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Abstract

Background Lower-limb rehabilitation is crucial for restoring motor function in individuals with physical impair-
ments; however, traditional rehabilitation approaches often encounter challenges such as limited resources

and reduced patient motivation. Augmented reality (AR) offers an innovative approach by enriching rehabilitation
with interactive and engaging experiences, thereby enhancing both motivation and treatment outcomes. AR envi-
ronments enable patients to practice exercises in an immersive setting that emulates real-life scenarios, potentially
increasing adherence and improving functional recovery.

Methods This scoping review analyzed 25 peer-reviewed studies on the use of AR within the “Environment” com-
ponent of the Human-Computer-Environment system for lower-limb rehabilitation. We present a taxonomy of exist-
ing AR systems, categorizing them by rehabilitation tasks (content) and interaction modes (form), which identify
both physical and virtual elements that contribute to a supportive AR environment.

Discussion The findings suggest that well-designed AR environments offer a flexible and cost-effective approach

to various rehabilitation tasks. Customization is essential for addressing specific rehabilitation stages, including muscle
strengthening, balance improvement, and gait training. The integration of multisensory feedback, such as visual, audi-
tory, and haptic cues, enhances patient engagement and provides real-time performance monitoring. Effective AR
environments must also account for the distinct needs of each limb, particularly for bilateral impairments, and ensure
sufficient space for safe movement. By providing an individualized rehabilitation experience, AR environments have
the potential to significantly improve patient motivation and outcomes. Future research should explore the integra-
tion of AR environments with assistive technologies, such as wearable devices and exoskeletons, to further enhance
rehabilitation possibilities.

Keywords Augmented reality, Lower-limb rehabilitation, AR environment design, Multisensory interactions, Motor
function recovery

Introduction

With an aging global population and an increasing preva-
lence of strokes and spinal cord injuries, approximately
2.4 billion people globally live with conditions that could
benefit from rehabilitation [1]. Appropriate physical
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traditional therapist-supported rehabilitation is fre-
quently constrained by space, time, and human resources
[3]. Additionally, in settings with minimal therapist
supervision, patients may engage passively and receive
insufficient feedback on their progress [4].

Augmented reality (AR), which overlays digital infor-
mation onto the user’s physical environment in real-time,
has progressively enhanced the rehabilitation experience
for patients with lower-limb injuries. AR’s capability to
deliver immersive first-person interactive experiences
has demonstrated improvements in learning, behavior,
and emotional responses [5]. Moreover, an AR system,
comprising AR display devices coupled with various
monitoring and feedback technologies, facilitates the
development of rich interactive scenarios for rehabili-
tation training even within limited spaces [6, 7]. Unlike
fully immersive virtual reality (VR) environments, AR
emphasizes a seamless fusion of real and virtual worlds.
Virtual cues are overlaid on the patient’s familiar real
environment, allowing for naturalistic rehabilitation tasks
that minimize the need to “translate” trained behaviors
to the real-world context [8], potentially reducing patient
anxiety [9].

Despite challenges in implementing AR hardware and
software systems, including issues with depth perception,
real-time 3D holography, simultaneous localization and
mapping (SLAM), and the integration of software devel-
opment kits (e.g., Unity, Unreal [10—12]), a well-designed
AR environment is crucial for ensuring enjoyable reha-
bilitation tasks and engaging interaction modes [13].
The AR-based lower-limb rehabilitation training system
can be viewed as a complex interaction system, where
the three components of the Human—Computer-Envi-
ronment system collectively influence rehabilitation
outcomes [14]. The “Human” component encompasses
patients with lower-limb injuries, focusing on their per-
ceptions and needs. The “Computer” component com-
prises AR devices and assistive rehabilitation devices
such as robotic exoskeletons and inertial measurement
units (IMUs). Although numerous studies have explored
human—computer interaction (HCI) and demonstrated
its significant impact on patient motivation and engage-
ment [15, 16], existing research emphasizing AR’s ben-
efits tends to overlook the “Environment” aspect. This
component should encompass both intrinsic features of
the physical setting (e.g., lighting, spatial layout, flooring)
and the contextual interfaces that connect it to the user
and to the AR system. The Rehabilitation 2030 Initiative
by the World Health Organization, for instance, high-
lights environmental interactions as a vital element of the
rehabilitation system to enrich patient experience.

Recent studies and reviews have discussed AR-assisted
physical rehabilitation from various perspectives: for
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example, comparing interaction technology versus envi-
ronmental considerations, AR versus VR/MR/XR tech-
nologies, and distinctions between upper and lower
limb rehabilitation. Prior reviews have investigated AR
technology in physical rehabilitation within the broad
field of HCI, including AR hardware systems [17], soft-
ware systems [18], and their integration with other assis-
tive technologies [19, 20]. Moreover, existing reviews
predominantly discuss VR technology or the broader
spectrum of mixed realities (AR, VR/MR/XR) in rehabili-
tation contexts [17, 18, 20-22]. When evaluating VR and
AR technologies from an environmental perspective, it is
crucial to distinguish AR environments, which synthe-
size real and virtual environmental elements, from VR’s
purely virtual environments [23]. Additionally, current
research exhibits a significant focus on AR-based systems
for upper limb rehabilitation, underscoring an underrep-
resentation of lower limb applications [17, 18, 24, 25].

This review aims to address this gap by examining the
application of AR environments in lower-limb rehabili-
tation. The primary objective is to map and summarize
the available literature on AR environments in lower-
limb rehabilitation, consistent with the goals of a scoping
review. Unlike systematic reviews that focus on synthe-
sizing evidence to evaluate the effectiveness of interven-
tions, a scoping review allows a broader exploration of
diverse AR systems and their environmental compo-
nents. Specifically, this review provides a new perspec-
tive on the environmental role in AR-based lower-limb
rehabilitation, differentiates the AR rehabilitation envi-
ronment from those of VR or XR, and offers insights and
guidance for integrating AR into lower-limb rehabilita-
tion. This review is structured by the following research
questions.

