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Summary

Flexible wearable sweat sensors can monitor sweat continuously and non-invasively in real time. They

give useful information about the human body at the molecular level. Because of their high performance,

low cost, and small size, electrochemical sensors have received much attention for use in personal health

monitoring.

In this thesis, a back-end electronic system for a flexible electrochemical sweat sensor is developed with

several key modules for stable and accurate monitoring. The work begins with a review of recent studies

on wearable sweat sensing, focusing on ion-selective electrodes, iontophoresis, impedance measurement,

and system integration methods. Then, the overall system design is introduced, including schematic

and layout planning, and main circuit blocks such as power management, iontophoresis for sweat

induction, and impedance measurement using the AD5933 chip. Firmware and data collection with an

STM32 microcontroller are also described, covering signal sampling, impedance readout, and Bluetooth

communication.

The experimental part presents the validation of the first prototype, showing the main functional tests,

the problems found, and their solutions in the second-version PCB. The MCU, power management,

Bluetooth communication, and iontophoresis modules operated reliably, while the ISE readout and

impedance measurement using the AD5933 were only partially successful. The second-version PCB is

built on a flexible polyimide substrate with local stiffeners, forming a ridge-flex bridge structure. This

design improves both mechanical strength and flexibility for wearable use.
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1
Introduction

Traditional health monitoring methods rely on invasive blood sampling and clinical tests. These

procedures can cause discomfort and make continuous monitoring difficult.

Wearable sensors offer a non-invasive solution for real-time and continuous health monitoring during

daily activities [1]. They have great potential for predictive analysis, personal health tracking, and early

medical intervention. However, most current devices only record physical activity and vital signs, such

as heart rate, and cannot show health information at the molecular level.

To obtain molecular-level data in a non-invasive way, sweat is an ideal biofluid because it contains many

biomarkers that reflect body conditions, including electrolytes, metabolites, hormones, proteins, and

peptides [2][3]. Heikenfeld et al. [4] and Moyer et al. [5] have shown that some analytes in blood are

closely related to chemical levels in sweat, suggesting that sweat can serve as a useful and non-invasive

alternative for personal health monitoring.

Sweat is produced by glands distributed across the body. It can be collected non-invasively from suitable

skin areas, allowing fast detection before analytes start to degrade. Continuous sweat collection during

daily activities can strongly support precision medicine by enabling long-term molecular monitoring.

As an example, Figure 1.1 shows a fully integrated sweat sensor platform developed by Wei Gao et al.,

which demonstrates the potential for small size and good wearability.

Figure 1.1: A fully integrated wearable sensing platform using PET as the substrate[6]
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The integration of iontophoresis technology allows for the active induction of sweat in non-active

scenarios, effectively aiding in the continuous monitoring of various health conditions. This is particularly

important for patients who may not be able to engage in physical activity, such as the elderly, infants,

or those who are ill [7]. Moreover, the adoption of microfluidic technology significantly boosts data

integrity by allowing for continuous and quantitative analysis of freshly secreted sweat. This technology

ensures that each sweat sample is new and not mixed with older secretions, eliminating delays and

inaccuracies in sweat data.[8] Altogether, these technological advancements improve sweat collection

and sample transport, greatly increasing both the temporal resolution and the precision of sweat analyte

analysis in wearable devices.

In this thesis, a flexible electrochemical sweat sensor system is developed, focusing on the electronic

circuit and PCB design. The aim of the research is to create a small, integrated, and wearable platform

that can continuously and non-invasively monitor sweat analytes. The work concentrates on the

electronic part of the system and explores how each sensing concept can be achieved through circuit

implementation.

The designed PCB integrates five main modules: an ion-selective electrode (ISE) readout for electrolyte

measurement, an iontophoresis circuit for active sweat induction, an impedance sensing module for sweat

rate detection, power management, and a microcontroller unit for data processing and transmission.

These circuits are built on a polyimide-based flexible PCB to ensure wearability and comfort. The system

is compact and portable, integrating the MCU and bluetooth for wireless communication. The ISE

readout detects small voltage differences with high accuracy and low noise, the iontophoresis module

delivers a stable and controlled microcurrent, and the impedance sensing tracks changes in sweat flow

rate for real-time monitoring.



2
Theoretical backgound

2.1. Sweat Induction Methods
2.1.1. Passive and Active Methods
There are two main methods for collecting sweat samples: passive methods and active methods. Passive

methods involve inducing sweat secretion through vigorous physical activity such as running, cycling

or other forms of exercise,as the Figure 2.1 or exposure to heat [9]. However, for sedentary people, it is

not possible to directly obtain enough sweat for real-time analysis, which limits our ability to perform

such non-invasive and real-time analysis of various biomarkers[10]. Therefore, an active method uses

electrical stimulation, iontophoresis.

