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Purpose of the study: This study aims to compare the performance of Arduino
UNO and ESP32 microcontrollers in TDS sensor measurements, evaluating
reading accuracy, response speed, and reading stability to recommend the most
suitable microcontroller platform for water quality monitoring applications.

Methodology: Tools & Hardware: TDS sensor, Arduino UNO (ATmega328P,
10-bit ADC), ESP32 NodeMCU (12-bit ADC), TDS meter (reference
instrument). Methods: Waterfall methodology, literature review, direct
observation, potentiometer testing, and voltage measurement. Water samples

Keywords: tested at 101, 201, 300, 406, and 515 PPM concentrations, each with three
Arduino UNO repetitions at room temperature (~20-21°C).
ESP32

Main Findings: Arduino UNO achieved average voltage errors of 0.21%-2.12%
TDS Sensor across all TDS concentrations, compared to ESP32's 13.1%-54.32%. ESP32
misread 101 PPM as 48 PPM (54.32% error). Arduino UNO's standard deviation
was 0.064 ADC versus ESP32's 2.019 ADC 31.5 times more variable confirming
Arduino UNO's superior accuracy and stability for TDS sensor measurements.

Novelty/Originality of this study: This Arduino UNO achieved average voltage
errors of 0.21%-2.12% across all TDS concentrations, compared to ESP32's
13.1%-54.32%. ESP32 misread 101 PPM as 48 PPM (54.32% error). Arduino
UNO's standard deviation was 0.064 ADC versus ESP32's 2.019 ADC — 31.5
times more variable confirming Arduino UNOQ's superior accuracy and stability
for TDS sensor measurements.
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1. INTRODUCTION

Advancements in information and communication technology have fostered various innovations that
simplify human activities, including microcontroller technology. Technology is defined as the implementation of
scientific knowledge embodied in devices, systems, and methods to facilitate human life. A microcontroller is a
compact, single-chip integrated computer system that combines a central processing unit (CPU), memory, and
input/output modules into a single unit. This technology enables efficient data processing from various sensors,
making it widely applicable in fields such as industry, agriculture, healthcare, and research [1], [2].

In this era of digitalization, the demand for accurate, fast, and stable monitoring systems has increased
significantly, particularly in applications involving sensor readings to monitor vital parameters such as TDS,
temperature, humidity, and water quality. Sensor-based monitoring systems require a microcontroller platform
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capable of delivering optimal performance in terms of data reading accuracy, responsiveness, and overall system
stability. Arduino Uno and ESP32 are two popular microcontrollers extensively used in the development of
sensor-based monitoring systems. The Arduino Uno utilizes an 8-bit architecture with an ATmega328P
processor operating at 16 MHz and a 10-bit ADC resolution, making it an economical and user-friendly choice
for basic applications. On the other hand, the ESP32 features a 32-bit dual-core architecture with speeds up to
240 MHz, a 12-bit ADC resolution, and integrated WiFi and Bluetooth connectivity, offering higher processing
capabilities and comprehensive connectivity features [3]-[7].

The fundamental differences in characteristics between these two platforms specifically in architecture,
processing speed, and Analog-to-Digital Converter (ADC) resolution raise important questions regarding which
platform is more optimal for specific monitoring applications. In the context of monitoring systems, the TDS
sensor is a critical component that requires accurate and stable data acquisition to provide reliable information,
particularly in applications such as water quality monitoring, hydroponic systems, and industrial food quality
control [8]-[11]. This study aims to compare the performance of Arduino Uno and ESP32 microcontrollers in
TDS sensor readings based on three primary parameters: reading accuracy, response speed, and reading stability.
The results of this comparison are expected to provide practical recommendations for monitoring system
developers in selecting the most suitable microcontroller for their specific application needs.

2. RESEARCH METHOD

This study employs an experimental quantitative research approach with a comparative design. The
research compares the performance of two different microcontroller platforms (Arduino UNO and ESP32) in
measuring Total Dissolved Solids (TDS) using the same sensor under controlled laboratory conditions. The
experimental design follows a systematic testing protocol to ensure the validity and reliability of the comparative
analysis. The research adopts the Waterfall methodology as the development framework, which consists of
sequential phases: literature review, hardware construction, data acquisition, and analysis. This structured
approach ensures systematic progression and enables early detection of potential errors during the development
process. The study involves the following variables [§]..