RQ1I: From the perspective of Human—Computer-Envi-
ronment system, what elements define the AR environ-
ment for lower-limb rehabilitation?

RQ2: What are the key factors guiding the design of an
AR environment tailored for lower-limb rehabilitation?

RQ2-1: What specific rehabilitation tasks are con-
ducted within AR environments designed for lower-limb
rehabilitation?

RQ2-2: What forms of interaction are implemented in
AR environments to facilitate the lower-limb rehabilita-
tion process?

RQ3: How can the design of the AR environment be
improved to increase engagement in lower-limb rehabili-
tation training?

Methods

This review investigates the use of AR environments in
lower-limb rehabilitation. Our objective is to elucidate
the opportunities and challenges presented by AR and
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to inform the design of effective AR rehabilitation sys-
tems. We examined a broad spectrum of AR applica-
tions in lower-limb rehabilitation scenarios, considering
various interaction modes, environmental elements, and
potential integrations with assistive technologies, includ-
ing robotic exoskeletons. Employing the PICO (Popula-
tion, Intervention, Comparison, Outcome) approach
[26], we selected and analyzed studies involving indi-
viduals with lower-limb injuries (Population) assisted by
AR technologies (Intervention), compared to traditional
therapist-assisted methods (Comparison), with a primary
focus on rehabilitation tasks and human—computer inter-
action (Outcome). This scoping review was conducted
in accordance with the adapted PRISMA-ScR guidelines
[27] and the methodological framework proposed by
Arksey and O’Malley [28]. The full review protocol was
completed before screening began and assessed by exter-
nal experts. It is now publicly available on OSF (https://
doi.org/10.17605/OSEIO/8CR39), demonstrating our
commitment to transparency and rigor. The review pro-
cess is illustrated in Fig. 1.

Identification: Our research questions span mul-
tiple disciplines, including HCI, industrial design,
medical rehabilitation, and psychology. Given this

Identification of studies via databases
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interdisciplinary scope, we conducted a comprehensive
search across multiple databases, including all relevant
indices within Web of Science (e.g., MEDLINE, Der-
went Innovations Index, KCI-Korean Journal Database),
Science Direct, IEEE Xplore, and ACM Digital Library.
The search strategy used the following query strings:
(“lower-limb” OR walk* OR gait) AND (“rehabilitation”
OR “rehabilitation environment”) AND (“augmented
reality” OR “mixed reality”). Additional filters, such as
limiting results to English-language publications, were
applied when available. The literature search was per-
formed between 8 October 2023 and 10 January 2024
and our review was limited to publications from 2013 to
January 2024. This timeframe was chosen because the
commercialization of AR technologies (e.g., the release
of Google Glass in 2012), marked a turning point in
the development and application of AR in rehabilita-
tion. Consequently, research into AR-based lower-limb
rehabilitation gained momentum from 2013 onward,
ensuring that our review captures the most relevant and
up-to-date insights into the field. A total of 705 records
were initially retrieved. After removing duplicates using
Zotero (which identified 35 duplicates), 670 unique arti-
cles remained for screening.

Identification of studies via other methods

Fig. 1 Review Process
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Screening: Two primary researchers independently
conducted the initial screening of the 670 papers,
reviewing each paper’s title, abstract, and keywords
to determine its suitability. Each paper was reviewed
twice to ensure thoroughness. In cases of disagree-
ment, the paper was marked for discussion with a third
expert. Papers were excluded based on the following
criteria: i) the primary focus was not lower-limb reha-
bilitation (e.g., applications in surgery, cognitive reha-
bilitation, or medical education); ii) the paper was a
systematic review or meta-analysis. This screening
excluded 607 papers, leaving 63 papers eligible for fur-
ther assessment.

Eligibility: The remaining 63 papers underwent a full-
text review by the two primary researchers, with each
paper being independently examined twice. Papers with
conflicting inclusion decisions were marked for further
review. A third researcher subsequently reviewed all
included and flagged papers to mitigate bias. The three
researchers then discussed each flagged paper to reach
a consensus. Papers were excluded at this stage for the
following reasons: i) the paper focused solely technical
implementation details of AR systems (with no rehabili-
tation evaluation); ii) the paper evaluated rehabilitation
effectiveness without detailing specific rehabilitation
tasks or interaction modes. Applying these exclusion
criteria, 44 papers were excluded during the eligibility
assessment, leaving 19 papers. Additionally, a snowball
search during the full-text review identified 6 more rel-
evant papers. Ultimately, 25 studies met our inclusion
criteria and were selected for further analysis.
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Analysis and synthesis: The analysis of the 25 studies
involved a four-step qualitative coding process: i) Initial
Open Coding: One researcher openly coded a small sam-
ple of four papers to identify sub-dimensions under the
two main dimensions of rehabilitation tasks and interac-
tion modes. ii) Sub-dimension Evaluation: Both primary
researchers then assessed the relevance and complete-
ness of these sub-dimensions for AR environment design.
Sub-dimensions were merged, expanded, or removed as
necessary to better align with the research objectives.
iii) Systematic Coding: The two researchers systemati-
cally coded all 25 studies to extract data related to the
defined sub-dimensions and the environmental elements
within the AR systems. Any inconsistencies in coding
results were discussed and resolved. iv) Review and Revi-
sion: Finally, the coding results were reviewed by a third
researcher to ensure accuracy and clarity in the definition
of sub-dimensions. Terminology was refined to minimize
potential misunderstandings.

