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Abstract

Cardiovascular disease (CVD) is the leading cause of global mortality, with hyperten-
sion affecting over one billion people. Current noninvasive blood pressure (BP) systems,
like cuffs, suffer from discomfort and placement errors and lack continuous monitoring.
Wearable solutions promise improvements, but technologies like photoplethysmography
(PPG) and bioimpedance (BIOZ) face usability and clinical accuracy limitations. PPG is
sensitive to skin tone and body mass index (BMI) variability, while BIOZ struggles with
electrode contact and reusability. We present a novel, strain gauge-based wearable BP
device that directly quantifies pressure via a dual transducer system, compensating for
tissue deformation and external forces to enable continuous, accurate BP measurement. The
reusable, energy-efficient, and compact design suits long-term daily use. A novel leg press
protocol across 10 subjects (systolic: 71.04-241.42 mmHg, diastolic: 53.46-123.84 mmHg)
validated its performance under dynamic conditions, achieving mean absolute errors
of 2.45 & 3.99 mmHg (systolic) and 1.59 & 2.08 mmHg (diastolic). The device showed
enhanced robustness compared to the Finapres, with less motion-induced noise. This
technology significantly advances current methods by delivering continuous, real-time BP
monitoring without reliance on electrodes, independent of skin tone, while maintaining a
high accuracy and user comfort.

Keywords: continuous blood pressure monitoring; wearable biosensor; strain gauge technology;
cuffless blood pressure; hypertension management; noninvasive sensor technology

1. Introduction

CVD is the leading cause of death globally [1]. Hypertension is a significant risk
factor for CVD as it can cause damage to arteries, heart strain, the formation of aneurysmes,
kidney damage, heart failure, heart attack, and stroke [2]. In the United States, there are
also notable disparities in the incidence and management of CVD and hypertension, with
a higher incidence and effect in underserved, often underrepresented, populations with
varying skin tones [3]. Managing high BP through lifestyle changes, medication, and
regular monitoring is crucial in reducing the risk of developing or worsening the effects of
CVD and hypertension [4].

Invasive arterial lines are the gold standard for continuous BP measurement, while
cuff-based BP systems are the standard for noninvasive and non-continuous BP measure-
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ments [5]. While auscultatory measurements are also standard, it is often not practical
to have trained medical staff, who are required to perform the measurement, anywhere
a patient needs their BP measured [6]. Oscillometric methods encompass automatic and
manual BP and cuff-based monitors, which are more commonly used but are cumbersome
and have limitations and inaccuracies [7,8]. For example, blood pressure accuracy is re-
duced when the device is misaligned with the artery; if the subject talks, shifts positions, or
contracts their muscles during the measurement; or if they have not rested for at least 5 to
25 min prior to taking the measurement [9-11]. This method is also subject to white coat
hypertension, where BP levels are elevated due to the subject’s anxiety related to taking the
measurement [12]. There is also a need to wait 1 to 2 min between cuff-based measurements
to allow blood vessels to return to their normal state, reducing the potential for falsely
elevated readings due to residual pressure or compression from the previous measure-
ment [13]. The time delay prevents cuff-based systems from having the ability to monitor
BP continuously [14]. These limitations require noninvasive, continuous BP monitoring
solutions that overcome motion artifacts, recalibration requirements, and inaccuracies
across diverse populations.

Noninvasive biomedical devices that measure continuous BP for managing hyper-
tension and reducing CVD-related ailments are emerging to overcome the problems with
cuff-based systems [15]. Standard commercial-grade wearable sensors in smartwatches,
smart rings, and fitness trackers often include PPG technology [16]. As a result, this
modality has been used in an attempt to quantify BP through indirect correlation, since
it is already embedded within existing form factors [17]. Accurate BP measurements of-
ten require calibration against a standard method, and variability in the calibration can
impact the reliability of continuous monitoring [18]. The primary problem with using
PPG measurements to monitor BP is that they can often be less accurate than traditional
cuff-based BP measurements due to the inherent properties of the sensor [19]. PPG sensors
are susceptible to motion artifacts, exhibit a lower accuracy and sensitivity than other
noninvasive methods, and are influenced by external factors such as skin tone and body
mass index (BMI), making them unreliable for a broad range of users (Table 1). PPG sensors
are sensitive to noise artifacts from movement, skin contact pressure, variations in skin
tone, variability among individuals’” vasculature, body mass index, and other physiological
factors that make it a problematic modality to scale across diverse populations [20,21].
Location on the body and even local changes in position can change the morphology of
the captured signal, amplitude, and the signal’s DC offset, making it difficult to obtain
consistent, reliable BP measurements under dynamic conditions [15,22,23]. Sophisticated al-
gorithms and signal-processing techniques have helped overcome some of these issues [24].
However, applying these techniques to user-friendly wearables with an acceptable accu-
racy remains challenging due to the complexities involved. Other noninvasive wearable
sensors for BP monitoring include BIOZ, epidermal strain sensors, radar and microwave
sensors, and acoustic sensors, where some utilize pulse transient time (PTT) to calculate
BP, the Doppler Effect, and other methods such as monitoring morphology and sensor
response [25-28]. Like the PPG sensor, BIOZ requires regular recalibration and is influ-
enced by BMI (Table 1), making long-term continuous monitoring difficult [29]. BIOZ is
sensitive to noise artifacts such as movement, electrode placement, skin temperature, tissue
composition, electrode quality, durability, and manufacturability [30-32]. Additionally,
BIOZ has challenges obtaining real-time and accurate BP readings due to the need for
complex adaptive algorithms [25]. Acoustic devices also struggle with accuracy, require
frequent recalibration, and are highly sensitive to motion artifacts, further limiting their
practicality for real-world use (Table 1). Epidermal strain sensors require precise calibration
and placement, while individual differences can make calibration difficult [33]. Long-term
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adhesion can be difficult and cause skin irritation, motion sensitivity, and slow delamina-
tion of the flexible substrate, which will cause a drift in the BP calibration, all of which are
affected by environmental factors like temperature, humidity, and water exposure [34-36].
Radar and microwave sensors overcome comfort and skin irritation. However, they are
sensitive to electromagnetic interference, have high power requirements that can limit the
potential for continuous monitoring, require complex algorithms, and have high costs to
support the technology and technical complexity of the equipment [37-39].

