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Abstract

Patients recovering from Traumatic Brain Injury (TBI) often lose their ability to walk and
must undergo Physical therapy to rehabilitate their legs and neural pathways involved in
walking. This is a two-week-long process that involves a number of therapies. As they undergo
therapy, they have to perform a 10m walk test, in which they walk 10 meters, and the practitioner
times them to see how they progress day by day. The biggest challenge when tracking
progression is the fact that there is no commercially available method of testing the weight that
the patient puts on the walker, as well as human error being involved in manual time trials. This
is problematic for the client because Insurance providers need precise metrics in order to cover
costs, and patients have no way to track their own progress as they undergo therapy. The system
will include load cells to measure the weight put on the walker, and sensors that track movement
speed, and distance traveled. This system will connect to a mobile device interface that will
allow storage and display of the data. This will allow the client to accurately monitor progress,
giving insurance providers and clients concrete data to show progression. Testing will include a
series of trials that will measure: the accuracy of the distance and speed sensors across a known
distance, and a series of known weights on the walker, to determine the accuracy and sensitivity
of the load cells. By designing a system that can track distance, speed and weight accurately, we
hope to change the future of stroke and TBI recovery for the better.
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1. Introduction and Background

1.1. Overview

The Smart Walker is a modular rehabilitation monitoring system that attaches to existing
clinical walkers to objectively measure patient mobility metrics during neurorehabilitation. This
system incorporates force sensors, a distance and speed tracking sensor, and a real-time display
interface to quantify weight-bearing, walking speed, and distance traveled. This is particularly
important for patients with traumatic brain injury (TBI), who often experience hemiparesis,
impaired balance, and asymmetrical weight-bearing due to damage to motor control pathways.

In contrast to traditional walkers that offer only mechanical support, the Smart Walker
serves as a clinical assessment tool. It delivers quantitative and repeatable data to document
patient progress, inform discharge decisions, and facilitate insurance reimbursement. The system
remains compact, removable, and fully compatible with standard aluminum clinical walkers,
while preserving structural integrity and patient safety.

1.2. Context and Motivation

Patients recovering from traumatic brain injury (TBI), stroke, and other neurological
impairments frequently rely on walkers during rehabilitation. Clinicians commonly use
standardized tests, such as the 10-Meter Walk Test, to evaluate progress. However, current
assessment methods are predominantly manual and subjective. Therapists are required to
estimate weight distribution visually, manually time walking trials, and approximate distance
traveled.

The absence of objective data introduces several challenges: limited availability of
quantifiable evidence of patient improvement, difficulty in demonstrating medical necessity to
insurance providers, and reduced capacity to monitor subtle changes in gait stability and patient
motivation due to a lack of measurable feedback. The Smart Walker addresses this gap by
transforming a passive mobility aid into an active rehabilitation measurement tool. By collecting
real-time force and distance data, the device enables clinicians to make data-driven decisions and
increase transparency in patient progress documentation.

Existing smart mobility devices are frequently expensive, complex, or primarily designed
for independent living and fall detection rather than clinical rehabilitation tracking.
Consequently, there is a significant opportunity for a compact, affordable, clinic-focused
monitoring attachment system.

1.3.  Problem Statement

Currently, rehabilitation clinicians do all tests involving patient progress by hand, timing
how long it takes a patient to walk a certain distance. Clinicians lack a system that objectively



measures and documents weight-bearing, walking speed, and distance during walker-assisted
therapy without compromising walker stability, safety, or usability.

Standard progression metrics do not measure applied force or gait metrics, requiring
clinicians to rely on manual observation, which lacks precision and repeatability. Additionally,
insurance providers increasingly require objective metrics to justify continued rehabilitation
services. Lastly, existing smart mobility devices are expensive, bulky, or intended for long-term
monitoring rather than short clinical trials.

Accordingly, the Smart Walker must: measure forces ranging from 0 to 100 kg, measure
speeds ranging from 0 to 9.65 km/h, track walking distance accurately to within 10% or less,
remain detachable, lightweight, and compatible with standard walkers.

The engineering challenge is to integrate sensing technology into a walker without
altering its mechanical performance, increasing fall risk, or exceeding cost and size constraints.

1.4.  Competing Designs

Most commercially available mobility aids prioritize walking assistance and user safety
over quantitative gait measurement or rehabilitation tracking. The Bure Rise & Go Walker
(~$7,746) [1], as seen in figure 1 is designed for powered standing and transfer assistance,
incorporating an electrically operated remote control and braking casters to enhance
caregiver-managed safety. However, it lacks the capability to measure gait or pressure metrics.
Likewise, the U-Step Neuro Walker (~$124 [2]), as seen in figure 2 focuses on balance and
stability through a mechanical hand brake system but does not include integrated electronics or
data monitoring features.

The Rollz Motion Rhythm Neuro Rollator (~$1,999 [3]) most closely aligns with the
concept of a smart walker among current products. Intended for individuals with Parkinson’s
disease and other neurological gait disorders, it integrates three cueing systems: laser, audio, and
vibration, to encourage steady walking. These cues can be customized via a Bluetooth-connected
mobile app, and the device folds for easy transport. Although it enhances gait through external
cueing, it does not offer detailed quantitative gait analysis or rehabilitation progress monitoring.
An image of this walker can be seen in figure 3.