Results

A primary focus of our analysis was the integration of
physical and virtual environmental elements within AR
systems for lower-limb rehabilitation training. We pro-
posed a reference framework (Fig. 2) to optimize the
coordination of these elements within the AR environ-
ment and bolster support for lower-limb rehabilitation
(addressing RQ1). We also developed a taxonomy of AR
systems tailored to lower-limb rehabilitation (Fig. 3),
identifying rehabilitation tasks and interaction modes as
the two primary design dimensions guiding the design

Environmental Elements in AR-based Lower-limb Rehabilitation
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Fig. 3 Overview of the Taxonomy of AR Systems for Lower-limb Rehabilitation

of AR environments (addressing RQ2). The 25 selected
studies were structured around the taxonomy’s sub-
dimensions, focusing on motor categories, task themes,
and the detailed content of the rehabilitation tasks, as
well as on monitoring and feedback devices, information
types, and sensory modalities underpinning interaction
modes. Drawing on insights from both the framework
and the taxonomy, we explored strategies to utilize these
structured elements to improve engagement in lower-
limb rehabilitation (addressing RQ3). The results of data
extraction from the 25 studies are summarized in Table 1.
We examined how various environmental elements con-
tribute to enhancing the rehabilitation training experi-
ence, particularly by optimizing rehabilitation tasks and
interaction modes.

Across the 25 studies, 452 participants (and 18 to 83
years; both male and female) participated in AR-based
rehabilitation settings. Their physical conditions ranged
from healthy individuals to patients with stroke, Parkin-
son’s disease, and multiple sclerosis.

Physical and virtual elements for AR environment design

in lower-limb rehabilitation (RQ1)

This scoping review further examined the physical and
virtual environmental components of AR environments
across 25 studies and proposed a structured framework
to facilitate task execution and optimize interaction expe-
riences in lower-limb rehabilitation. AR environments
are fundamentally divided into physical and virtual seg-
ments (Fig. 2). The physical environment refers to the

tangible spatial setting in which rehabilitation activities
are conducted, encompassing essential physical infra-
structures. Various physical environmental elements,
including temperature, light, color choices, flooring
materials, and artistic landscapes, have been considered
to optimize these surroundings [54]. Conversely, the vir-
tual environment encompasses digital overlays provided
by AR systems, which enrich the real-world settings with
rehabilitation-focused information. The effective design
of AR-based rehabilitation scenarios depends on the
seamless integration of both physical and virtual com-
ponents to enhance the overall quality and impact of the
rehabilitation process.

Physical environmental elements in AR environments
typically comprise two main components: space planning
and support equipment. To accommodate diverse move-
ments and rehabilitation-task themes, the design of AR
environments must integrate physical features that facili-
tate training. For straightforward walking tasks, space
planning generally required a linear area ranging from
10 to 25 m in length [31, 34, 36, 38]. More complex tasks
necessitate dedicated square spaces with dimensions
tailored to the scenario. For example, a 3 X5-m space
was used for a “gold ingot treasure hunt” [44], while a 14
X4-m area was required for a slalom course featuring
virtual lamps [41]. The strategic arrangement of mark-
ers within these spaces is crucial for defining AR envi-
ronments [45, 46]. Certain rehabilitation exercises also
mandate specialized support equipment, ranging from
treadmills for gait exercises [37] to instrumented surfaces
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for stepping tasks [30, 31], and to suspension systems for
sports-themed activities [50].

Virtual environmental elements are categorized into
three types: abstract elements, concrete elements, and
embodied avatars, each playing a role in providing effec-
tive interactive feedback. Virtual content should be tai-
lored to the scenario’s requirements to enhance user
engagement and task performance. Abstract elements
utilize basic visual components to guide rehabilitation
movements, including geometric shapes such as lines,
surfaces, and bodies [29-31, 34, 35, 38]. These compo-
nents also include interface symbols such as directional
arrows [41, 42] and progress indicators [53] that guide
and inform users during tasks. Concrete elements pro-
vide more tangible and contextually rich cues in the AR
environment. Notable examples included virtual foot-
prints for gait guidance [5, 55], and representations of
natural elements such as plants, rivers, and birds [36, 37,
51], which have been demonstrated to subtly enhance the
rehabilitation experience [56]. Embodied Avatars serve a
variety of roles in delivering intuitive training guidance.
These avatars can represent patients with enhanced per-
formance capabilities [43, 46, 49], act as virtual coaches
for action modeling [47], or serve as companions offering
emotional encouragement and support [32]. A notable
application was the introduction of an exoskeleton ava-
tar, which visualized both the patient’s intended motion
(as represented by a motion intention avatar) [58] and
the actual motion trajectory of the exoskeleton [57]. By
displaying these elements side by side, the system enables
patients to make timely adjustments to their lower-limb
movements based on comparative feedback.

Key factors guiding the design of AR environment tailored
for lower-limb rehabilitation

The design of AR environments for lower-limb rehabilita-
tion requires careful consideration of both physical and
virtual components to meet diverse therapeutic needs.
Figure 3 presents a taxonomy of AR systems for lower-
limb rehabilitation, highlighting two primary dimensions:
rehabilitation tasks and interaction modes. Figure 2 pro-
vides a reference for identifying key environmental fac-
tors that contribute to engaging, context-appropriate,
and personalized rehabilitation experiences.

Rehabilitation tasks performed in AR environment (RQ2-1)
To understand how AR environments were constructed
and presented for rehabilitation, both the motor catego-
ries and task themes of the included studies were exam-
ined. First, rehabilitation tasks were classified based
on the core lower-limb movements and postures tar-
geted within AR settings. Simultaneously, tasks were
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categorized according to their thematic context to iden-
tify the most common training scenarios used to engage
patients.