Table 1. Comparison of strain gauge-based blood pressure monitoring with PPG, BioZ, and acoustic

technologies.
Feature Strain Gauge-Based Device PPG-Based Devices = BioZ-Based Devices Acoustic Devices
Accuracy and Sensitivity High Low [40] Moderate [41] Low [42]
Impact of Skin Tone None Yes [20] None * None *
Influence of BMI Moderate High [20] Moderate [43] Moderate [44]
Motion Artifact Sensitivity Moderate High [40] Moderate [45] High [42]
Suitability for Continuous Monitoring High Moderate [20] Moderate [29] Moderate [46]
Need for Recalibration No Yes [47] Yes [48] Yes [49]

* To our knowledge, no studies have examined this parameter; such an influence is unlikely.

Unlike these existing methods, strain gauge-based BP monitoring technology offers
a high accuracy and sensitivity while being resistant to common issues such as skin tone
variations and BMI influence (Table 1). The technology is well-suited for continuous monitor-
ing and does not require frequent recalibration, making it an optimal choice for real-world
applications. The limitations of commercial- and research-grade devices show that the need
persists for a device to accurately and continuously measure BP in a form factor that would be
adaptable by users and remain affordable and, therefore, accessible, as shown in Table 1 [15].

To overcome the many issues associated with the above BP monitoring approaches,
in this study, a wearable device that integrates a novel strain gauge technology into a
reusable wearable sensor consisting of two pressure transducers for direct BP quantification
was designed, built, and tested (Figure 1). This long-term reusable, comfortable device is
suitable for extended wear (e.g., 24 h) due to its strap-based design eliminating the need
for adhesive materials. We chose this method as it is agnostic to skin tone, makes it easy
to integrate strain gauges into existing form factors, has a lower cost of materials, has less
need for complex algorithms due to direct pressure measurements, and has lower power
consumption requirements than PPG and BIOZ, allowing an extended device life before
needing to be recharged [50,51].
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Figure 1. Culffless blood pressure monitor. (a) Cuffless blood pressure monitor placed on the
wrist with either transducer on or near the artery. (b) Diagram of cuffless blood pressure monitor
showing placement of the primary transducer 2 that captures the arterial pulse pressure and reference
transducer 1, along with their relative alignment.
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The wearable is initially calibrated to actively monitor skin contact pressure, while the
pressure response is used to estimate BP [50]. During data collection, the wearable is first
placed on the wrist above the radial artery, and subjects are measured in static positions
where we vary the skin contact pressure [52]. This allows us to characterize the system
response and derive corrections for contact pressure variations.

To evaluate the dynamic range of BP measurements collected by our device, partici-
pants followed a unique protocol to utilize a leg press at four marked positions to induce
changes in their BP (systolic: 71.04-241.42 mmHg, diastolic: 53.46-123.84 mmHg) [53]
(Figure 2) Our device accurately captured BP under dynamic conditions during the trials,
with a mean absolute error (MAE) of 2.45 + 3.99 mmHg for systolic and 1.59 & 2.08 mmHg
for diastolic BP.

a b Feet Flat

{ distance (), T mechanical coupling

} { 60 mmHg
@

Weight Adjustment

K
Figure 2. Test setup and device configuration for testing cuffless blood pressure monitoring. (a) The
schematic of the device shows how extending the transducer increases contact pressure and mechani-
cal coupling and reduces the distance between the device and the artery. (b) Illustration of leg angles
for dynamic testing on a leg press machine, with positions at 90°, 120°, 150° and a resting and feet-flat
position. These angles simulate varying exertion levels to assess the device’s accuracy for changing
BP. (c) Setup of the wearable device on the participant’s forearm, with artery alignment marks for
optimal placement. The finger cuff is connected to the Finapres Nova, providing continuous reference
BP measurements during testing.

While these results demonstrate the potential of the device for noninvasive, continuous
BP monitoring, this study does not aim to establish compliance with specific regulatory
standards. Instead, our findings provide a foundation for future studies that may involve
larger sample sizes and formal clinical validation under standardized protocols.
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2. Materials and Methods
2.1. Human Subject Recruitment

The study cohort consisted of ten adults (seven males and three females) aged 20 to 40.
Physiological data was collected under a rigorously approved protocol, with the primary
objective of evaluating exercise-induced BP variations.

The cohort included participants with diverse skin tones (six light, two medium,
two dark), though this distinction was deemed irrelevant due to the device’s reliance on
mechanical movement rather than optical or photoplethysmographic methods. While body
mass index (BMI) was not explicitly tracked, all participants were confirmed to be in a
healthy physiological state [54].

2.2. Design and Fabrication

The cuffless BP monitoring device was designed using SOLIDWORKS (2023) to enable
the precise modeling of its components. Individual parts were fabricated using 3D printing
with Polylactic Acid (eSun PLA Pro, Shenzhen eSUN Industrial Co., Shenzhen, China)
filament and the 3D printer (Bambu Lab X1-Carbon, Shenzhen, China). This setup was
selected for its high accuracy, efficiency, and ease of use, which were critical for rapid
prototyping and iterative design during the development process. As shown in Figure 3,
the device features a robust housing and a sturdy chassis, with dual flexures integrating
fixed transducer interfaces. An adjustable moving platform equipped with shoulder
screws, bearings, and threaded inserts allows for precise control over transducer contact
pressures. The flexures were empirically optimized to achieve the required dynamic range
and sensitivity, ensuring accurate pressure measurements under the intended operational
parameters. The final assembled device measures approximately 55 mm in length, 25 mm
in width, and 11 mm in height.