Research prototypes incorporating FlexiForce™ sensors illustrate ongoing efforts to
integrate force sensing into walker designs. These systems translate applied force through a
microcontroller and transmit data via Bluetooth for further processing. Frequently, they use
inertial measurement units (IMUs) to estimate gait metrics rather than directly measuring
walking speed [4]. The Camino smart walker (~$2,999 [5]) includes advanced assistive features
such as auto-boost, auto-brake, lighting, and application connectivity, but it primarily serves as
an intelligent mobility aid rather than a rehabilitation monitoring device. Overall, the current
market demonstrates a gap between high-cost assistive automation and low-cost mechanical



walkers, with limited options that integrate sensing, connectivity, and quantitative gait
monitoring within a single device. An image of the Camino smart walker can be seen in figure 4.

There is no commercially available walker that measures distance, gait speed, and force
applied and provides real-time data about all three metrics. However, there is one research
prototype worked on by the Institute of Telecommunications in Lisbon, Portugal that attempts to
measure force applied and distance travelled using load cells for weight bearing metrics and
LIDAR, but their design included it to be a fixed system, not allowing it to be easily attachable
and removable from walkers [6]. Additionally, one thing our design does which this research
prototype does not is provide real time data via a developed app.
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Figure 1: Bure Rise and Go Walker [1]



Figure 2: U-Step Neuro Walker [2]

Figure 3: Rollz Motion Rhythm Neuro Rollator [3]



Figure 5: Research Prototype from Instituto de Telecomunicagées in Portugal [6]

2. Preliminary Designs
2.1.  Electrical Enclosure 3D Print Material

2.1.a. 3D Print Material Research



Concept A: PETG

The first concept is Polyethylene Terephthalate Glycol-Modified (PETG). PETG is a modified
version of standard PET plastic; the added glycol during production makes the material less
brittle and easier to melt [7]. Visually, the plastic is transparent, allowing fine details,
dimensional accuracy, and strong layer adhesion. However, 3D-printed PETG parts will not
appear transparent in visible light. PETG offers several benefits, including high strength,
toughness, and impact resistance, and it prints easily. The material withstands a variety of
outdoor conditions, including UV light, water, and other common chemicals. A disadvantage is
that it may flex or creep under sustained clamping force [8].

Concept B: TPU

The second concept is Thermoplastic Polyurethane (TPU). TPU filament is a flexible,
rubber-like material commonly used for phone cases, seals, watch straps, and wheels. The Smart
Walker team used it in the past for the end cap 3D print; it provided a nice cushion adequate for
protecting electrical components, and it was also very straightforward to print. TPU also has
several mechanical benefits, including high elasticity, durability, and strong resistance to impact
and wear [8]. Additionally, it has high shock absorption and vibration dampening, which could
help reduce noise in the electrical signals in our mmWave radar circuitry [9]. A disadvantage is
that the material can be too rubbery, which may be unstable for long-term attachment to the
walker's posts.

Concept C: ABS

The third concept is Acrylonitrile Butadiene Styrene (ABS). ABS is an incredibly versatile
material that can be easily molded; hence, it is used in various applications such as automotive
parts, consumer goods, electronics, and toys. Some benefits are excellent impact resistance, as
well as high strength and stiffness [8]. ABS also has great electrical insulating properties, which
is why it is also commonly used for electronic enclosures, which is what we need [10]. A
disadvantage is its poor weather resistance, so it is susceptible to UV degradation, causing
discoloration and changes in brittleness and thermal expansion.

2.1.b. 3D Print Material Design Matrix

Criteria
(weight) Concept A: Concept B: Concept C:

PETG TPU ABS




Strength (35) 9 31.5 7 24.5 6 21

Limit of Elastic 7 21 10 30 7 21
Deformation (30)

Longevity (20) 9 18 8 16 7 14

Ease of 8 8 7 7 4 4
Fabrication (10)

Cost (5) 10 5 6 3 7 3.5

Total (100) 83.5 80.5 63.5

Table 1: Design matrix outlining the 6 criteria for 3 materials for the electrical housing prints
and their respective scores. The green-highlighted categories indicate the highest scores of the
three designs in the specific category. Scores are out of 10 points, displayed as Score | Weighted
Score.

Strength - Strength refers to a housing's ability to carry load and resist impact without cracking
or failing. For a 3D printed part, this depends on both the material and how well the printed
layers bond, since layer boundaries are typically the weakest point. This criterion was weighted
the highest at 35/100 because both devices face demanding structural conditions. The inner
device sits in the load path between the user and the ground, so it must support a significant
portion of the user's body weight and transmit it to the load cell. A failure could cause the walker
to give way, creating a serious fall risk. The outer device must protect the electrical components
as the walker is bumped against walls and furniture or knocked over, while also withstanding the
clamping force that holds it to the walker post. PETG scored the highest with a score of 9/10. It
combines high strength and stiffness with good impact resistance, and its strong layer adhesion
allows printed parts to carry load without separating along layer lines [7]. This allows the inner
device to support the user's weight and the outer device to survive everyday impacts. TPU scored
second with a score of 7/10. TPU is extremely tough, resistant to fracture, and prints with
excellent layer bonding, making it especially effective at protecting the outer device's electronics
from impact [9]. However, its low stiffness means it deflects under load rather than rigidly
supporting it, limiting its effectiveness in the inner device and its grip on the walker post in the



outer device. ABS scored the lowest with a score of 6/10. Printed ABS tends to have weaker
layer adhesion, and residual stresses from warping can further weaken the part [10]. As a result,
it is more brittle and prone to cracking under both repeated loading and impact.