Motor category: Analysis revealed four primary lower
limb motor categories: natural walking gait (NWG) (n
=10), special trajectory and obstacle avoidance (ST&OA)
(n =6), muscle strength (MS) (n =3), and balance (B) (n
=5). Figure 4 illustrates representative examples of these
categories. NWG and ST&OA tasks aim to practice eve-
ryday gait patterns and navigational skills; MS tasks focus
on developing foundational strength necessary for mobil-
ity; and B tasks target improvements in postural stability.
The following descriptions highlight the characteristics of
these four motor categories, including the typical rehabil-
itation tasks and key physical and virtual elements inte-
grated within the AR systems.

i) Natural Walking Gait (NWG): Restoring a natu-
ral walking gait is a primary goal of lower-limb reha-
bilitation. AR environments commonly incorporated
physical equipment such as treadmills [37] and instru-
mented floors [30] to facilitate gait training. However,
notable differences between treadmill walking and over-
ground walking [59] might limit the transfer of train-
ing effects to real-world contexts [24]. As an alternative,
some systems used natural ground environments com-
bined with virtual feedback projected directly onto the
floor surface [40]. This approach enabled overground
practice but may cause discomfort or instability if
patients were required to look downward continuously
during movement [36]. Another AR application visual-
ized and guided gait for patients using assistive exoskel-
etons [29, 34]. In those cases, joint angle data from the
exoskeleton were integrated into the AR system to pro-
vide real-time feedback on gait performance.

ii) Special Trajectory and Obstacle Avoidance (STEOA):
Beyond basic gait training, many advanced tasks involved
navigating special trajectories or avoiding obstacles.
Physical obstacle courses posed safety risks and were
often resource-intensive to implement, especially for
patients with limited mobility. AR provided a safer and
more adaptable alternative for ST&OA training by over-
laying virtual pathways and obstacles onto the real world.
For example, virtual circular pathways on the ground
were used to improve turning ability in patients [44], and
an AR hopscotch grid allowed for precise stepping prac-
tice [45]. Virtual obstacles such as approaching objects
and simulated holes create interactive trajectories with-
out exposing patients to real tripping hazards. Held et al.
[41] developed an AR parkour scenario where patients
stepped on virtual stones to cross a river and the sce-
nario adjusted its difficulty (e.g., stone spacing) based on
patient performance [40].
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iii) Muscle Strength[48,47,46]

Fig. 4 Motor Categories in Existing Research

iii) Muscle Strength (MS): Strengthening key muscle
groups is essential during the early phase of rehabilita-
tion, particularly for patients with severe lower-limb
injuries, as sufficient muscle force is necessary to sup-
port walking exercises. This phase can be challeng-
ing due to pain [60] and decreased motivation [61]. AR
systems enhanced patient self-efficacy during strength
training [47] by providing visual feedback and motiva-
tional elements. To ensure correct muscle activation
without continuous therapist supervision, some systems
were combined with support tools (e.g., yoga mats [46]
or chairs [48]) and sensors that detected muscle tension
or activation levels [46]. For instance, visual overlays
highlighted the specific muscle group intended for con-
traction, helping patients adjust their movements inde-
pendently and accurately.

iv) Balance (B): Balance training is essential for pre-
venting falls and secondary injuries, particularly among
older adults and individuals with lower-limb impair-
ments. AR environments have been used to enhance
engagement by guiding patients along straight or curved
paths and visualizing progress in real time [53]. Janssen
et al. [42] incorporated virtual targets for 180° turning,
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Exercise completed

iv) Balance[53,52,51]

which adapted to real-time performance and supported
patients in overcoming gait freezing episodes. Hoang
et al. [52] combined AR with a sensory stepping mat
to train directional stepping, thereby promoting accu-
rate foot placement. Moreover, exercises that may be
perceived as monotonous in traditional therapy (e.g.,
repeated hip abduction) have been transformed into
engaging AR scenarios. For example, patients practiced
balance by standing on a virtual surfboard or plank sus-
pended over water [51], broadening their range of motion
and enhancing motivation.

Task theme: More than half of the included studies (n
=13) replicated conventional rehabilitation exercises in
AR with minimal thematic variation, resulting in a rela-
tively rigid integration of virtual elements. In contrast,
the remaining studies employed creative task themes that
more effectively integrated physical and virtual environ-
ments, enriching the user experience. Across all 25 stud-
ies, we identified three task-theme categories: sports(S)
(n =3), scenario exploration (SE) (n =3) and game migra-
tion (GM) (n =5). Figure 5 presents representative exam-
ples of each category. The key features and representative
cases of each task theme are described below.
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i) Sports[46,51]
Fig. 5 Task Themes in Existing Research

i) Sports (S): Sports-themed AR scenarios create vir-
tual versions of outdoor sports and games for rehabili-
tation. By assigning patients an active role in a sports
context, these themes leverage natural body movements
and the inherent motivational appeal of competition. For
instance, Chen et al. [50] developed an AR stimulation
of an open-air football game, in which patients acted as
goalkeepers attempting to save virtual footballs arriving
from various directions. The scenario included a virtual
audience with cheering sounds effects to encourage par-
ticipation and increase immersion. Desai et al. [51] cre-
ated an AR exercise modeled on a water-based balance
plank challenge, motivating patients to perform one-
legged standing movements to maintain balance on a vir-
tual plank. Similarly, Banaga et al. [49] developed a dance
exergame in an AR setting for stroke rehabilitation, aim-
ing to improve both cognitive and motor functions while
fostering a sense of control even within confined spaces.

ii) Scenario Exploration (SE): These themes encour-
age patients to interact with the AR environment in an
exploratory and open-ended manner, offering a person-
alized and immersive experience. Held et al. [41] con-
structed a forest-themed parkour adventure in AR, in
which users followed continuously appearing arrows
to navigate tasks such as crossing jungle branches and
weaving through streetlights. Wang et al. [44] designed
an AR scenario called “Treasure Island Adventure” for
elderly patients with Parkinson’s disease. In this scenario,
users followed a trail of virtual gold ingots to collect
treasures while avoiding traps, helping patients feel con-
fident attempting movements they previously considered
potentially dangerous. Amiri et al. [40] developed a gar-
den exploration scenario using spatial projection map-
ping, where patients interacted with location-specific
bricks to reveal flowers and vegetation, thereby enhanc-
ing engagement compared to the typical Square-Stepping
Exercise.

iii) Game Migration (GM): This approach extracts ele-
ments from popular games and integrates them into
rehabilitation, effectively “gamifying” [62] the exercises to
boost engagement and reduce cognitive load for patients.
Tokuyama et al. [48] migrated the whack-A-Mole game

ii) Scenario Exploration[41,40]
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iii) Game Migration[34,57]

into an AR environment for lower-limb strength train-
ing, using Microsoft Kinect to guide users in stepping
motions that interacted with the game. Janssen et al. [42]
incorporated elements of Pac-Man into an AR turning
exercise, in which patients followed virtual pellets (dots)
to practice 180° turns, with mixed results on turn-speed
improvement. Hoang et al. [52] adapted arcade dance
machine mechanics for balance training in older adults,
using directional arrow cues and rhythmic music to
increase motivation and deliver immediate performance

feedback.

