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ABSTRACT

This work describes how a user-centered design process was implemented for
development of a system of wearable technology that can be used to assess a person’s
physical and/or cognitive state. The user-centered design process utilized is called
Design Innovation (DI) and follows four steps known as the 4 Ds – Discover, Define,
Develop and Deliver. The “4D” process steps form the outline for the development of
the biometric wearable system as detailed in the paper. The system is comprised of a
suite of biometric measurement devices. The measurement types include numerous
heart rate variables, temperature, respiration, oxygen saturation and brain wave
patterns. Some, but not all, of the sensors used in the system are commercial off
the shelf (COTS) sensors. One sensor in particular was developed in house and has
distinctive capabilities not found in COTS sensors. This non-COTS sensor is very
small and has the capability to deliver oxygen saturation and full waveform heart
rate data. Each sensor has been calibrated and shown to have good accuracy and
precision. The system’s different biometric variables are displayed via an App that was
developed as part of the research. Common measures of distribution of the biometric
data such as maximums, minimums and standard deviation are available on the App
and can provide insights into a person’s current physical and cognitive state. Initial
tests validate that the sensors react in a predictable manner to external inputs intended
to create heightened levels of fear or anxiety. The system can be used to develop data
algorithms that are individualized to the particular wearer, taking the different sensor
outputs and correlating them with physical and cognitive states to inform users and
possibly even recommend health improvement strategies.

Keywords: Wearable, Biometric, User centered design, Mental health, Cognitive state

INTRODUCTION

User-centered design processes employ methods that focus on the user’s
needs and behaviour with the product under consideration. In this paper,
we will describe our development of a wearable biometric sensor system
that is used to access personalized physical and cognitive/mental health data.
Our development process employed the user-centered design process called
Design Innovation (DI) (Wood et al., 2023; Jensen et al., 2025). DI leads
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product designers through four major design process steps as is illustrated
in Figure 1. The four steps are called the 4 Ds – Discover, Define, Develop
and Deliver. Each of the four steps in the DI process employs a variety of
different design methods (DM). The DMs are orchestrated tasks that the
design team accomplishes to complete that step in the DI process. The first D,
Discover, entails engagement with the stakeholders. The focus is on empathy
in order for the design team to understand both explicit and implicit needs of
the different stakeholders. These needs can be organized using a DM called
Affinity Grouping. The secondD,Define, uses systems engineering techniques
such as functional decomposition and persona development to interpret the
information gathered in the Discover phase. This step often ends with the
development of the core opportunity statement that drives the design work.
The third D, Develop, implements numerous ideation DM including mind
mapping and C-Sketch rotational drawing to generate potential ideas for
addressing the opportunity statement. The fourth D, Deliver, provides DM
for prototyping, analysis and testing strategies as well as creation of other
project deliverables such as design pitches and design documentation.

Figure 1: 4D design process (Wood et al., 2023).

Interviews with primary stakeholders, as well as background literature
reviews, taught us that there is still much to be learned in terms of the
correlation between biometric data, physical state and mental state. Research
and interviews with former military personnel revealed that while many
servicemen and women experience stress and associated negative mental
health trends, they may not choose to discuss such topics openly for fear
of repercussions. At the same time, failure to receive help often results in
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injuries, lowered performance, failed missions, or poorer mental health.
This phenomenon is an issue in the military, and other strenuous jobs, that
deserves to be addressed. Our contribution was to assist by designing a device
with the ability to monitor physical state and correlate this with cognitive
states and mental health.

Figure 2: Yerkes-Dodson law bell curve, note peak performance occurs with medium
arousal/stress (Corbett, 2015).

The correlation between stress, mental health, and performance is
seen in the Yerkes-Dodson Law (Corbett, 2015). This phenomenon is
illustrated by a bell curve, where the optimal stress level for optimal
performance is at its apex. As an individual strives to perform at maximum
capacity, he/she is helped by their stress level up until a certain point.
After this point he/she will begin to experience excessive levels of stress,
which results in cognitive deficiencies and which lowers performance
ability.

FOUNDATIONS FROM OTHER RESEARCHERS

A review of the literature shows that others have endeavoured to integrate
multiple sensors into an overall system (Mahato et al., 2024; Hozumi
et al., 2021; Tang et al., 2025). Some of these systems use novel
small flexible sensors designed for wearable use. Some integrate AI
to process the data. While these researchers combine the sensors into
a wearable system, optimizing sensor placement to ensure the most
accurate readings is often compromised with the desire to make the
wearable comfortable and small. Other researchers have made progress on
personalization of the biometric data (Islam and Washington, 2023). In
addition, progress has been made toward understanding the relationship
between a variety of biometric data and states of cognitive or mental
health (Xu et al., 2024; Kargarandehkordi et al., 2025). Still, there
remains open ended questions concerning development and use of a system
that has multiple sensors integrated into a wearable. This is especially
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true when determining where sensors are positioned for optimal data
collection and when the data is setup for correlation with cognitive
and mental health. Our work is intended to provide progress in these
areas.