Limit of Elastic Deformation - The limit of elastic deformation describes how much a material
can deform under load and still fully return to its original shape. Beyond this limit, the material
deforms permanently or cracks. This criterion was weighted the second highest at 30/100
because both devices will be repeatedly deformed over a long period of use. The inner device
will be loaded with every step the user takes, and if pushed past its elastic limit, it will
accumulate permanent deformation that alters load transfer to the load cell and causes
measurements to drift. The outer device must flex each time it is clamped onto or removed from
the walker post and return to its original shape to maintain a secure grip, while also absorbing
small impacts and vibrations during use. TPU scored the highest with a perfect score of 10/10.
As an elastomer, TPU can undergo very large deformations and fully recover, giving it by far the
largest elastic range of the three materials [9]. This allows the inner device to withstand peak
loads, such as a user suddenly putting their full weight on the walker, without permanent
damage. It also allows the outer device to flex repeatedly during attachment without fatiguing,
while its vibration dampening can help reduce noise in the mmWave radar signals [9]. PETG and
ABS both scored 7/10. Both are rigid thermoplastics that can only deform a small amount before
yielding or cracking [10], limiting flexibility in the outer device and peak load margin in the
inner device. PETG is more ductile but prone to creep under sustained loads, such as prolonged
leaning or constant clamping force [8]. ABS resists creep better but is more brittle and has a
smaller margin before cracking [10]. Because each material's advantage is offset by a
comparable weakness, the two were scored equally.

Longevity - Because this housing compartment will be constantly attached and removed from a
walker, it is important that the housing unit is durable and can withstand this constant wear-and
tear, this is why it was weighted the third highest at 20/100. Amongst the three materials PETG
scored the highest with a score of 9/10, then TPU with a score of 8/10, with ABS then ranking
the lowest with a score of 7/10. PETG scored the highest due to the material’s excellent layer
adhesion that would allow for the housing compartment to be strong and durable, and is stronger
than TPU in terms of the impact resistance [11]. TPU scored the second highest. In absolute
terms TPU is extremely wear resistant and is wear resistance up to eight times that of natural
rubber, meaning TPU would essentially never wear through surface abrasion [12]. But the reason
it scored lower than PETG is because TPU is too flexible in nature, so the grasp onto the walker
of a housing compartment made of TPU would not be nearly as strong as that of a PETG housing
compartment. And lastly ABS scored the lowest because it tends to have weaker layer adhesion
than PETG and TPU, resulting in printed ABS parts to be more brittle and prone to breakage
[13].

Ease of Fabrication - All the housing compartments will be 3D printed using a Bambu Lab 3D
printer from the UW-Madison Grainger Engineering Design Lab. This criteria was weighted the
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second lowest at 10/100, as, no matter the material, the housing compartments would be
produced the same one, which is 3D printed. When comparing the three materials, PETG scored
the highest at 8/10 because of its ability to withstand warping during the printing process,
whereas ABS is more prone to warping [14]. In addition, PETG does not require any specific
enclosure or specialised hardware for the 3D printing process, and is printed at a typical
temperature and does not require any special modification [15]. ABS scored the lowest, with a
score of 4/10, because it requires more special modifications in comparison to the other two
materials. For example, to 3D print something using ABS, it requires an enclosed printer [16].
Additionally, ABS warps significantly more than PETG and TPU, and as ABS cools down,
cracking, warping, and poor bed adhesion could occur [16]. The geometry of our housing
compartment, one in which there are sharp corners and large surface areas, is one that could be
extremely vulnerable to warping. Additionally, ABS can release volatile fumes when printing,
meaning the environment in which it is being printed has to be extremely well ventilated
otherwise, it poses a significant safety risk [17]. And lastly, TPU was ranked in between PETG
and TPU with a score of 7/10 because it doesn’t possess any safety issues or require any special
modifications, but there are narrower parameters that one must consider and understand when
printing with this material [18], so the complexity of the material increases in comparison to
printing with PETG.

Cost - Cost 1s not a major limiting factor when it comes to selecting materials for the housing
compartment; however, we would still like to be mindful of cost to ensure that the system is as
cost-effective as possible. This is why this criteria was ranked the lowest at 5/100. All materials
will be procured from the UW-Madison Grainger Engineering Design Lab, and the housing units
will be 3D printed. A housing unit of PETG will be printed using a Bambu Lab printer, at a cost
of $2.00 per 100g of PETG. A TPU housing unit produced on the same printer would cost $4.00
per 100g, and an ABS housing unit would cost $3.00. A housing compartment made of PETG
would be the most cost-effective amongst the three choices, resulting in a score of 5/5, and a
housing compartment made of TPU would be the least effective, which is why we scored it 3/5.

2.2.  Software
2.2.a. Software Research and Designs
Concept A: 2 Natives: SwiftUI + Kotlin

The first concept is to maintain two separate native applications: SwiftUI for iOS and Kotlin
with Jetpack Compose for Android. SwiftUI is Apple's native framework for Apple platforms
including 10S, macOS, etc.[19], while Jetpack Compose is Android's modern Kotlin-based Ul
framework [20]. This approach provides direct access to each platform's native Bluetooth APIs,
making it a reliable option for communication with the Smart Walker's BLE devices. It would
also allow the existing SwiftUI application to remain largely unchanged. However, most features
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and possible future improvements would need to be implemented and maintained twice and
require much more development effort. It does not have desktop support.