Interaction modes provided by AR environments (RQ2-2)
In AR environments designed for lower-limb reha-
bilitation, interaction modes are pivotal for creating an
immersive and responsive experience, and focus on two
types of touchpoints: information input and output.
Input touchpoints are facilitated by monitoring sensors
that capture key user data, such as movement patterns
or physiological signals. Conversely, output touchpoints
deliver feedback through multiple sensory modalities.
Based on the included 25 papers, we systematically ana-
lyzed how current AR systems implement these touch-
points and how information flows between them. We
also explored potential interaction modes enabled by
emerging technologies. Figure 6 illustrates these interac-
tion touchpoints, with a particular focus on the integra-
tion of assistive devices such as exoskeletons within the
AR rehabilitation framework.

INPUT: monitoring touchpoints

To explore the interaction possibilities between patients
and the AR environment, we first examined the input
mechanisms. AR systems in the reviewed studies sup-
ported a diverse array of sensors [63, 64], providing
various monitoring touchpoints that captured distinct
aspects of body movement during rehabilitation. These
monitoring touchpoints were classified into five main
types: camera-based (n =15), electrical signals (n =2),
wearable-device embedded (n =2), body-attached
motion sensors (n =8), and plantar pressure sensors (n
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Fig. 6 Input and Output Touchpoints in the AR-based Lower-Limb Rehabilitation System

=2) (see Fig. 6, left). The following subsections describe
each type of monitoring touchpoint used in AR settings.

i) Camera-based touchpoints: These utilized optical
sensors such as RGB or depth cameras to track overall
posture and limb trajectories. The Microsoft Kinect (V1
or V2) was the most frequently employed camera in cur-
rent research [37, 40, 43, 45, 48, 50, 51, 53], offering reli-
able markerless motion capture via its RGB camera and
infrared depth sensor.

ii) Electrical signal monitoring touchpoints: These
systems monitored physiological parameters in
real-time during rehabilitation training. Among the
common signals, electromyography (EMG), electrocardi-
ogram (ECQ), and electroencephalogram (EEG), EEG has
emerged as a novel method to capture a patient’s motor
intentions directly from brain activity. Several studies
have integrated EEG cap devices to monitor patients’
movement intentions or mental engagement, effectively
incorporating a brain—computer interface into the AR
rehabilitation system [29, 33].

iii) Wearable devices-built-in touchpoints: Sensors
embedded in wearable rehabilitation devices, such as
robotic exoskeletons, provided another input modality.
These touchpoints can automatically monitor and even
adjusted training exercises, representing a new paradigm
of device-assisted rehabilitation [65, 66]. For example,
sensors installed at joints or pressure points of a lower-
limb exoskeleton can record joint angles, forces, and

torques [34], thereby enabling the AR system to adapt
feedback in real time as the exoskeleton moved through
rehabilitation exercises.

Beyond these conventional interaction modes of moni-
toring and feedback modes, several studies have explored
innovative interaction modes enabled by emerging
technologies, opening new avenues for engaging reha-
bilitation practices. Examples include enhanced mirror
therapy, brain-computer interfaces, and skin-based sen-
sory feedback:

o Mirror Therapy in AR: Conventional mirror therapy
reflects movements of the healthy limb to create the
illusion that the affected limb is functioning normally
[67]. In contrast, AR provides novel enhancements
to mirror therapy. Unberath et al. [68] combined a
physical mirror with an HMD-based AR system to
stabilize limbs and allow observation of static move-
ments, thereby creating new opportunities for corti-
cal reorganization and improved functional mobil-
ity. Similarly, Desai et al. [51] employed avatars in
an AR environment to replicate real-time rehabili-
tation movements, enabling patients to engage in
more dynamic tasks and fostering a greater sense of
achievement.

«  Brain-Computer Interface (BCI): BCls integrate hard-
ware and software to translate neural activity into
system commands [69]. Wang et al. [29] proposed a
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portable steady-state visual evoked potential-based
BCI (SSVEP-BCI) system specifically designed for
use within AR rehabilitation exoskeletons. Unlike
traditional BCIs that rely on stationary screen-based
stimuli, AR HMDs can provide real-time visual feed-
back directly aligned with patient movement, facili-
tating novel active—passive hybrid training modes.

« Skin Sensory Interface: Many AR applications depend
on HMD for visual and auditory feedback, but the
bulk and discomfort associated with prolonged use
pose challenges, especially for individuals with lower-
limb injuries [70]. Advances in nanomaterials and
flexible wearable sensors, including those for pres-
sure, strain, acoustic and physiological signals (e.g.,
electrooculography — EOG and EEG), pave the way
for lighter, more comfortable haptic input meth-
ods. Soft AR contact lenses and actuators capable of
delivering force, thermal, and vibrational feedback
introduce innovative skin sensory interfaces (e-skin),
thereby enhancing the user experience through novel
output modalities [71].

iv) Embodied Touchpoints: Inertial and pressure sen-
sors attached to the patient’s body also serve as “embod-
ied” monitoring touchpoints.

o Inertial Measurement Units (IMU): Positioned on
various body segments, IMUs capture real-time
acceleration data, thereby facilitating the collection of
kinematic information such as velocity and displace-
ment. Commercial IMU products are lightweight,
modular, and cost-effective, allowing their wide-
spread application across diverse research initiatives
[41, 42]. In addition, some AR HMDs (e.g., Holo-
Lens) also have built-in IMU modules to monitor
both head movements and body posture in conjunc-
tion with gait analysis algorithms [38].

o Plantar Touchpoints: These sensors monitor the
interaction between the feet of individuals with
lower-limb injuries and the ground or exoskeletal
plantar attachments. Utilizing array pressure-sensing
sensors [30, 31], these touchpoints record motion
data, including plantar pressure distribution and
center of gravity shifts, which are essential for tailor-
ing rehabilitation feedback to individual gait patterns.