Figure 2.1: Passive Methods for induce sweat.[11]

2.1.2. Iontophoresis
Iontophoresis is a commonly used method to stimulate local sweat secretion in selected skin areas.

However, the traditional iontophoresis procedure involves several steps, such as stimulation, off-skin

collection, and laboratory analysis of sweat. These steps require manual handling and do not allow

real-time monitoring of the secretion process.

As shown in Figure. 2.2, iontophoresis applies a small voltage to two electrodes placed on the skin

surface: an anode and a cathode. The applied voltage generates an electric current beneath the skin,

which drives sweat-inducing agents, such as pilocarpine, into the sweat glands near the anode and

triggers sweat secretion.

3
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Figure 2.2: The basic principle of iontophoresis[12]

2.1.3. Circuit Design for Iontophoresis
The proper design of iontophoresis circuits is important for accurate control of how therapeutic agents

are delivered through the skin. Iontophoresis depends on the circuit’s ability to provide a constant

and stable current that drives charged molecules across the skin barrier [13]. This section explains

the main circuit parts, their roles, and the safety features needed to ensure both effective and safe

operation. Topics range from power supplies that provide a steady current to feedback systems that

monitor voltage in real time.

First, the power supply should provide a stable current, since the performance of iontophoresis depends

on keeping the current at a fixed level. Typically, iontophoresis is performed with low current densities

below 0.5 mA/cm² to ensure safety and comfort [14]. The skin, as a biological interface, has an electrical

impedance that is not only dynamically variable and inter-individually variable, typically ranging from

1 to 20 kΩ·cm
2

under hydrated or gel-contact conditions, and can exceed 100 kΩ·cm
2

for dry skin [15,

16]. This means that the skin’s impedance to current may vary from person to person and from one

person to another at different times.

The constant-current source must handle changes in skin impedance to avoid too much current, which

can damage the skin, or too little current, which can reduce drug delivery. According to Ohm’s law, to

keep a steady current through the skin, the circuit needs to change the applied voltage when the skin

resistance varies. When the resistance is high, a higher voltage is needed to keep the same current [17].

Compliance voltage is the maximum voltage that a power supply or current source can adapt itself

to and deliver at a constant current output[18]. The main function of the compliance voltage is to

ensure that the current source can maintain the set current constant when the load resistance changes.

Since changes in resistance can affect current, the level of compliance voltage directly determines how

much of a resistance range the current source can handle. In iontophoresis, such as the delivery of

sweat-inducing drugs (e.g. carbachol) through the skin, the resistance of the skin is highly variable[19].

Initially, the resistance of the skin may be high, and as the treatment progresses, the resistance decreases

due to increased skin permeability. If the compliance voltage is too low, it may not be able to overcome

the high resistance, resulting in a drop in current, which may affect the effectiveness of the treatment[11].

While a high compliance voltage ensures constant current delivery, it also increases the risk that,

if not properly controlled, excessive current could flow through the skin and cause tissue damage.

Therefore, continuous current monitoring and feedback control are essential to maintain safe operation.

Emaminejad et al. implemented a programmable current source to induce sweating periodically

with integrated current monitoring and safety mechanisms[11].Their design (Fig.2.3) shows how

programmable iontophoresis currents can be controlled while keeping the user safe with current

limiting and fault isolation. In this project, the same concept is implemented on a flexible PCB,

combining programmable iontophoresis and sensing modules with current monitoring for safety.
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Figure 2.3: Current delivery circuit schematic diagram [11].

2.2. Ion-Selective Electrodes
2.2.1. Introduction to Ion Selective Electrodes (ISE)
Sweat sensors need to be selective to electrolytes because ion concentrations in sweat not only have direct

physiological meaning but also affect the conductivity of sweat, which can influence the accuracy of

electrochemical sensor readings. An ion-selective electrode (ISE) [20], also called a specific ion electrode

(SIE), is a sensor that converts changes in the concentration of specific ions into an electrical potential,

shown in the fig2.4.

Figure 2.4: A fully integrated wearable wristband that could detect Ca2+ and pH at the same time.[21]

An ISE comprises two parts: a working electrode with a selective membrane that provides chemical

selectivity for the target ion, and a reference electrode that supplies a stable reference potential. The

selective membrane can be implemented as glass, solid-state, liquid-membrane, or composite designs[22].

The reference electrode is commonly Ag/AgCl embedded in a chloride-saturated polymer matrix,

ensuring a stable potential for differential measurement[23].