. b
Housing Adjustment ﬂ Chassis

Screw

d Top ) X
Flexur Transducer

Strap Loop 7 Interfaces
Stz?ér; S(iB:nU)ge :}% Strain Gauge

Bottom (compression)
Figure 3. Multiple views of the cuffless blood pressure monitoring device’s design. (a) Top view
displaying the device’s housing, adjustment screw, platform, and strap loop. The design allows
secure attachment and precise alignment with the radial artery. (b) Side view with the transducer
interface probe fully contracted. (c) Side view with the transducer interface probe fully extended,
showing the range of adjustment for optimizing arterial contact. (d) Internal layout of the top and
bottom flexures, with strain gauges in tension and compression configurations to detect arterial

deformation. (e) Bottom view displaying the device’s transducer interfaces, flexures, and chassis,
engineered for stability and reliable arterial pressure monitoring.

Each flexure is configured in a full Wheatstone bridge, incorporating four 350 () strain
gauges (Micro-Measurements N2A-06-S5150R-10C/E4, Micro-Measurements, Raleigh,
NC, USA) to enhance the sensitivity and linearity of the pressure response. This setup
ensures the high-fidelity measurements crucial for the device’s accuracy and reliability.
The strain gauge bridges are powered by a 3 V supply, with output signals routed to
a dual-channel 24-bit analog-to-digital converter (ADC) (Nuvoton NAU7802, Nuvoton
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Technology Corporation, Hsinchu, Taiwan). The ADC has a programmable gain amplifier
(PGA) to optimize signal integrity and reduce noise during measurement.

Data acquisition is handled through a microcontroller (STM P-NUCLEO-WB55, STMi-
croelectronics, Geneva, Switzerland), which interfaces with the ADC using Inter-Integrated
Circuit (12C) communication for real-time data processing. The processed data is then trans-
mitted to a local computer via the Universal Asynchronous Receiver/Transmitter (UART)
protocol, where it is analyzed and visualized using MATLAB 2024a software(MathWorks,
Natick, MA, USA). Real-time signal visualization was crucial for qualitative verification
during testing, ensuring accurate placement of the device and optimal contact pressure.

2.3. System Calibration

The cuffless BP monitoring system was initially calibrated by placing the device flush
on a flat, calibrated surface. Both transducers were aligned properly to ensure uniform
contact and optimal performance. Calibration weights of varying magnitudes—10, 20, 50,
100, 200, and 500 g—were utilized to span the device’s operational range.

Each weight was centrally positioned during calibration in the x and y axes atop the
device, ensuring a uniform weight distribution across the two transducers. The contact
surface area of each ellipse transducer was used to convert the applied weight from grams
to mmHg according to the following relationship:

m
Pty = 70ap *g 1333 @
where m is mass, g is gravity, a is the length of the major axis, b is the length of the minor
axis, and 133.3 is the conversion from Pascal to mmHg.

Analog-to-digital converter (ADC) values were recorded for each weight placement,
establishing a dataset for calibration analysis. A linear calibration curve was generated
for each transducer, allowing for the precise mapping of ADC values to corresponding
pressure readings. This calibration model was subsequently programmed into the device’s
microcontroller, enabling a real-time pressure display, recording, and response visualization
in MATLAB, expressed in mmHg.

The intentional misalignment of the two pressure sensors is a critical component of the
device’s function, ensuring an accurate BP estimation by accounting for external contact
pressure and tissue mechanics. The primary transducer captures the arterial pressure
waveform, while the reference transducer, placed off the artery, measures external contact
pressure. The pressure difference between these two sensors is directly incorporated into
the calibration model, allowing for the dynamic compensation for variations in tissue com-
pression, sensor movement, and external forces. This differential measurement approach
minimizes the artifacts introduced by changes in contact pressure and ensures that the
extracted arterial pressure signal remains accurate, regardless of slight variations in sensor
positioning. By explicitly integrating the measured pressure difference into the BP estima-
tion model, the system eliminates the need for additional correction due to misalignment,
enhancing the calibration’s robustness and improving real-time BP monitoring accuracy.

Daily calibration checks were performed before data collection, utilizing the cali-
bration procedure to ensure the high accuracy and reliability of pressure measurements
throughout the experimental phase. While these daily checks were implemented to detect
any potential sensor drift and eliminate additional sources of error in our research setup,
they would not necessarily be required in a finalized consumer device built for average
users. The initial calibration model would provide a sufficient accuracy for typical use
without ongoing adjustments. However, we recorded these daily values to confirm that
the device maintained a consistent accuracy in the contact pressure and pressure response
readings during each experimental session.
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2.4. Transducer Calibration and Characterization

An additional set of small weights—specifically 1, 2, 4, and 5 g—was applied fol-
lowing the initial calibration to further characterize the system’s sensitivity and confirm
its resolution. The elliptical contact area of the transducers was measured at approxi-
mately 62.53 mm?, based on dimensions of 11.89 mm by 6.7 mm. The smallest weight, 1 g,
corresponded to a theoretical pressure of approximately 1.17 mmHg over this area. The
system detected this as 1.23 mmHg, with a minimal deviation (0.06 mmHg) attributed to
calibration factors or inherent system noise, affirming the device’s capability to accurately
detect changes around 1 mmHg.