OUTPUT: feedback touchpoints

This section examines the output mechanisms of AR
environments, with a specific focus on feedback touch-
points, as analyzed across the 25 included studies. AR
environments are capable of delivering various forms of
augmented feedback to patients. Most studies employed
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MR or VR headset devices (n =13), followed by video
streams on computer or TV screens (n =6), and spatial
projections (n =4). Feedback content was typically cat-
egorized into three types: motion status (MS) (n =10),
task guidance (TG) (n =20) and background environ-
ment (BE) (n =14) (see Fig. 6—right). The following sec-
tions describe how each category was implemented in
AR environments for lower-limb rehabilitation:

i) Motion Status: Real-time feedback on motion sta-
tus is critical for helping patients verify and correct their
movements during rehabilitation. AR environments have
facilitated this by enabling patients to intuitively under-
stand and verify the accuracy of their training move-
ments. Existing studies have often utilized abstract
elements or concrete avatars to visualize the motion
status, where changes in the size and color of geometric
shapes such as circles [31], spheres [30], and cylinders
[50] indicate variations in walking speed and posture, aid-
ing patients in adjusting their walking rhythm and speed.
For instance, Hurtado et al. [35] reflected real-time move-
ment of three primary joints of the lower limb (hip, knee,
and ankle) via three distinct cubes. Hidayah et al. [34]
depicted the full trajectory lines of a patient’s foot points
through a gait cycle. Zhu et al. [46] visualized the real-
time status of key muscle groups in the lower limbs using
a virtual body with translucent muscle tissues, where
variations in color intensity revealed the force exerted by
each group, aiding patients in recognizing proper muscle
activation and minimizing the risk of secondary injuries.
Furthermore, Banaga et al. [49] simplified task execution
by having patients perform basic movements, with more
complex motor activities represented by energetic ava-
tars, thereby enhancing motor feedback and bolstering
the patient’s sense of control over the body. Luchetti et al.
[43] constructed a 2D avatar with transparency that can
adapt to both first-person and third-person perspectives,
offering versatile perspectives for understanding and per-
forming rehabilitation exercises.

ii) Task Guidance: Task guidance provides instructional
support for patients as they perform rehabilitation tasks
[72]. Many studies have employed virtual coaches or tar-
get objects to demonstrate step-by-step movements. Jeon
et al. [47] used multi-angle videos of a virtual coach, pre-
sented from both frontal and lateral perspectives within
the AR environment, to provide intuitive guidance. Miller
et al. [32] introduced a realistic walking avatar, posi-
tioned ahead of the patient within an HMD-based AR
setting. This design leveraged patients’ natural tendency
to synchronize their pace with a walking partner, thereby
encouraging coordinated movement patterns [55].

Bennour et al. [36] displayed virtual footprints overlaid
on the ground to visualize gait parameters such as stride
length, stride width, and stride speed. To distinguish
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movements between left and right limbs, contrasting
colors (e.g., red and blue) were used [43, 52], offering
more personalized visual cues for bilateral coordination.
Wang et al. [44] incorporated virtual cave obstacles into
the real-world ground plane, aligning visual elements
with users’ cognitive expectations and increasing task
engagement. Tokuyama et al. [48] enhanced interactiv-
ity by embedding a game-like mechanic in which virtual
moles randomly appeared and disappeared, promoting
sustained attention throughout the rehabilitation session.
Garrido et al. [53] used a virtual balance board to sup-
port task guidance, enabling patients to visually assess
and adjust their balance, simplifying the concept of bal-
ance control.

iii) Background Environment: The background environ-
ment provides the contextual and sensory setting for AR-
based rehabilitation. Analysis of the 25 included studies
highlights three key components: spatial relations, obser-
vational perspectives, and ambient sound, as integral to
establishing a cohesive and immersive AR experience.
These elements support seamless integration between
physical and virtual worlds, thereby enhancing the over-
all rehabilitation process.

o Spatial Relation: Alignment between physical and
virtual spaces is essential in AR environments. Tra-
ditional rehabilitation exercises often use horizontal
stripes on the floor as navigational aids. Ahn et al.
[38] designed these lines with a perspective setting
that changes with distance. Virtual elements can
be anchored in the environment as either world-
locked (environment-relative) or body-locked (user-
attached). Guinet et al. [31] noted that body-locked
anchors can disrupt task performance due to their
variability. Improper overlap or occlusion between
virtual elements and the user’s body can disrupt
accurate spatial perception. To address this, Sekhavat
et al. [37] added virtual contour lines around the
edges of the feet, thereby preventing footprint—body
occlusion.

« Observation Perspective: Viewing perspective plays a
key role in accurately presenting lower-limb move-
ments, yet is often underemphasized. Hurtado et al.
[35] demonstrated that side, frontal, and overhead
perspectives are effective for visualizing joint tra-
jectories. Luchetti et al. [43] implemented a third-
person view combining frontal and overhead angles,
which enhanced patients’ perception of their move-
ment patterns and spatial orientation.

