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Abstract

This work presents an approach for Analog voltage to bit per minute (bpm) conversion in heart rate
sensors. The works entails the use of Photoplethysmography (PPG) heart/pulse rate sensor and Arduino
uno microcontroller. Data were collected through simultaneous measurements from a mobile heart rate
application and an Arduino-based analog pulse sensor. The paired dataset of analog input (voltage) and
corresponding bpm values were analysed using least squares regression to establish a reliable
mathematical conversion model between the two variables. The experimental results show a linear
correlation between the analog input and the measured bpm. The method demonstrates robustness
across different voltage ranges and is computationally efficient, making it suitable for real-time
applications on resource limited embedded platforms. By integrating regression analysis with
microcontroller-based signal processing, this work highlights a practical pathway toward improving
the reliability of heart rate monitoring systems. The findings hold promise for applications in wearable
devices, telemedicine, and continuous home-based patient monitoring, where effective and reliable heart
rate measurement is essential.

Keywords: Arduino microcontroller, Heart rate Sensor, Least square regression,
Photoplethysmography, Signal processing.

INTRODUCTION

A sensor functions by detecting a physical quantity and translating it into an electrical signal
that a processing unit can interpret. In practice, sensors act as the interface between physical
phenomena and electronic systems by producing measurable outputs that correspond to
specific environmental or physiological conditions. They are integrated into a wide range of
modern technologies from industrial automation and aviation to health monitoring and
consumer electronics, making them fundamental components in today’s automated systems
(Wilson, 2008). Commonly detectable phenomena of sensors are; Biological, chemical, electric,
electromagnetic, heat/temperature, magnetic, mechanical motion (displacement, velocity,
acceleration, etc.), optical and radioactivity. The parameters are interchanging from
phenomena to another. Microprocessor process electrical signal to provide outputs that
correspond to a set of values. The system sends the output to a receiver in the designated
devices. Sensors increase the capability of the world around us to observe and report. They
are made to work to make human lives considerably more accessible and better in nearly all
fields (Javaid et al., 2021).
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Optical sensors operate by measuring variations in light intensity and transforming these
variations into electrical outputs that can be interpreted by electronic devices. These sensors
play an important role across industries such as healthcare, environmental monitoring, and
communication systems. Biosensors, a specialized class of sensors designed for biological
measurements, capture physiological or biochemical responses, such as heart rate or
metabolic activity and convert them into quantifiable electronic information. Their
widespread use in healthcare highlights their importance in non-invasive physiological
monitoring (Javaid et al., 2021).

The demand for standalone heart rate monitors using PPG has risen. The device significant
feature is that it does not support the use of external equipment. PPG is common in consumer-
wearable devices (smart watches and fitness trackers) for heart rate monitoring. PPG is a non-
invasive optical method that tracks rhythmic changes in blood volume within superficial
tissues. It works by emitting light into the skin and analyzing the portion of that light that
returns to the sensor. Fluctuations in the detected signal correspond to pulsatile blood flow
generated by cardiac activity, allowing heart rate and related parameters, such as heart rate
variability to be derived from the waveform. Heart Rate Variability (HRV) measures the
variation in the time interval between heartbeats (Oldrati et al., 2019). Development of fitness
trackers with heart rate detection technologies has brought additional benefits that were
absent in previous designs. The number of commercial companies producing such devices
has gradually grown (ie, Apple Watch, Fit bit, and Garmin), along with the design and
development of such products and research (Chow & Yang, 2020). Concern has been raised
in wearable optical sensors measurements that deploys the technique of PPG. Manufacturers
observed sources of error, and that skin color leads to inaccuracy in the PPG measurements,
as it occurs frequently in dark skin than in light skin. More melanin was found in dark skin
that usually absorbs more green light than lighter skin. Interestingly, some manufacturers of
wearable devices recommend using their device only in light skin tones and/or at rest (Bent
et al., 2020).

Chow & Yang, (2020) evaluated two consumer fitness trackers that rely on PPG technology to
estimate heart rate during low-to-moderate physical activity. Their assessment compared the
wrist-worn devices with a chest-strap monitor, applying several statistical measures to judge
accuracy. Although the trackers produced acceptable agreement overall, the analysis revealed
a tendency for both devices to report slightly lower heart rate values than the reference
instrument. However, Evaluating the accuracy of heart rate sensors based on PPG for in-the-
wild analysis was done by Oldrati et al., (2019), they studied multiple wearable devices to
determine how well their PPG-based measurements align with clinical-grade recordings. By
collecting long-duration physiological data from numerous participants (55) in a number of
sessions, the authors compared heart rate and heart rate variability metrics to those captured
by an Electrocardiogram (ECG) reference system. Their findings show that several consumer
devices can provide reliable measurements under controlled conditions, though performance
may decline during physical activity. The study also observed that armband-based sensors
generally produced more stable HRV compared to wrist-worn sensors. Investigating sources
of inaccuracy in wearable optical heart rate sensors was done (Bent et al., 2020), they examined
factors that can cause inconsistencies in optical heart-rate measurements, identifying
influences such as motion interference, device-specific signal processing, and variations in
skin characteristics. Their investigation across diverse testing scenarios showed that
performance differs significantly from one device to another, and that accuracy may fluctuate
depending on the level of physical activity and skin tones.
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In this work we study the behavior of the heart rate sensor and performed Analog Voltage to
BPM conversion, a least square regression-based approach was deployed using
microcontroller platform to map the sensor. The work examine the digital value generated by
the sensor and evaluate the analog signal, while using a mobile application heart rate sensor
to check the corresponding analog value sensed.