When the target ion interacts with or passes the selective membrane, a potential develops across the

membrane due to differences in ionic activity on the two sides. The working electrode measures this

potential relative to the reference electrode, and the measured potential varies logarithmically with the

ion’s activity according to the Nernst equation[24]:

𝐸 = 𝐸0 +
𝑅𝑇

𝑧𝐹
ln([Ion]) (2.1)

where E is the cell potential, E 0 is the standard potential, R is the universal gas constant, T is the

absolute temperature, z is the charge of the ion, F is the Faraday constant, and [Ion] is the activity of the

ion. Based on the Nernst equation, the theoretical potential response limit of the ISE is approximately

59.2 mV per tenfold change in target analyte concentration at 25 °C[25]. The overall cell potential of an

ISE system can be described as:

𝐸 = 𝐸𝑀 + 𝐸ref + 𝐸const (2.2)

where 𝐸𝑀 is the membrane potential arising from the ion-selective membrane, 𝐸ref is the junction

potential of the reference electrode, and 𝐸const represents all other constant contributions. By combining

the ion-selective membrane with a stable reference electrode, the open-circuit potential of the ISE can be

measured.
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2.2.2. Circuit Implementation for ISE
Open Circuit Potential Technique (OCPT) has become one of the most commonly used electrochemical

technologies in wearable sweat sensors due to its simplicity and low power consumption[26]. OCPT

is typically employed for the selective detection of sweat electrolytes, requiring a high-impedance

voltmeter to measure the potential between the reference electrode and the working electrode. Due

to the potentially high source impedance of the potential sensors, they must be connected to a high

input impedance voltage buffer to minimize the current flowing through the electrodes[27]. The

reference electrode provides a stable potential, which is preserved by a high-input-impedance buffer

to avoid loading effects[28]. This potential is captured by an ADC, allowing one to determine the

ion concentration in sweat based on the Nernst equation. For the measurement of sweat electrolytes,

the sensor response is usually stable. Therefore, a low-bandwidth signal path (for example, with a

-3 dB cut-off frequency of 1 Hz [6]) and standard ADC sampling intervals are sufficient to satisfy the

requirements for continuous monitoring. This design approach enables instruments that are low in

power consumption and compact in size.

2.3. Sweat flow rate sensor
Sweat flow rate is the amount of sweat produced in a given time. It is important for evaluating body

hydration and for correctly understanding sweat biomarker data[29]. The composition of sweat changes

with the sweat rate: when the rate is high, electrolytes such as sodium and chloride increase; when the

rate is low, metabolites like lactate and urea become more concentrated[30]. However, sweat is produced

only in small amounts, so wearable sensors need to collect and guide it efficiently. Modern devices use

microfluidic collectors that move sweat through small channels without extra power[31]. This method

allows continuous collection of fresh sweat and helps prevent evaporation and contamination[32]. In

the past, sweat rate was measured by large systems such as body weight tracking, absorbent pads, or

humidity sensors, which could only be used in the lab[33]. In contrast, on-skin microfluidic sensors

make it possible to monitor sweat rate continuously and in real time. One useful method for measuring

sweat flow is to place capacitive or impedance sensors inside the microchannels[21]. When sweat moves

forward, it changes the dielectric property of the channel and forms a conductive path between the

electrodes. This leads to changes in impedance or capacitance. By matching these signal changes with

sweat volume or flow distance, the device can measure sweat rate in real time. For instance, Nyein et

al.[21] designed a wearable patch with a spiral microchannel placed over interdigitated electrodes to

monitor sweat flow, as shown in Figure 2.5.

Figure 2.5: Schematics of a wearable sweat sensing patch integrating a spiral microfluidic channel with interdigitated Au

electrodes.[21]

Sweat flow can be measured by tracking how moving sweat changes the dielectric environment and

creates a conductive path between electrodes. The increase in admittance or capacitance can be calibrated

to estimate flow rate in real time. This concept has been demonstrated in several on-skin devices.

Nyein et al.[21] developed a spiral microchannel with interdigitated electrodes, where advancing sweat

caused admittance to rise and matched syringe-pump flow references. Choi et al.[34] presented a

simple parallel-plate capacitive sensor with a linear response to channel filling, consistent with the

Macroduct collector. More recently, Moonen et al.[35] introduced a droplet-based method in which

nanoliter droplets generate clear capacitance steps, allowing very low sweat rates to be detected. A

typical impedimetric layout is illustrated in Figure 2.6, showing a spiral microchannel with interdigitated
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electrodes where the advancing sweat front changes the measured impedance or admittance. Despite

Figure 2.6: Spiral microchannel with interdigitated electrodes (IDEs) for impedimetric sweat-flow sensing.[36]

these advances, several practical challenges remain. First, microchannels have limited capacity; once

they are filled, new sweat cannot be measured until the liquid is removed or absorbed[21]. Second,

changes in sweat ion concentration affect conductivity and can cause signal drift that is not related to

volume. To correct this, calibration or simultaneous ion measurement may be needed[11]. In this work,

the system combines sweat rate sensing with ion concentration measurement to address this issue.