However, the system’s effective resolution is better demonstrated by its ability to
measure subtle changes in arterial pressure waveform amplitude. By analyzing the device’s
AC amplitude (defined as the difference between the pulse waveform peak and foot), we
observed that the system could detect variations as small as 0.0006 mmHg. This sensitivity
enabled the system to capture clear, detailed pulse waveforms, revealing subtle changes
between 0 and 0.0006 mmHg. Based on the 24-bit ADC and full measurement range,
the theoretical resolution was calculated at 0.0000143 mmHg, while practical limitations,
including noise, set an effective resolution well below 0.0006 mmHg.

This characterization underscores the system’s ability to reliably detect minute changes
in BP across the 0 to 240 mmHg range. These findings confirm that the device’s high
sensitivity and precise measurement capabilities are well-suited for continuous and accurate
BP monitoring applications where nuanced pressure detection is critical.

2.5. Physics

The dual-pressure transducer system for cuffless BP measurement relies on capturing
arterial pressure at the radial artery while compensating for tissue deformation and external
forces. One transducer is placed over the radial artery, and the other is positioned parallel
but displaced to measure the contact pressure from tissue. The pressure waveform in
the artery Py(t) can be expressed as a function of time and includes harmonics from the
heart’s contraction.

Pu(t) = Pupean + Yo, Ausin(27tfut + @) )

where Pyean is the mean arterial pressure, and Ay, f,,, and &, are the amplitude, frequency,
and phase of the nth harmonic component, respectively. The pressure wave is attenuated
by the overlying tissue, which can be modeled by

Pmeusured(t) = Pﬂé(t) xe " 3)

where Ppeasured is the pressure recorded at the transducer, and o is the attenuation constant
based on tissue properties. The attenuation constant « is determined by the mechanical
properties of the tissue, including stiffness and density, which vary between subjects.

For transducer 1 (placed over the artery), the measured pressure signal is

Pmeasured,l =P, (t) xe M4 Pcontact,l (t) 4)

where P«(t) is the arterial pressure as a function of time, « is the attenuation constant that
depends on tissue properties such as elasticity and density, and Pcontact 1(t) is the contact
pressure from the tissue pressing against the transducer.

The reference transducer, placed off or near the artery, measures the contact pressure
from tissue deformation, and where the measured signal is

Pmeasured,z = Pcontact,Z (5)

The arterial pressure signal is then isolated by subtracting the contact pressure:

Py (t) = (Pmeasured,l - Pmeasured,Z) * "1 (6)
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Subjects’ variability due to differences in tissue stiffness, fat percentage, and arterial
compliance is accounted for through the attenuation constant &, which is influenced by

tissue’s mechanical impedance:
E

= )

where E is the tissue elastic modulus, ? is tissue density, c is the speed of sound through
tissue, and d is the effective tissue thickness between the artery and the sensor. As tissue
stiffness E increases, mechanical impedance Z also increases, creating greater resistance to
the pressure wave as it propagates through the tissue, which leads to increased attenuation.

Fat percentage contributes to a larger d, amplifying the exponential decay of the
pressure wave and reducing the signal amplitude, even though Z may decrease. Arterial
compliance affects pulse waves’ frequency; stiffer arteries generate sharper, high-frequency
waves that attenuate more quickly than the smoother, low-frequency waves from more
compliant arteries.

2.6. Data Collection
2.6.1. Pre-Testing

Prior to data collection, several preparatory steps were taken to ensure accurate
and reliable results for each test subject. As mentioned, the device was first calibrated
to verify proper functionality. It was then connected to a computer using Arduino and
MATLAB interfaces. After establishing the connection, as shown in Figure 2, the device was
positioned on the subject’s left radial artery, which was located using Doppler Ultrasound
and marked with a surgical marker. The device was placed directly over the marked
line and secured with an armband configuration. Proper positioning was confirmed by
checking the signal output via the Arduino interface to ensure unobstructed radial artery
detection. Next, the Finapres Nova device and its accessories were set up. The Finapres
Nova cuff was positioned on the middle segment of the subject’s middle finger, and the
device was verified to provide reliable BP signals. Once all the equipment was configured
correctly, data collection proceeded systematically according to the testing protocols.

This study involved two types of data collection: static (system characterization) and
dynamic testing. Throughout the process, careful attention was given to maintaining
consistency and accuracy to ensure the integrity of the results.

2.6.2. Data Collection/Static Testing

In the static testing phase, the subject was seated comfortably in a stationary position,
minimizing movement to reduce external variability. The device and the Finapres Nova
were positioned on the subject’s left arm and hand, aligned with the radial artery. The
contact pressure between the device and the skin was monitored and adjusted using the
Arduino and MATLAB interfaces.

We chose a contact pressure range of 20, 30, 40, 50, and 60 mmHg to provide a broad
range but also to incorporate realistic levels that mimic the forces exerted by wearable
devices such as fitness trackers and smartwatches [55]. Studies indicate that typical wear-
able devices apply contact pressures in the range of 1540 mmHg on the skin to maintain
stable transducer contact without causing discomfort, ensuring both adequate transducer
coupling and user comfort [56]. Additionally, these pressures align with the comfort range
typically applied by medical-grade compression socks, which aim to provide support
without causing discomfort. Pressures higher than 40 mmHg can become uncomfortable,
similar to overly tight compression wear, and are thus less practical for continuous use.

This variation in contact pressure enabled us to systematically assess how tissue com-
pression and mechanical dampening affect the propagation of arterial pulse waves, which
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are critical for accurate BP measurement. As contact pressure increases, the surrounding
tissue compresses, leading to increased attenuation of the arterial pressure signal. This
compression can dampen the amplitude of the pulse wave due to tissue resistance, poten-
tially impacting signal fidelity. Conversely, lower pressures, although more comfortable,
risk suboptimal transducer contact, potentially leading to incomplete signal capture or
susceptibility to noise.