Independent Variables: Microcontroller type (Arduino UNO vs. ESP32), TDS concentration levels
(101, 201, 300, 406, and 515 PPM). Dependent Variables: Voltage output from TDS sensor (V), ADC reading
values, TDS measurement values (PPM), Standard deviation, Measurement error percentage. Controlled
Variables: TDS sensor type, Ambient temperature (20-21°C), Measurement repetition (3 times per test). In this
study, the author employs a literature review and the waterfall methodology. A literature review is a systematic
research method used to collect, identify, evaluate, and analyze documents relevant to the research topic. In the
context of this comparative study of TDS sensors using two different microcontrollers (Arduino UNO and
ESP32), the literature review serves as the theoretical and empirical foundation for understanding the
characteristics of each component and the appropriate testing parameters.

This research utilizes the waterfall method to ensure the process remains sequential and orderly,
allowing for efficient identification of any failures or errors during the development process. The method applied
in this study involves direct observation of the sensor outputs used to measure and compare the TDS sensor
performance with the Arduino UNO and ESP32 NodeMCU microcontrollers. The research flowchart is
illustrated in Figure 1.
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Figure 1. Waterfall Method

Based on Figure 1, the stages are detailed as follows: 1) Literature Review and Reference
Gathering: Collecting and understanding references related to the design, construction, and testing of the device.
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Hardware Construction: This stage involves the mechanical and electrical assembly of the device; 2) Data
Acquisition: Conducting research data collection by using measurement tools to compare values; 3) Creation of
journal publications : Analyzing the research data obtained from the measurements against.

Arduino Uno is an ATmega328P-based microcontroller development board developed by Arduino.cc.
Arduino Uno is an open-source platform that allows users to create interactive electronic projects easily. This
board is designed for beginners and professionals who want to develop embedded systems with a simple and
intuitive approach. The Arduino UNO has a storage capacity of 32Kb and has an 8-bit resolution. The ESP32 is
an advanced microcontroller with built-in Wi-Fi and Bluetooth connectivity features, making it particularly
suitable for Internet of Things (IoT)-based applications such as Off-grid solar PV systems with solar trackers. In
this system, the ESP32 acts as the main control center that integrates various sensors and actuators, such as LDR
sensors to detect light intensity, high-torque servo motors to drive solar panels, and relays to remotely control
electrical loads. TDS sensor is an electronic device that functions to measure the total amount of dissolved solids
in a solution. Dissolved solids include a variety of minerals, salts, metals, cations, and anions dissolved in water.
TDS measurement is essential in a wide range of applications such as drinking water quality monitoring,
hydroponic systems, aquariums, and industrial water treatment [12]-[16].

3. RESULTS AND DISCUSSION

This study aims to conduct a comparative analysis of the performance of Total Dissolved Solids (TDS)
sensors when integrated with two different microcontroller platforms: the Arduino UNO and the ESP32. The
comparison was performed by measuring parameters that reflect the quality of the measurement system,
including accuracy, voltage (V), and reading stability. The selection of these two microcontrollers was based on
fundamental differences in their technical specifications, particularly the Analog-to-Digital Converter (ADC)
resolution, which theoretically influences the quality of data acquisition from analog sensors such as the TDS
sensor [17]-[19].

In this research process, measurements were carried out to observe the results of the TDS sensor used in
the comparative analysis between the Arduino UNO and ESP32 microcontrollers. These measurements utilized a
TDS meter as a reference tool to provide accurate measurement results. The calculations used to determine the
average error and accuracy are presented in Equations 1 and 2.

Reference Value — Measured Value
( ) x100% (D)

Average error =
Measured Value

Accuracy= 100% - Average error .. (2)

3.1. TDS Sensor Potentiometer Data

This section presents the analog output data or potentiometer values generated by the TDS sensor when
connected to the Arduino Uno and ESP32. The observation focuses on the stability of the voltage readings from
the TDS sensor. The difference in Analog-to-Digital Converter (ADC) resolution between the Arduino Uno (10-
bit) and the ESP32 (12-bit) serves as the primary parameter in evaluating the level of initial detection precision
before the data acquisition process is conducted [20].

TDS Sensor Potentiometer Data on Arduino UNO

Testing was performed to evaluate the performance of the TDS sensor using the Arduino UNO
microcontroller at four different voltage levels (25%, 50%, 75%, and 100% of the full scale). Each level was
tested three times to validate the consistency and repeatability of the system.