2.4. Flexible Substrates for Wearable PCB
Wearable electronic devices require flexible PCB substrates to remain comfortable and conform to

the body. Traditional rigid FR4 cannot bend over curved surfaces and may cause discomfort or

mechanical stress during use[37]. In contrast, thin flexible films such as polyimide (PI) can move with

the skin and maintain stable contact, making the device light and patch-like for daily wear[38]. PI

is also biocompatible, allowing safe and long-term contact with skin. For example, Petrelli et al.[39]

demonstrated a PI-based circuit with CNT sensors (Figure 2.7) for sweat ammonium detection, which

maintained stable performance under bending. Flexible PCBs are not only more comfortable but also

more reliable during motion. A rigid board may crack or detach, whereas a flexible circuit can bend

repeatedly without damage[40]. This ability to follow body contours is an essential feature for modern

wearable systems.

Figure 2.7: Examples of flexible PCB substrates used in wearable biosensing applications. (a) Flexible readout circuit with

surface-mounted ICs. (b) Thin-film polyimide-based sensing substrate. Adapted from [39].

2.4.1. Material Options for Wearable PCBs
Among flexible substrates, polyimide (PI) is widely used[41]. It has high thermal stability, chemical

resistance, and mechanical strength, while being thin and flexible. Importantly, PI can survive soldering

temperatures above 250 °C and is compatible with PCB processes[42]. These properties make PI the best

choice for most wearable circuits, though it is more expensive than alternative polymers such as PET.

Thin PI films (for example, 25 µm) allow very low device profiles and tight bending, enabling patch-like

wearables. However, very thin layers can be fragile and may require reinforcement in specific areas.

Other polymers have limits. PET is cheap and transparent, but softens at 120–150 °C, so it cannot handle

standard soldering temperatures[43]. PEN performs slightly better but still shows lower thermal stability

than PI. These are mainly used in simple, low-cost circuits. Elastomers such as polydimethylsiloxane

(PDMS) or polyurethane are highly stretchable, but degrade at soldering temperatures and are hard to
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pattern with fine copper traces[44]. In summary, PI offers the best balance of flexibility, strength, and

manufacturability and is the standard substrate for wearable PCB design. Other materials have been

explored, but remain limited to niche or research uses.

2.5. Power Supply
In wearable devices, parts such as data processors and wireless modules need continuous and stable

power. Therefore, the power supply is an important part of the whole system design.

Several energy options have been studied. Solar cells can turn sunlight into electricity, and triboelectric

nanogenerators (TENGs) can collect mechanical energy from body motion[45, 46, 47]. Biofuel cells

can also take energy directly from human sweat, showing high power density in body fluids and long

operation during exercise[48]. These methods are promising for future wearable devices, but they still

have limits in stability, efficiency, and system integration. For now, they are mainly used as supporting

power sources rather than the main supply.

Different types of batteries have also been developed. Stretchable lithium-based batteries on flexible

substrates aim to improve both safety and flexibility, while zinc–manganese batteries offer light weight

and high capacity[49, 50]. However, these new designs are still in the early stage and are not yet widely

used.

At present, lithium-ion batteries are the most practical option. They provide high energy density,

long lifetime, and fast charging speed[51]. Although there are concerns about size and safety, small

lithium-ion batteries remain reliable, low-cost, and easy to replace. Therefore, in this work, a single 3.7

V lithium-ion battery is used as the main power source.



3
System Architecture and Circuit

Design

3.1. Overall System Architecture
To explain the design clearly, this section introduces the overall system before describing each circuit

block in detail. The system is built in a modular way, so each sensing and control part can be developed

and tested separately while still working well together on the PCB. Figure 3.1 shows the architecture

of the wearable sweat sensing system. The device includes three main sensing modules and a central

microcontroller unit (MCU):

• Iontophoresis Module: Generates a controlled 0–1.5 mA constant current for 5 min every 3 hour.

It actively induce sweat secretion at the skin interface.

• Ion-Selective Electrode (ISE) Module: Acquires 80-300 mV signals from working and reference

electrodes, with resolution 0.1 mV.

• Sweat Rate (Impedance) Module: Measures skin-electrode impedance in the 1 kΩ–100 kΩ range,

enabling real-time estimation of sweat flow rate.

• STM32 MCU: Coordinates module operation via PWM, ADC, and I
2
C interfaces. It processes the

collected data and sends the results through UART to a BLE module for wireless transmission.

• Power Management: A 3.7,V Li-ion battery supplies a set of voltage regulators that generate 36,V,

5,V, and 3.3,V rails.

To match the signal level of ion-selective electrodes, we set the input voltage range of our circuit to

80–300mV. The typical value is around 200mV. This choice is supported by Gao et al.[6], who found

open-circuit voltages between 0.1–0.3V in their wearable Na and K sensors. Yang et al.[52] also reported

similar results, with printed ISEs showing base voltages close to 200mV.

