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Abstract: Children with cerebral palsy (CP) face significant motor impairments in both their upper 

and lower limbs, severely limiting their ability to perform daily activities. Robotic exoskeletons have emerged 

as a promising tool to support rehabilitation and enhance motor functions in this population. In this paper, we 

present two robotic systems, one for enhancing gait parameters and the other one for improving the overall 

balance in children with CP. It is hypothesized that the robot-assisted gait training will improve spatio-temporal 

gait parameters and robotic perturbation-based training will improve overall balance (static, dynamic, and 

functional/ stural) and proprioception in CP children. Through our continuing research, we have developed a 

new hybrid active-passive mechanism-based GEAR (Gait Exoskeleton-Assisted Rehabilitation) robot to 

achieve a close-to-transparent design to provide unconstrained natural walking on a treadmill. We have also 

developed a Robotic Perturbation System (RPS) to train Children with CP. We have carried out initial clinical 

trials using both these robotic systems with CP Children and have observed significant results with effect sizes 

of more than 20%. 

Keywords: cerebral palsy, robotic rehabilitation, perturbation training, balance control, muscle 

activation, center of mass. 
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Introduction 

musculoskeletal & Neurological Disorders in children due to diseases of the nervous system, sense 

organ, and osteoarticular system are on the rise in Kazakhstan [1] and the rest of the world [2, 3]. Cerebral 

palsy and other neurological diseases adversely affect the use of muscles that control movement, coordination, 

and communication. Reported incidences of these diseases such as cerebral palsy (CP) in children aged 0317 

years are increasing in Kazakhstan, and this may be accredited to the rising awareness in the urban healthcare 

system. During the period 2006-2016, the reported CP case at the national level increased by 84.6%  while the 

average increase in urban CP population over rural CP population during 2010-19 was also recorded as 84.5% 

[4]. These Children require therapeutic interventions to enhance their gait stability, postural balance, and social 

skills. However, due to inadequate infrastructure, only a small fraction (less than 25%) of these children have 

access to clinics for such services in Kazakhstan. [4, 5]. The common challenges in Kazakhstan and the rest of 

the world include the lack of therapists and the labor-intensive, time-consuming nature of therapeutic sessions. 

The rehabilitation process, therefore, requires technology-driven interventions to achieve clinical 

effectiveness, accessibility, capacity building, and long-term socio-economic benefits.  It is hypothesized that 

the robot-assisted gait training will improve their spatio-temporal gait parameters and robotic perturbation-

based training will improve their overall balance (static, dynamic, and functional/ postural) and proprioception. 

Cognitive function can be improved through the development of appropriate VR systems. Research efforts 

should also focus on improving social skills and communication. Researchers previously proposed a combined 

gait asymmetry metric (CGAM) by merging spatial, temporal, kinematic, and kinetic gait parameters and later 

comparing it with the clinical measures. [6]. Another indices proposed in the literature are, Gait Posture Index 

M 
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(GPI) [7], Gait Abnormality Index (GAI) [8], Gillette Gait Index (GGI), Gait Deviation Index (GDI), Gait 

Profile Score (GPS), and Gait Quality Index (GQI) [9]. The Gait Profile Score can also be merged with the 

GDI and a GDI* resulting from these covering almost all the aspects of gait. [10]. To evaluate balance in 

children with MMD, researchers widely use instrumental measures of center of mass (COM) & center of 

pressure (COP) and clinical tools such as Berg Balance Scale (BBS), Timed Up and Go test, and Paediatric 

Balance Scale (PBS) [11, 12]. 

Currently, motor functions in children with MMD are 

quantified using the Gross Motor Function Classification 

System (GMFCS) [13-15], Fine Motor Function Assessment 

(Box and Block Test,  Nine-Hole Peg Test) [16-18], Functional 

Mobility Scale (FMS) [19], and 3D motion analysis [20, 21]. 