DESIGN INNOVATION STEP #1: DISCOVER

In order to create a product that satisfies the majority of users, we interviewed
people who are potential users. In addition, we gathered information from
subject matter experts in areas such as: cognitive psychology, kinesiology,
wearables, IoT, microelectronics and the military. We call all of these groups
our stakeholders. In total, we interviewed more than 30 individuals that
specialized in these various fields.

We used the results of our interactions to create four personas. These
are fictional characters who represent our main stakeholder groups in
terms of their responsibilities, goals, frustrations, and needs. We effectively
designed our wearable system for them. An example of a persona is given in
Figure 3.

Figure 3: A snapshot of Carla Anders, an Air Force medic persona.

We also organized all of the stakeholders’ information from interviews
and background research into an affinity diagram. An affinity diagram
is a physical clustering method used to help categorize complex sets of
information. Specifically, we listed each relevant piece of information
garnered from our stakeholder interaction on individual sticky notes, and
then looked for overarching categories into which we could group the
stakeholder data. The result–with category names as the single squares at
the top of each column–is given in Figure 4.
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Figure 4: A partial affinity diagram, with categories in columns.

DESIGN INNOVATION STEP #2: DEFINE

The “Define” step of the DI process involves using systems engineering
processes to better understand and organize the stakeholder data. Functions
represent tangible things which our system must do, while characteristics are
desired aspects of the system within the functional category. See Table 1.

Table 1: Example function-characteristic groups for the system.

Function Characteristic #1 Characteristic #2

Provide vitals Heart rate Respiration rate
Utilize data Provides visualization of

trends in data
Alerts user when in
danger zone

Ensures safety Provides non-distracting
form of feedback

Notifies to prevent
life-threatening events

Maintains accuracy Implements precise
sensors

Stays reliable during
operation

These function-characteristic groups enabled us to define essential things
our product must do and also to define specific ways in which it must
do them. For example, the device must “utilize data” in such a way that
shows trends and provides alerts; and the system should “ensure safety” by
providing feedback to users in a non-intrusive way, as it notifies them of
important data relevant to their health or well-being.
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DESIGN INNOVATION STEP #3: DEVELOP

During the Develop phase, our team used a variety of DI methods to assist
in our ideation development process. One of the most helpful was mind-
mapping. A mind map is a shared visuo-spatial tool for rapid ideation where
the opportunity statement (core problem statement) is at the center of a large
space, and then different solutions to the statement are brainstormed by the
team. Mind maps are a way to record, expand, and organize brainstorming
sessions that significantly increases the quantity and quality of ideation
output. Many studies record a 100% increase in the quantity of ideas
generated through mind mapping versus recording ideas as a simple bulleted
list (Wood et al., 2023). Categories and subcategories of ideation concepts
naturally emerge as the mind map is produced, often leading to additional
ideas, productive areas of further exploration, and insights on how disparate
ideas might be meaningfully connected, combined or otherwise related. Note
that the mind map should have actionable or implementable solutions as the
outermost nodes. A variety of unique conceptual categories emerged from
this process, as shown below in Figure 5.

Figure 5: Group mind map (note that the opportunity statement is in the middle and
various categories & potential ideas branch off of it).

Figure 6 shows a portion of the digitized mind map where solutions are
proposed in the category of device feedback. This allowed the team to record,
iterate, think about, and explore the many different ways their system might
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provide feedback to users. For instance, vibrational feedback might be used,
with the realization that different vibrational coding schemes (speed, tapping,
etc.) could be utilized to impart more complex information to users than
simple on/off alerts. Note that this is only one of many categories in the
overall mind map and that each major branch often led to sub-branches and
sub-sub-branches that explored different concepts or ideas in more detail.

Figure 6: A branch of our mind map pertaining to possible sources of sensor feedback.

DESIGN INNOVATION STEP #4: DELIVER

Within our “Deliver” stage, our team worked to rapidly prototype, analyse,
and test the ideas we formulated in our “Develop” stage. Based on initial
testing and incorporating stakeholder feedback, we downselected to a system
incorporated into an athletic shirt. The shirt provided a way to position the
different sensors in optimal locations for accurate measurements and to do so
in a single wearable unit. The systemmeasured 4 biometric variables: 1) heart
rate (at the top of the sternum), 2) temperature (on left armpit, under shirt),
3) respiration rate (measured in gray box under sternum), and 4) Heart Rate
Variability (HRV) (via device on left wrist). The wearable system is shown in
Figure 7. Two Arduino boards and a battery box are sewn into the shirt just
under the respiration rate sensor. The HRV sensor is connected to one of the
boards via strips of conductive fabric (white and gray, left arm).
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Figure 7: The wearable biometric measurement system prototype.