Table 1. TDS Sensor Potentiometer Data on Arduino UNO

Position Arduino UNO
No. gy Ref(V)  Step —5e v StdDev (ADC)  ERROR (%)

1.256 1 256 1.2561 0.04 0.0080

1 25 1.256 2 256 1.2561 0.08 0.0080
1.256 3 256 1.2561 0.04 0.0080

Average 256 1.2561 0.0533 0.0080

2.51 1 517 2.5269 0 0.6733

2 50 2.51 2 517 2.5269 0 0.6733
2.51 3 517 2.5269 0 0.6733

Average 517 2.5269 0 0.6733

3 75 3.751 1 774 3.783 0 0.8531
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Position Arduino UNO
No. gy Ref(V)  Step —5e v StdDev (ADC) ___ERROR (%)

3.751 2 774 3.783 0 0.8531

3.751 774 3.783 0 0.8531

Average 774 3.783 0 0.8531

4.945 1018 4.9757 0.21 0.6208

4 100 4.945 2 1018 4.9757 0.22 0.6208

4.945 3 1018 4.9757 0.18 0.6208

Average 1018 4.9757 0.2033 0.6208

At this low voltage level, the Arduino UNO demonstrates excellent performance with an error of only
0.0080%, the lowest error recorded across all tests. Identical ADC values (256) across the three repetitions
indicate perfect consistency. A standard deviation of 0.0533 ADC points to minimal fluctuations that are almost
negligible. At the 50% position, and reaching the 75% level, it achieves a standard deviation of 0 ADC,
representing perfect consistency. The error increases slightly to 0.8531%, which is the highest error in this test,
yet remains below the 1% threshold. At maximum voltage (near the 5V Vref), the Arduino UNO continues to
show very good performance. The standard deviation increases to 0.2033 ADC, which is still very low but
indicates slight variation in the high range.

TDS Sensor Potentiometer Data on ESP32

Testing was conducted to evaluate the performance of the TDS sensor using the ESP32 microcontroller
at four different voltage levels (25%, 50%, 75%, and 100% of the full scale). Each level was tested three times to
validate the consistency and repeatability of the system.

Table 2. TDS Sensor Potentiometer Data on ESP32

No. Position Ref Step ESP32

(%) (V) ADC \ StdDev (ADC)  ERROR (%)

0.825 1 856 0.6902 1.8 16.3394

1 25 0825 2 855 0.6895 1.76 16.4242

0825 3 855 0.6897 1.96 16.4000

Average 855.3333 0.6898 1.84 16.3879

1.65 1 1882 1.5173 1.5 8.0424

2 50 1.65 2 1883 1.5175 1.63 8.0303

1,65 3 1883 1.5176 1.71 8.0242

Average 1882.6667  1.5175 1.6133 8.0323

2.475 1 2909 2.3449 1.72 5.2566

3 75 2475 2 2909 2.345 1.56 5.2525

2.475 3 2909 2.3447 1.75 5.2646

Average 2909.0000  2.3449 1.6767 5.2579

3.12 1 4082 3.2897 3.03 5.4391

4 100 3.12 2 4082 3.2899 3.06 5.4455

3.12 3 4082 3.2898 2.75 5.4423

Average 4082.0000  3.2898 2.9467 5.4423

At the 25% position, the ESP32 exhibits very poor performance with an error reaching 16.39%. A
significant underestimation occurs where the voltage, which should be 0.825V, is only read as 0.6898V,
representing a loss of approximately 0.135V or 16.4% of the actual value. The error decreases drastically by half
(8.03%) compared to the 25% position, indicating a significant improvement in the mid-range. However, the
error remains 8% higher than the reference voltage. The error continues to decline to 5.26%, demonstrating a
consistent upward trend in accuracy. While the identical ADC values (2909) across the three tests are positive,
the standard deviation remains high at 1.68 ADC.

3.2. TDS Sensor Measurement Data
I*" Measurement Data

The first tests were conducted to evaluate the capability of the Arduino UNO and ESP32 in measuring
the output voltage from the TDS sensor using a water sample with a concentration of 101 PPM. The TDS sensor
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voltage is a critical parameter that is subsequently converted into TDS values in PPM. The testing was
performed at room temperature (~20-21°C) with three repetitions to validate consistency.