Moreover, each subject’s unique tissue characteristics—including skin elasticity, sub-
cutaneous fat, and vascular architecture—introduce variability in how the pulse wave
attenuates through the tissue. By systematically varying contact pressure across this practi-
cal range, we were able to characterize the device’s ability to maintain accurate BP mea-
surements across different levels of tissue compression and mechanical dampening. This
approach provides critical insights into the device’s robustness and adaptability, ensuring
that it can deliver reliable results across diverse user profiles and physiological conditions.

Testing commenced by activating the Finapres Nova and calibrating system pressure
to ensure that the reconstructed brachial pressure aligned accurately with the upper arm
cuff. Specifically, brachial cuff calibration was performed twice at the start of each data
collection trial through the Finapres system. By subject, the systolic values ranged from
104.8 &+ 2.6 mmHg to 173.2 &£ 11.5 mmHg during brachial cuff calibration, and the diastolic
values ranged from 61.3 + 1.4 mmHg to 83.5 £ 8.2 mmHg. Before each static contact
pressure testing trial, the Finapres was recalibrated to maintain measurement accuracy.
Once calibration was complete, data collection for the device began, with the subject
maintaining a static position to minimize motion artifacts. Synchronization between the
devices was achieved by tapping the subject’s hand at the start of each session. Data was
collected in three trials per contact pressure setting, each lasting one minute, resulting
in nine minutes of static data. The subject remained still throughout testing to reduce
variability and enhance signal clarity. Each subject completed 9 min of static data collection
(3 min for 3 contact pressures).

2.6.3. Data Collection/Dynamic Testing

After static testing, dynamic testing was conducted to assess the device’s performance
under conditions that induce physiological changes in BP. The change in BP was induced
using a leg press machine, where the subject’s BP was increased by varying the exten-
sion levels of the leg press. The device’s contact pressure was maintained at 40 mmHg
for all dynamic trials, as this setting consistently provided the most accurate signal and
demonstrated the most ideal attenuation coefficient during static testing based on our
statistical analysis. We also selected this pressure to avoid higher contact ranges that
could cause discomfort, ensuring signal fidelity and user comfort throughout the dynamic
testing phase.

The dynamic testing aimed to evaluate how the device performs in conditions where
BP fluctuates due to physical movement and exertion. The subject adjusted the weight on
the leg press to a comfortable level that induced measurable BP changes. They extended
their legs to three angles (150°, 120°, and 90°), expecting that more acute angles would
induce a higher BP. Each subject completed five positions, including feet on the floor, feet
on the leg press pad, and the three extended angles, with each position held for one minute.
Each subject completed 15 min of dynamic data collection (5 min for 3 trials).

This setup allowed us to assess how the device responded to controlled variations in
BP, simulating real-world physical activity. The device’s measurements were compared to
the Finapres Nova’s to evaluate accuracy across a dynamic BP range.

Testing began with calibrating the Finapres Nova to ensure stable BP readings. Before
each dynamic trial, the Finapres was recalibrated to maintain measurement consistency.
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Synchronization between the devices was achieved by tapping the subject’s hand at the
start of each session. Data was collected over five minutes, with one minute allocated to
each leg press position. The variation in leg angles provided a robust dataset for evaluating
the device’s performance under dynamic physiological changes, with the Finapres Nova
serving as the standard reference.

This comprehensive evaluation, combining both static and dynamic testing, allowed
us to thoroughly characterize the device’s accuracy and responsiveness across a range of
physiological states. The study provided critical insights into the device’s performance by
considering factors such as tissue attenuation and mechanical dampening.

2.7. Data Processing
2.7.1. System Characterization

Static data processing was performed in MATLAB to evaluate the effect of contact
pressure on waveform attenuation, with measurements collected at controlled pressures
of 20, 30, and 40 mmHg. Three trials were conducted per pressure level for each subject
to ensure reliability. Attenuation coefficients (&) were derived using Equation (2) by
comparing changes in the systolic peak amplitude of the device’s arterial waveform to
those measured concurrently by the Finapres, which served as the reference standard.

The model fit was applied to the experimental data to characterize the relationship
between attenuation and contact pressure. Mean attenuation coefficients and standard
deviations were computed across trials for each pressure level. This model-driven approach
informed compensatory strategies for waveform morphology adjustments during real-time
BP monitoring, ensuring accurate signal reconstruction under varying contact pressures.

The attenuation of the arterial pressure signal as it propagates through tissue is a
key factor in accurate blood pressure monitoring. In this study, we assessed the effect
of static contact pressure on the attenuation coefficient () to better understand its role
in the signal transmission pathway. The attenuation coefficient was derived using the
following equation:

Pmeasured (t) = Parterial (t) * e—ad (8)

where Ppeasured 1S the pressure detected by the sensor, Pyyieria] is the true arterial pressure,
o is the attenuation coefficient, and d represents the effective depth of the artery beneath
the skin. While d is a known physiological parameter, it was not directly measured in this
study. Instead, its effects are inherently captured within the attenuation coefficient «, which
accounts for tissue properties, arterial depth, and pressure transmission.

As contact pressure increases, tissue compression reduces d, altering the effective
depth at which the signal propagates. However, rather than requiring a direct measurement
of d, the calculated o effectively compensates for these variations, ensuring an accurate
BP estimation.

2.7.2. Dynamic Testing

This study implemented dynamic data processing in MATLAB to address noise arti-
facts and real-time contact pressure variations, with data streamed live via UART, as shown
in Figure 4. First, a low-pass filter was applied to both the artery and reference signals to
attenuate high-frequency noise generated by minor movements. Next, the reference signal
was subtracted from the artery signal after smoothing with a moving average, effectively re-
ducing the baseline drift caused by gradual contact pressure changes. Calibration was then
performed by comparing the processed arterial waveform to baseline waveforms obtained
during Finapres-assisted measurements, allowing for morphology adjustments to ensure
accuracy. Finally, to validate the effectiveness of the filtering process, small, controlled
movements were introduced to observe the signal’s stability, with filter parameters adjusted
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3V

3V

as necessary to optimize performance under dynamic conditions. This approach enabled
continuous and reliable cuffless BP monitoring with minimized noise and compensation

for contact pressure variability.

