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Abstract

Post-stroke plasticity has received much attention from neuroscientists and has been deeply studied in adult populations. Despite this progress, plasticity 
mechanisms and implications for rehabilitation in children likely differ from later ages and are generally lacking. We therefore propose a non-exhaustive 
review of pediatric stroke rehabilitation, also related to multisensory processing. We focus both on the traditional rehabilitation approach and a more 
innovative process, with a specific focus on climbing, an activity chosen for its intrinsically multisensory features. We also have also deepened the use of 
multimodal technologies, to improve engagement and participation in children with variable disability. At the end of the review, we present guidelines to create 
more usable technologies that produce quantifiable benefits. That can serve as a common framework for structuring and facilitating interdisciplinary research 
in the field. As the review clearly shows, the use of multisensory skills, also based on intelligent technology, combined with physical activities, can improve 
engagement in pediatric rehabilitation for children with pediatric stroke.

standardized or non-validated scales and questionnaires, 
evidence-based practice protocols, or non-technological 
devices. 

What is often missing is the integration of rehabilitation 
interventions with quantitative measurements based on the 
child’s sensory and motor state. New technologies should 
adapt to the child’s activity by providing sensory stimuli 
appropriate to the specific condition. Technology that 
incorporates sports or physical activity and entertainment 
tailored to individuals would be more beneficial than 
existing solutions.

The current review combines the joint knowledge 
of neuroscientists, engineers, and rehabilitators. We 
present the state of the art in multisensory processing 
and rehabilitation in pediatric stroke, focusing on both the 
classic rehabilitation approach and today’s technologies for 
climbing. Finally, we propose guidelines to develop more 
usable technologies capable of producing quantifiable 
benefits.

Grounded in intelligent technology, this paper suggests 
that combining multisensory skills with physical activities 
can improve engagement in pediatric rehabilitation for 

ABBREVIATIONS

AIS: Adolescents with Idiopathic Scoliosis; BCI: Brain–
Computer Interface; CIMT: Constraint-Induced Movement 
Therapy; CP: Cerebral Palsy; CT: Climbing Therapy; EMG: 
Electromyography; HABIT: Hand–Arm Bimanual Intensive 
Therapy; HABIT-ILE: HABIT-Including Lower Extremity; 
ICF: International Classification of Functioning, Disability 
and Health; IMUs: Inertial Measurement Units; LEDs: Light 
Emitting Diodes; ML: Machine Learning; MSI: Multisensory 
Integration; ToF: Time of Flight; VR: Virtual Reality.

INTRODUCTION

Pediatric stroke causes significant morbidity for 
children and can lead to lifelong neurological disability. 
Morbidities among pediatric stroke survivors include 
motor and sensory deficits, language impairment, 
behavioral problems, and epilepsy. 

Evidence shows that timely rehabilitation intervention 
is essential to exploit neuroplasticity, which is highest in 
the first months. Most interventions focus on recovering 
motor and sensorimotor skills, but they tend to be 
strictly operator dependent. Some protocols rely on non-
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recovery [15,16]. In adults, 45–80% of stroke patients 
experience somatosensory impairment, which is strongly 
associated with motor and functional deficits [17, 18]. 
Despite this clinical relevance, there is no consensus 
on how to assess proprioceptive deficits or on specific 
rehabilitation strategies [19].

Post-stroke visual impairment can be multifactorial. 
Visual field loss (hemianopia) is the most common 
symptom, followed by abnormal eye movements, reduced 
visual acuity, diplopia, impaired color vision, and higher-
order visual deficits such as hemispatial neglect. Since 
vision plays a central role in many human functions, its 
reduction can strongly affect the quality of life, motivation, 
and social behaviors [1].

The central vestibular system may also be directly 
compromised, particularly in patients with a posterior 
stroke [20]. Although rarely associated with hearing 
impairments [21], decreased use of vestibular end-organs, 
caused by compromised motor abilities, may lead to their 
underdevelopment [22].

Furthermore, not only can different sensory modalities 
be impaired, but difficulties in sensory integration are also 
widely reported after stroke. About one-third of adult stroke 
patients show impairment in multisensory integration, 
particularly those with lesions in the left hemisphere, 
left basal ganglia, and brainstem/cerebellar regions [23]. 
Recent research suggests that targeting neural circuitry 
involving spared motor regions across hemispheres 
through neuromodulation and multimodal sensory 
stimulation can improve rehabilitation in adults [24-26]. 
However, far less is known about these mechanisms when 
stroke occurs in pediatric populations [27].

In the next section, we discuss the importance of 
multisensory and sensorimotor processing and training 
during development in children.

4.2. The Importance of Multisensory and Sensory-
Motor Training in Children

The human brain receives multiple sensory signals 
from sight, hearing, and touch as a person interacts with 
their environment throughout the day. Recent studies 
indicate that when more sensory signals are available, the 
brain integrates this information to improve perception 
derived from such signals [28,29].

However, this multisensory integration process is not 
always immediate, and it develops relatively late for certain 
tasks [30,31]. For example, the ability to integrate audio-
visual information about the spatial relationship between 

children with pediatric stroke. In the next section, we 
present current data and impairments related to pediatric 
stroke.

