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ABSTRACT

The Intelligent Square Stepping Exercise System is designed
to facilitate cognitive-motor rehabilitation for older adults with
Multiple Sclerosis (MS). This innovative system includes a smart
mat equipped with pressure sensors and real-time feedback
capabilities, addressing the limitations of traditional square
stepping exercises. The mat is lightweight, portable, and features
an anti-slip surface for enhanced safety. A dedicated data
processing unit processes sensor inputs and communicates with
users via a mobile interface. Testing demonstrated accurate step
detection, effective feedback delivery, and overall system
reliability. The project achieved key milestones in usability,
portability, and system integration, while identifying areas for
Sfuture improvement, including manufacturing quality, sensitivity
tuning, and user interface enhancements. This system offers a
promising solution for safe and accessible rehabilitation for
individuals with MS, addressing their unique needs.

Keywords: multiple sclerosis, rehabilitation, health devices

1. INTRODUCTION

The proposed research addresses a critical public health and
clinical care problem — aging with a chronic, neurologic
disabling disease, namely multiple sclerosis (MS). Of the over 1
million adults living with MS in the United States, 1 in 4 are over
the age of 60 years[1-3]. Older adults with MS (OAMS) are an
under-researched but rapidly expanding segment of the MS
population [1,3,4]. OAMS experience a higher burden of
physical and cognitive challenges than younger adults with MS
and age-matched controls without MS [5—7]. Remarkably, 75%
of OAMS have limitations in walking just 100 meters [8], and

approximately 77% demonstrate cognitive impairment on
neuropsychological assessments [9], creating a high level of
dependence for activities of daily living [10—14]. There is further
evidence of lifespan declines in physical, walking, and cognitive
performance [15-18], and faster rate of disease progression
among OAMS [19]. This is a collective concern as physical and
cognitive function are paramount for independence and quality
of life (QOL), and creates a crisis wherein healthcare providers
have limited resources for managing the problems of aging with
MS.

To date, there is limited data on the efficacy of FDA-
approved disease-modifying therapies (1 line of treatment) for
managing disease progression over time and physical and
cognitive outcomes in OAMS [20—22]. One solution to fulfill the
absence of effective treatments involves identifying new
rehabilitation approaches, including novel and remotely
delivered exercise training interventions, for managing the
consequences of aging with MS and ultimately improve
participation and QOL in this population. We have previously
conducted a feasibility trial of a hybrid (lab practice followed by
home-based training) square stepping exercise (SSE)
intervention in OAMS [23]. SSE is performed on a 4’ by 8’ foot
mat that is separated in 40 smaller squares and involves
prescribed stepping sequences as an exercise modality, while
requiring cognitive function by including elements of recall
memory, executive function, visuospatial function, and analogy
for reproducing a given sequence of step patterns. SSE has
shown to be effective to improve components of physical and
cognitive function in older adults from the general population
[24-28], in patients with Parkinson’s disease [29], and stroke
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[30]. We reported preliminary efficacy for functional mobility
and cognition in our feasibility trial involving a hybrid SSE
approach in 26 OAMS [23]. To date, SSE programs have been
delivered either as a fully in-person intervention or as a hybrid
approach [31,32]. The hybrid process, of note, requires that
researchers demonstrate step patterns that participants learn in
the lab and then printing copies of step patterns for the home-
based training. Although it minimizes barriers associated with
supervised exercise rehabilitation interventions it does not
provide full access to those requiring transportation to exercise
facilities and rehabilitation clinics, which may reduce
program/treatment adherence.

Given the limited options in rehabilitation and management
of physical and cognitive outcomes in OAMS, we propose a
novel approach for delivering the SSE program, namely the
smart SSE (sSSE) mat system that can automatically and
interactively teach and monitor movement patterns during home-
based SSE. Our idea of developing a smart version of the SSE
program organically combines the strengths of physical exercise
and cognitive rehabilitation in a single approach. This creates a
more holistic approach for rehabilitation based on the PRIMERS
model of brain plasticity for MS [33], which potentially offers a
more comprehensive and effective approach based on central
nervous system activation to address physical and cognitive
impairment in OAMS and to enhance these important clinical
outcomes and overall QOL in this population. The embedded
motor-cognitive stimuli can further make the program more
engaging and motivating and may have a broader application
among different populations with overlapping symptoms. The
work presented outlines prototype development and proof-of-
concept testing.

2. MATERIALS AND METHODS

The idea behind the smart SSE draws upon games such as
the Simon Electronic Memory Game, and Electronic Step
Dancing Machines. The current design aims to facilitate physical
and cognitive rehabilitation and exercise uptake among OAMS
by leveraging technology that overcomes barriers associated
with accessibility of onsite rehabilitation programs and exercise
interventions.