For sweat stimulation, we used iontophoresis current between 0 and 1.5mA. This range follows medical

practice. Gokdemir and Karadag [53] explained that 1.5mA is a safe current used in sweat tests.

Reynaerts et al. [54] also showed that 1.5mA can effectively make sweat using a commercial device.

These works support our settings for both voltage and current in the sweat sensor design.

3.2. ISE Potenial Signal Acquisition and Amplification Circuit
3.2.1. Architecture choice
The ion-selective electrode (ISE) produces an open-circuit potential typically in the range of 80–300 mV,

depending on the ionic composition of sweat. This potential is directly related to the concentration of

target ions and thus serves as the main sensing signal. However, a key challenge for ISE-based sensors

is that the electrode interface has very high source impedance, often in the range of megaohms or more.

If the measurement circuit does not have enough input impedance, even a small current drawn from

9
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Figure 3.1: High-level block diagram of the integrated wearable sweat sensing system.

the electrode can disturb the electrochemical balance. This effect, known as electrode polarization,

causes signal drift and reduces measurement stability[55]. To solve this problem, an open-circuit

measurement method is used. The essential principle is to sense the electrode voltage without letting

current flow through the interface. In practice, this needs a measurement front-end with very high

input impedance, ideally in the gigaohm range. With almost zero current, the electrode potential can be

measured accurately without polarization effects, ensuring signal accuracy and stability.

In previous work of Gao’s group [6], the signal chain for sweat sensing was structured in three sequential

stages:

• A voltage buffer with ultra-high input impedance, preventing loading of the ISE and enabling

stable open-circuit potential measurement.

• A differential amplifier, which subtracts the reference electrode potential from the working

electrode potential, thereby extracting the true sensing signal while rejecting common-mode

interference.

• A low-pass filter, designed to attenuate high-frequency noise originating from motion or environ-

mental fluctuations, so that the low-frequency ion signal remains intact.

This three-block architecture has been widely adopted in bioelectrochemical sensor systems, as it

clearly addresses the main requirements of high input impedance, differential measurement, and noise

suppression. However, using separate buffer and amplifier circuits adds more components, which can

increase noise and make the circuit more complex. In this design, these functions are combined into a

single instrumentation amplifier (IA). The IA includes two high-input-impedance buffer stages and one

precision differential amplifier inside the same chip. This setup keeps the advantages of the original

three-stage design while reducing the number of parts. As a result, the circuit becomes more compact

and is designed to improve noise performance and common-mode rejection.

Following the IA stage, the conditioned signal passes through a fourth-order active low-pass filter to

further reduce unwanted noise before being digitized by the microcontroller’s ADC. An overview of

this whole readout path is shown in Figure 3.2. This system ensures that the small signals from the

sweat–electrode interface are measured accurately and processed reliably.
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Figure 3.2: Schematic overview of the signal acquisition and amplification circuit.

3.2.2. Gain design ADC Matching
After the initial acquisition stage, the sweat signal usually appears as a weak electrochemical potential

difference with an amplitude between 80 mV and 300 mV, typically around 200 mV. Feeding such a

low-voltage signal directly into the microcontroller ADC would lead to poor quantization resolution,

making it difficult to achieve high measurement precision. Therefore, the signal must be amplified to

make full use of the ADC’s input range.

Considering the needs for performance, precision, and low power, the AD8237 instrumentation amplifier

was chosen as the main amplification stage. Compared with general-purpose operational amplifiers, an

instrumentation amplifier includes high-input-impedance buffers and a precise differential amplifier.

This design offers two main advantages: it prevents polarization effects caused by low input impedance

at the sensor interface and reduces common-mode noise, improving signal quality and measurement

stability.

According to the ADC specifications of the STM32F1 microcontroller, the built-in 12-bit ADC operates

within an input range of 0–3.3 V. Therefore, the gain of the instrumentation amplifier was set to 10. With

a maximum input signal of about 300 mV, the amplified output reaches around 3 V, which is close to the

ADC reference voltage and makes full use of its quantization range. Using the full ADC range improves

resolution and reduces relative quantization error.

For a 12-bit ADC, the number of quantization levels is:

2
12 = 4096

Thus, the least significant bit (LSB) size is:

LSB =
3.3 V

4096

= 0.0008057 V = 805.7𝜇V

Considering the signal has been amplified by 10, the equivalent input-referred resolution becomes:

805.7𝜇V

10

= 80.57𝜇V

The input-referred resolution of about 0.08 mV exceeds the design target of 0.1 mV. Even when

considering real-world effects such as component tolerance and noise, the system can still provide stable

and accurate measurements with at least 0.1 mV precision. This resolution is sufficient to detect small

changes in ion concentration in sweat and supports reliable monitoring of physiological parameters.

