CEMRR

vation & Development

Use of Robotic Exoskeleton in the
Rehabilitation of Children with
Cerebral Palsy

Dr. Prashant Jamwal, Professor,
Director, Center of Excellence
in Medical Robotics & Research (CEMRR)
Nazarbayev University,
Astana, Kazakhstan
prashant.jamwal@nu.edu.kz



mailto:prashant.jamwal@nu.edu.kz

Today... CESMRR

Quick facts about cerebral palsy (CP) Perturbation-Based Balance Training

* Diagnosis & Clinical Assessment Experimental Protocol &

- Data Collection Tools Implementation
Preliminary Results / Expected
Outcomes

* Biomechanical Challenges in CP Gait
* Adaptive Body Weight Support System

Clinical Implications
Future Work

* Al-Based Gait Training Platform

Nazarbayev University, Astana



Quick facts

CESMRR

Research, Innovation & Development

Cerebral palsy is a group of disorders of movement and posture.
1-3/1000 live births, in high income countries

Male : femaleof 1.4 : 1

Caused by abnormalities in brain development

Affects movement, posture, and muscle coordination differently

We can diagnose children as at ‘high risk of CP’ at three months of age
There's currently no cure for cerebral palsy

Technology-driven interventions may improve quality of daily life.
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Gross Motor Functional Classification System (GMFCS) CESMRR

_m T

I Ambulatory in all settings
| Walks without aides but has
limitation in community
settings
1] Walks with aides
IV Mobility requires wheelchair

or adult assist

Vv Dependent for mobility
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Gait Abnormalities CWRR

* Gait abnormalities vary based on the type of CP

* Hemiplegic children:
* Varus foot deformities (foot turns inward).
* Severe hip flexion,

* Diplegic children:
* equines foot and stiffness of knee joint.
* Quadriplegic:

* Excessive adduction at hip, increase frequency of immense knee flexion,
scissoring and valgus foot deformities.

* Crouching and out-toeing, which are gait issues, become more
common as children get older
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Research, Innovation & Development

Diagnosis and Assessment
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Data Collection Tools CEYMRR

» Clinical Assessment
» 6-Minute Walking Test
» 10 Meter Walk test
» Gross Motor Function Measure

» Berg Balance Scale (BBS)
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Data Collection Tools CEYMRR

» Biomechanical Assessments
» Electromyography
» 3-D Motion Capture Through IMUs
» Smart Insoles

» Eye tracking for cognitive and behavioral assessments
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Berg Balance
Scale (BBS)

1.Sitting to standing Q 4 4 4 4 &4 3
2.Standing unsupported |0 3 4 4+ 4 4 0
3. Sitting unsupported 4 4 4 & 4 4 4
4. Standing to sitting 3 3 4 4 4 + 3
5. Transfers 3 3 4 4 4 El 3
6. Standing with eyes| 0 3 3 +

closed 0 4 0
7. Standing with feet|0 0 O 4 0 4 0
together

8. Reaching forward with |0 2 2 3 3 3 0
outsireiched arm

9. Retrieving object from |0 3 4 4

floor 4 4 0
10. Turning to look |0 4 2 4

behind 4 4 0
11.Turning 360 degrees |0 1 4 2 4 -4 0
12.Placing alternate foot|0 1 2 0

on stool 0 4 0
13.5tanding with one foot|0 0 O 0

in front 0 0 0
14.Standing on one foot |0 0 0 0 0 0 0
TOTAL 10 31 37 41 35 47 13




Balance
Assessment

_ Static Balance Dynamic Balance |Functional Balance

Clinical test

Instrumental
assessment

Measured

parameters

Balance Error

Scoring System

Accelerometer
IMU

EMG

Pressure
platforms

COP, COM

Sway area, path,
& velocity
Acceleration,
Jerk & frequency

6 MWT

10MWT

FWT

10mSRT

FAC & FTSST
Accelerometer
IMU

EMG

GAITRite System

COM
Spatiotemporal

parameters

GMFCS

TUGT & TUDT

BBS or PBS

CB&M, TCMS, FRT

QFM, MBI
Accelerometer

IMU

EMG

Pressure platforms
GAITRite System
Combination of static
and dynamic balance

parameters



Biomechanical Challenges in CP Gait CWRR

* Abnormal Spatio-temporal parameters
* Muscle weakness and coordination deficits
* Balance and postural instability
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Adaptive Body Weight Support System With
Biofeedback CWRR

* Two tasks:
* Finding the optimal unweighing such that subjects comfortably load both foot evenly
* Provide dynamic unweighing during treadmill-based Gait training
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Adaptive Body Weight Support System

With Biofeedback CESMRR

Research, Innovation & Development

Balance bar — keep it equal!