Pediatric Stroke: Incidence, Outcome and 
Multisensory Impairments

Stroke is one of the most frequent causes of child 
disability in developed countries. Pediatric stroke is 
typically divided into perinatal stroke (between 20 weeks 
of gestational age and ≤ 28 days old) and childhood stroke 
(29 days to 18 years old), due to differences in etiology, risk 
factors, presentation, and outcomes between the two age 
groups [1]. The estimated incidence of stroke is between 
one in 1600 and one in 3000 live births (neonatal) and 5.6 
per 100,000 children [2-4].

Pediatric stroke survivors are at high risk of lifelong 
disability of varying severity and complexity, including 
motor, proprioceptive, language, cognitive, or behavioral 
deficits, as well as neurological sequelae such as post-stroke 
epilepsy [5]. These disabilities require individualized 
pathways of care [6], demanding extensive resources and 
support networks.

Recovery after a stroke largely depends on the plastic 
properties of the brain [7]. While post-stroke plasticity 
has received significant scholarly attention in adults 
[8-10], mainly focused on the motor system, plasticity 
mechanisms and implications for rehabilitation in children 
likely differ and remain poorly understood [11]. Early 
brain damage affects normative development, leading to 
a lack of accomplishment of developmental milestones 
[12]. However, critical and sensitive periods during brain 
development offer “windows of opportunity” for neuro-
modulatory interventions, during which the developing 
brain can particularly benefit [13].

Accordingly, individualized long-term care must be 
tailored to children’s developmental stages and their 
physical, psychological, and social contexts, while also 
considering the severity of residual neurological deficits. 
These may result in activity limitations, reduced cognitive 
and communicative abilities, and medical comorbidities 
[14]. The extreme clinical variability and complexity 
of affected functions determine multifaceted skill 
development [14]. Although rehabilitation often focuses 
on motor function, this is not typically the only impaired 
domain after pediatric stroke; multisensory impairment is 
also common.

Somatosensory impairment frequently follows 
pediatric stroke, significantly contributing to motor 
disability and essentially determining the degree of 
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stimuli or the visual-tactile dimension develops only after 
8–10 years of age [30,32-34]. By contrast, other abilities, 
such as sound localization, seem to improve reaction times 
and precision when accompanied by a sound from the first 
months of life [32].

An interesting process that appears in late integration 
cases is cross-modal calibration [30,35]. This process 
allows information to transfer between senses, guiding 
the development of one sensory modality from a reference 
one. For instance, studies confirm that the tactile modality 
is fundamental in calibrating the visual modality regarding 
object size [30]. Therefore, children with motor disabilities 
may have difficulties visually understanding the size of 
objects that they cannot physically explore [34]. This 
highlights the importance of understanding multisensory 
mechanisms in children with pediatric and perinatal 
stroke, as well as how alternative sensory signals can 
provide support.

Closely related to the multisensory theme is 
sensorimotor integration. During each movement, touch 
moves with the body, while vision observes the body 
in motion. The sensory feedback derived from one’s 
movement in space is fundamental for building a functional 
body representation in space [36]. This development 
begins around five months of age, when infants start 
recognizing their body visually, an essential milestone for 
understanding that the body can be used as a tool to act in 
space [36].

This association is compromised when either motor 
or visual signals are absent or deficient. However, recent 
studies show that new associations can emerge when one 
sensory signal replaces another. For example, acoustic 
signals linked to body movements can restore body and 
space perception in visually impaired children [37-39], 
with positive effects also observed in children with motor 
disabilities [40].

Since stroke is often associated with perceptual and 
sensory impairments, little is known about multisensory 
deficits and the benefits of new sensory-motor associations 
in these children. Nevertheless, multisensory processing 
and sensorimotor integration demonstrate how alternative 
and integrative signals can facilitate interaction with the 
body, others, and rehabilitation devices. For example, 
the ABBI device, which uses audio feedback for motor 
activation, has been successfully applied in cases of visual 
loss [37-39] and can be adapted to motor impairments 
[40]. Beyond restoring functions, multisensory processing 
has been shown to improve accuracy, speed, and precision 
of responses [29].

This evidence suggests that using multiple sensory 
signals could be especially beneficial for children with 
stroke. Therefore, the development of new technologies 
should integrate these principles to create practical, 
accessible, and effective tools based on multisensory 
perceptual and motor foundations. The next section 
explores how current rehabilitation approaches combine 
multisensory and sensorimotor signals, often without the 
use of specific technological devices.

Full-Body Rehabilitation in Pediatric Stroke: State of 
the Art

The mainstay of pediatric stroke treatment has so far 
relied on rehabilitation to improve outcomes and support 
the child during development and skills acquisition. 
Although effective rehabilitative treatment approaches for 
pediatric stroke are available, little is known about optimal 
rehabilitation strategies and the unique interplay between 
the developing brain, injury, and available models of stroke 
recovery.

To date, the available studies mostly focus on motor 
outcomes, specifically on upper limb functioning. 
Cognitive and language outcomes are even more difficult 
to predict. Moreover, researchers have widely studied 
the rehabilitation of motor impairments in children with 
cerebral palsy. Cerebral palsy covers a variety of medical 
conditions, including perinatal stroke early in life, but not 
stroke later in childhood.