2.1 Hardware Design

The system consists of a multi-layered pressure sensing mat,
as depicted in Fig. 1, where custom pressure sensors on the mat
can detect the user's steps. The data processing unit (DPU)
controls the sensor, LEDs, and communicates wirelessly with the
software on mobile devices. Mobile device software is used to
monitor training results and load training plans to the DPU. An
AC/DC transformer was used to supply voltage to the DPU.
Also, the whole system is designed to be soft, foldable and light-
weight enough to be portable by OAMS.

2.1.1 Smart Mat

The smart mat, consists of a 10 x 4 array of 30 cm x 25 cm
blocks, with an overall dimension of 3 m in length and 1 m in
width. The smart mat detects a user’s stepping position using
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pressure sensors and gives visual hints and feedback using the
LED arrays mounted on the mat.

The mat has 7 layers. The bottom layer is an anti-slip yoga
mat, above that are 4 columns of copper film stripes as inputs,
then a custom pressure sensor on the center of the blocks, and
then 10 rows of copper film stripe to serve as a voltage output,
then a transparent anti-slip film as protection layer, and then LED
stripes, finally another protection layer on the LEDs (Fig. 2). The
custom pressure sensor under each block consists of Velostat, a
pressure-sensitive resistor film between conductors, to detect
resistance changes reflective of a user’s step on the mat. The
copper stripes are then connected to the DPU.

FIGURE 2: OVERVIEW OF THE SMART MAT
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We used 5 programmable RGB LED stripes along the length
of the mat as visual hints for users. Initially we had planned to
use another 11 LED stripes along the width of each block, but
this caused some wiring issues and placed additional constraints
on the microprocessor. Thus, it was ultimately removed from the
current prototype. The LED stripes used WS2812b individually
addressable RGB LEDs. A single pin of the microprocessor was
used to control a whole line of LEDs using the FastLED library.
Blue tiles were used to mark the target location for each foot, and
if stepped on correctly would turn green, or otherwise turn red to
provide feedback to the user.

To ensure safety, we needed to make sure that the smart mat
had an adequate thickness and both sides needed to be anti-slip.

2.1.2 DPU

For the data processing unit, we used a microprocessor with
integrated WiFi capabilities, a shift-register to supply voltages to
the pressure sensor, and a multiplexor to read voltages from the
sensors. We chose to use shift-register and mux to save
input/output pins of the microprocessor, and provide an
additional level of protection to the microprocessor. The
scanning rate of the DPU is around 10Hz, sufficiently larger than
a human's walking frequency.

For the microprocessor we used an ESP32-S2-mini-1. We
chose this chip because it has an integrated WiFi antenna for
WiFi communications with mobile devices. We used a separate
PCB for the microprocessor (Fig. 3), besides the ESP32 chip,
there are some peripherals, including a programmable regulator,
two buttons for reset and boot, a USB connector, and an ESD
protection diode array for the USB connector. There are also
some resistors and capacitors for denoising and protection.
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FIGURE 3: SCHEMATIC OF MICROPROCESSOR PCB

A 16-to-1 analog multiplexor CD74HC4067M is used for
scanning through the 10 rows and a 74HCS595 8 bit shift register
is used to supply power in sequence to the 4 columns (Fig. 4).
When each column is powered, all rows will be scanned in

sequence, repeating this cycle enables the DPU to find the
position and time of each step. The mux needs 4 pins for a 4-bit
selection signal and an output pin, and the shift register needs
two pins for two clock signals and one pin for serial input.
Therefore, using a shift register and mux reduced the number of
pins to 8 instead of 14 if we directly drive the sensor. They also
enable a wider range of input/output voltage by pulling up/down
the voltages. On the PCB for mux and shift register we used a
capacitor and a resistor to denoise the signal.
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FIGURE 4: SCHEMATIC OF MULTIPLEXOR AND 8-BIT
SHIFT REGISTER

The resistance of Velostat drops abruptly when pressure is
increased from 0 to 2 kPa, above that range the voltage drops
slowly [34]. Considering the pressure of a standing adult is
usually much larger than that value, the sensor should be
sensitive with steps, but cannot reflect exact pressure precisely.

An extra 1k() resistor is used as a voltage divider. Vin is the
voltage supplied to the pressure sensor and the resistor, and
Vsensor is voltage across the sensor as shown in Equation 1.

Rsensor (1)

Rsensor + 1k
For a power supply, we used an AC to DC converter to

supply 12V DC to the LEDs, and a 5V regulator to supply 5 volts
to the DPU.

sensor =Vin *

2.2 Software Design

We used the ESP32 as a server to publish an html webpage
on the local network. All the data and files are stored on the chip,
while mobile devices can use HTTP requests to retrieve step data
from the chip and send requests to the chip to change square
stepping exercise patterns.

The user interface includes tiles representing blocks on the
mat, the color of the tiles which change corresponding to the
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LED colors on the mat, recording the result of the training. There
are some buttons on the bottom used to load the training plans.