Table 3. Arduino UNO TDS sensor Measurement Data

N TDS DS T S ArduiSn?ﬂI)JNO ERRORV ERROR
0. rature tep tdDev

(PPM) Ref (V) °C) ADC TDSV TDS (ADC) (%) DS (%)

101 0.228 20.6 1 44 0.2197  96.8 0.24 3.64035  4.158415

1 101 0.228 20.6 2 46 0.2249  98.9 0.16 1.35964  2.079207

101 0.228 20.6 3 46 0.2249  98.9 0.1 1.35964  2.079207

Average 45.33 0.223 98.2  0.166 2.11988  2.772277

Table 4. ESP32 TDS sensor Measurement Data
Tempe Arduino UNO

TDS TDS
No. rature Step StdDevn.  ERRORV  ERROR
(PPM) Ref (V) °C) ADC TDSV TDS (ADC) (%) DS (%)
101 0.228 20.6 1 44 0.2197 96.8 0.24 3.64035  4.158415
1 101 0.228 20.6 2 46 0.2249  98.9 0.16 1.35964  2.079207
101 0.228 20.6 3 46 0.2249  98.9 0.1 1.35964  2.079207
Average 45.33 0.223 98.2 0.166 2.11988  2.772277

In the results of the 1st test, the voltage measurement on the TDS sensor from the Arduino UNO system
showed a more stable result with an average voltage value of only 0.233 V from the reference value of TDS of
0.228 V. Meanwhile, the ESP32 obtained the average measurement of the voltage value on the TDS sensor of
0.106 V from the reference value of TDS 0.233 V. The Arduino UNO system got an average voltage error value
of 2.11% and the ESP32 system got an average voltage error value by 54.32%.

2" Measurement Data

The 2nd test was carried out to measure the output voltage of the TDS sensor on a water sample with a
concentration of 201 PPM. The test was performed at room temperature conditions (~20-21°C) with three
repetitions to validate consistency.

Table 5. Arduino UNO TDS sensor Measurement Data
Tempe Arduino UNO

TDS  TDS
No. rature  Ste StdDev.  ERRORV ~ ERROR
(PPM)  Ref (V) TCl) P ADC TDSV TDS (ADC) (%) TDS (%)
201 0444 206 1 9l 0445 1865 0.7 022522  7.21393
2 201 0444 206 2 91 04449 1864 0.6 020270  7.26368
201 0444 206 3 91 04449 1864  0.18 020270  7.26368
Average 91 04449 1864 0.7 02102 7.2471

Table 6. ESP32 TDS sensor Measurement Data

No. DS TDS WY Arduisnng ° ERRORV _ERROR
o. rature tep tdDev

(PPM)  Ref(V) T ADC DSV TDS pape PRV Edon

201 0476 21 I 427 03444 1460 1106  27.6470  27.3333

2 201 0476 21 2 427 03446 1461 1198  27.6050  27.2885

201 0476 21 3 426 03439 1458 1345 277521 274328

Average 1266 03443 1460 12.163  27.6681  27.3516

In the results of the 2nd test, the voltage measurement on the TDS sensor from the Arduino UNO
system showed a more stable result with an average voltage value of only 0.4449 V from the reference value of
TDS of 0.444 V. Meanwhile, the ESP32 obtained the average measurement of the voltage value on the TDS
sensor of 0.3443 V from the reference value of TDS 0.476 V. The Arduino UNO system got an average voltage
error value of 0.21% and the ESP32 system got an average voltage error value by 27.66%.
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3" Measurement Data

The 3rd test was carried out in measuring the output voltage of the TDS sensor on a water sample with
a concentration of 300 PPM. The test was performed at room temperature conditions (~20-21°C) with three
repetitions to validate consistency.