Overall, evidence supports using Constraint-Induced 
Movement Therapy (CIMT), Hand-arm Bimanual Intensive 
Therapy (HABIT), repetitive transcranial magnetic 
stimulation, functional electrical stimulation, and robotics. 
The strength of evidence varies for the different types 
of treatment and age groups. Building on consolidated 
experience in adults, several studies have confirmed the 
usefulness of upper limb intensive training during the 
pediatric age, particularly in the application of CIMT and 
HABIT.

More recently, efforts have been made to create adapted 
protocols for increasingly early interventions in preschool 
children, toddlers, and even infants (< 12 months of 
age). The results of these studies showed that intensive 
rehabilitation is feasible in young children and provided 
moderate-level evidence concerning the efficacy of these 
two modalities in children with hemiparesis.

HABIT-Including Lower Extremity (HABIT-ILE) 
applies motor skill learning and intensive training to both 
the upper and lower extremities. HABIT-ILE involves 
constantly stimulating both the body’s extremities through 
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combined activities for many hours each day over a period 
of two weeks. This rehabilitation approach improves motor 
function in school-aged children with unilateral cerebral 
palsy.

HABIT-ILE has shown improvements in post-stroke 
hemiparesis across the three domains of the International 
Classification of Functioning, Disability and Health (ICF).

To our knowledge, there are no significant studies on 
the use of technological devices in pediatric and perinatal 
stroke rehabilitation protocols specifically targeting 
multisensory integration (MSI). Despite the growing 
interest in pediatric stroke rehabilitation, very little is 
known about post-rehabilitation functional, neuroplastic, 
and biomechanical changes during the developmental age.

From a global and not purely motor perspective, 
adapting validated adult protocols may be suboptimal. 
These observations highlight the need for new motor 
rehabilitation protocols designed as multisensory and 
fun activities. Such programs should aim to improve 
strength, endurance, postural stability, technique, balance, 
coordination, route finding, attention, and address several 
psychological aspects.

Combining Full-Body Activities and Multisensory 
Stimulation as a Key in Rehabilitation

A question emerges regarding how one can combine 
multisensory processing and rehabilitation.

MSI in humans has received significant attention from 
researchers who have provided insights into the neural 
underpinnings [23]; however, as of 2025, only a few studies 
are available regarding MSI at a behavioral level in adults 
with acquired brain damage [41].

Scientific evidence of the importance of multisensory 
stimulation associated with sensorimotor rehabilitation in 
children is mainly focused on high-risk newborns [42-44]. 
In this population, it is well-known how both structural 
and functional alterations interfere with normal sensory 
processing and environmental exploration, leading to sub-
optimal sensorimotor experiences [45]. These are the basis 
of cognitive, motor and social long-term development, 
which are essential to building a coherent perception 
of the world, a foundation for learning and social 
interactions [46]. Using kangaroo care, infant massage, 
and environmental enrichment in neonatal intensive care 
units are some examples of early multisensory-based 
rehabilitation approaches [4,47,48].

Among older children, the interaction between neural 
networks and environments deeply influences brain 

development and function, including sensory stimuli, early 
stress, parental-child as well as peer relationships [49]. 
These can be lacking in children with disabilities [50]. 
Multisensory interventions, associated with sensorimotor 
rehabilitation, often in occupational therapy settings, 
allow more complex, articulated experiences resulting 
in adaptive responses with the full potential of circuitry 
development. These multisensory-based rehabilitation 
approaches support processing and sensory integration 
as facilitators that increase skills and exploit the child’s 
motivation (i.e., enhancing tactile, proprioceptive, and 
vestibular experiences) [51].

The effectiveness of multisensory stimulation as a 
possible rehabilitation method after stroke has been 
investigated in adults with a focus on both low-level, 
perceptual (visual, auditory, and somatosensory deficits) 
[52], as well as higher-level, cognitive, sensory deficits 
[53]. Current multisensory stimulation methods employed 
in post-stroke rehabilitation include motor imagery, action 
observation, mirror therapy or virtual environment, and 
music therapy [54].

Multisensory stimulation (mainly visual-proprioceptive 
and audio-visual stimulation) can recruit and strengthen 
residual pathways in the brain after acquired brain lesions 
[52]. Indeed, it may restore sensory performance and 
function alongside long-term effects [55].

Most existing studies in pediatric settings have focused 
on including augmented reality [15], environmental 
enrichment, ecological activities such as child-initiated 
movement/active motor learning, and home programs 
[56].

The next paragraph presents a novel approach to 
combine the neuroscientific findings on multisensory 
processing and the knowledge of classical rehabilitation 
with recent technological advancements. In doing so, we 
propose the activity of climbing as an innovative approach 
to combining these three aspects.

Climbing as a Full-Body Rehabilitation in Pediatric 
Stroke

One might consider what we know about climbing, 
as well as how we might improve climbing and sensory 
and motor abilities through multisensory climbing 
rehabilitation.

Climbing therapy (CT) has been investigated for 
many pathologies in adults, such as lower back pain 
[57], multiple sclerosis [58], cerebellar ataxia [59] and, 
more recently, in the pediatric population (summarized 
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in the next subparagraph). Available studies presented 
several limitations and risk of bias due to methodological 
limitations, such as limited access to data, different 
evaluation tools, or insufficient sample size for statistical 
measurements [60].

