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Abstract

The aim: To develop technically validate an immersive virtual reality-based
rehabilitation platform integrating three-dimensional interactive environments with a
robotic lower-limb exoskeleton and treadmill system for pediatric cognitive-motor
rehabilitation in orthopaedic practice.

Methods. A modular immersive rehabilitation platform based on a head-mounted
display system was developed to support synchronized interaction between assisted
locomotion and structured cognitive tasks. The system architecture included culturally
adapted interactive therapeutic environments, standardized interaction mechanics, and
real-time synchronization with treadmill-assisted walking. A bidirectional
communication interface was implemented to enable coordinated integration between
the robotic lower-limb exoskeleton and the virtual environment. Rehabilitation sessions
were structured as dual-task paradigms combining continuous assisted gait training
with simultaneous cognitive decision-making activities. The platform incorporated
adaptive exoskeleton assistance modes, integrated safety monitoring, and real-time
recording of locomotor parameters, interaction events, task accuracy, navigation errors,
and completion metrics. All collected data were stored in standardized datasets suitable
for statistical analysis and future clinical investigations.

Results. Five interactive rehabilitation environments containing more than fifty task-
oriented interactive elements were successfully implemented. The system demonstrated
stable real-time synchronization between treadmill speed and virtual locomotion across
a walking velocity range from zero point one to two meters per second. Context-
dependent exoskeleton assistance modes operated consistently without communication
delay or mechanical instability. Continuous safety monitoring ensured controlled
interaction during training sessions. The platform generated structured datasets
including gait parameters, task accuracy, navigation errors, response indicators, and
completion time metrics, providing measurable outcomes for clinical research
applications.

Conclusion. The developed immersive virtual rehabilitation platform provides a
structured and scalable framework for pediatric cognitive-motor rehabilitation in
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traumatology and orthopaedics. Its modular architecture enables safe integration with
robotic exoskeleton systems, individualized task adaptation, and standardized clinical
data acquisition. The system demonstrates technical readiness for pilot investigations
and subsequent randomized controlled clinical trials.

Keywords: virtual reality, rehabilitation, exoskeleton devices, gait, motor skills.

1. Introduction

Virtual reality-based interventions have emerged
as a promising therapeutic approach in gait
rehabilitation,  particularly for patients with
neurological and orthopedic conditions. Immersive
virtual environments allow repetitive task-oriented
training while maintaining patient motivation and
engagement, which are essential factors for successful
rehabilitation ~ outcomes  [1-3]. In  pediatric
rehabilitation, maintaining attention and participation
during therapy sessions can be challenging, and
interactive virtual environments may provide an
effective method to increase therapy intensity and
adherence.
Recent studies have demonstrated that combining
virtual reality with treadmill-based gait training can
improve walking speed, balance, and functional
mobility in patients with neurological disorders such as
stroke, cerebral palsy, and multiple sclerosis [4-7].
Virtual reality exergames allow the integration of motor
exercises with cognitive tasks, creating a dual-task
rehabilitation paradigm that simultaneously targets
motor coordination and executive function [8,9]. This
approach is particularly relevant in pediatric
neurorehabilitation, where cognitive-motor interaction
plays an important role in functional recovery.

2. Materials and methods

Study Design

This study was conducted as a pilot experimental
and technical feasibility investigation focused on the
development and validation of a virtual reality—based
rehabilitation platform integrated with a robotic lower-
limb exoskeleton and treadmill system. No patient
recruitment was performed and no clinical
interventions were administered. All testing was
conducted in a controlled laboratory environment to
evaluate system stability, integration consistency, and
readiness for future clinical studies.

System Architecture

The rehabilitation platform consisted of three
integrated components: a robotic lower-limb
exoskeleton providing assisted gait support, a
treadmill-based locomotion system, and an immersive
three-dimensional virtual reality environment. These
components were connected through a control and

Robotic rehabilitation technologies, including
lower-limb exoskeletons, have been increasingly
introduced to provide controlled and repetitive
movement assistance during gait training. These
systems enable precise regulation of movement
parameters and objective monitoring of patient
performance [10,11]. When integrated with immersive
virtual environments, robotic systems can enhance
sensorimotor feedback and provide task-specific
rehabilitation scenarios that mimic real-life activities.
Despite these advantages, several challenges remain in
designing virtual rehabilitation systems suitable for
clinical practice. Maintaining ecological validity of the
virtual ~ environment and  ensuring  stable
synchronization between robotic devices and
immersive environments are essential for safe and
effective therapy. In addition, standardized data
collection frameworks are necessary to enable objective
evaluation of rehabilitation outcomes in clinical trials.
Therefore, the aim of the present study was to develop
and technically validate a virtual reality-based
rehabilitation platform integrating three-dimensional
gaming environments with a robotic lower-limb
exoskeleton and treadmill system for cognitive-motor
rehabilitation.

communication layer enabling real-time bidirectional
data exchange.