+ Ambient sounds: Auditory cues enrich the sensory
experience and contribute to engagement and moti-
vation during rehabilitation. Held et al. [41] incorpo-
rated natural sounds, such as bird calls triggered by
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knee movements, to provide encouraging feedback.
Ko et al. [33] implemented collision sounds in vir-
tual object interactions to enhance immersion. Amiri
et al. [40] used dynamic sound cues to guide move-
ments, distinguish correct from incorrect actions,
and indicate progress by adjusting background audio,
thereby reinforcing user motivation.

Discussion

The aim of this review was to optimize the design of the
AR environment for lower-limb rehabilitation by system-
atically mapping the available literature on the use of AR
environments by individuals with lower-limb disabilities.
Our findings highlight the significant advancements that
AR environments offer in the field of rehabilitation, par-
ticularly in enhancing patient engagement and improving
outcomes. Through the analysis of existing AR systems,
this study presents a comprehensive framework that inte-
grates motor categories, task themes, physical and virtual
environmental elements, and monitoring and feedback
touchpoints, as shown in Fig. 7.

Building on these insights, we have identified key ele-
ments that are crucial for effective AR environment
design in lower-limb rehabilitation. The integration of
physical and virtual environmental elements is central
to enhancing rehabilitation motivation and efficiency.
Additionally, specifying rehabilitation tasks and embed-
ding them in immersive thematic scenarios can signifi-
cantly improve user engagement. The strategic use of
interaction and feedback touchpoints ensures compre-
hensive support throughout the rehabilitation process,
fostering both motivation and control. These findings lay
a foundation for advancing AR-based rehabilitation sys-
tems with a focus on personalized and engaging patient
interventions.

Customization and progression in AR rehabilitation
environment

AR environments offer distinct advantages over tradi-
tional rehabilitation settings by dynamically adapting
task designs in response to a patient’s rehabilitation pro-
gress (e.g., progressing from natural walking gait to spe-
cial trajectory and obstacle avoidance to balance). This
capability enables low-cost and convenient personalized
adjustments, thereby sustaining patient engagement
throughout the rehabilitation process. An ideal AR envi-
ronment should cater to diverse motor categories and
rehabilitation stages, offering customizable themes based
on patient preferences. As patients recover, task difficulty
should increase accordingly, for example, starting with
muscle strengthening and basic gait, then advancing to
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complex trajectories and obstacle avoidance, and eventu-
ally incorporating balance-challenging activities.

Unlike traditional rehabilitation settings, which pri-
marily focus on creating a therapeutic atmosphere
through the harmonized arrangement of physical facili-
ties such as lights, colors, paintings, and music [54], AR
environments present a cost-effective and flexible alter-
native that supports seamless transitions between various
rehabilitation tasks [73].

Optimizing interaction with AR devices in rehabilitation
environments

The choice of interaction hardware in an AR environ-
ment (whether mobile handheld devices,

or spatial projectors) can be tailored to the specific
training scenario to maximize efficiency and immersion.
Each mode of interaction hardware has strengths and
weaknesses: for instance, HMDs provide an immersive
experience but can burden the user’s head and may cause
discomfort over long sessions [74, 75], whereas spatial
projectors enable larger environments but require suf-
ficient space and proper lighting conditions. Moreover,
most AR systems in these studies activated a relatively
homogeneous set of sensory modalities (primarily visual,
sometimes auditory), indicating opportunities to enrich
the sensory experience.

To address these issues, researchers have proposed
a number of innovative solutions. One approach is an
AR application pipeline for monitoring and controlling
Internet of Things (IoT) devices in indoor environments,
which can be deployed on common AR platforms includ-
ing smartphones, tablets and glasses [76]. This expands

the reach of AR rehabilitation by integrating with smart
home equipment and sensors. Another development is
portable AR projection technology that increases flexibil-
ity in where AR rehab can be delivered [77]. Moreover,
advanced pose-tracking techniques with corresponding
visual cues have been introduced to create AR-enhanced
workout environments [78]. A further innovation is soft-
ware systems for AR environmental design that integrate
point cloud capture and editing, offering new possibili-
ties for interactive and immersive rehabilitation scenarios
[79]. These approaches could mitigate current hardware
limitations, significantly improving the range and usabil-
ity of AR interaction modes as well as the overall user
experience in rehabilitation.

In addition to technical challenges, practical limitations
of AR hardware also merit consideration. The high cost
of advanced AR systems and their limited accessibility in
both clinical and home settings may hinder widespread
adoption. Real-world deployment also requires robust
tracking and precise spatial calibration, which complicate
implementation outside controlled environments. Future
research should not only pursue technical improvements
but also evaluate the economic viability of AR solutions
and how they can be integrated into existing rehabili-
tation infrastructures. In other words, demonstrating
cost-effectiveness and ease of incorporation into therapy
workflows will be key for AR rehabilitation technologies
to transition from the lab to routine practice.

Supporting multi-sensory modalities in AR environment
Integrating a range of sensory modalities (visual, audio,
and haptic) is crucial for enhancing rehabilitation
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efficiency and user experience in AR environments
[75] [77] [78]. There is a growing need to explore tactile
interaction experiences that combine emerging reha-
bilitation technologies with AR [79] [80] [81]. Exoskel-
etons present a promising opportunity to incorporate
tactile sensory feedback, although current software and
hardware limitations pose challenges.

Nonetheless, incorporating haptic feedback into AR
training could significantly enhance training outcomes.
Specifically, using the inherent touchpoints between a
wearable exoskeleton and the human body to deliver
force or vibration cues is highly recommended [87]. By
feeling pressure or vibrations at key points (for exam-
ple, where an exoskeleton contacts the legs), patients
can better understand their movement and balance,
thereby complementing visual and auditory cues. Sev-
eral studies have begun to address this challenge by
using plantar pressure sensors to detect weight distri-
bution and vibration modules to cue users during gait
training [85, 86]. The forces and motions exchanged
between the human lower limbs and an exoskeleton
provide a natural source of tactile information that
AR systems can exploit by synchronizing haptic sig-
nals with visual overlays and sound cues, creating a
fully immersive feedback loop. For example, Hidayah
et al. [34] demonstrated that HMD-based AR devices
can present real-time motion trajectories of leg joints,
assisting patients wearing exoskeletons in monitoring
their performance. Future research should investigate
exoskeleton-based haptic interaction touchpoints and
develop inclusive interaction modes for multi-terminal
AR devices in rehabilitation settings.