Specifically, three studies have discussed therapeutic 
climbing for children with CP, including patients with 
perinatal stroke [61-63], while there are no identifiable 
studies involving children with pediatric stroke. Overall, 
these studies involved 26 children with CP (average age 
11.26) who presented with mild to moderate functional 
disability (Gross Motor Function Classification System I–
III) [64], while the study excluded children with severe 
cognitive and motor impairment.

The main parameters analyzed before, during, and after 
the period of CT related to motor function as upper limb 
strength, gait function or spasticity control. In one study, 
the engagement of children was also evaluated, showing 
that following the period of training, most children 
expressed a wish to continue climbing [63]. Overall, these 
studies suggested a positive impact on motor competence 
and peer socialization.

Despite initial promising data on the possible therapeutic 
role of climbing at pediatric ages, there remains a lack of 
standardized protocols, including integrative protocols 
with physiotherapy or stretching. Furthermore, one must 
consider possible adverse events or contraindications, as 
specified in a recent study that suggests a critical discussion 
about the use of CT for children with CP due to the risk of 
improving crouch gait [61].

Children with pediatric stroke or CP lack experience 
in sensory motor activities due to their neuromotor 
deficits, and they tend to show a variety of multisensory 
impairments [15,20-22]. A recent paper has reported how 
sport, due to its known benefits on the motor, cognitive, and 
relational components, can work within this population as 
an important therapeutic instrument to actively involve 
children in sensory-motor activities, as well as improve 
psychological health and relationships with peers [65].

In particular, sport climbing involves strength, 
endurance, and postural stability [66], balance, bilateral 
coordination, route finding [67], and attention [68]. This 
evidence may suggest that rock climbing in a rehabilitation 
setting can also improve extension against gravity, flexion-
extension alternation, anticipation and planning of the 
movements. Furthermore, a rich sensory-motor activity, 
like climbing, can support the dynamic sensory-motor 
process and act as the catalyst for development [69].

Therapeutic climbing is a playful and interactive 
activity calibrated to the specific skills and sensory 
needs of children, allowing those with stroke and CP to 
engage in a just-right challenge. It has also brought out an 
adaptive response, which is the basis of learning. Finally, 
augmentative feedback can be useful during significant 
sensory-motor activities for motor re-learning [70] (Figure 
1). 

All the methodology used for screening and selecting 
the studies included in this review, including inclusion and 
exclusion criteria, as well as the overall selection process, is 
presented in Figure 2. The literature search was completed 
in September 2025.

 

 

 

 

 

 

 

 

  

 

 

 

  

 

Reports assessed for eligibility (n = 8)  

 

Records excluded (n = 56): not pediatric 
population 

Records screened (n= 64) 

 

Records identified through database 
searching (n = 1004)  

PUBMED (n = 516) 
OTseeker (n = 3) 
PEDro (n = 34) 

Cochrane (n = 451) 

Records removed before screening: duplicate 
records removed (n = 23) 

Records removed for other reasons (n = 917), as:  

- Not rehabilitation treatment using rock 
climbing  

- Full text not available  
- Traumatic injury during rock climbing 

 
 

Figure 2 Identification of studies via database

Figure 1 The figure provides an overview of the improvements 
achieved through a full-body multisensory training, highlighting its 
positive impact on strength, endurance, postural stability, balance, 
bilateral coordination, route finding, and attention.
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SUMMARY OF STUDIES ABOUT THE USE OF 
THERAPEUTIC ROCK CLIMBING WITH CHILDREN

Kong D et al. [71], investigated the therapeutic effects of 
rehabilitation climbing wall training combined with brain–
computer interface (BCI) in 100 adolescent idiopathic 
scoliosis patients (AIS), aged from 13 to 18 years. 
Participants were randomly assigned to a control group 
(rehabilitation climbing wall training) and an observation 
group (BCI-assisted climbing wall training). Patients 
underwent 3 months of training. The results showed 
significant improvements in spinal curvature angle, known 
as Cobb angle, lumbar range of motion, lumbar function, 
and quality of life in both groups, with the observation 
group (BCI) showing significantly greater gains. The 
total effective rate was also higher in the BCI group 
(96% vs. 82%). These findings suggest that BCI-assisted 
rehabilitation climbing wall training is clinically effective 
for AIS patients and may offer a non-invasive alternative 
to surgery. Nevertheless, further research is needed to 
confirm long-term effects.

Däggelmann [72], explored the role of exercise and 
physical activity to improve endurance and strength as 
part of usual rehabilitation care for childhood cancer 
survivors. The aim of the study was to evaluate the 
feasibility and beneficial effects of a 10-week indoor wall 
climbing intervention in 11 childhood cancer survivors 
(aged 6–21 years) after cessation of medical treatment. 
The results showed beneficial potential for physical 
functioning. However, some clinical preconditions, like 
close supervision, must be ensured.

Schram Christensen [63], conducted a 9-session indoor 
climbing intervention over three weeks involving 11 
children with cerebral palsy and 6 typically developing 
children aged 11–13 years. The study assessed 
physiological, psychological, and cognitive outcomes and 
found improvements in climbing abilities in both groups. 
Children with cerebral palsy showed significant gains in 
the Sit-to-stand and pinch tests of the least affected hand, 
while no changes were observed in cognitive abilities or 
psychological well-being.