The virtual environment was developed using
Unity 2022 Long-Term Support with the Universal
Render Pipeline for optimized performance. The
architecture included five functional layers: input,
locomotion, interaction, integration, and data logging.
The input layer processed controller signals, treadmill
parameters, and exoskeleton data. The locomotion layer
synchronized avatar movement with treadmill speed
and assisted modes. The interaction layer standardized
object selection and task mechanics across all
environments. The integration layer enabled
communication between hardware and software
components. The data logging layer implemented
event-based recording and structured export.

https://doi.org/10.52889/1684-9280-2026-77-1-jt0036



Trauma & Ortho Kaz, 2026, 77 (1)

Five culturally adapted environments were
developed: a Kazakh village, school classroom, park,
home interior, and playground (Figures 1,2). Each

selection, and rule-based cognitive exercises (Table 1).
Adjustable parameters included movement speed,
visual density, object count, trigger radius, and

environment supported navigation tasks, object cognitive rule complexity.
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Figure 1 - Overall architecture of the VR—exoskeleton rehabilitation platform. The system integrates a robotic lower-limb
exoskeleton with treadmill-based gait training and an immersive three-dimensional virtual reality environment

Figure 2 - 3D VR interactive environments examples
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Table 1 — Culturally Adapted Assets (Kazakh Context): Composition, Purpose, and Application

Object / Asset Category Therapeutic Where Used Key Parameters
Purpose
Yurt prefab Cultural Orientation; Aul scene; Number of yurts; distance;
landmark attention start/finish; trigger zones
maintenance checkpoints
Yurt Interactive Session start/end; Aul; Park Zone radius; confirmation
zone stage confirmation required
Ornaments Target Selection/search/sor Aul; Classroom; Type; size; contrast;

5 types stimuli ting; cognitive load Home density

Navigation arrows Prompts / Decision-making; Aul; Prompt frequency;

triggers route learning Corridor/ visibility; penalties

School
Route checkpoints Navigation Assessment of gait Aul; Park Number of points;
triggers stability and distance; timeout
attention
School context Indoor Route planning; Classroom; Route complexity; number
context sequential tasks Corridor of turns
Park elements Outdoor Mild sensory load; Park Reduced object density
context longer sessions

Home elements (room) Indoor Flat object selection; “Home/Room” Limited number of

context low cognitive load prompts
Playground objects Motivational =~ Reaching/selection; “Playground” Number of targets; speed;
stimuli behavioral task order
reinforcement
Unified colliders / Technical Reusable elements; All scenes Collider type; layer; size
anchor points asset

XR stability

Figure 3 - Experimental setup for treadmill-based robotic rehabilitation with virtual reality integration. A participant is
positioned on a treadmill while secured with a body-weight support system and assisted by a lower-limb robotic exoskeleton

https:/ldoi.org/10.52889/1684-9280-2026-77-1-jt0036
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Treadmill and Exoskeleton Integration

The treadmill was integrated through a modular
interface providing real-time speed and incline data.
Locomotion speed in the virtual environment was
synchronized within a range of 0.1 to 2.0 meters per
second. Emergency stop functionality = was
implemented with a response threshold below one
hundred milliseconds.

The robotic exoskeleton was integrated through a
dedicated communication interface enabling real-time
bidirectional data transfer (Fig 3). Incoming data
included joint angles, movement velocity, torque
parameters, operational states, and safety events.
Outgoing signals allowed contextual modulation of
assistive parameters. Assist-as-needed strategies and
predefined safety constraints were implemented to
allow adjustable mechanical support.

Data Collection

An event-based logging framework recorded
reaction time, task accuracy, navigation errors, rule

3. Results

Functional validation demonstrated stable
operation across all developed virtual environments.
Scene loading, rendering performance, and interaction
mechanics operated without interruption during
structured testing sessions.

The platform successfully generated structured
datasets capturing motor and cognitive performance
indicators. All predefined interaction events, including
object collection, checkpoint activation, rule-based
triggers, and session transitions, were correctly logged.
Data export was completed without system
interruption.

Bidirectional communication between the virtual
reality platform, treadmill, and robotic exoskeleton

4. Discussion

The present study describes the development and
technical validation of a virtual reality-based
rehabilitation platform integrating immersive three-
dimensional environments with treadmill-assisted
locomotion and robotic exoskeleton support. The
results demonstrate stable system integration, reliable
bidirectional communication between hardware and
software components, and the ability to generate
structured datasets suitable for future clinical
evaluation.