DESIGN AND MODELLING

The work presents a system for Analog to Digital conversion of heart rate sensor, for flexible
management, structure, and allowing easy configuration and programming of sensors to
ensure accuracy. The materials used during the study are: Arduino uno microcontroller,
pulse/heart rate sensor (Sen-11574), connecting wires, and bread board. The heart rate
monitoring logic focuses on testing the sensor. The relationship between the digital output of
the Arduino/sensor and analog signal sensed (Ain) in the form of a voltage which was
evaluated using Equation (10) were read and processed using the program. Heart rate mobile
application was used to read the human pulse (bpm) via fingertip and a parallel comparison
was done between the analog input and the bpm. The process was organized and displayed
in a form of a flowchart in Figure 1. The software aspect focused on programming the
microcontroller using the Arduino IDE software to read and process heart rate data, compare
it with normal thresholds.

Circuit Design

The hardware design involved assembling the devices/modules acquire, process, and
transmit heart rate data. The devices used are: Microcontroller (Arduino Uno) as the brain
and handling sensor data input, process it, and perform the necessary action. The
microcontroller Power Supply is connected from the PC USB terminal to power the Arduino
board. The Heart Rate Sensor signal line is connected to the Analog input pin (A0) of the
microcontroller that reads the pulse signal from the wrist, and powered by 5V (VCC,) and 0V
(GND). Wires are used as connectors between components and the bread board. Figure 2
shows the experimental setup of the system.
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Figure 1: Design Procedure
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Figure 2: Circuit Design

Design Equations
The heart blood output in a single minute is the cardiac output (CO), it is the product of heart
rate (HR), and stroke volume (SV) (Chaudhry et al., 2022):

CO = HR xSV (1)
The work and energy expenditure of the left heart is around six times greater compared to the
right heart. The pressure in the left ventricle can be measured by a catheter with manometer.
If the pressure during systole were constant, the work of the left heart would simply be
(Magdi, 2011):

Work = stroke volume X pressure gradient (2)
The work is also;

Work = force X distance 3)
The heart performs a small amount of kinetic work when it imparts velocity to the blood as it
leaves the ventricles. The blood streams have kinetic energy that is proportional to the square
of the velocity (v) at which blood leaves the ventricle:

Kinetic work = %mv2 (4)

where:
m = mass of the blood moving out of the ventricle into the aorta
Heart rate monitors/sensors are devices that can detect and track heart or pulse rate
continuously. Due to the pumping function of the heart, the blood volume and the blood
pressure at a given location in the body will vary over time (Maheswaran, Ciaravino and
Antonio, 2024, Mohammed, 2008: Santos et al., 2020). The intensity of the light detected by
PPG s affected by the amount of blood. More blood in this pathway leads to higher absorption
of light and lower measured intensity by the detector (Tamura et al., 2014).

Figure 3: Change in Blood Volume and Signal Variation
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PPG work on Beer-Lambert’s law, which relates the absorption of light to the properties of
the material (blood) (Galli et al., 2022):

I =I,e~% ’)
where:
I = transmitted light intensity.
Iy = incident light intensity (LED output).
& = absorption coef ficient of blood at LED wavelenght.
¢ = concentration of absorbing material
l = optical path through tissue/vessel
When the LED and photodiode is placed against the skin, the DC component describes light
absorbed from non-pulsatile tissue (skin, bone, average blood volume). The AC Component
describes light absorption change caused by pulsatile blood volume changes with each
heartbeat.

I(t) = Ipc + Ixc (1) (6)
Apart from the LED and the detector, the hardware is made of an amplifier and filter circuits.
Because the light intensity received is very low, the corresponding voltage difference at the
output of the photodetector is very low (Hashem et al., 2010). The photodiode converts light
intensity into a current, which passes through a resistor or amplifier to become voltage:

V(t) = G.Ripaq-S.1(t) @)

where:
G = gain of the amplifier.
Ryoqq = resistor value.
S = photodiode sensitivity (A/W).
I(t) = total light intensity reaching reaching the photodiode.
When we interface sensors to the microcontroller, the sensor output mostly is analog, the
microcontroller process it as digital signal. Arduino Uno has on-board ADC channels which
can be used to read analog signal in the range 0 to 5V, with 10-bit ADC (2%0) 0 to 1024 (Blum,
2013; Mcroberts, 2010).

ADC Resolution = Z:i}; 8)
.. Vin
Digital Output = ————— )

where:

Vref = reference voltage (the maximum value the ADC can convert).