Böhm et al. [61], evaluated the effect of climbing 
therapy on gait function in eight children and adolescents 
with bilateral spastic cerebral palsy (mean age 13.0 ± 4.3) 
in a randomized, controlled crossover trial. Participants 
received six weeks of conventional physiotherapy followed 
by climbing therapy, or vice versa. Both interventions 
improved some Gait Profile Scores, suggesting potential 
benefits of climbing therapy on crouch gait.

Koch et al. [62], investigated therapeutic climbing in 
seven children with cerebral palsy (mean age 9.6 ± 3.7) 

over 19 sessions in three months. Significant improvements 
were observed in right handgrip strength, postural control, 
and functional mobility, highlighting climbing as a feasible 
intervention.

Lee and Song [73], conducted a case study on a 7-year-
old child with attention deficit hyperactivity disorder, 
examining the effects of four weeks of therapeutic climbing 
while wearing a weighted vest. Improvements were 
found in mean alpha wave activation and attention span 
measured with EEG and the Star Cancellation Test.

Mazzoni et al. [74], assessed the effect of indoor wall 
climbing on self-efficacy and self-perceptions in 46 children 
with special needs (6–12 years). The term special needs 
referred to students with heterogeneous diagnoses that 
included motor function difficulties. Children participated 
in a six-week program once a week, resulting in significant 
improvements in self-efficacy, while athletic and social 
competence remained unchanged. The authors suggested 
that longer training periods and specialized adapted 
programs should be explored.

Therme and Soulayrol [75], explored learning and 
behavior modulation in six psychotic and borderline 
children (mean age 6 ± 10 months) through indoor 
climbing. Quantitative and qualitative analyses indicated 
increased engagement, climbing time, and success rate 
over six sessions, reflecting notable learning improvements 
in a short period.

MULTI-SENSORY FEEDBACK TECHNOLOGIES: AN 
OVERVIEW

The best technological solutions one might use to 
create a new multisensory integrated rehabilitation 
system based on climbing are worthy of discussion. To 
identify technologies to promote cross-modal integration 
of sensory systems, in this section, we provide a non-
exhaustive overview of existing non-invasive technological 
solutions one can use to achieve multi-sensory feedback.

To provide multi-sensory feedback, a device needs 
input about the current state of the system. Following that, 
it must compare the current state with the desired state 
and finally give its output correctly. All those steps are 
equally important in giving multi-sensory feedback and 
will be addressed in this section.

Getting Input from the User

The first step is that of acquiring the state (either kinetic 
and kinematic or both) of the user performing the task.

A 2007 review [76], classifies human tracking systems 
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in visual (requiring a video camera), non-visual (using 
various sensors placed on the body), and robotic-aided 
(using both input and output devices). Tracking sensors 
have been classified as either wearable or non-wearable 
[77].

For full-body rehabilitation, we will classify input 
devices based on whether they require a sensor to be 
placed on the user’s body (wearable devices), if they require 
contact between the user and an external device, or if they 
can do everything remotely. Wearable devices include 
Inertial Measurement Units (IMUs, usually composed of 
accelerometers, gyroscopes, and magnetometers) and 
EMG (Electromyography) [78-81]. These proved to be 
reliable gait assessment methods in stroke rehabilitation 
[82-84]. For a detailed description of technologies and 
future improvements, see Sethi et al., [85]. For a recent 
systematic review of the use of those technologies in post-
stroke rehabilitation, see Boukhennoufa et al. [86].

Input devices can also sense the contact between the 
user and an external object. This can be done in simple 
ways (e.g., by using a push-button), but an everyday life 
example could be the touch screen of a smartphone. The 
same kind of sensors (either resistive or capacitive) can 
be mounted on other objects to track the contact points 
or surfaces between the user and the object. Another 
more expensive way to track the contact is by using force 
sensors. These can be realized with different technologies 
but have the advantage of allowing an estimation of the 
contact force between the subject and the external object.

Zhou and Hu [76], note that another tracking method 
is the use of external robots, used extensively in stroke 
rehabilitation [87,88]. Loureiro et al. [89], compared 
different kinds of robots used for upper-limb rehabilitation 
and their connections to the human body.

It is also possible to track the body position without 
contact with the subject in various ways. By using 
ultrasounds, infrared, or laser ToF, one can determine 
the distance of the body from a reference point. The 
same technology is used in depth-sensing cameras like 
the commercially available Microsoft® Kinect to extract 
the body’s position; this has been used extensively in 
rehabilitation [90]. Other optic sensors include laser range 
scanners (LRS) and cameras (with or without markers 
placed on the subject). One can also remotely extract the 
body position by exploiting electromagnetic (EM) field 
interaction with the human body. One example is the use 
of UltraWideBand radar to continuously track the position 
of body limbs during an activity [91,92]. For a systematic 
review of the technologies used for stroke rehabilitation at 
home, see Chen et al. [93].

Sending Output to the User

Multi-sensory feedback depends on the ability to 
provide stimuli in multiple sensory modalities, leading to 
organizing output devices based on the sensory modality 
they stimulate. Among the senses humans use to perceive 
the world, vision and hearing are the most exploited in 
the technology used in everyday life, with simple LEDs 
and buzzers included in most domestic appliances as of 
2023. Given the permeating use of smartphones, game 
console controllers, and, more recently, fitness bracelets 
and smartwatches, the use of vibrotactile haptic feedback 
is increasing.