The Commercial Off The Shelf (COTS) Respiration Belt was purchased
from Vernier Science Education (Vernier, 2025). The belt used Bluetooth
connections with an Arduino UNO R4 WiFi ABX00087 board. We used an
additional Arduino board with wired capabilities which was connected to all
the other sensors. This required sending data over a serial communication line
between the two boards which connects to the App we developed to analyse
and visualize the data.

We verified respiration rate data using Westmont College’s biomechanics
laboratory equipment [Figure 8]. The user was instructed to ride a stationary
bike while breathing through a respiration mask from a metabolic cart
system. Simultaneously, respiration changes were recorded by the metabolic
cart system and our App. The values given by our device (shown on our App)
deviated by a maximum of 2 breaths per minute when compared to the lab’s
respiration machine.

Figure 8: Respiration test to verify accuracy of our integrated respiration rate sensor.
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Two of our sensors analysed the heart rate of the user. For this we initially
used an Analog Device ADPD144RI which, although capable, is also quite
large. Therefore, we designed a very small custom breakout Printer Circuit
Board (see Figure 9). This solution is excellent from a size perspective, but it is
quite difficult to work with as soldering on a board this small is very difficult.
Our final solution was to use a DFRobot SEN0203, which is still larger than
we would prefer in a wearable system, but gives both a digital output of heart
rate and an analogue output of the raw waveform from which our App can
compute HRV.

Figure 9: A top view of the tiny custom breakout PCB.

We implemented two DFRobot sensors in the prototype which are used
in two different places: one is affixed to the user’s sternum through the shirt
and is used to measure heart rate, and the other is placed on the wrist and
measures HRV. The output signal from the HRV sensor is quite noisy, so it is
first passed through a low-pass filter with a cutoff frequency of about 10 Hz.
A moving average over the last 16 samples is then applied to further smooth
the signal. As a result, the signal is cleaned up sufficiently to have the peaks
detected by calculating when the slope (derivative) of the waveform changes
from positive to negative. The HRV itself is then calculated by taking the
root mean square of successive differences (RMSSD) of the RR (between the
peaks) time. The RMSSD averages over the current and previous four samples
to obtain a value for HRV.

Biometric verification of HR and HRV was accomplished by comparing
the prototype’s reading on our App with those given by an Oura Ring (a
COTS wearable device) (Ouraring, 2025). We tested the wrist device and
the torso device at the same time, and analysed changes in heart rate and
heart rate variability (HRV). We tested HR and HRV in both normal user
circumstances (resting, walking etc.) and also in a case where the user was
intentionally startled. The system registered this “startled” state accurately.
In all cases, the output from our system and the Oura ring where within ± 5
bpm.

Temperature measurements were done with a COTS sensor from LilyPad
(SparkFun Electronics, 2025). The sensor is located under the arm as this
provides the best location for external mimicking of core body temperature.
Validation of the LilyPad device was accomplished by comparing its data with
a standard hospital temperature measuring system. Accuracy of the LilyPad
device was determined to be +/−0.5 F0.
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The final piece of our system is our central data collection App (Figure 10)
which provides a place to store and analyse all of our biometric data. The
App uses React Native for the interface and Expo to compile the App for
smartphone use. The App uses Bluetooth Low Energy (BLE) to communicate
with our central Arduino (located on the wearable shirt) and collect the
biometric data. The data is stored in a CSV file which can be exported for
further analysis. The App displays historical biometric data, grouped by days
for each sensor. It can also display live streaming of all the data. Finally, the
App can notify the user if certain combinations of biometric data indicate
that they are experiencing significant stress levels. We implemented push
notifications as a starting point and believe that the App’s use for personalized
health monitoring is significant.

Figure 10: Project’s the data acquisition app.

CONCLUSION

A system with a set of biometric sensors integrated into a wearable has
been developed. The choice of sensors and their placement on the body
has been chosen based on research and stakeholder feedback to provide the
best combination of comfort and sensor data accuracy. The biometric data
measured includes four variables: 1) heart rate, 2) temperature, 3) respiration
rate, and 4) Heart Rate Variability (HRV) all of which are integrated into
an athletic shirt. The intension of the system is to provide an opportunity to
study the correlations between different biometric data and states of cognitive
or mental health. To facilitate that purpose, an App was developed that
collects all the biometric data and provides opportunities for analysis of the
personalized data. Each sensor, as well as the App, has been tested and shown
to provide data that is reliable. Initial testing to show correlation between the
biometric markers and cognitive state has been very positive. We believe that
the system can be used to further explore these correlations.
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