Concept B: Skip

The second concept is Skip, a framework that allows applications to be written primarily in Swift
and SwiftUI while producing a native Android application using Jetpack Compose [2]. This
could allow much of the existing Smart Walker SwiftUl code to be reused with minimum
migration effort. Skip can also access Android-specific APIs when necessary, making BLE
communication possible. However, Skip is a newer and less established framework, so
compatibility problems or limitations may occur, particularly when working with
hardware-specific functionality such as BLE. It does not have desktop support.

Concept C: Kotlin Multiplatform

The third concept is Kotlin Multiplatform (KMP), which allows Kotlin code to work onAndroid,
10S, desktop, web, and other platforms [22]. Smart Walker components can share a common
implementation. This provides native-platform integration while reducing duplicated code and
offers good potential for desktop support. However, because the existing application is written in
Swift, adopting KMP would require significant rewriting.

Concept D: Flutter

The fourth concept is Flutter, Google's cross-platform application framework using the Dart
programming language. Flutter officially supports Android, i10S, Windows, macOS, Linux, and
web applications from a shared codebase [19]. Similar to KMP, Smart Walker components can
share a common implementation. This will greatly simplify maintaining the application across
multiple platforms. The main disadvantage is that the existing SwiftUI application would need to
be largely rewritten in Dart.

2.2.b. Software Design Matrix

Criteria Concept A: Concept B: Concept C: Concept D:
(weight) 2 Natives Skip Kotlin Flutter
multiplatform
Swift reuse (20) 5 10 10 20 0 3 6
Multiplatform 10 40 8 32 32 10 40
compatibility

12




(40)

Maintenance

(40)

20

32

32

Total (100)

50

72

64

78

Table 2: Design matrix outlining the 3 criteria for 4 software options to port current SwiftUI app
to multiplatform. The green-highlighted categories indicate the highest scores of the three
designs in the specific category. Scores are out of 10 points; displayed as Score | Weighted Score.

Swift reuse - Swift reuse describes how much of the existing Smart Walker SwiftUI app can be
preserved. It was weighted 20/100 because reusing tested code can reduce development time, but
the rewrite will be much more manageable with Al-assisted development and long-term
compatibility is more important. Skip scored highest at 10/10 because it is designed to reuse
Swift and SwiftUI code across 10S and Android. Two natives scored 5/10 because the 10S app
can remain, but Android must be rebuilt in Kotlin. Flutter scored 3/10 because the Swift code
must be rewritten in Dart but the general Swift structure of the app can be preserved. Kotlin
Multiplatform scored 0/10 because most of the current Swift implementation would need to be
fully replaced.

Multiplatform compatibility - Multiplatform compatibility describes how well each approach
can support multiple operating systems. This criterion was weighted at 40/100 because one of the
main goals of this redesign is to expand the Smart Walker application beyond iOS. Flutter and
the two-native approach both scored the highest with scores of 10/10. Flutter officially supports
10S, Android, macOS, Windows, and Linux. The two-native approach also provides excellent
platform compatibility because separate native applications can be developed for any required
platform. Skip scored 8/10 because it provides strong support for iOS and Android, which are the
project's primary targets, but it has limited desktop support and less tested reliability compared to
other options. Kotlin Multiplatform also scored 8/10 for similar reasons: multiplatform support,
but less tested reliability on 10S.

Maintenance - Maintenance describes the amount of effort required to update, debug, and extend
the software after the multiplatform application has been developed. This criterion was weighted
at 40/100 because the Smart Walker project will likely continue to be developed by us or future
team members. Thus a software architecture with less duplicated code is preferred. Flutter and
Kotlin Multiplatform scored the highest with scores of 8/10, since they both contain the whole
multiplatform app in a single codebase, meaning a feature or bug fix can generally be applied
once and used across multiple platforms. Skip scored 5/10 because it can also reduce duplicated
development between 10S and Android, but its smaller and newer ecosystem may create
additional maintenance challenges. The two-native approach scored 0/10 because the 10S and
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Android applications would be maintained as separate codebases. Any modifications will need to
be implemented and tested separately, producing the greatest long-term maintenance burden.

3. Final Design

3.1. Hardware

The final Smart Walker design involves using integrated end caps which will house the load
cells, which will measure how much force is being applied to the walker, serving as a metric on
how much support the patient needs to walk. Additionally, in order to track the distance the
patient has travelled, mmWave Radar sensors will be utilised, and the sensors will be placed in
the electrical housing component that is attached to the walker. The mmWave radars require a
receiving sensor, which will be anchored onto the wall the patient will walk to, in order to get
accurate data measurements. Figure 6 below demonstrates the electrical circuit that will be
created and housed in the electrical housing unit, in order to make the sensors and load cells
functional.