Transducer

NAU7802 MATLAB

——+CH1 SN

Low Pass Filter

Finapres

FMS

JART
1 N-1
£s CH2 CH2 \ » y(t) = N Z z(t — k)
— - k=0
Low Pass Filter Moving Average Filter
| — Systolic BP
Calibration >—

— Diastolic BP

Figure 4. Block diagram of the signal acquisition, processing, and calibration pipeline. The system
uses interchangeable primary and reference transducers, each powered by a 3 V source and configured
in a Wheatstone bridge to capture arterial pressure signals. Outputs (CH1 and CH2) are digitized
via an NAU7802 ADC and transmitted to MATLAB through a UART interface. In MATLAB, both
channels are low-pass filtered to remove high-frequency noise. The reference signal undergoes
additional smoothing with a moving average filter and is subtracted from the primary signal to
reduce common-mode noise and isolate the arterial pulse waveform. The resulting calibrated output
is mapped to systolic and diastolic BP values, using baseline measurements from a Finapres Medical
System (FMS) for calibration.

To demonstrate the signal characteristics after filtering, a representative segment of
the processed waveform is shown in Figure 5. This pulse wave was acquired from the
primary transducer following low-pass filtering and is time-aligned with corresponding
blood pressure values obtained from the Finapres reference system. The figure illustrates
the distinct morphological features of the arterial pressure signal captured by the sensor,
validating the system’s ability to resolve individual pulse cycles during dynamic testing.

Pulse Wave (40 mmHg Contact Pressure)
T T I

Pulse Wave (CH 1)
- = =Contact Pressure (CH 2)

®
=]

Calibrated Blood Pressure (mmHg)

Time Elapsed (seconds)

Figure 5. Sample segment of raw pressure-patch data and calibrated blood pressure values obtained
from Finapres reference measurements. The left y-axis shows the strain gauge waveform, which
reflects the contact pressure combined with the arterial pulse signal detected by the sensor. The right
y-axis shows the calibrated blood pressure in mmHg. This signal represents live blood pressure values
plotted over time, derived from the channel 1 transducer after low-pass filtering and calibration.
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3. Results
3.1. Static Contact Pressure Analysis and Attenuation Assessment

We applied the attenuation coefficient model described in Section 2.7.1 to assess how
o varied across different static contact pressures. Static pressures of 20, 30, 40, 50, and
60 mmHg were applied sequentially. For each level, three trials were conducted across
10 subjects. Attenuation coefficients were calculated using Equation (9):

&= —In ( Pmeasured ) (9)

Pyrterial

To ensure consistent reference pressure values P,yeriq), all measurements were cali-
brated against Finapres-derived arterial pressure values under static conditions. While the
Finapres NOVA is not a gold standard like invasive arterial catheterization, nor as common
clinically as cuff-based BP measurements, it is widely used in research for beat-to-beat BP
monitoring and offers real-time BP tracking, making it a more appropriate reference for
evaluating our wearable device designed for continuous monitoring.

Since contact pressure affects tissue compression, and thereby effective arterial depth,
o inherently reflects variations in tissue thickness and impedance. This approach yields a
pressure-dependent attenuation coefficient that accounts for anatomical variability. The
analysis revealed that « decreased linearly with increasing contact pressure. The calculated
o values were as follows:

At 20 mmHg: a9 =5.0 £0.1;
At 30 mmHg: azg =4.8 £ 0.2;
At 40 mmHg: g9 =4.5 +£0.1;
At 50 mmHg: a5 =4.2 £0.1;
At 60 mmHg: ogp =3.9 £0.1;

where X and Y represent the mean and standard deviation of o across subjects, respectively.

The attenuation coefficient decreased uniformly between each contact pressure incre-
ment, indicating that for a reasonable range of contact pressures, the attenuation behavior
of the underlying tissues is linearly decreasing. This behavior aligns with theoretical ex-
pectations, as increased contact pressure improves transmission up to a limit dictated by
tissue mechanics.

3.2. Model-Based Analysis

To further interpret the attenuation trend, we modeled « as a linear function of contact
pressure P:
x =mx*Pc+b (10)

where m is the slope, and b is the intercept. This model effectively captures the observed
linear decrease in « with an increasing P, consistent with the physical interpretation that
improved coupling efficiency reduces signal attenuation as contact pressure increases.
However, in biological tissues, attenuation decreases with increasing contact pressure until
structural changes occur, such as arterial occlusion.

The fitted parameters derived from the experimental data were

m = —0.028

b=5.56

The model, shown in Figure 6 above, fits the experimental data well, with a slope of
m = —0.028 and an intercept of b = 5.56. This supports the theory that increased pressure
enhances mechanical coupling, reducing attenuation, up to the point of diminishing returns
or structural limitations like arterial occlusion.
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Attenuation Coefficient vs Contact Pressure

5.1 S~o ® Experimental Data

~ - - -Linear Trendline
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Figure 6. Relationship between attenuation coefficient () and contact pressure. The experimental
data (red points) illustrate the effect of varying contact pressures on the attenuation coefficient,
with error bars representing the standard deviation. The dotted blue line represents the model fit,
showcasing the predictive capability of the proposed model under varying conditions.

This model offers a framework for refining calibration strategies and adapting the
system to individual tissue profiles.