Cognitive abilities, on the other hand, are assessed using the 

Wechsler Intelligence Scale for Children (WISC) [22, 23], 

Cognitive and Neuropsychological Testing (e.g., NEPSY-II) 

[24], and Behavior Rating Inventory of Executive Function 

(BRIEF) [25]. However, there is no consensus on preferred 

assessment instruments, and they all have limitations in 

providing a comprehensive assessment of disabilities. [26-28]. 

There is an urgent need to devise new metrics combining 

clinical and instrumental (EMG, IMU, etc.) measures using AI 

for evidence-based evaluations of children with MMD. Such 

metrics will help in identifying patterns, biomarkers, or specific 

parameters indicating functional levels. To impart gait training 

to Children with MMD, exoskeleton-type robots [29, 30] can be 

used.However, to benefit from robots, patients must actively 

participate and not become dependent on the robots [31]. 

Patient participation can be increased by designing robots that 

provide a natural walking experience, in other words, robots 

should have haptic transparency [32-38] to avoid/minimize 

residual forces at interface points, potentially causing discomfort or long-term complications. However, 

achieving transparency poses challenges due to the complex kinematics of human joints [39]. The LOKOMAT 

represents the most prevalent commercially available gait rehabilitation robotic orthosis [40, 41]. 

Subsequently, many research prototypes such as LOPES & ALEX, etc. have been proposed [42-45] improving 

transparency through design [46] and control methods [47]. We, the investigators, have been conducting active 

research in gait rehabilitation and have previously developed a few prototypes [48-56]. Through our continuing 

research, we have developed a new hybrid active-passive mechanism-based GEAR (Gait Exoskeleton-Assisted 

Rehabilitation) robot (Figure 1) to achieve a close-to-transparent design to provide unconstrained natural 

walking on a treadm ill. The GEAR robot, which has a body weight support system and the necessary sensors, 

is being used by children with cerebral palsy and has been found safe for use by children. It is planned to 

improve its design and the controller to impart gait training to Children with various MMDs.  

Balance in Children with MMD can be improved through perturbation-based training which is mostly 

delivered using passive equipment in clinics. [57]. An active perturbation system has been developed for 

improving balance and cognition in the elderly. [58] We have also developed a Robotic Perturbation System 

(RPS) to train Children with MMD (Figure 2). We have carried out initial clinical trials with Children with CP 

and have observed significant results (with effect sizes of more than 20%) that have motivated us to conduct 

such trials on a large group of subjects to get more insight into the mechanism of balance improvement in these 

children and also improve the initial design of our Robotic Perturbation System (RPS) through this proposed 

program.  

Virtual Reality (VR) assisted programs have been designed previously. [59] And found effective in 

the rehabilitation of children with MMD. It is possible, therefore, to improve cognitive skills in these children 

by designing a VR system using a device that provides mixed reality experience (a hybrid of VR, and 

augmented reality).  

Materials and methods 

We have developed a Proof-of-Concept prototype of the gait rehabilitation robot (GEAR) to be used 

for the gait training of the children with CP (Figure 1). In order to work with CP children, we made certain 

design and control-related improvements in the robotic system. The hybrid active-passive mechanism-based 

GEAR (Gait Exoskeleton Assisted Rehabilitation) robot is developed to achieve a close-to-transparent design 

Figure 1: GEAR Robot for Gait Rehabilitation  
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in this research. The GEAR robot is designed with fewer actuated joints to provide unconstrained natural 

walking on a treadmill. The thigh and shank segments of the robot are telescopic and can be customized for 

different subjects. The entire robotic mechanism is mounted on a height-adjustable movable frame. The RCM-

based passive mechanism of the robot supports torso and pelvic rotations in transverse and frontal planes. The 

robot hip joint is designed to provide actuated sagittal plane motions besides passive frontal and transverse 

plane motions. A new knee joint on the GEAR robot that mimics the human knee joint anatomy is proposed in 

this research. It is shown that the robot knee joint remains aligned with the human knee during gait while 

following the ICR of the human knee closely. The new knee joint has the potential for personalization. The 

upper part of the robot knee joint can be designed to match the subjects’ femoral condyle by extracting its 
shape from an X-ray or MRI scan. This part can be replaced with the robot knee while making other structural 

adjustments (e.g., robot thigh and shank length adjustments) for customization. 