Left Foot Electrical Housing Right Foot

End Cap End Cap

XIAQO ESP32S3 Rasob pi Z XIAO ESP32S53
Arduino aspberry Fl Zero Arduino
2W
uUsB

37V powerbank 37V
lithium lithium
battery mmWave Radar battery

Sensor
Load Sensor l Load Sensor

\

Figure 6: Circuit Diagram Flow for Electrical Attachments

‘/Bmetooth connections

Phone App

3.2. Electrical Enclosures

The Smart Walker uses three 3D-printed enclosures. Two load cell end caps sit on the walker's
rear legs, and one radar enclosure clamps onto the front of the walker frame. Based on the
material design matrix (Table 1), all enclosures will be printed in PETG on a Bambu Lab printer
at the UW-Madison Grainger Engineering Design Lab. The redesign addresses problems found
with the previous prototype: loose internal wiring, a clamp that was hard to attach and remove, a
material that wasn't durable enough, and end caps that didn't sit flush with the floor.

3.2.a. Load cell
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Each end cap replaces the standard rubber foot on a rear walker leg. The top of the end cap is a
cylindrical insert that slides into the walker leg, which has a 1 in (25.4 mm) inner diameter.
Friction alone holds it in place. The insert is sized for a snug fit so the end cap stays secure while
the walker is in use, yet can still be pulled out by hand without tools. It also works at every
walker height setting. Below the insert, the 50 kg load cell sits directly in the load path between
the walker leg and the floor. All vertical force the user puts through that leg therefore passes
through the load cell. Walker legs usually splay outward slightly, meeting the floor at an
estimated 5° to 10° from vertical. The end cap base will be angled to match this so it sits flat on
the floor and the load cell is loaded along its axis, which reduces errors from side loading. The
exact angle will be measured and refined in later testing. A side compartment holds the HX711
amplifier, the XIAO ESP32S3 microcontroller and the 3.7 V lithium battery (Figure 6). Internal
channels route the wires from the load cell to the HX711 so they stay away from moving or
load-bearing surfaces. A USB-C port lets the battery be charged without taking the end cap apart.
The end cap is designed to withstand the 136 kg load in the product design specifications without
permanent deformation. Figure 7 shows the CAD model.

3.2.b. mmWave Radar Electrical Enclosure

The radar enclosure holds the mmWave radar sensor, the Raspberry Pi Zero 2 W and a USB
power bank. It mounts on a [front] walker leg with the radar facing forward, toward the direction
of travel. mmWave signals pass through thin plastic, so the front wall in front of the antenna is
kept as thin as practical, and there is no metal hardware in the signal path. The enclosure will
attach to the leg with a latching clamp that goes on and comes off in 5 to 10 seconds without
tools, as the product design specifications require. The clamp design is still in development.
PETG flexes enough for repeated latching and is rigid enough to keep a firm grip on the leg. A
heat sink on the Raspberry Pi pulls heat away from the processor, and ventilation holes in the
housing next to the Pi let that heat escape so it doesn't build up inside the enclosure. The housing
opens easily, so the power bank can be reached and recharged without removing any electronics.
The enclosure sticks out less than 10 cm from the walker frame so the walker still fits through
doorways. Figure 7 shows the CAD model.
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Figure 7: Hardware CAD models

3.3.  Software

The smart walker mobile application was developed using SwiftUI for 10OS and serves as
the primary user interface for real-time monitoring, data recording, and post-trial analysis. The
application connects wirelessly to three independent sensor modules via BLE, integrates their
data streams, and presents clinically relevant mobility metrics to the user. The application is
structured into three main functional layers: bluetooth communication, data processing and
storage, and user interface.

This semester, software development focuses on transitioning the existing 10S
application to a cross-platform architecture to support both 10S and Android devices. As stated
in the design matrix, after evaluating several development frameworks, Flutter was selected as
the primary framework due to its ability to support multiple platforms from a shared Dart
codebase. The migration process involves reconstructing the existing SwiftUI views as Flutter
widgets while preserving the functionality and overall organization of the original application.
Major interface components, including device connection controls, real-time sensor displays,
trial management screens, and recorded data visualization, can be translated into reusable Flutter
widgets (marked in red in Figure 8) [20].
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Beyond the user interface, the transition also requires adapting the application's
underlying communication and data processing architecture. The original application utilizes
Apple's Core Bluetooth framework to communicate with the sensor modules. In the Flutter
implementation, this functionality must be replaced with a cross-platform BLE solution capable

of supporting device discovery, connection management, and real-time sensor data transmission
on both i0S and Android.

4. Methods

The Smart Walker system was constructed by integrating two 50 kg load cells into
custom 3D-printed end caps attached to the walker's rear legs. The end caps will be modeled in
CAD to securely house the load cells while maintaining structural alignment with the walker
frame. They will be fabricated using 3D printing and mechanically fastened to ensure stability.
Each load cell was connected to an HX711 load cell amplifier, which interfaced with an Arduino
Uno WiFi Rev2 microcontroller located within a central electrical enclosure secured between the
walker crossbars. The enclosure is designed to protect internal circuitry while maintaining
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accessibility for maintenance and future sensor upgrades. The system was powered by a 9V
battery connected through an inline power switch.

The load cells were calibrated with known static weights to establish a force-to-voltage
conversion factor. Multiple trials were conducted to verify the linearity and repeatability of the
measurements. The LiDAR module was installed at the front of the electrical housing and
aligned toward a fixed wall target. The team plans to replace this with mmWave Radar, but the
concept remains the same. Distance measurements were validated against tape-measured values
to assess baseline accuracy. All sensor data was transmitted from the Arduino to a computer via
serial communication for real-time monitoring and logging. Custom software was developed to
simultaneously sample force and distance data, enabling synchronized analysis of walker loading
and displacement during testing trials.