* Biofeedback:

* Helps subjects in loading both
their feet evenly Left foot Right foot

6% o,
[ 19% | 19% )/
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14% | 20% | 20%
AN/ 8% | 9% | 6% | 4%
250/0
3% ) 8% | 8% | 7%
4

Total: 256%

L DI

Total: 143%

# You can do it! Let's make both feet equal! #



Adaptive Body Weight Support System With
Biofeedback CBfMRR

* Effects of unloading and Biofeedback:

P1 — Cerebral palsy, hemiplegia (severe asymmetry)

Optimal unloading with biofeedback: 10 kg | Sl reduced from 56.6% — 18.4% P3 — Cerebral palsy, mild asymmetry (1.8 km/h)

Optimal unloading with biofeedback: 5 kg | Sl reduced from 15.5% — 3.8%
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Robot-Assisted
Gait
Rehabilitation







Robot-Assisted Gait Rehabilitation CWRR

Spatial parameters (distance/geometry-based measurements):
*Stride length
*Step length
*Step width
Temporal parameters (time-based measurements):
Stride time
*Swing time
*Stance time
*Double support time
*Step time
Combined spatial-temporal parameter:
*Cadence
*Speed / walking velocity
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Robot-Assisted Gait Rehabilitation CESMRR

Research, Innovation & Development

Assessment using Composite Gait Scores
Gait deviation index (GDI): cadence, speed, stride length, stance/swing, double support

Gait symmetry index (GSI): stride time, swing, step length

Coefficient of variation (CV): stride time, step time, step length
Cadence efficiency index (CEl): cadence, speed, step length
Double support ratio (DSR): double support time, stride time
Stance-Swing ratio (SSR): stance time, swing time

Pressure loading index (PLI): insole pressure (),(L1-L16)/}.(R1- R16))

Gait performance index (GPI):

GPI = (wy-GSI + w,-CV + wz-DSR + wy-SSR + ws - PLI) / Zw;
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Robot-Assisted Gait Rehabilitation CESMRR

Artificial Intelligence-based CP Gait Performance Profile e

Gait performance index (GPI):

GPI = (w1-GSI + wy-CV + w3 DSR + ws-SSR + ws- PLI) / Sw;
A scalar GPI combines five clinically distinct dimensions into one number and
we lose information.

Domain Parameters

Symmetry GS|, left/right step length, stance time symmetry
Stability CV of stride time, step width, CoP variability
Support control Double support ratio, stance-swing ratio

Propulsion / efficiency speed, cadence, stride length

Plantar loading PLI, left-right pressure distribution, heel/forefoot loading
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CP Clinical Trial - Robot-Assisted Gait Therapy using GEAR System

6 Therapy Sessions (S1=Baseline, S6=Post-Therapy)

Patient: CP-07 |

GMFCS Level Il

1. SPATIO-TEMPORAL PARAMETERS ACROSS 6 SESSIONS

Parameter S1
Baseline

Cadence (steps/min) 72

Walking Speed (m/s) 0.41
Stride Length (m) 0.55
Stride Time Symmetry (%) 48.2
Step Length Symmetry (%) 38.6
Stance Time (%) 63.0
Swing Time (%) 37.0
Double Support Ratio (%) 34.1
Stride Time CV (%) 6.8

T Higher is better 1 Lower is better

S2

76

0.46

0.61

413

33.2

61.5

38.5

31.4

5.9

S3

81
0.52
0.68
34.7
27.8
60.2
39.8
28.2

5.1

s4

85

0.57

0.74

271

21.4

59.1

40.9

25.6

4.2

4. RADAR PLOT - GAIT PROFILE COMPARISON

(Lower is Better for all Axes)

Stride Time
Symmetry
2.0
Swing Time
(Deviation from Normal) 1.5

Stance Time
(Oeviation from Normal)

Stride Length

Walking Speed

Step Length
Symmetry

Stride Time CV
(Variability)

Smaller area = Better overall gait profile (closer to normal)

S5

88
0.61
0.78
224
17.3
58.4
41.6
23.1

3.6

—@— S1 Baseline
~&— S6 Post

Double Support
Ratio

S6
Post

91
0.65
0.86
18.9
141
57.8
422
21.8

3.1

2.0

15

(Lower is Better)
5

Stability (V) - Stride Time CV
=}
wm

0.0

Direction
Ref.