Virtual reality has increasingly been investigated
as a rehabilitation tool due to its ability to provide
interactive and motivating therapy environments.
Previous studies have reported improvements in gait
performance, balance control, and patient motivation

violations, task duration, session start and stop events,
and safety-related events. Data were exported in
structured formats for future quantitative analysis. As
this study focused on technical feasibility, no
inferential statistical analysis was performed.

Statistical Considerations

As this study represented a technical feasibility
and system validation investigation, no inferential
statistical analysis was performed. Data logging and
metric recording were implemented to support future
quantitative evaluation in subsequent clinical trials.

Ethical Considerations

This study did not involve human participants,
patient data, or biological materials. All testing
procedures were conducted in a controlled laboratory
environment. The study was designed in accordance
with fundamental ethical principles for biomedical
research and does not require institutional ethical
approval at this stage.

operated consistently. Seamless switching between
simulated and real treadmill input was achieved
without modification of locomotion logic. Locomotion
speed remained synchronized with treadmill speed
within the tested range. Emergency stop functionality
operated within the defined response threshold.
Incoming exoskeleton data streams and outgoing
modulation commands were transmitted and recorded
successfully. Assistive parameters were adjustable
during task execution without system instability. All
environments maintained stable performance under
varying task complexity and visual density conditions.

when virtual reality is combined with conventional
rehabilitation methods [3,5,12]. The present platform
builds upon these findings by integrating immersive
virtual environments with robotic-assisted gait
training, which may further enhance sensorimotor
stimulation during rehabilitation exercises.

The integration of robotic exoskeleton support
with virtual environments enables controlled task-
oriented training. Robotic systems provide consistent
assistance during gait cycles while simultaneously
recording biomechanical parameters that can be used
for clinical assessment [10,13]. Such systems may be
particularly valuable in pediatric rehabilitation, where
therapy must be both engaging and adaptable to
individual functional abilities.

https:/ldoi.org/10.52889/1684-9280-2026-77-1-jt0036



Trauma & Ortho Kaz, 2026, 77 (1)

An important feature of the proposed platform is
the incorporation of culturally adapted virtual
environments. The use of locally recognizable elements
within rehabilitation scenarios may improve patient
engagement and ecological validity of the training
environment. Previous studies suggest that immersive
and contextually meaningful environments can
enhance motivation and adherence to therapy
programs [8,9].

Another advantage of the proposed system is its
modular architecture and standardized data logging
framework. Structured data collection enables
objective evaluation of patient performance and

5. Conclusions

A virtual reality-based rehabilitation system
integrating three-dimensional gaming environments,
treadmill-based locomotion, and robotic exoskeleton
support was developed and technically validated. The
system architecture enables structured cognitive—
motor dual-task training, real-time bidirectional device
communication, and standardized performance data
collection suitable for future clinical investigation.
Functional testing demonstrated stable operation
across multiple immersive environments and reliable
synchronization between hardware and software
components. While therapeutic effectiveness has not
yet been evaluated in patient populations, the
implemented framework provides a scalable and
reproducible foundation for subsequent clinical
validation studies in pediatric neurorehabilitation.
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Tyiingeme

3epTTeyAiH MaKCaThl: IIeAMaTPUSIABIK KOTHUTMBTIK-KO3FAaABICTBIK OHaATyJa KOAJaHyFa apHaAfaH YIII
eAIIeMAi BUPTyaAAbl OBIH OpTaJapblH TOMEHTI asgK-KOAFa apHaAfaH pOOOTTHIK DK30CKeAeT >KoHe JKYTipy >KOABI
KyiteciMeH OipikTipeTiH MMMepCUBTI BUPTyaAAbl IIBIHABIK HeridiHAeri oHaATy IaaTOpMachlH TEeXHMKAAbIK
TYPFblAaH Baanalusiay.