5. Testing and Results

The following tests will check whether the Smart Walker meets the product design specifications
(Appendix A). Unless stated otherwise, a test passes if measurements are within 10% of the
reference value, the PDS accuracy requirement. Results will be added as testing is completed.

5.1. mmWave radar occlusion sensing testing

This test will check that the mmWave radar measures distance and walking speed
accurately, including when the signal is blocked in ways common during rehabilitation walking.
The radar enclosure will be mounted on the walker leg facing forward, and the walker will be
pushed along a tape-measured course in an open hallway. Course lengths will be 10 m, matching
the standard 10-Meter Walk Test, and 45.7 m (150 ft), the team's target range. Reference speed
will be calculated from the course length divided by the time measured with a stopwatch (or
timing gates, if available). Trials will be run at three paces, slow, moderate and fast
(approximately 0.3, 0.6 and 1.0 m/s), to cover realistic walker speeds within the 0 to 9.65 km/h
PDS range.

Each condition will be tested over 5 trials. The conditions are a no-occlusion baseline,
partial occlusion with a hand passed in front of the radar (about 1 s every 5 s), and full occlusion
with a person stepping between the radar and the wall-mounted receiver. To meet the PDS
requirement for non-linear distances, additional trials will be run on an L-shaped course. Metrics
will include distance error and speed error compared with the reference values, track continuity,
recovery time after occlusion, false positive rate, and dropout rate [23]. The test passes if
distance and speed are within 10% of the reference in all baseline trials and the system recovers
from occlusion within 2 s.

5.2.  Load cell measurement testing
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This test will check that each load cell end cap measures applied force accurately and
repeatably. Each end cap will be tested on its own with known calibrated weights from 0 to 50
kg, the rated capacity of each load cell, in 5 kg increments. Weights will be added in increasing
steps and then removed in decreasing steps to check for hysteresis. Each load will be repeated 5
times. To check for error from the angle of the walker leg, trials will also be run with the end cap
installed on the walker leg at its normal angle. Then, with both end caps installed, a user will
lean on the walker while the walker's rear legs stand on a calibrated reference scale. The scale
readings will be compared with the combined end cap readings.

Statistical analysis will include percent error and root mean square error (RMSE) at each
load, standard deviation across repeated trials, and hysteresis between loading and unloading. To
measure drift, a constant 25 kg load will be held for 10 minutes while readings are recorded
every 10 s. The test passes if all readings are within 10% of the reference load and drift is less
than 1% over 10 minutes.

5.3.  Wireless connectivity testing

This test will check that the phone app can receive data from all three sensor modules
(two end caps and the radar enclosure) over Bluetooth Low Energy at the same time, reliably and
without data loss. In a baseline test, all three modules will stream to the phone for 10 minutes
while the walker sits still. In a walking test, the walker will be pushed along the 150 ft course
while the phone stays at the starting point, to check range and connection stability as distance
grows. In a reconnection test, each module will be powered off and back on during a session to
measure how long it takes to reconnect and whether the app records the gap correctly. Metrics
will include packet delivery ratio, dropout count and duration, latency, and reconnection time.
The test passes if the packet delivery ratio is at least 99%, no dropout lasts longer than 1 s, and
every module reconnects within 5 s.

6. Discussion

It is important that load measurement, speed, and distance testing are accurate, as these
are the key quantitative identifiers in the client requirements, and their accuracy will be used to
confirm the reliability of our device. If any of these tests initially fall below the desired standard,
modifications will be made to improve the system and ensure data consistency. Based on past
testing results, we determined that we require more feasibility and effectiveness in testing before
using the smart walker device in clinical settings. For the load cell testing, the average load error
was 23.5% Ib/lb, and 13.1% Ib/lb up to 1201bs (54kg). However, the weight capacity of the load
cell is 100kg, so we are going to do a recalibration of the load cell systems with calibrated
weights between 0 and 100kg. For the mmWave radar, we compared the actual and measured
distances from 2-10m are accurate, with a distance error of 5.7% m/m, which is within the range
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of our product design specifications. However, for distance measurements above 10m, the results
had errors exceeding 50% m/m due to configuration issues in the mmWave radar code and were
therefore not tested. Additionally, when the smart walker is in use, any recorded data needs to be
in accordance with HIPAA, to protect patient identity and confidentiality [24].

Potential sources of error in the testing process, related to inaccurate measurement of
distance and speed, can be due to calibration, testing procedures, or mechanical design of
electrical enclosures. In addition, mmWave radars are highly sensitive, which can lead to false
positives. Potential sources of error in load measurement could include mechanical damage from
overloading or uneven weight distribution. 3D-printed tolerances can also affect force transfer
and electrical noise in the strain gauge amplifier.

7. Conclusion

This project aims to provide neurorehabilitation physical therapists and patients with an
accurate and convenient way to track real-time measurements of patient performance,
specifically of speed, pressure, and distance, without altering the safety or function of a standard
walker. Through research and testing, it was determined that a modified version of Smart Walker
2.0 will include a sensor combination of load cells to measure pressure, an mmWave radar sensor
to measure speed and distance. The mmWave radar sensor will improve occlusion sensing and
reduce the impact of environmental factors compared to the previously used LiDAR sensor,
making it an effective replacement. These components will provide accurate, reliable data while
minimizing the walker's structural integrity, ensuring safety. An Arduino Uno WiFi Rev2 will be
used to connect WiFi and Bluetooth data transmission and ensure that the system is compatible
with a variety of platforms.