Vision: The simplest, cheapest, and power-efficient way 
to stimulate human vision using electronic components is 
an LED. Each LED can emit light on a fixed wavelength; one 
can combine them into an RGB system to produce light, 
which is perceived as various colors by the human eye. As 
usage examples, an LED can be used near a label to signal 
that an event occurred, placed behind a translucent object, 
or placed in a matrix to display text or images.

Electronic displays are other devices that can commonly 
provide feedback. Various display technologies are 
currently available. Displays are a simple and cost-effective 
way of providing visual feedback and creating a virtual 
reality (VR) that one can employ for rehabilitation [94,95]. 
Similar to electronic displays, image projectors can be used 
to display images, where an image can be projected over 
other surfaces like walls, floors, or even the body itself [96].

While the technology used in head-mounted displays 
[97], is the same as that of standard displays, they can 
be used to create immersive VR [98], but special care is 
required to avoid motion sickness [99]. Nevertheless, those 
devices have been used in post-stroke rehabilitation [100].

Hearing: Electroacoustic transducers are devices 
that can produce audible sound vibrations. To produce a 
simple tone, a piezoelectric buzzer is appropriate, while 
loudspeakers can be used for more complex sounds. 
Depending on the number and the location of the speakers, 
it is possible to create more complex environments, like 
spatialized sounds [101], which may be simulated using 
stereo headphones [102], by using the phase and volume 
difference between the two channels.

Bone-conducting headsets can also produce audible 
sound vibrations. Compared to standard headphones, 
these do not occlude the ear canal, thus allowing one to 
perceive other external sounds.
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Haptic: A simple and cheap way of providing haptic 
feedback is by using vibrotactile stimulators, technology 
regularly employed by smartphones, game console 
controllers and fitness bands. Force-feedback devices 
and actuated systems (robotic devices) can provide more 
complex force-feedback to the user. It is also possible to 
provide haptic feedback without requiring contact between 
the user and a device. Those “contactless” [103] haptic 
feedback use air (either with air jets or with ultrasonic 
sounds) to stimulate the user’s skin.

Combining Multiple Sensory Stimulations: The 
midbrain combines information coming from multiple 
senses [104], and integrates them into a coherent 
representation [105]. Multimodal feedback – sometimes 
referred to as multisensory feedback – is the use of feedback 
coming from multiple sensory modalities simultaneously. 
Using feedback in multiple sensory modalities immersion 
increases the sense of presence in virtual environments 
[106].

The effect of multimodal feedback has been studied 
in different kinds of learning environments, as the use of 
multiple sensory feedback in motor learning [107], with 
great efficacy, considered the best way to combine them; 
depending on the complexity of the movement, one must 
learn. Multimodal stimulation also appeared to be more 
effective in stroke recovery [108].

From a technological standpoint, VR headsets are a 
good example of multimodal feedback, where the user 
receives stereo visual feedback, audio, and vibrotactile 
stimulation via the handheld controllers.

Climbing Technologies

There are various kinds of technological solutions 
currently available for supporting climbing. Some of 
these projects, along with the kind of inputs and outputs 
used, have been summarized in Table 1. They differ both 
regarding the aim and the technologies used. Some simply 
focus on the building blocks of a sensorized climbing wall, 
such as GreenGrip, which develops climbing holds that 
diffuse light made with new, sustainable materials, or 
Grasshopper, which produces reclinable climbing walls.

The majority of currently available systems are 
commercial, but some examples are also available in 
scientific literature. For example, Ouchi et al. [109], aims 
to study the physical behavior of playing children to 
improve the safety of playgrounds. Vähämäki [110], uses a 
depth sensor to estimate the climbers’ pose. Two projects 
developed a climbing wall from scratch [111], aimed at 

combining climbing with computer games, using sound 
and music as sensory feedback to replace the screen, and 
using the user’s contact with the climbing holds as an input 
device. The ACCEPT project also developed a sensorized 
climbing wall aimed at the rehabilitation of children with 
cerebral palsy [112].

When considering these systems’ inputs and outputs, it 
is possible to see that the most used kind of output given is 
visual: most of those projects use LED lights near or below 
the climbing holds. In the ValoClimb system[113,114], 
a projector beams video content on the climbing wall. 
Instead, in the Tacktion system, the climbing wall has 
transparencies that show displays mounted behind it. 
Three projects provide audio feedback by using two or 
more speakers.

The input from the user is obtained in different ways: 
seven projects have sensors that detect the contact 
between the holds and the user, two of which also sense the 
contact force by using force sensors in each climbing hold; 
two other projects use camera-based motion tracking to 
estimate the position of the body. The interest in climbing 
wall technologies might be driven by the increased interest 
in indoor climbing, a market that is increasing roughly 
10% annually.

DISCUSSION 

Input For Future Developments: How Can We Improve 
Sports/Climbing Tools for Children with Motor 
Disabilities?