110 T
1.20 3
1.35 <
0.0 i
0.0 1
60.0 {
40.0 T
20.0 {
25 )

2. DOMAIN SCORES (Lower is Better)

Domain S1 S6 %
(What it Reflects) Baseline Post Improvement
Symmetry (S)

(Avg Stride & Step 0.434 0.165 62%
Length Symmetry)

Stability (V)

(Stride Time CV) 1.720 0.240 86%
Support/Balance (B)

(Double Support Ratio) 0.705 0.090 87%
Efficiency/Propulsion (E)

(Avg Speed, Cadence, 0.502 0.316 37%
Stride Length)

Overall Gait Profile improved from POOR - GOOD

5. PARETO FRONT ANALYSIS (Multi-Objective Improvement)

\
\
\
\

-

\ ®s4
\

\
\Y

GOOD

(Non-dominated)

@ S

POOR
(Baseline)

(Dominated)

@ S2

@& S3

MODERATE S1 (Baseline)
S2
S3
S4

S5

N
\\QSS
~

oS
> - Sé $6 (Post)
(P\ost) = = Pareto Front
~

~ (Best Trade-off)

~

0.0

0.2 0.4 0.6 0.8 1.0

Symmetry (S) — Avg Stride & Step Length Symmetry
(Lower is Better)

Movement of profile from Poor (S1) = Good (S6) along the Pareto front indicates overall gait improvement

Normal Reference: Age-matched typically developing children

3. AI-DRIVEN CLINICAL RECOMMENDATIONS
(through GEAR System)

Body-Weight Support (BWS):
Gradually reduce BWS from current level; target next
session 110% if quality maintained.

Treadmill Speed:
Increase walking speed by 0.05-0.10 m/s per week
as tolerated.

Cadence:
Use auditory/visual cues to progress cadence
towards 100-110 steps/min.

© © 0

Stride Length
Focus on increasing step length (both sides) with

hip/knee extension assistance.

Double Support Reduction:
Encourage earlier toe-off and confidence in single
limb support; use gait phase coaching.

© ©

Symmetry Training:
Continue symmetry-focused feedback (real-time
visual biofeedback).

©

Variability Control:
Introduce variability drills on treadmill (speed
fluctuations, step-to-target).

Perturbation Training:
Add controlled anterior/posterior & transverse
perturbations to improve balance responses.

Plantar Loading (if pressure insoles used):
Improve even loading on both feet; monitor
forefoot-heel roll-over.

Exoskeleton Assistance (GEAR):
Optimize hip/knee extension timing & torque to
promote active participation and endurance.

HOW TO INTERPRET

@ Closer to origin (0,0) = Better symmetry and stability
€ Points on/near Pareto front = Best achievable trade-off
& 6 (Post) is on the Pareto front - Optimal among sessions

& mprovements seen in all key gait dimensions



Research, Innovation & Development

Perturbation-based Interventions for
Improving Balance
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Ground Perturbations CEsMRR

Frame Research, Innovation & Development
Tube retainers
including plastic This system trains the
SN neuromuscular system
Tubes(24) «—— rather than just isolated
Sensopro Video Kit <— muscles.
Touchscreen The 6 fundamental
Side rail retainers (4) movements:

Bounce
Front footboard Step

Squat
Springs (16) including spring Sprint
guards (4) Wave
Swingboard Sideways
retainers (4)
Stoppers (4) <
Friends (2)
Swingboard
Tapes (2)
Supporting feet (4) //
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Transverse Perturbations CEYMRR

Research, Innovation & Development

. Body weight support system

/ Pelvic Belt

DC Motors

Hip joint of «

exoskeleton

Knee joint of
exoskeleton

( )
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Transverse Perturbations CEYMRR

Research, Innovation & Development
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Results from Multi-plane Robot-based CESMRR
Pe rtu rb ation Trainin g Research, Innovation & Development

Perturbation Plane Main Strategy Key Muscle Groups

Gluteus medius, TFL,
quadratus lumborum,
peroneus longus, tibialis
anterior

Frontal (ML) Hip + ankle strategy

Gastrocnemius, soleus,

Sagittal (AP) Ankle + hip strategy tibialis anterior, quadriceps,
hamstrings, gluteus maximus

Obliques, erector spinae,

Transverse (rotational Trunk stabilization e .
( ) multifidus, deep hip rotators
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Results from Multi-plane Robot-based CESsMRR
Perturbation Training

Targeting Pathologies

Perturbation Direction Target Muscles Pathology Potentially Improved
Mediolateral gluteus medius, QL pelvic obliquity, Trendelenburg
Anterior—posterior plantarflexors, quadriceps crouch gait, weak push-off
Rotational obliques, multifidus trunk instability
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Q&A
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