Integration of exoskeletons into AR rehabilitation
Environments.

Current research on lower-limb exoskeleton-assisted
AR rehabilitation remains in its early stages, warranting
a thorough exploration of rehabilitation mechanisms and
processes. Lower-limb robotic exoskeletons are generally
designed to support a single style of natural walking gait
motion, including treadmill-based and overground walk-
ing formats [88]. However, comprehensive rehabilitation
must address a spectrum of activities: muscle strengthen-
ing in the early phase, nonlinear trajectory and obstacle
avoidance in intermediate phases, and combined balance
training to prevent falls in later phases [89]. These com-
ponents are noticeably absent from existing exoskeleton-
assisted AR systems, indicating significant opportunities
for innovative design of wearable exoskeleton functions
rather than relying on treadmills or suspension systems.
By delivering rehabilitation tasks that gradually increase
in difficulty according to a patient’s recovery, exoskele-
ton-assisted AR environments could facilitate patients’
transition from bed-rest to unassisted daily activities.
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To broaden accessibility and inclusivity for a diverse
group of users, including exoskeleton wearers, and pro-
viding tactile compensation for the deafblind community.
It is vital to design inclusive interaction modes for multi-
terminal AR devices. Investigating exoskeleton-based
haptic interaction touchpoints could significantly boost
user engagement and motivation during rehabilitation
exercises.

Furthermore, given the complexity inherent in inte-
grating AR with robotic exoskeletons, addressing tech-
nical challenges in software system development and
control remains a critical area for future research. This
effort should include exploring the integration of plat-
forms such as the Robot Operating System (ROS) with
Unity to enhance overall system functionality.

Comparing lower-limb and upper-limb rehabilitation in AR
environments

The results highlight a distinction between lower-limb
and upper-limb rehabilitation tasks, with lower-limb
procedures being unilaterally specific and demanding a
larger environmental interaction space. Consequently,
environmental elements play a greater role in lower-limb
rehabilitation compared to upper-limb procedures. In
upper-limb rehabilitation, AR systems typically focus on
one limb [90], and exercises can often be mirrored rela-
tively easily to the unaffected side. By contrast, effective
lower-limb rehabilitation must restore the function of the
affected leg while accounting for the coordinated move-
ment of the other leg. For example, a patient with hemi-
plegia may require targeted AR training for the impaired
leg that also involves stepping or balance exercises with
the healthy leg. This complexity means more sophis-
ticated and adaptable AR setups are needed for lower
limbs [24, 91]. Consequently, developing AR environ-
ments that accommodate such bilateral coordination is a
promising direction for future research.

In addition, upper-limb rehabilitation typically operates
within a confined area (often at a table or within arm’s
reach) [92], whereas lower-limb rehabilitation involves
broader spatial interactions (moving around a room or
walking a certain distance). This places greater demands
on synchronizing virtual content with the physical
environment for lower-limb AR applications. Properly
aligning AR feedback with real-world surfaces (floors,
obstacles, etc.) can improve patient acceptance and
enthusiasm for training [93]. While some studies have
explored AR environments for upper-limb rehab using
tabletop games [94] and hand-focused haptic devices
[95], designing effective AR environments for lower
limbs requires more innovative approaches that inte-
grate virtual scenes with interactions spanning the entire
room and the patient’s body. The systematic framework
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presented in this review provides valuable guidance for
addressing these unique challenges by leveraging both
physical and virtual environment elements in tandem.

Limitations of this review

This scoping review has several limitations. First, our
search was limited to English-language, peer-reviewed
journals and did not capture gray literature, conference
proceedings, or clinical case reports, which may have
omitted relevant AR rehabilitation applications. Future
reviews could expand the search to include conference
proceedings, technical reports, and clinical case studies
to capture a broader spectrum of AR-based rehabilita-
tion research. Second, the 25 included studies exhibited
a small average sample size (mean approximately 20 par-
ticipants; range 3-109) and limited demographic diver-
sity, with most enrolling younger to middle-aged adults
and minimal representation of older adults (> 65 years)
or other underrepresented groups, thus constraining the
generalizability of our findings. These studies also varied
widely in intervention protocols, outcome measures, and
follow-up durations (2—12 weeks), precluding any quan-
titative synthesis. Third, nearly all interventions were
conducted in controlled laboratory environments, with
only one in a clinical setting and none in home-based
or community contexts, so the long-term feasibility and
durability of AR-induced gains remain unclear. Finally,
we did not systematically assess hardware usability, cost-
effectiveness, or integration into routine practice, prac-
tical factors that will be critical for real-world adoption.
Future work should address these gaps by standardiz-
ing metrics, diversifying study settings and populations,
extending follow-up periods, and evaluating economic
and usability aspects of AR interventions.

Conclusion

This scoping review presents a comprehensive overview
of AR environments in lower-limb physical rehabilita-
tion, emphasizing the importance of both rehabilita-
tion tasks and interaction modes in system design. The
taxonomy illustrated in Fig. 3 identifies key physical and
virtual environmental elements that are integral to AR-
based lower-limb rehabilitation. Our findings underscore
the potential of AR environments to enhance the effec-
tiveness of training and enrich the overall rehabilitation
experience. We recommend broadening the application
of AR environments across all rehabilitation stages and
motor categories by integrating diverse monitoring and
feedback touchpoints and prioritizing multisensory inter-
actions, especially those involving exoskeleton-based
haptic feedback. The proposed framework in Fig. 2, along
with insights from this review, provides a practical guide

(2025) 22:114

Page 17 of 20

for selecting and combining environmental elements to
create engaging and effective AR rehabilitation programs.
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