On a Neuroscientific Level: We believe that three 
main aspects can be improved on a neuroscientific level:

(1) Rehabilitation technologies for stroke children 
should be multisensory to facilitate integration. First, as 
the introduction discusses, motor disability brings with 
it not only impairments related to motor aspects but 
also related to other sensory aspects, such as the sensory 
and perceptual ones. The possibility of understanding 
these mechanisms and intervening with multisensory 
stimulation can provide excellent rehabilitation support. 
For example, one can integrate vision with sound by 
considering associations in our perceptual system.

This might improve the deficit associated with visual 
size processing highlighted in children with motor 
impairment. One example is the visual size and sound size 
association provided by cross-modal matches: low sounds 
are associated with large dimensions and high-pitched 
sounds with small dimensions. This simple acoustic signal 
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could be included in evaluating the size of the objects to 
facilitate their interaction. In the climbing example, holds 
of different sizes can play with low and high sounds to 
enable preparation for the grip. Similarly, a sensory signal 
associated with movement, such as a sound, could help the 
child with motor disabilities control their movement and 
interact with the instrument or other children. Climbing 
could allow an enriched sensory experience. Augmented 
feedback (i.e., on the tactile-auditory system) can stimulate 
the development of other systems (i.e., to better identify 
the position of hands and better understand the spatial 
reference).

(2) Rehabilitation technologies for stroke children 
should be adaptable to the needs and characteristics 
of the individual and, therefore, flexible. Many sensory 
characteristics change during development in the typical 
child. These differences are even more marked in a child 
with stroke who can have various motor, cognitive, and 
sensory problems. We believe that a second important 
point to consider in developing new technologies is to 
create adaptable and flexible systems for each child’s 

individuality and rehabilitation period. This can happen 
thanks to the development of intelligent systems based on 
decoding sensory or motor inputs that produce feedback 
adapted to the child’s sensory, cognitive, and motor needs. 
Artificial intelligence and ML applied to technological 
solutions might offer new possibilities in this direction.

(3) Rehabilitation technologies for stroke children 
should be validated, in comparison with a control group, to 
demonstrate their effectiveness. Very often, technologies 
are developed without being scientifically validated. 
Effective intervention should produce a measurable 
improvement in behavior and possibly also in cortical 
neuroplasticity. As we have seen, there is an optimal 
intervention window for a child with stroke to obtain 
better results. This window must be exploited with 
adequate technology; that technology must be scientifically 
validated with quantitative methods. This would benefit 
both the user (e.g., improvement in the quality of life) and 
scientific knowledge (e.g., quantified validations would 
allow studying of the cortical mechanisms underlying the 
change).

Table 1: Various commercial and research projects trying to enhance climbing by using different kinds of technologies, sorted alphabetically 

Outputs

Transparent holds with LED 
lights

NA

NA

Partially transparent holds with 
LED lights
LED lights

Transparent holds with LED 
lights

7 loudspeakers

Vibrotactile bracelets, 
transparent holds with LED lights 

and Sound Speakers

LED lights below each hold

NA

NA

Transparent holds with LED 
lights

LED light below each hold

Transparent holds with LED 
lights

Transparent holds with LED 
lights, display behind the 

climbing wall

Video Projector, Speakers

Inputs

Strain gauge force sensor in each hold

Depth sensing camera for motion tracking

3 Axis Force Sensor in each hold, IMU on 
smart bracelet

Force Feedback (“when pulled”) in each 
hold

Contact (“track every grip and step”)

Capacitive Touch in each hold

Touch sensors in each hold

Pressure sensors in each hold

NA

NA

NA

NA

NA

NA

Capacitive Touch in each hold

Some form of motion tracking

Description

Record the physical behavior of children

Real-time climbing pose estimation

Adaptive climbing wall, sensorized and 
reconfigurable, optimized for children with 

cerebral palsy

Help climbers of all levels move, play, and train

Motivate climbers
Improve indoor climbing experience with new 

challenges
Introducing climbing to new users, promoting 

physical activity

Training wall for climbers

Adjustable climbing wall

Adjustable climbing wall

Develop materials for climbing holds

Provide boulder problems from an online 
database, on an adjustable-angle wall

Optimize climbing performances with a 
standardized bouldering training wall

RGB LED grips for climbing walls 

Climbing Video Game

Fully automatic attraction

Project Name

Ouchi et al.

Vähämäki

ACCEPT

Arcade Climbing

Clift Climbing

ClimbLing

Digiwall 

Edge

EverActive

Grasshopper

GreenGrip

Kilter Board

MoonBoards

SpectrumSports

Tracktion

ValoClimb
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On a Clinical Level: From a clinical point of view, 
we identified three other main aspects requiring 
improvement:

(1) To develop standardized rehabilitation protocols 
for the use of climbing in clinical practice. The limited 
number of studies available in the literature on therapeutic 
climbing in pediatric age does not allow one to define a 
priori the optimal rehabilitation protocol according to the 
type of patient, motor impairment and therapeutic aims. 
Moreover, the studies systematically excluded children 
with severe cognitive and motor impairment. The use of 
advanced technologies and the applicability of therapeutic 
climbing in a hospital setting could allow activities to 
include children with severe disabilities.