Ogicrepi. backa TaFplaaTBIH AMCIIAel HeTi3iHAe MMMepCUBTI BUPTYyalAbl OpTa MOAYAbAIK KaruAaT OOMBIHIIIA
azipaenai. Ilaarpopma Magenu Typroidan OeltliMaeareH GipHellle MHTEPaKTUBTI OHAATY OPTAChIH, CTaHAApTTaAFaH
©3apa 9peKeTTecy MeXaHU3MAEPIH >KoHe OKYTipy >KOABIMEH CHMHXPOHJAAFaH KO3FAAbIC >KYIeCiH KaMTHUABL
Buptyaaast opra MeH TOMeHTI asK-KOAFa apHaAFaH POOOTTHIK DK30CKeAeT apachlHJa eKi’KaKThl OaliaaHbIC KabaThl
eHri3iaai, Oy4 MeXaHIKaAbIK K0AAay KepceTieTiH JKYpy KO3FaAbICBIH BUPTYyalAbl TallCBipMaJdapMeH yiidecTipyre
MYMKiHAiK Oepeai. OHaAaTy clieHapmitaepi y34iKci3 KypyAai KOTHUTHUBTIK IIemrim KaOblagay TarceIpMasdapbIMeH
OipikTipeTiH KocapaaHFaH TaIlChIpMa KafuAaTel OoOWMBIHINA Kypblagsl. JKyite Kayimcisgik MOHMTOpMHTL
MexaHU3MJepiH, OelliMJeaeTiH KeMeK peXUMJepiH >KoHe KO3FaAbIC IIapaMeTpAepiH, TaIlchipMa JdAAiriH,
HaBUTAIIMAABIK KaTedepAi >KeHe OpBIHAAAy KOpCeTKiITepiH Tipkeyai KamMTaMachl3 eTedi. bapabik aepekrep
KAVHUKAABIK 3epTTeyAep KYPrisyre >KapaMAbl CTaHAapTTaAraH popMaTTa cakTalalbl.

Hoatixeci. bec mHTepakTuBTI OHaATY OpTachl >KoHe eAyre XKybIK MHTepaKTUBTI HplcaH eHrisiaai. XKyiie xxyripy
>KBLAAAMABIFBI MEH BUPTyaAAbl KO3FaABICTHIH TYPAaKThl CUHXPOHAAAYBIH HOA OyTiH OHHAH eKi MeTpre AeliHIi JKypy
>KBLAAAMABIFBIHAA KAMTaMachl3 eTTi. DK30CKeAeTTiH KoMeK KopceTy pesKuMAepi KO3FaAbIC JKaFdaibiHa OaliAaHbICThI
TYpakThl XyMbIC icTeai. Kayincizaik MOHMTOpUMHII KO3FaAbIC IpOIeciH y34ikcis OakplaayFa MYMKiHAIK Oepai.
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ITaarpopma >Xypy mHapaMerpaepi, TamcekpMma AdA4iri, KaTelep caHBI >KoHe OpPBIHAAAY YyaKbITHI OOJBIHIIIA
KYPbLABIMAaAFaH depeKTep SKUBIHTLIFBIH KaABIITaCTBIPABL.

KopsITBIHABL. O3ipAeHreH BUPTyaAAbl IIBIHABIKKA HeTi3JeATeH OHAATYy I11aT(pOpMachl OPTOIIEAUAALIK SKoHe
HENpOOPTONeAMAABIK Oy3bIABICTApEl Oap ©OadazapAbl KOTHUTMBTIK-KO3FaABICTBIK OHAATY 3epTTeylepiHje
KOAJaHyfa apHaAfaH KYpPBLABIMJA/AFaH >KoHe KeHeiTideTiH mremriM 0o04bim Tabblaadbl. OHBIH MOAYABAIK
apXUTeKTypackl pPOOOTTHIK KYpPBLAFBLAQPMEH KayiIlCci3 MHTeTpalMsaHBI, >KeKe OelliMaeyAl >KoHe KAMHMKAABIK
3epTTeyJepre apHaAfaH CTaHJapTTadfaH JepekTep >KMHAyAbl KaMTaMmachld eTedi. JKylie HMAOTTBHIK >KoHe
paHAOMM3anMAAaHFaH OaKblL1aHATHIH KAMHIKAABIK 3epTTeyAep >Kyprisyre AaiibIH.
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Pesrome

Leas mccaesoBanist: pa3pabOTKa M TeXHMYECKas BaAMAaliisl MMMEePCUBHOM 11AaT(OpMBl peabuanTanum Ha
OCHOBE BUPTYyaAbHOIl peaAbHOCTM, WHTEIPUPYIONIeil TpeXMepHble UIPOBhe CpeAbl C POOOTH3MPOBAHHBIM
9K30CKe/1eTOM HIKHUX KOHEYHOCTe! U CUCTeMOl OeroBoil AOPOXKKU AAs MeAMaTpUdecKoil KOTHUTUBHO-MOTOPHOM
peabuanTanum.