3.2.3. Filtering Noise Analysis
To achieve high-precision signal acquisition, the noise performance of the analog front end was carefully

analyzed. In this system, each signal path passes through a high-input-impedance buffer followed by a

fourth-order Sallen-Key low-pass filter. This structure is intended to suppress high-frequency noise

while preserving signal integrity.

The theoretical cutoff frequency 𝑓𝑐 of a second-order Sallen-Key low-pass filter is given by:
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𝑓𝑐 =
1

2𝜋
√
𝑅1𝑅2𝐶1𝐶2

≈ 194 Hz

where 𝑅1 and 𝑅2 correspond to resistors R84 and R85 in the first Sallen–Key stage (each 820 kΩ), while

𝐶1 and 𝐶2 correspond to capacitors C63 and C65 (each 1 nF) shown in Fig. 3.2. These components

form the first second-order low-pass stage, and two identical stages are cascaded to realize the overall

fourth-order low-pass filter.

However based on LTspice simulation results, the -3 dB cutoff frequency was approximately 85 Hz. For

a fourth-order Sallen–Key low-pass filter with Butterworth response, the equivalent noise bandwidth

(ENBW) is approximately 1.1–1.2 times the cutoff frequency[56]:

ENBW ≈ 1.1 × 85 = 93.5 Hz

Thermal (Johnson–Nyquist) noise from resistors is the dominant noise source in this path. For each

820 kΩ resistor, the thermal noise is calculated by:

𝑉thermal =
√

4𝑘𝑇𝑅𝐵

where 𝑘 is the Boltzmann constant (1.38 × 10
−23

J/K), 𝑇 is the absolute temperature (here 𝑇 = 300 K), 𝑅
is the resistance in ohms (each 820 kΩ), and 𝐵 is the equivalent noise bandwidth (ENBW) of the signal

path (here 𝐵 = 93.5 Hz).

The total thermal noise (RMS sum) is given by:

𝑉thermal, total =

√
𝑉2

thermal,R1
+𝑉2

thermal,R2
+𝑉2

thermal,R3
+𝑉2

thermal,R4
(3.1)

Therefore, for four equal resistors, the total thermal noise is:

𝑉thermal total =

√
4 × (1.269𝜇V)2 ≈ 2.253𝜇V

In addition, the noise contribution of the operational amplifier is calculated based on a typical voltage

noise density of 8 nV/

√
Hz and three active stages:

𝑉opamp = 3 × 8 nV/
√

Hz ×
√

93.5 Hz ≈ 232 nV

Current noise is negligible and can be ignored. Combining the noise sources using RMS summation:

𝑉total =

√
(2.253𝜇V)2 + (0.232𝜇V)2 ≈ 2.264𝜇V

After considering both signal paths (working and reference electrode), and a gain of 10 in the differential

amplifier, the output noise becomes:

𝑉output noise = 2.264𝜇V × 2 × 10 = 45.28𝜇V

LTspice simulation showed a very similar result of 48.571 (see Appendix A.1), indicating the hand

calculation is reasonably accurate. The corresponding input-referred noise is:

𝑉in referred =
48.571𝜇V

10

= 4.857𝜇V

Comparison with ADC Resolution:
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The ADC used is 12-bit with a full-scale input of 3.3 V. Therefore, the least significant bit (LSB) is:

LSB =
3.3 V

2
12

= 805.7𝜇V

Since the signal is amplified by 10, the input-referred LSB is:

805.7𝜇V

10

= 80.57𝜇V

To maintain stable resolution, the total input-referred RMS noise should generally be less than 1/10 of

the LSB:

Allowed noise =
80.57𝜇V

10

= 8.06𝜇V

The calculated noise of 4.857 µV is well below the required limit, showing that the designed analog

front end and filters provide enough noise performance to support reliable ADC operation with 0.1 mV

resolution.

3.2.4. Power management for AD8237
The AD8237 instrumentation amplifier is a key component in the front-end signal chain, and its supply

configuration directly constrains both input and output voltage ranges. According to the datasheet, the

device can operate from a single 1.8–5.5 V supply or from dual rails up to a maximum difference of 6 V.

In practical design, the supply voltages must be chosen so that the amplified output stays well within

the rails and avoids nonlinear behavior near the supply limits.

In this design, the input signal from the ISE electrodes spans 80–300 mV. With the selected gain of 10,

the output is expected to range from about 0.8 to 3.0 V. The reference pin is tied to ground, so both input

and output voltages are centered around 0 V. Although the AD8237 supports rail-to-rail operation, some

margin must be kept, as signals that approach the rails may cause distortion or clipping. To provide

enough margin, a dual-supply setup is used, with +4 V for the positive rail and –1.8 V for the negative

rail. This power configuration offers several advantages. The total supply voltage of 5.8 V stays within

the 6 V maximum limit, while the output swing from 0.8 V to 3.1 V remains safely inside the rails,

preventing saturation. The small negative rail also keeps the low-level inputs away from the nonlinear

region near ground. In addition, referencing REF to 0 V is supported directly without introducing offset

errors.