Table 7. Arduino UNO TDS sensor Measurement Data

N TDS — TDS Tegpe St Arduism:igN . ERRORV ERROR
0. rature ep tdDev

(PPM)  Ref(V) o ADC  TDSV TDS /\pe %) TDS (%)

300 0.64 20.6 1 131 0.6448 2627 0.29 0.75 12.4333

3 300 0.64 20.6 2 132 0.6454 263  0.18  0.84375  12.3333

300 0.64 20.6 3 132 0.6454 263 023  0.84375  12.3333

Average 131.66 0.6452 2629 02333 08125  12.3667

Table 8. ESP32 TDS sensor Measurement Data

No. DS~ TDS Terrﬁpe St Ardug?igN ° ERRORV __ERROR
0. rature ep tdDev
PPV Ref(V) ADC  TDSV DS paply PRORY oS
300 0635 211 1 621 05009 2062 1034  21.1181 3125
3300 0635 211 2 622 05018 2065 871 209763 3114
300 0.635 211 3 622 05018 2065 886 209763  31.136
Average 621.66 05015 2064 9303 210236 31175

In the 3rd test results, the voltage measurement on the TDS sensor from the Arduino UNO system
showed a more stable result with an average voltage value of only 0.645 V from the TDS reference value of 0.64
V. Meanwhile, the ESP32 obtained an average voltage measurement value on the TDS sensor of 0.501 V from a
TDS reference value of 0.635 V. The Arduino UNO system got an average voltage error value of 0.81% and the
ESP32 system got an average voltage error value by 21.02%.

4" Measurement Data

The 4th test was carried out to measure the output voltage of the TDS sensor on a water sample with a
concentration of 406 PPM. The test was performed at room temperature conditions (~20-21°C) with three
repetitions to validate consistency.

Table 9. Arduino UNO TDS sensor Measurement Data

TDS TDS Tempe Arduino UNO
No. rature  Step StdDev ERRORV  ERROR
PPM) Ref
( ) ef (V) °C) ADC TDSV TDS (ADC) (%) DS (%)
406 0.845 20.6 1 175 0.859 346 0.46 1.65680 14.7783
4 406 0.845 20.6 2 175 0.8602 346.5 0.12 1.79881 14.6551
406 0.845 20.6 3 176 0.8602 346.5 0.07 1.79881 14.6551
Average 17533  0.8598 3463 0.2166 1.75147 14.6962
Table 10. ESP32 TDS sensor Measurement Data
Tempe Arduino UNO
TDS TDS
No. rature  Step StdDev ERRORV ERROR
(PPM) Ref (V) °C) ADC TDSV TDS (ADC) (%) TDS (%)
406 0.901 21.2 1 947 0.7636  305.82 9.2 15.2497 24.6748
4 406 0.901 21.2 2 946 0.7625 305.4 12.69 15.3718 24.7783
406 0.901 21.2 3 944 0.7613  304.9 7.97 15.5049 24.8940
Average 945.66 0.7624  305.3  9.9533 15.3755 24.7824

In the results of the 4th test, the voltage measurement on the TDS sensor from the Arduino UNO system
showed a more stable result with an average voltage value of only 0.859 V from the reference value of TDS of
0.845 V. Meanwhile, the ESP32 obtained an average measurement of the voltage value on the TDS sensor of
0.762 V from the reference value of TDS of 0.901V. In the Arduino UNO system, the average voltage error
value was 1.75% and in the ESP32 system, the average voltage error value was 24.78%.
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5" Measurement Data

The 5th test was carried out in measuring the output voltage of the TDS sensor on a water sample with a
concentration of 515 PPM. The test was performed at room temperature conditions (~20-21°C) with three
repetitions to validate consistency.

Table 11. Arduino UNO TDS sensor Measurement Data

TDS TDS Tempe Arduino UNO
No. rature Step StdDevn.  ERRORV  ERROR
PPM Ref
( ) ef (V) °C) ADC TDSV TDS (ADC) (%) DS (%)
515 1.057 20.6 1 220 1.077  437.7 0.47 1.892147 15.0097
5 515 1.057 20.6 2 220 1.0774 437.9 0.48 1.929990 14.9708
515 1.057 20.6 3 220 1.0782 438.2 0.49 2.005676 14.9126
Average 220 1.0775 437.9 0.48 1.94260 14.9644
Table 12. ESP32 TDS sensor Measurement Data
Tempe Arduino UNO
TDS TDS
No. rature  Step StdDev.  ERRORV  ERROR
PPM) Ref(V
( ) ef (V) °C) ADC TDSV TDS (ADC) (%) TDS (%)
515 1.029 20.9 1 1108 0.8937 356.8 11.1 13.1486 30.7048

5 515 1.029 20.9 2 1110 0.8948 3573 12.21 13.0417 30.6174
515 1.029 20.9 3 1109 0.8941 357.0 13.06 13.1098 30.6699
Average 1109 0.8942 357.0 12.123 13.1000 30.6641

In the results of the Sth test, the voltage measurement on the TDS sensor from the Arduino UNO system
showed a more stable result with an average voltage value of only 1.07 V from the reference value of TDS of
1.057 V. Meanwhile, the ESP32 obtained the average measurement of the voltage value on the TDS sensor of
0.894 V from the reference value of TDS of 1.029 V. The Arduino UNO system obtained an average voltage
error value of 1.94% and the ESP32 system obtained an average voltage error value by 13.1%.