We have also created a Proof-of-Concept prototype for the Robotic Perturbation System (RPS), it is 

shown in Figure 2. The RPS utilized in this study employs a planar cable-driven parallel mechanism with four 

active cables connected to a central ring (end-effector) encircling the waist of the patient. The driven cables 

are affixed to four connection points on the end-effector (EE), enabling diagonal pull motions. The controller 

for this mechanism is integral to delivering precise and controlled perturbations during treadmill walking 

sessions, enhancing the rehabilitation process for children with cerebral palsy (CP). The controller interfaces 

with the mechanical components of the perturbation mechanism, comprising motors (AK80-64 actuators) 

driving the active cables in a torque control mode. It operates based on predefined algorithms crafted to 

generate random perturbations within specified parameters, tailored to each patient's unique needs. At the 

initial position, all four motors apply a specified torque to preload the cables, establishing the initial tension. 

The controller incorporates safety measures to prevent excessive perturbation forces that could jeopardize 

patient safety. Limits on cable tension, velocity, and acceleration are enforced to ensure that perturbations 

remain within safe thresholds throughout the intervention. Seamless integration of the controller with the 

treadmill system ensures synchronization of perturbation delivery with the patient's walking gait. This 

synchronization optimizes the timing of perturbations to coincide with specific phases of the gait cycle, 

maximizing the therapeutic benefits while minimizing disruption to the natural walking pattern. 
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A. Data Collection Tools 

Informed Consent: After getting informed consent from the children’s parents and children. Subjects’ 
socio-demographic data will be collected.  

 

Figure 3: Overall improvement in the gait of the CP subjects as a results of four weeks of biweekly 

training on Robotic Perturbation System (RPS) together with the GEAR Robot. 

 

 

Figure 2: The proposed Robotic Perturbation System (RPS) together with the GEAR Robot 
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WHODAS assessment: Subjects’ disability scores would be established using WHO disability 
assessment schedule 2.0 (WHODAS 2.0). This instrument provided insights into six domains: Cognition, 

Mobility, Self-care, Getting Along, Life activities, and Participation.  

Fatigue Severity Scale: FSS is a self-reported questionnaire measuring the severity of fatigue and its 

impact on functioning in daily life. It provides quantitative information about the severity of fatigue and how 

it affects their quality of life. 

Short Form-36 Health Survey: SF-36 assesses health-related quality of life across multiple domains. 

It covers various aspects of physical and mental health, including physical functioning, role limitations due to 

physical health problems, bodily pain, general health perception, vitality, social functioning, role limitations 

due to emotional problems, and mental health.  

Clinical Assessment: Pre- and post-assessment of Children with Cerebral Palsy would include the 

following:  

1) Anthropometric Measurements of the lower limb  

2) 6-Minute Walking Test: To measure the level of endurance and exercise capacity over a long duration. 

3) 10 Meter Walk test: To assess the mobility and functional ambulation for a short duration. 

4) Gross Motor Function Measure: The GMFM is a standard and validated tool that measures gross motor 

functional changes over time in CP children. It has a 4-point scale divided into five dimensions, section A 

contains tasks related to <Lying (supine and prone) and Rolling= " Section B contains <Sitting= " Section 
C contains <Crawling and Kneeling= " Section D contains <Standing= and section E contains <Walking, 
Running and Jumping= related activities. 

5) Berg Balance Scale (BBS): The Berg Balance Scale was used to assess the functional balance of children, 

which consists of both static and dynamic balance [47]. It consists of 14 items that correspond to activities 

of daily living children able to perform [48]. 

Before starting the experiment, each participant’s guardian or parents were guided about the clothes 
and proper athletic shoes to easily access the assessment area and insert deep soles, respectively. Various sizes 

in the Whole number for deep soles are available, and the snug fit was ensured by the proper selection of size 

and lacing of footwear.  