(2) To identify the parameters that are most likely to 
be changed through therapeutic climbing as an alternative 
or combined therapy to the rehabilitative standard of care. 
The main parameters analyzed before, during and after 
the period of CT in CP related to motor function as upper 
limb strength, gait function, Range of Motion or spasticity 
control. However, based on the experience gained by 
applying therapeutic climbing in adults or different 
pediatric conditions, it is reasonable to think that positive 
results may appear in different areas such as self-esteem, 
peer socialization and engagement. Only the definition of 
standardized assessment tools and scales before, during 
and after rehabilitation protocols will lead to the real 
effectiveness of climbing training in all these areas. This 
permits the conditions necessary to lay the theoretical 
foundations for using therapeutic climbing not only in the 
rehabilitation of pediatric stroke but also in many other 
conditions. The use of specific technological devices may 
allow one to obtain a standardized outcome and thereby 
provide the best standard of care.

(3) To evaluate the impact of enriched activity on the 
sensorimotor experience, reducing the lack of experience 
typical of children with sensorimotor damage. Children with 
stroke or CP can experience a limitation in motor, cognitive 
and praxis skills due to sensory processing impairment. 
This can result in a lack of sensorimotor experiences, 
learning delays and reduction of social interaction with 
peers, as well as accessibility and independence in self-
care or play skills. The intrinsic features of climbing, or 
Sensor-Embedded Climbing with advanced technologies, 
can both enrich sensory experience and improve sensory 
motor ability. This could represent an effective tool for 
reducing the gap experience between typically developed 
children and those with stroke or CP, depending on their 
limited mobility and cognitive, sensory perceptual and fine 
motor skill deficits.

On a Technological Level: (1) Conveying information 
from the technology solution. Providing multisensory 
feedback is insufficient for deciding which kinds of 
information in a sensory modality can be conveyed in 
multiple ways. Using sound as an example, basic physical 
properties like frequency and amplitude can be modulated, 
but it is also possible to produce rhythmic sounds (beeps 
with different duty cycles and frequencies), or even by 
using natural sounds or speech [115]. Depending on 
personal preferences, impairments and age, different 
output properties can be manipulated, as it is important to 
tailor the activity to the needs of children involved.

From an electrical system-level viewpoint, one of 
the key features that enables both data collection to 
make therapy decisions and quantify the performance of 
climbing is the flexibility of the implemented device. The 
design must be suitable for research purposes and enable 
scientific exploration. Electronic systems can now include 
a wide variety of sensors and actuators, and a single 
Printed Circuit Board (PCB) can contain a heterogeneous 
collection of components. In this respect, the system can 
embed a sensor fusion.

Each sensor has a very strict functionality; they 
sharply sense a limited number of physical quantities, 
and it is not generally possible to increase the number of 
sensors above a certain limit. The limit is intrinsic in the 
components’ technology. A large quantity of data needs to 
be processed to assess the status of the user: even at low 
frequency, the sampled quantities from a large number 
of climbing rods can constitute a large amount of data, 
and its transmission to a central node for processing. 
This requires effective partitioning of the network. Data 
must be processed in real time with a maximum latency 
of 20 ms [116]. The design of each climbing rod must 
be effective to decrease the quantity of information 
transmitted using pre-processing or intelligent signaling 
mechanisms and sensor configuration. Electronics need 
to be co-designed with the mechanics to fully exploit the 
form factors made available by the climbing holds. Because 
the climbing rods need to sustain a significant weight, 
one must carefully plan the positioning of the electronics 
within the holds. In the case of touch detection, different 
approaches can be applied based on capacitive sensing, 
inductive sensing, light sensing, and infrared sensing. 
Among these technologies, the most flexible and overall 
low-cost is infrared, largely because sensors can be 
deployed according to a spatial configuration that can only 
be devised based on the form of the hold without having 
to intervene on its surface mechanical features, as it would 
be required to functionalize the surface of the hold using 
suitable substrates and electrodes. The use of surface-
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based touch detectors would increase the complexity of 
the wiring, the mechanics of the hold, and consequently 
cost. Moreover, such solutions would imply the use of more 
sophisticated technologies, thereby severely impacting the 
production cost.

(2) Software. Software plays an important role in 
providing appropriate feedback. To outperform the 
limitations of the above-described electronics, sensor 
fusion can be improved by using ML on the sampled sensor 
data by first training the network using a sufficiently 
large statistical dataset. This can be acquired thanks to 
the flexibility given by the research-oriented design of 
the device. This constructed dataset can be designed on 
purpose and can regard the interaction of the human while 
climbing with one or more sensors in different operating 
conditions. A well-trained neural network can open the 
way to achieve increased performance with conventional 
and standardized hardware. It can be deployed, depending 
on its complexity, both on micro-controlled systems and on 
general-purpose computers. The possibility of intervening 
in the firmware or software in the system at many levels 
of abstraction enables on-demand reprogramming. It also 
opens the way to being able to provide suitable feedback 
on patients and improved climbing training sessions for 
patients. Moreover, assuming a more powerful scheme, ML 
can be even more personalized based on a continuously 
evolving dataset to sharpen the experience of the user and 
improve data collection during a session.

CONCLUSIONS

To conclude, very little is known about post-
rehabilitation functional, neuroplastic and biomechanical 
changes during developmental age in pediatric stroke. In 
this review, we described the importance of multisensory 
processing, and we proposed new motor rehabilitation 
protocols and technologies that can provide multisensory 
fun activities improving motor, cognitive, and psychological 
aspects in young children with stroke.
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