Metoap!l. VIMMepcuBHas BUpPTyaabHasd cpeja Ha OCHOBe HOCMMOTO AMICTIAes Oblaa paspaboTaHa 110 MOAYABHOMY
npuanuiy. [laarpopma BKAIOUaeT HECKOABKO KYABTYPHO aJalTMPOBAHHBIX MHTEPaKTMBHBIX peaOMANTaIIVIOHHBIX
Cped CO CTaHAAPTM3MPOBAHHBIMU MeXaHM3MaMM B3alIMOJENCTBMA M CHUHXPOHM3allMell ABIDKeHUsA C Oeroboil
AOpPO>KKOI. Peaansosan ABycTOpOHHNMII MHTepPETIC CBA3M MeXAY BUPTYyaAbHON CHCTEMON M pOOOTM3MPOBaHHBIM
HK30CKe/1eTOM HIKHMX KOHeYHOCTell, 06ecrednBaloIiiii COrAacoBaHHOCThL MeXaHNYeCK) acCUCTUPOBaHHOTO I1ara ¢
BUPTyaAbHBIMHU 3adadaMi. PeabuanTaniioHHbIe ClleHapUI IIOCTPOEHBI IO IIPUHIINUITY ABOIHOM 3a4a4y, coueTalollernn
HeIIpepBIBHYIO XOAbOY C KOTHUTUBHBIMU 3ajaHMAMU Ha OpuHATHe perneHuit. Cucrema BKAIOYaeT MeXaHM3MBI
MOHUTOpPMHIa Oe30ITaCHOCTH, ajalTUBHBIE PEXUMBI IOAACPIKKM M PerucTpaniuio IlapaMeTpoB Ilara, TOYHOCTU
BBITTOAHEHM:I 3a4aHNIl, HaBUTAI[MOHHBIX OIMMOOK M IIOKa3aTeleil 3aBepIeHNsI 3adad. Bce gaHHBIE COXpaHSIOTCA B
CTaHAAPTU3MPOBAaHHOM (popMarTe A1s OCAEAYIOMIeTO CTaTUCTIYECKOTO aHaAM3a M KAMHINIECKIX YICCAeA0BaHMIA.

PesyabpTatnl. bplam peaamsoBaHbl 5 WMHTepPaKTUBHBIX peaOMAUTALIMOHHBIX cpel U 0oaee MATUAECATU
MHTepaKTUBHBIX 00beKkTOB. ObecriedeHa cTabMABHAS CUHXPOHU3ALINS CKOPOCTY OEroBoil 40POXKKM U BUPTYaAbHOTO
ABVDKEHMS B AMaria3oHe OT HOAb 11eAbIX O4Ha AgecsTas 40 ABYX MEeTPOB B CeKyHAY. PesknMbl moaaep>KKu 9K30CKeaeTa
JyHKIMOHMpPOBaAM CTaOMABHO B 3aBMCUMOCTM OT yCAOBMII ABYDKeHMSA. MOHMTOPUHI Oe30I1acHOCTM IT03BOAMA
OCYIIIeCTBASITH HEIIPEPBIBHBII KOHTPOAB IIpoliecca peabuantanym. Ilaargpopma popmupyer craHAapTU3MPOBAHHBIE
MacCUBBl AaHHBIX, BKAIOUAIOIIMe ITapaMeTphl IMOXOAKU, TOYHOCTDL BHIITOAHEHMS 3ajaHUli, KOAMYECTBO OIIMOOK U
BpeM:1 BBITTOAHEH V.

Brisoanl. Paspaborannas rnaardpopma BUPTyaabHO peaabHOCTH IIpeACcTaBAsieT cO00M CTPYKTYPUPOBaHHYIO 1
MacIITaOUpyeMylO OCHOBY AAsf MCCAeJ0BaHMiI B 004acTy KOTHUTMBHO-MOTOPHON peaOmAMTalIuM JeTeil C
OpPTOIIeAMYECKOV M HeNpO-OPTOIleANYeCcKOl MaToAorneil. MoayAbpHas apXuTeKTypa oOecriednBaeT Oe3OITacHYIO
MHTETpaIinio C pOOOTU3MPOBaHHBIMI YCTPOMICTBaMM, MHAUBUAYaABHYIO adallTallMIoO 3a4ad ¥ CTaHAAPTU3UPOBaHHEII
cOop KamMHM4IecKNx AaHHbIX. CricTeMa roToBa K IIPOBeAEHMIO MIMAOTHBIX M PaHAOMU3MPOBAHHBIX KOHTPOANPYEMBIX
KAVMHUYECKNUX MCCAeAO0BaHUIL.

Karodesble caoBa: BUpTyadbHasl peaabHOCTD, peaduAUTaIsl, DK30CKeAeThl, X0Ab0a, ABUraTeAbHble HaBBIKI.
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