 

Figure 4: Overall improvement in the balance in subjects while standing is illustrated using the trajectories 

of their Center of Mass (CoM) as a results of four weeks of biweekly training on Robotic Pert 
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Biomechanical Assessments: Biomechanical Assessments of the subject are conducted through 

Noraxon Ultium Portable Lab. By utilizing the following sensors: 

1) Electromyography:  The multi-modal Ultium® EMG sensor system from Noraxon provides high-fidelity 

data and versatile measuring choices. Ultium EMG sensors have low baseline noise (1 V RMS) with little 

natural artifacts, sample up to 4,000 times per second, and synchronize in real-time. The electrodes will 

be placed on pelvis muscles, such as gluteal muscles. 

2) 3-D Motion Capture System: From Noraxon, a 3D motion Capture System that used IMU to measure 

parameters such as anatomical joint angle, orientation angles, linear acceleration, and synchronizing with 

EMG. 

3) Smart Insoles: Smart Insoles from Ultium Lab provided information regarding the static and dynamic 

loading asymmetry and spatiotemporal gait analysis parameters. 

4) Intervention: Before starting the experiment, each participant’s guardian or parents were guided about the 
clothes and proper athletic shoes to easily access the assessment area and insert deep soles, respectively. 

Various sizes in the Whole number for deep soles are available, and the snug fit was ensured by the proper 

selection of size and lacing of footwear. 

  Discussion of the results 

Children with cerebral palsy exhibit poor functional balance and gait impairments that result from a lack 

of adequate muscle activation of pelvis muscles. The present study aims to find that delivery of a combination of 

robot-assisted gait therapy and perturbation training leads to the activation of pelvic muscles especially, the gluteal 

maximus and medius, as reported. [60] That perturbation training improves the gluteal medius activation as a result 

it leads to improved pelvic obliquity in stroke, however, no such research has been reported about pelvic muscle 

activation as a result of perturbation training in literature.  

Nevertheless, our research experiments with CP children suggest improvements in their gait parameters 

and also in their overall balance as illustrated in Figures 3 & 4. The balance was measured as the hovering motion 

of the center of mass (CoM) of the CP children when they stood on the ground with their eyes closed. It was observed 

that after four weeks of biweekly training on the Robotic Perturbation System (RPS) together with the GEAR Robot, 

the balance in CP children was improved from ±100 ݉݉ deviation to ±30 ݉݉Deviation.  

There were improvements observed in 6MWT (Six Minute Walk Test), 10MWT (Ten Meter Walk Test), 

TUGT (Time Up and Go Test), BBS (Berg Balance Scale), and GMFM (Gross Motor Functional Measure) scores 

as illustrated in Figure 4. The current study shows that robot-assisted rehabilitation can significantly improve 

balance in multiple planes which contributes towards postural stability and gait parameters in children with 

cerebral palsy. The results of this study are consistent with previous studies[57, 58] and show that robot-

assisted therapy enhances functional recovery by promoting repetitive, task-specific training. However, the 

improvements in muscle activation patterns were more pronounced in the previous trials [60], likely due to the 

integration of the feedback mechanisms. These improvements in the context of motor control are attributed to 

neuroplasticity facilitated by repetitive movement training, which aligns with motor learning theories that 

suggest that task-specific, robotic interventions can enhance cortical reorganization in children with CP. [61]. 

The results suggested that robot-assisted interventions could be particularly beneficial to children with 

moderate spasticity, offering alternative or adjunct to conventional physical therapy by delivering more precise, 

intensive, and consistent motor training. One limitation of the study was the small sample size, which limits 

the generalizability of the findings. Future direction with larger cohorts with multiple CP types is needed to 

analyze the obtained trends and provide stronger evidence for the efficacy of these interventions. Along with 

these further research should be conducted to observe the long-term impacts of such training as well as 

personalized approach should be taken into account due to various motor levels, functional status, and specific 

subtypes of CP. 

Conclusion 

In conclusion, robot-assisted rehabilitation presents a promising avenue for improving motor functions 

and the overall quality of life of these children. As technology continues to improve and evolve over the period 

of time, its role in the case of pediatric rehabilitation is likely to expand, offering new opportunities for tailored, 

personalized, and efficient interventions.   
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