3.3. Assessment of Device Performance Under Dynamic Physiological Conditions

The device’s accuracy was evaluated under dynamic BP conditions using a leg press
protocol designed to induce controlled blood pressure changes. Figure 7 illustrates the
strong agreement between the wearable device and the Finapres reference.

Pearson correlation coefficients of r = 0.98 for systolic BP and r = 0.97 for diastolic BP
were observed, both statistically significant (p < 0.001). A Bland—Altman analysis confirmed
negligible bias, with a mean bias of 0.005 mmHg for systolic BP and 0 mmHg for diastolic
BP, and standard deviations of 3.87 mmHg and 2.57 mmHg, respectively. The 95% limits of
agreement (LoAs) ranged from —9.51 to 9.50 mmHg for systolic and —5.75 to 5.75 mmHg
for diastolic, aligning with clinically acceptable standards.

The device achieved a MAE of 2.45 £ 3.99 mmHg for systolic BP and 1.59 £ 2.08 mmHg
for diastolic BP, meeting accuracy requirements for clinical relevance. Some deviations
in the systolic range of 90-120 mmHg appeared in a few subjects, likely due to transient
spikes in the Finapres signal during movement. These anomalies highlight the potential for
improved robustness in the strain gauge-based device under dynamic conditions.

3.4. Comparison of Device Accuracy with Reference Standard

Figure 8 presents time-aligned systolic and diastolic BP measurements from both the
wearable device and the Finapres reference across multiple subjects during dynamic testing.

The device’s BP estimations track closely with the Finapres signals, demonstrating con-
sistent performance under varying physiological conditions. While the overall agreement
remained strong, some subjects (e.g., 1 and 4) exhibited transient deviations in the Finapres
signal that were not mirrored by the wearable device. These artifacts may reflect movement
sensitivity in the Finapres system rather than inaccuracies in the strain gauge-based device.

The close alignment in both magnitude and trend further supports the device’s ability
to capture continuous BP dynamics with clinical accuracy, reinforcing the findings from
Section 3.3.
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Figure 7. Validation of cuffless blood pressure measurements compared to reference values across

multiple subjects. (a) Correlation plot of systolic blood pressure (SBP) measurements from the

cuffless device versus reference SBP values. (b) Bland-Altman plot for SBP, illustrating the agreement

between cuffless and reference SBP measurements. (c) Correlation plot of diastolic blood pressure

(DBP) measurements from the cuffless device versus reference DBP values. (d) Bland-Altman plot

for DBP, illustrating the agreement between cuffless and reference DBP measurements.
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Figure 8. Comparison of cuffless blood pressure estimations with Finapres measurements during

dynamic testing. The 150 s data segment shown represents a single dynamic testing trial, with 30 s

increments extracted from the full dataset for each position. Beat-to-beat BP values were continuously

recorded and compared between our device and Finapres to ensure accurate dynamic BP tracking.

SBP (red line) and DBP (blue line) estimations with the cuffless blood pressure wearable device,

compared to standard Finapres finger BP cuff measurements (black dotted line) for each participant.
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4. Discussion
4.1. Comparison to Prior Work and State-of-the-Art Devices

Continuous BP monitoring is vital for diagnosing and managing hypertension effec-
tively. However, existing cuffless solutions, such as ultrasound and BIOZ-based devices,
suffer from significant drawbacks, including bulky hardware, frequent recalibration, and
susceptibility to poor arterial contact, leading to noise and a degraded signal quality. Other
emerging technologies, such as PPG, epidermal strain sensors, radar, microwave, and
acoustic sensors, face limitations related to skin tone sensitivity, high costs, complex algo-
rithms, and increased power demands, further restricting their practicality for widespread,
long-term use.

In contrast, as shown in Figure 9, our strain gauge-based wearable device overcomes
these challenges. Additional data and figures are provided in the Supplementary Materials.
It eliminates the need for external recalibration, significantly lowers power consumption,
lowers cost, and achieves BP accuracy comparable to conventional cuff-based sphygmo-
manometers. The simplified design and reduced reliance on complex algorithms enhance
the feasibility of continuous, cuffless BP monitoring in a low-cost, user-friendly form fac-
tor. This combination of accuracy, comfort, and efficiency positions our device as a more
practical solution for long-term hypertension management than existing technologies.

a 104 Grade A Grade B Grade C b 104 Grade A Grade B Grade C
94 @ 9
° 81 @ This study o 81 (@) @ This study
2 74 A ® BIOZring 2 74 ® BIOZring
g . B Edattoo :-: B E-attoo
£5 °7 = e PPG £5 61 P e PPG
% :E: 5 o eo_HN B PPG wrist + finger tip (rest) % JE: 5 | e —— B PPG wrist + finger tip (rest)
g E [©) —l A PPG wrist + finger tip (biking) S E —l A PPG wrist + finger tip (biking)
s = 44 @ Tonometry s= 44 ] @ Tonometry
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Figure 9. Comparative analysis of cuffless blood pressure estimation methods: Performance compari-
son of this work and related studies for cuffless systolic blood pressure (SBP, (a)) and diastolic blood
pressure (DBP, (b)) estimation. The shaded regions, light blue to dark blue, denote Grade A, Grade B,
and Grade C classifications as defined by the BHS standard. Data points within each region indicate
the classification achieved by various methods, including BIOZ rings, e-tattoos, tonometry, radar,
and PPG-based approaches. The dashed black line represents the error limits defined by the AAMI
standard, demarcating acceptable levels of accuracy.