The team will successfully produce a proof-of-concept prototype that will meet all the
client’s requirements, with minimal error of +2% compared to the manual and actual
measurements, as shown in the load measurement testing and mmWave radar testing. Fabrication
is straightforward and requires minimal unique parts apart from the sensor housing in the
integrated end cap design, to ensure bulk production and ease of manufacturing. The cost for the
entire system is also kept under the client's budget of $500.

Future work would involve completing soldering components permanently to a PCD
board in order to avoid loose wires or mechanical contacts that can cause unstable readings or
safety hazards. In addition, incorporating clinical trials and human subject testing with on-site
patients can provide realistic feedback and help determine adjustments we can make, especially
for ergonomics.
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Function:

Patients with traumatic brain injury (TBI) frequently experience significant trauma followed
by intensive rehabilitation aimed at restoring mobility and facilitating a return to daily
activities [1]. During rehabilitation, clinicians often face challenges in objectively measuring
patient progress, limiting their ability to provide quantifiable feedback and to show insurance
providers evidence of improvement, which complicates reimbursement for clinical services
[1]. The proposed smart walker accessories will objectively measure applied pressure, walking
speed, and distance covered during patients' daily evaluations. These data will be reported and
displayed in real time to support clinicians in monitoring patient progress and enhancing
patient motivation. Ultimately, the device is expected to streamline Medicare documentation
requirements and provide objective indicators of patient readiness for discharge.

Client requirements:

- The device must measure pressure from 0-100 kg, speed from 0-9.65 km/h, and track
appropriate distances (limited constraint).

- The device must be suitable for both physical training sessions and clinical everyday
usage.

- The device attachments must remain compatible with existing walkers without
compromising their structural integrity.

- Each device attachment should be separable and usable both in tandem and individually.

- The device should send real-time data to a mobile device and website for collection and
display.

- The device needs to be compact, user-friendly, accurate, and reliable within the project
budget of approximately $500.

- The device must be easy to sanitize for daily use, including domestic personal purposes.

Design requirements:
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1. Physical and Operational Characteristics

a. Performance requirements:

L.

ii.

iii.

1v.

V1.
Vil.

viil.

b. Safety:

ii.

iil.

1v.

The smart walker components should be easily detachable so that they can
be connected to any standard walker.

The housing compartments should withstand repeated removal and
attachment without significant wear and tear.

The components, specifically the load sensor, should withstand a load of
136kg, the standard load expected to be supported by a walker for patients
undergoing rehabilitation with one-sided weakness, often resulting from a
stroke [2].

The electronic display should relay real-time information about the
patient's walking pattern.

The electronic components and sensors should be able to measure
weight-bearing, distance traveled, and speed traveled.

1. The radar should be able to measure non-linear distances
All attachments to the walker should not impede its function or stability.
The app should be compatible with both 10S and Android devices.

The device should have a secure, adjustable section for attaching the
smartphone to the walker.

The structural integrity and stability of the walker should not be
compromised

The device must withstand the patient's weight.

All electrical components should contain ESD (electrostatic discharge)
prevention.

All electrical components must comply with applicable ISO, IEC, and
FDA requirements.

c. Accuracy and Reliability:

1.

The walker must measure distances, speeds of 0-9.65km/h, and pressures
of 0-100 kg within 10% of the absolute values.
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1l.

Metrics should be accurate over distances of at least 10m (standard
10-Meter Walk test)

d. Life in Service:

1.

The walker accessories should withstand up to 50 trials per day over 10
years before requiring serious maintenance (electrical component
replacement).

e. Shelf Life:

1.

ii.

1.

1v.

The walker is expected to last a standard shelf life of 3-5 years, as over
time the rubber soles would wear out [3].

The mmWave radar should last up to 10 years [4].

Load cells have a lifespan of 10 years. However, their lifespan is
dependent on their fatigue life, specifically the number of cycles, so a load
cell’s lifespan is highly subject to its fatigue life [5].

The HX711 amplifier board has a lifespan of between 5-10 years, although
it is highly susceptible to damage due to environmental conditions, so it
often doesn’t reach its entire lifespan [6].

f. Operating Environment:

.

1l.

1il.

Due to the number of electrical components associated with the
attachments to the walker, the operating environment must be dry and
indoors.

The walker will be used at the client’s neurorehabilitation center, which
will be at a temperature of 16-26 °C.

Multiple people will use the walker, so it must be sanitized between each
use. The walker should withstand repeated use of alcohol-based
disinfectants.

g. Ergonomics:

1.

11.

The height of the walker should be adjustable to heights of 80-100
centimeters [7].