A critical finding of this research is the disparity between theoretical and practical ADC performance.
The ESP32's 12-bit ADC theoretically provides 4x higher resolution than Arduino's 10-bit ADC (4096 vs 1024
discrete levels). However, the results demonstrate that higher bit depth does not guarantee better measurement
accuracy or precision when ADC linearity, noise, and system architecture are suboptimal [21]-[26]. The Arduino
UNO, despite its lower 10-bit resolution, achieves superior practical performance through excellent linearity,
low noise, and stable reference voltage. This illustrates an important principle in instrumentation: ADC
resolution is only valuable when accompanied by proportional improvements in accuracy, linearity, and noise
performance [27]-[31]

For Applications Requiring High Accuracy (< 2% error): Arduino UNO or similar platforms with
linear, low-noise ADCs should be selected. The theoretical advantage of ESP32's higher resolution and
processing power is negated by poor analog performance [32]-[36]. For Low-Voltage Sensor Applications (< 1V
signals): Extra caution is required when using ESP32, as this research demonstrates critical failures in this range.
External ADCs with better linearity characteristics or signal conditioning circuits to amplify low-voltage signals
above 1V should be considered. For Multi-Sensor IoT Applications: If ESP32 is required for WiFi connectivity,
implementing external 16-bit or 24-bit ADC modules (e.g., ADS1115, ADS1256) via I12C or SPI interfaces can
overcome the internal ADC limitations while preserving ESP32's connectivity advantages [37]-[41].

4. CONCLUSION

Based on the results of the comparative research on the accuracy of TDS sensor readings using Arduino
UNO and ESP32 microcontrollers, several important conclusions can be drawn as follows. The Arduino UNO
shows a much superior voltage reading accuracy compared to the ESP32. In the potency test, the Arduino UNO
produced an average error of only 0.54% with a maximum error of 0.8531% at the 75% position, while the
ESP32 produced an average error of 8.78% with the highest error reaching 16.39% at the 25% position (low
voltage range). This difference shows that the Arduino UNO has 16.3 times better accuracy than the ESP32 in
TDS sensor voltage readings. Arduino UNO demonstrated excellent reading consistency with an average
standard deviation of only 0.064 ADC, even achieving perfect values (StdDev = 0) at 50% and 75% potency
tests. In contrast, the ESP32 shows significant variability with an average standard deviation of 2,019 ADCs,
which is 31.5 times higher than the Arduino UNO. This high Arduino UNO consistency ensures stable and
reliable readings for continuous monitoring. Arduino UNO exhibits excellent ADC linearity over the entire
measurement range (0-100%), with a smooth output voltage curve proportional to the input. The ESP32
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experienced serious non-linearity problems, especially in the low voltage range (<10% of the Vref), where there
was an underestimation of up to 54.32% in the measurement of the real TDS sensor with a concentration of 101
PPM. This problem resulted in the ESP32 only being able to read 45.68% of the actual sensor voltage. Tests with
real TDS sensors showed very significant differences in the low voltage range. In a 101 PPM water sample with
a sensor output of about 0.23V (7% of the Vref ESP32), the Arduino UNO produced a voltage error of only
2.12% and a TDS error of 2.77%, while the ESP32 failed critical with a voltage error of 54.32% and a TDS error
of 52.49%. ESP32 misreads 101 PPM as 48 PPM, an error that can lead to a misclassification of water quality
categories. At five different TDS concentration levels (101, 201, 300, 406, and 515 PPM), the Arduino UNO
consistently exhibits low voltage errors ranging from 0.21% to 2.12%, with average TDS errors below 15%. The
ESP32 exhibits voltage errors that vary from 13.1% to 54.32%, with the worst performance at low
concentrations and gradual improvement at high concentrations. This pattern confirms that the ESP32 problem is
systematic and related to the characteristics of ADCs in the low voltage range.
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