4.2. Limitations

While the device demonstrated promising accuracy for continuous BP monitoring,
several limitations must be considered in this study. First, the Finapres NOVA, which was
used as the reference standard, relies on the vascular unloading technique. This method
can introduce inaccuracies in continuous BP measurements, particularly during dynamic
conditions where physiological changes occur rapidly. The vascular unloading technique
adjusts pressure in the finger cuff to maintain a constant blood volume, but this process
can result in baseline shifts, which complicates direct comparisons with our device. These
shifts are known to distort BP readings, especially during movements that alter peripheral
circulation, such as force exertion in leg press exercises [57]. In such scenarios, the Finapres
may overestimate systolic BP and underestimate diastolic BP, contributing to the variability
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in its accuracy, particularly when central and peripheral pressures diverge under physical
stress [58].

In addition to these technical limitations, the study sample was relatively small and
homogeneous, consisting primarily of healthy individuals with few comorbidities, and the
device’s performance across diverse populations with hypertension must be more thor-
oughly evaluated. Further, although the device is agnostic to skin tone, other parameters
such as vasculature, fat percentage, and body composition variations must be accounted
for to ensure measurement accuracy. Otherwise, this limits the generalizability of the
findings, as the performance of both the Finapres and the device may vary in populations
with different cardiovascular conditions or health profiles. Individuals with peripheral
vascular issues, for instance, may experience greater discrepancies between central and
peripheral BP measurements, further complicating the use of the Finapres as a reliable
standard in such populations [59]. In addition, while the Finapres NOVA served as a
valuable reference for continuous BP measurement in this study, its limitations should
be acknowledged, particularly the potential for baseline shifts and inaccuracies during
physical exertion. Furthermore, although varying leg press extension levels allowed for
a good dynamic range for BP, future studies should evaluate the device across a broader
spectrum of activities, such as running, cycling, or resistance exercises, to better understand
how it performs in real-world, dynamic conditions.

5. Conclusions

This study demonstrates the development and validation of a novel strain gauge
technology for continuous, accurate, reusable, and noninvasive cuffless blood pressure (BP)
monitoring. The wearable device achieves an accuracy comparable to traditional cuff-based
systems while addressing key limitations such as user discomfort, intermittent readings,
and the reliance on disposables. Its compact, cost-effective design enables real-time BP
monitoring with minimal user interference, supporting long-term use.

The dual strain gauge setup improves accuracy and usability by allowing either
transducer to be placed on or near the artery, reducing alignment challenges across varied
anatomies. The reusable design also reduces cost and waste, promoting sustainability. This
reusable design uses adhesive materials, minimizing the risk of skin irritation. The sensors
typically will not exceed 60 mmHg, which will minimize skin indentation and irritation.

The modeled relationship between attenuation coefficient « and contact pressure Pc
confirms the system’s robustness, with a linear trend supporting calibration refinement.
Variability between measured and modeled values highlights the impact of anatomical
differences, which future work will address to improve its generalizability.

The strong correlation with reference measurements (r = 0.98 systolic, r = 0.97 diastolic)
underscores the device’s clinical potential. Despite some variability due to the reference
method, the results remained within clinically acceptable accuracy limits.

While these results are promising, this work represents an early-stage validation step.
Further studies involving broader and more diverse populations, extended wear trials, and
performance comparisons in dynamic, real-world environments will be essential. Clinical
trials and regulatory pathways must also be pursued before widespread adoption can
be realized.

In summary, these findings position the device as a transformative, low-cost, ac-
cessible solution for managing hypertension. Future iterations will address the current
limitations, enabling seamless integration into daily life and advancing the early detection
of cardiovascular conditions to reduce the global burden of CVD.



Biosensors 2025, 15, 413

17 of 21

6. Patents

Two patents have been generated with the development of the work for this publi-
cation: W0O2025076198—Multimodal Sensing Patch with Active Contact Pressure Con-
trol and Quantification for Physiological Measurements and Biomarker Detection, and
US20240225546 A1—Integrated Pressure Transducer for Precise Quantification of Applied
Surface Force in Wearable Devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /bios15070413 /s1. Table S1. Comparative Analysis of Cuffless
Blood Pressure Estimation Methods. This table summarizes the numerical information represented in
Supplementary Figure 1. AAMI pass/fail status is listed for each device or method. The numer-
ical mean error and standard deviation values for the BIOZ ring [29], bioimpedance e-tattoo [48],
single-point PPG [60], and epidermal strain sensor [51] meet AAMI standards, while the wrist-
to-fingertip PPG (stationary and biking) [50], tonometry [61], and radar-based methods [26] do
not. Table S2. Summary of Physiological Interventions and Corresponding Effects on Blood Pressure. Sum-
marizes the procedures and outcomes (ASBP and ADBP) from published literature for cold pressor,
sustained handgrip, and Valsalva interventions. Table S3. Ranges in Systolic and Diastolic Blood Pressure
from Baseline Across 10 Participants. Reports the absolute deviation from baseline (A = (max — min)/2)
for systolic and diastolic BP in each participant. Table S4. Full Systolic and Diastolic Blood Pressure
Ranges per Subject. Presents full min-to-max BP ranges recorded for each subject during all test
conditions. References [62-68] are cited in the supplementary materials
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Abbreviations

ADC  Analog-to-Digital Converter

AC Alternating Current

AAMI  Association for the Advancement of Medical Instrumentation
BMI Body Mass Index

BP Blood Pressure
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BHS British Hypertension Society
DC Direct Current

BIOZ Bioimpedance

CVD Cardiovascular Disease

DBP Diastolic Blood Pressure
FMS Finapres Medical System

12C Inter-Integrated Circuit
IRB Institutional Review Board
LoA Limits of Agreement

MAE Mean Absolute Error

MmHg  Millimeters of Mercury

NOVA  Noninvasive Vascular Analyzer
PPG Photoplethysmography

PTT Pulse Transit Time

Pc Contact Pressure

SBP Systolic Blood Pressure

UART  Universal Asynchronous Receiver/Transmitter
Z Mechanical Impedance
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