental et al. 2013)
effort
Mental load and Czok et al. (2023)
mental effort
(Krell 2015)
Cognitive Load 1 Cognitive load Kriiger, Palzer, and Bodemer (2022)
(ICL, ECL, GCL) distinguished into
ICL, ECL, GCL
(Klepsch, Schmitz,
and Seufert 2017)
Multi-method  Questionnaire + 1 Cognitive load Kriiger and Bodemer (2020)
questionnaire (Klepsch, Schmitz,
and Seufert 2017),
NASA-TLX (Hart
und Staveland, 1988)
Questionnaire + 2 Total cognitive Baumeister et al. (2017)*
secondary task load (Paas, van
Merriénboer,
and Adam 1994),
response time in a
dual task
Questionnaire + 3 NASA-TLX (Hart Ariansyah et al. (2022)

physiological

und Staveland, 1988),
skin conductance
(EDA), heart Rate

Questionnaire
(self-developed),
eye-tracking

NASA-TLX (Hart
und Staveland, 1988),
heart rate variability

Lange-Nawka, Wiinsche, and Thompson (2023)

Zhao et al. (2023)

Note: Study designs comparing multiple AR displays are marked with *; Two papers (Sasikumar et al. 2021; Baumeister et al. 2017) containing two studies are

considered in the analysis.
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Appendix 4

Overview of Cognitive Load/Workload, Learning, and
Performance Effects in Studies Examining Learner-Treatment
Interactions (N =4), Clustered by Display Type

Learner Design Effects on learning/
AR display characteristic dimension Effects on cognitive load performance Reference
Optical Confidence Virtual Workload: Only Learning performance: Kim et al. (2023)
see-through instructor: overconfident students Sign. interaction effect
present vs. learning with a virtual (p<0.01), showing that only
absent instructor showed a strong underconfident students
negative correlation performed better with a virtual
(p=0.02, r=-0.79) instructor than without
between workload and
learning performance
Spatial abilities Spatial ‘Workload: No interaction Knowledge: No sign. interaction Bogomolova
visualisation: of visual-spatial abilities of visual-spatial abilities (MRT et al. (2023)
stereoscopic (MRT scores) with the type score) with the type of spatial
3D vs. of spatial visualisation visualisation concerning
monoscopic knowledge test scores
3D
Video Spatial abilities Spatial Cognitive load: No sign. Knowledge: Sign. interaction Kriiger,
see-through visualisation: interaction effect of effect (p=0.03, ©?>=0.02), Palzer, and
3D vs. 2D spatial abilities and spatial showing that only for high Bodemer (2022)
virtual model visualisation on GCL or (p<0.01) and average (p=0.02)
ECL spatial abilities (MRT score)
spatial relations knowledge is
increased with 3D compared to
2D visualisation
Prior experience Other: Visual CL: Only for inexperienced Errors: Only for inexperienced Lange-Nawka,

representation
of instructions
for playing
the piano
without vs.
with auditory
metronome

piano players, CL
is increased with a
metronome in comparison
to no metronome (p =0.04)
during songs #4, #5, #6
Eye movement: Only for
experienced piano players,
with metronome eye
movement is decreased
in song #1 (p=0.03), song
#2 (p=0.04) and song #3
(p=0.03); focus switches
are reduced in song #3
(p=0.03) and increased in
song #6 (p=0.02); focus
time is increased in song
#3 (p=0.03) and reduced
in song #6 (p =0.02); focus
depth is increased in song
#4 (p=0.02)

piano players, missed end counts
increased with a metronome in
song #4 and decreased in song
#5; Only for experienced piano
players, start time errors are
reduced with metronome during
song #1 (p=0.01), song #2
(p=0.03) and song #3 (p=0.03),
and extra end counts are reduced
during song #1 (p=0.04 and
p=0.05) and increased during
song #5 (p=0.04)

‘Wiinsche, and

Thompson (2023)

25 of 25

95U8917 SUOWILLIOD SAITeaID 3|aed!(dde a4y Ag peusenob ae sajone O ‘8sn J0 SajnJ 1o AkeiqiTaulUQO AS|IA UO (SUONIPUOD-PUR-SWLRIL0D AS | 1M ARe1q 1 BUI|UO//:SANY) SUONIPUOD pue SWS 1 3U) 39S *[9202/T0/52] Uo A%elqiauliuo AS|IM ‘SE0ET B9 (/TTTT 0T/I0P/WO0d A3 1M ARelq 1 jBUl|UOy/:Sdy WoJj papeoiumod ‘T ‘G202 '62.2S9ET



	Unlocking Augmented Reality Learning Design Based on Evidence From Empirical Cognitive Load Studies—A Systematic Literature Review
	ABSTRACT
	1   |   Introduction
	1.1   |   Augmented Reality
	1.2   |   Cognitive Load and Workload
	1.3   |   Multimedia Design Guidelines
	1.4   |   Media Comparison Versus Value-Added and Learner-Treatment Interaction Studies
	1.5   |   Related Literature Reviews
	1.6   |   The Current Systematic Review: Goal and Research Questions

	2   |   Methodology
	2.1   |   Search Terms
	2.2   |   Inclusion and Exclusion Criteria
	2.3   |   Search Strategy
	2.4   |   Coding Scheme

	3   |   Findings
	3.1   |   General Study Information
	3.1.1   |   AR Device and Display
	3.1.2   |   Measuring Cognitive Load and Workload

	3.2   |   Effects of the Augmented Reality Display
	3.3   |   Effects of the Instructional Design Applied in Augmented Reality
	3.4   |   Effects of Learner Characteristics

	4   |   Discussion
	4.1   |   Integration of Results
	4.2   |   Implications for Future Research

	5   |   Conclusions
	Author Contributions
	Conflicts of Interest
	Data Availability Statement
	References
	 Appendix 1
	 Appendix 2
	 Appendix 3
	 Appendix 4