The width of the walker should be 60 centimeters. This will not be
adjustable; however, the attachments designed can be switched between
walkers if needed [7].
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h. Size:

1. The attachments should be small enough to avoid interference with the
patient's movement and easy to transition between walkers.

ii.  The components should not protrude from the existing walker by > 10 cm
to ensure the walker still fits easily through doorways and can be stored
effectively.

i.  The attachments to the walker must be relatively light so they do not add
significant weight to the preexisting walker.

ii.  Clinical walkers weigh between 4.5 and 9 kg; therefore, the combined
weight of the smart walker attachments and the walker should not exceed
this range [8].

iii.  Studies have found that the allowable attachment weight should be <5% of
the user's body weight to ensure stability and prevent slower gait patterns

[9].
J. Materials:

1.  Walker structures are most commonly made from aluminum tubing and
can include rubber or composite materials for mechanisms/grips, all of
which provide a stable base for the attachments [10].

ii.  The end caps for load cells are 3D-printed from polylactic acid (PLA).

iii.  The attachments will include electronic hardware such as wires, load cells,
an mmWave radar, an HX711 amplifier board, and batteries.

k. Appearance:

1. Device attachments should be compact and integrated within the walker to
maintain an unobtrusive appearance.

1.  Real-time data should be displayed through an intuitive Ul on a phone
app, website, attachment display or other display methods to make it
easier for clinicians and users to read.

1.  All electronic hardware should be concealed to extend the device’s
longevity and ensure patient safety.

2. Production Characteristics
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a. Quantity:

1.

1l.

There will be 1 final smart walker device with 3 separate attachments: 2
pressure sensors with end caps to measure force, an mmWave radar to
measure speed and distance, and a live reader display.

All attachments should be removable within 5-10 secs and be compatible
with other walkers.

b. Target Product Cost:

1.

The budget for the design is approximately $500. Load cells cost around
$100 each, and UWB sensors cost range from $50 to $100 [11]. All other
costs will be kept to a minimum.

3. Miscellaneous

a. Standards and Specifications:

.

1l

1il.

1v.

The Smart Walker accessory device is for clinical rehabilitation
environments and must comply with standards relevant to medical
devices, assistive mobility, electrical safety, and patient data privacy.

Medical device standards: FDA 21 CFR Part 820 Quality System
Regulation[12], with the newest amendment effective on February 2,
2026, incorporates ISO 13485:2016 Medical Device Quality Management
Systems, serves as comprehensive guidelines and requirements for
consistent medical design, development, production and servicing. ISO
14971:2019 Risk Management for Medical Devices [13] requires
systematic identification, evaluation, and mitigation of risks of Smart
Walker including device instability, inaccurate measurements, electrical
hazards, and user misuse.

Assistive mobility standards: ISO 11199-1:2021 Walking Frames [14] and
ISO 11199-2:2021 Rollators (with 2024 amendment) [15], together
specify strength, stability, fatigue resistance, and safety testing
requirements of Smart Walker to ensure the attachments added to the
walking frame do not compromise walker safety or performance.

Electrical safety standards: IEC 60601-1-12:2014 Medical Electrical
Equipment Safety [16] applies to electrical components, including
pressure and distance sensors in the Smart Walker, used in clinical
environments, covering protection against shock, overheating, and
electrical hazards.
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Patient data privacy requirements: The Smart Walker system might store,
export, or transmit patient data including walking speed, distance, and
applied pressure to the floor. It may become part of a system handling
Protected Health Information (PHI) and therefore must align with the
Health Insurance Portability and Accountability Act (HIPAA) Privacy and
Security Rules [17].

b. Customer:

ii.

Primary customers are rehabilitation clinicians and therapy facilities
treating TBI and mobility-impaired patients, while secondary customers
include hospital administrators and insurance providers.

Customer needs including:

1. Objective and repeatable metrics for patient rehabilitation progress
documentation

2. Real-time display of walking performance, in the format of either a
display on the handles or a remote monitor at a distance.

3. Durable and low-maintenance hardware for daily clinical use
4. Intuitive interface usable by therapists and patients
5. Enclosed electronics to ensure safety

6. Potential capability with electronic medical recording systems

c. Patient-related concerns:

ii.

Patients using the device often have neurological impairments and
mobility limitations caused by TBI; therefore, the design should not
impair the basic functions of a 2-wheeled walker by not increasing the
walker's instability or the user's risk of falling. The device's weight and
size must not significantly increase the walker's effort. Displays must be
readable without forcing unsafe posture changes by the patients.
Components must avoid sharp edges.

In practical applications, Smart Walker must maintain fundamental
durability and ease of use for patients. Materials used can tolerate routine
cleaning and sanitization between patients. The system must operate
reliably without requiring technical knowledge from patients.

d. Competition:
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1.

1l.

Existing products mainly focus on assisting patient movement instead of a
clinical rehabilitation monitoring tool as Smart Walker. Therefore, those
solutions fall into the following categories:

1.

Standard walkers and rollators: Conventional walkers only provide
mobility assistance but do not record rehabilitation progress.
Therapists need to rely on either subjective observation or manual
timing and distance measurements during therapy sessions

Smart mobility aids [18]: Some advanced walkers measure gait
parameters or walking speed, like a competitive product by
Camino Mobility [19]. But these systems are often designed for
long-term monitoring and are extremely expensive ($2999 RSVP
for Camino), complex, and impractical for routine clinical
sessions.

Fall prevention mobility devices: Certain smart walkers
incorporate terrain sensing to support independent living of people
with walking disabilities, but those designs are often in the format
of home safety installations, wearable alert and monitoring
systems, footwear, and mobility support furniture [20], which do
not meet the Smart Walker customer needs.

Thus, the purpose of Smart Walker differentiates itself from those
competitive designs by serving as a clinical monitoring and documentation
tool rather than a mobility aid. It provides objective metrics such as
pressure support, walking speed, and distance to quantify rehabilitation

progress.
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