Figure 3.3: Power management architecture generating +4 V, +1.8 V and –1.8 V rails from a single +5 V input.

To generate the required supply rails from a single +5 V input, a compact three-stage power management

circuit is used (Figure 3.3). First, a low-noise LDO regulator provides a stable +4 V analog supply from

the +5 V system input. Then, a second LDO generates a clean +1.8 V rail, which drives a charge-pump

inverter (TPS60400) to produce –1.8 V. Decoupling capacitors are added to reduce ripple and keep

the negative output stable. In summary, this multi-stage regulation design provides +4 V and –1.8 V

supplies suitable for the operating range of the AD8237.
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3.3. Iontophoresis Voltage-Controlled Current Source Design
3.3.1. Design Principle
The core requirement of iontophoresis is to generate a stable and precisely controlled DC current

between electrodes, enabling ions to penetrate skin barriers and reach target sweat glands. The circuit

design in this work is inspired by, and largely follows, the voltage-controlled current source architecture

proposed by Emaminejad et al. [11], as already mentioned in the review section (Fig. 2.3). Building

on this foundation, the design here is adapted for sweat stimulation, with a target current range of

0–1.5 mA, real-time current monitoring, and additional safety features to ensure stable and reliable

operation. The implemented circuit is shown in Fig. 3.4.

Figure 3.4: PWM filter and voltage-controlled current source

The current generation is achieved using a voltage-controlled current source architecture. First, a

pulse-width modulation (PWM) signal is generated by the microcontroller. Pulse Width Modulation

(PWM) is a widely used technique for analog control through digital signals. It works by rapidly

switching a signal between high and low voltage levels, and adjusting the fraction of time that the signal

stays high within each cycle—this fraction is called the duty cycle[57]. Although PWM signals are

digital, with only two voltage levels, they can act as analog voltages after passing through a low-pass

filter. The filter removes the high-frequency parts and produces a smooth average voltage.

The resulting DC voltage 𝑉dc after filtering is directly proportional to the duty cycle and the supply

voltage 𝑉supply. The relationship can be expressed as:

𝑉dc = Duty Cycle ×𝑉supply

By varying the duty cycle, one can obtain any desired voltage level between 0 V and 𝑉supply, making

PWM a highly efficient and flexible method for voltage control.

By adjusting the duty cycle of the PWM output, we control the average voltage level of the signal.

However, since PWM is a pulsed digital waveform, it must be converted into a smooth DC signal for

analog control[58]. To achieve this, we apply a first-order RC low-pass filter composed of resistors and

capacitors, which attenuates high- components and produces a stable output voltage 𝑉dc.

To prevent loading effects and improve drive strength, the filtered signal is buffered using an AD8605

low-noise rail-to-rail operational amplifier. The buffered 𝑉dc is then fed into a voltage-controlled current

source composed of a differential amplifier (AD8276) and an NPN transistor (2N3904). The AD8276

precisely regulates the transistor’s base voltage, allowing the transistor to operate in its active region,

thus enabling a stable and linear current output. The resulting output current 𝐼out is linearly dependent

on the input control voltage and is given by:



3.3. Iontophoresis Voltage-Controlled Current Source Design 15

𝐼out = 𝑉dc × 0.47 mA/V

The conversion factor of 0.47 mA/V is defined by the resistor values and transistor characteristics in the

current driver. This design offers high accuracy and good linearity in current control. For safety and

flexibility, a single-pole single-throw (SPST) switch is placed in series with the output, so the current

can be turned off during a fault or when it is not needed.

To enable real-time monitoring of the current, a precision shunt resistor (20Ω) is placed in series with

the output. According to Ohm’s law, the voltage drop across this resistor is directly proportional to

the current. This voltage is amplified by an instrumentation amplifier (INA328) and fed into an ADC

for continuous current sensing. The value of the shunt resistor is chosen to balance between sufficient

voltage swing for accurate ADC sampling and not exceeding the ADC input range at the maximum

current of 1.5 mA.

3.3.2. Simulation Verification
To validate the performance and reliability of the iontophoresis module, we carried out two key

simulations using Proteus software. These simulations focused on verifying the constant current

source’s stability under varying skin resistances and evaluating the linear controllability of the output

current via PWM duty cycle adjustment.

We built the complete iontophoresis circuit model in Proteus, with the output path connected to a

variable load resistor representing the equivalent skin impedance. Based on literature values, human

skin impedance typically ranges from 5 kΩ to 13 kΩ, depending on factors like hydration, contact

quality, and skin type. In the simulation, we swept the skin resistance within this range and observed

the output current.