For 0 Vin, Digital output value = 0, For 5 Vin, Digital output value = 1023 (10-bit).

Arduino can process analog signal with its built-in analog-to-digital converter (ADC). To
know what input analog value is, the digital value can be converted back to analog (Wings,

2024).
Vref

Ain(V) = Digital Output X o (10)
Substituting Beer-Lambert (5) into the voltage equation (7):

V(t) = K.em&cO! (11)
where K is constant for the set up:

K = G.Rypaq.S. Iy (12)

Least square mathematical approach is used in data analysis and predictive modelling. It
assist in finding the line of fit or curve that reduces the sum of squared differences between
data points and the predictive value (Devore, 2012).

_ LX-x)(Y-y)
Slope (m) = TR (13)
Intercept (c) =Y —mX (14)
y=mx+c (15)
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RESULTS AND DISCUSSION

The program reads the ADC bits with the corresponding evaluated Ain which describes
voltage signal. The bpm was read and recorded using the Android Heart rate mobile app.
Figure 4 shows the IDE environment with the corresponding serial monitor that reads both
analog and digital values of the sensor.
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Figure 4: Arduino IDE Digital and Analog values Reading

Figure 5 depict the heart rate value as measured using the mobile application, the application
shows the signal strength with value indicating status of the heart rate, and the stress level
when reading the bpm. However, Table 1 gives the summary of the recorded heart rate, digital
value, and evaluated Ain on multiple test and trials (Wings, 2024).

Heart Rate

81 e Heart Rate 69 e
| eeeeee—

Heart Rate

Exclusive Advice

a

Watch Ads to see exclusive advice

5 Watch Ad To Unlock

Stress
46 -

Heart Rate

Exclusive Advice

e

Watch Ads to see exclusive advice

5 Watch Ad To Unlock

Stress
14 .

Figure 5: Measured Heart Rate App bpm reading
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Table 1: Result (Digital value, bpm and Ain)

S/N  Digital Value bpm (Mobile App) Ain (V)
1 327 63 1.60
2 334 64 1.63
3 341 65 1.67
4 347 66 1.70
5 352 67 1.72
6 358 68 1.74
7 376 71 1.84
8 381 72 1.86
9 392 74 1.92
10 404 76 1.97
11 410 77 2.00
12 416 78 2.03
13 421 79 2.06
14 444 83 217
15 462 86 2.26
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Figure 6: Graphical representation of bpm and digital value

Figure 6 indicate the graphical presentation of the values in Table 1, which is the comparison
of the mobile app bpm to the digital value of the sensor. The figure shows that the data exhibits
a positive linear relationship between the digital value and the bpm. For a given bpm to occur
the digital value changes with a given parameter in the range of 5 to 7 bits. The average mean
value is 6. So, for a given digital value of 6 bits, a bpm is generated. This findings validate
findings that changes in blood volume leads to signal variation and decrease or increase in
heart rate (Chaudhry et al., 2022). Figure 7 gives the graphical presentation of input signal
(Ain) to the mobile app bpm. The data gives a linear relationship between the bpm and Ain
as it occurs in digital value to Ain. Performing a linear regression analysis using equation 13,
14, and 15 (Devore, 2012) to find a line of best fit that minimizes error between the actual data
points and the predicted values. The Linear analysis gives the output equation with
dependency and relation between Ain and bpm as:

Ain = 0.0283 x bpm — 0.1746 (16)
_ Ain+0.1746
bpm = = zes (17)
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Equation 17 justifies the literature in (Galli et al., 2022; Hashem et al., 2024; Tamura et al., 2014)

indicating a direct relationship between the input voltage, the intensity of the light and the
bpm in equation 7.

graph of Ain (V) versus Heart Rate (bpm)
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Figure 7: Graphical representation of Ain (V) and bpm

Figure 8: Experimental set up (Circuit)

Figure 8 shows experimental set up. The heart rate sensor is connected to the analog input pin
of the microcontroller. Signal lines are filtered and stabilized using the software smoothing
algorithms. Arduino IDE was used to write and compile the code. The output signal is read
as an analog voltage which corresponds to the heart rate.
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CONCLUSION

Analog voltage to bpm conversion in heart rate sensors was conducted. The use of embedded
coding, analog evaluation, and mobile app comparison gives the relationship between
variables. By applying least-squares regression to map analog input to bpm values, the system
gains analytical reliability. The work examines the variation of the ADC bits to the Ain signal
for which a bpm occurs. The results show a linear relationship between the ADC bits, bpm
and Ain. For a given bpm the ADC increases by an average of 6 bits. The linear equation gives
a dependency equation with slope and intercept of 2.83 X 1072 and 1.746 x 107!
respectively. This variable can be used in designing a heart monitoring system. In other to
achieve a high performance of the system, there is a need to introduce a noise reduction factor
during the design of the sensors. Data recording factor can be introduced to keep the data safe
in an excel sheet for tracking and follow up over a period of time. The same technique can be
used to add up a serial communication or cloud server-based monitoring system.
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