The system should not need internet access to operate, just
a local network connection. However, during testing, we found
out that the library requires internet connection even if it’s not
using the internet. Our team then pursued the development of a
native i0S application using Bluetooth communication (see Fig.
5).

Step Detection

Tiles:

Wrong Steps Count: 0

FIGURE 5: INITIAL MOBILE USER INTERFACE

The i0OS application leverages Bluetooth Low Energy (BLE)
to establish a stable connection between the smart mat and the
mobile device. The mat, equipped with pressure-sensitive
squares, registers the location and timing of each step the patient
takes. During each workout, the application receives data from
the mat, capturing specific metrics such as step accuracy,
pressure distribution, and adherence to prescribed exercise
patterns. Ensuring low-latency data transmission was crucial to
provide immediate feedback to users, allowing them to adjust
their steps and improve movement precision as they progress
through each session. By implementing a custom
communication protocol tailored to the BLE capabilities of the
mat, the system ensures robust, real-time data transfer, which is
essential for maintaining accuracy and reliability in therapeutic
settings.

The app is programmed to guide patients through a
progressive series of exercises that focus on balance,
coordination, and motor control. These exercises are displayed
on the mobile interface, which uses a combination of visual cues
and haptic feedback to prompt patients on where and when to
step. The sequence and intensity of exercises are designed in
collaboration with physical therapists specializing in multiple
sclerosis rehabilitation, ensuring that each workout is clinically
appropriate and aligned with therapeutic goals. The system also
adjusts the difficulty of the exercises based on patient

performance, enabling a personalized and adaptive approach to
rehabilitation.

Data from each session is processed and stored locally on
the device, with provisions for secure cloud backup in future
iterations. The app analyzes workout data to provide patients and
healthcare providers with comprehensive feedback on motor
function metrics. Key metrics tracked include step accuracy,
reaction time, balance stability, and completion rate of exercises.
By visualizing this data in an accessible format, the app helps
patients track their improvement over time and enables clinicians
to assess the efficacy of the prescribed exercise regimen. The
app’s architecture is modular, allowing for easy integration of
additional metrics or analysis tools as the project evolves.

The user interface has been designed with an emphasis on
accessibility and ease of use, ensuring that it meets the needs of
patients with varying levels of motor impairment. The app
employs a clean, intuitive layout that minimizes navigation
complexity, allowing patients to start, pause, or end workout
sessions effortlessly. Visual feedback is provided during
workouts, displaying real-time metrics such as step accuracy and
timing, which helps patients monitor their performance and
make immediate adjustments. The interface also incorporates
customizable color schemes and font sizes to accommodate
visual impairments, a common symptom among OAMS.

3. RESULTS AND DISCUSSION

The accuracy of step detection was tested by having users
perform a sequence of predefined stepping patterns on the mat.
Each step’s position and timing were logged and compared to the
expected outputs. To ensure comprehensive testing, participants
of varying weights and step styles were involved. The results
demonstrated that the system achieved an accuracy of over 95%,
surpassing the 90% minimum requirement. Minor deviations
were observed, which were attributed to uneven pressure
distribution on the sensor cells. Voltage readings from the
pressure sensors during idle and active states were recorded and
analyzed. For example, when idle, the voltage for Output Pin B,
Pin 2 was 1016 mV, and when stepped on, it increased to 2922
mV. These results confirmed the reliability of the pressure
Sensors.

The response time for providing feedback was evaluated
using a timer to measure the delay between a step on the mat and
the display of feedback on the mobile interface. The system
exhibited a delay of approximately 5 seconds for the initial step,
while subsequent steps consistently delivered feedback within an
average of 1 second. This performance comfortably met the
requirement of a maximum 10-second delay.

Portability was assessed by measuring the weight of the mat
using a standard scale and evaluating its ease of folding and
rolling. The final weight of the mat was recorded at 12 kg,
significantly below the 30 kg limit. The mat could be easily
rolled and stored in a compact form, demonstrating its
portability.

Durability and flexibility could be further improved by
replacing parts of the copper stripes with wires, especially since
thin copper stripes can wear out from repeated folding.
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Individually insulated wires provides better resistance to bending
and rolling without breaking, making the mat more reliable over

time.
Copper Stripe  Copper Stripe _ Copper Stripe

Velostat

Velostat

Copper Stripe

FIGURE 6: POTENTIAL IMPROVEMENTS REDARDING
DURABILITY

4. CONCLUSION

Overall, this proof-of-concept study demonstrates how a
smart mat can detect steps with accuracy, provide feedback to
users after each step, and provide wireless transmission to a
mobile device for use in potential at-home motor-cognitive
training. Future work will focus on improving processing
efficiency while maintaining consistency, and improvement of
the quality and durability of the mat (see Fig. 6). The user
interface will also undergo enhancements to provide a more
intuitive and user-friendly experience. Balancing portability with
safety and durability will remain a key focus to further improve
the system's usability for OAMS.
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