The result demonstrates that the output current remains constant even when the skin resistance changes,

as long as the input control voltage (𝑉𝑑𝑐) is fixed. For example, with 𝑉𝑑𝑐 ≈ 2.85 V, the output current

stays at approximately 1.34 mA across the resistance range. This confirms that the voltage-controlled

current source (VCCS) based on the AD8276 and 2N3904 maintains good load regulation and is capable

of operating under high skin impedance conditions. The maximum supported resistance is determined

by the system’s power rail (36 V, circuit see Fig. 3.9), which theoretically allows up to 20 kΩ load under

1.5 mA current output.

Next, we simulated the linear controllability of the output current with respect to the PWM duty cycle.

By sweeping the duty cycle from 0% to 100%, we obtained different 𝑉𝑑𝑐 values from the low-pass filter

(see previous subsection), and recorded the corresponding output current. The result is shown in

Fig. 3.5, where the relationship between PWM duty cycle and current is nearly linear.

Figure 3.5: PWM duty cycle versus output current simulation.

This confirms that the system supports fine and linear programmable control over current output via

PWM configuration, enabling precise adjustment in real applications.
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3.4. Impedance Measurement Circuit
3.4.1. AD5933 Functional Diagram Overview
In this system, the sweat secretion rate is indirectly estimated by measuring impedance with the AD5933

(Analog Devices). The chip includes an AC excitation source, a 12-bit ADC, and a built-in discrete

Fourier transform (DFT) engine[59]. This integration removes the need for external waveform generators

or lock-in amplifiers, making the AD5933 suitable for low-power and portable sensing systems. The

target impedance range of this design is 10–100 k, which reflects changes in sweat volume and ionic

conductivity.

As shown in Figure 3.8, the device generates a sinusoidal excitation via its direct digital synthesis

(DDS) engine. The signal passes through the unknown impedance 𝑍(𝜔), is converted into voltage by a

feedback resistor 𝑅FB, and then conditioned by an on-chip PGA and low-pass filter before digitization. A

1024-point DFT extracts both real and imaginary components of the response, which are communicated

to the MCU over I
2
C.

Figure 3.6: Functional block diagram of the AD5933 impedance measurement chip.[59]

3.4.2. Measurement Circuit Design and Calibration
For small impedances, direct excitation can cause electrode polarization or nonlinear distortion due to

high current[59]. To solve these problems (Figure 3.7), two protection stages are added to the design.

First, AC coupling capacitors with a bias network keep the DUT at mid-supply (𝑉DD/2), preventing DC

offset build-up and maintaining symmetrical operation. Second, buffer amplifiers are placed between

the DUT and the AD5933 to separate the excitation source from the measurement path, reducing loading

effects and keeping the signal stable.

To convert raw complex outputs into real impedance values, calibration with known resistors is required.

On the PCB, switchable calibration resistors (e.g., 1 kΩ, 10 kΩ) can be inserted into the measurement

path. From the real and imaginary values obtained, a gain factor 𝐺 is computed as:

𝐺 =
1

𝑍𝑐𝑎𝑙 ·
√
𝑅𝑒2 + 𝐼𝑚2

. (3.2)

This gain factor is then applied to subsequent measurements for accurate impedance estimation.

3.4.3. Dual-Path Measurement Strategy
A single-path design cannot cover both low and high impedances effectively. Therefore, a dual-path

front-end is implemented:

• Low-impedance path (1 kΩ–10 kΩ): low excitation amplitude, AC coupling, and buffering to

avoid polarization.
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Figure 3.7: Small impedance measurement circuit with AC coupling and buffering.

• Medium-to-high impedance path (10 kΩ–100 kΩ): higher excitation amplitude for improved

signal-to-noise ratio.

A digitally controlled multiplexer allows the MCU to switch between these two paths, enabling

wide-range impedance measurement on the same platform.

3.5. MCU Integration
The microcontroller used in this system is the STM32F103C8T6, a 32-bit ARM Cortex-M3 MCU

from STMicroelectronics. It was selected for its rich on-chip peripherals, which meet the project

requirements for data acquisition, communication, and control. In particular, the STM32F103C8T6

includes a high-precision ADC, I
2
C, and UART, allowing efficient sweat signal sampling and reliable

data transfer[60].

Pin configuration and peripheral initialization were carried out using ST’s graphical tool, STM32CubeIDE.

This environment provides an easy-to-use interface for setting each pin’s function, which greatly reduces

setup errors compared with manual configuration. It also generates initialization code that is directly

compatible with STM32CubeIDE.

To verify the MCU’s basic functions, tests were carried out on a minimal development board, which is one

of the most commonly used options for initial testing. First, an LED blink test confirmed proper GPIO

output operation. Next, UART communication was checked using a terminal emulator to confirm stable

data transmission and reception. Finally, ADC sampling and PWM output tests verified accurate analog

input readings and stable PWM signal generation. These tests demonstrated the STM32F103C8T6’s

reliable performance and provided a solid foundation for full system integration.

3.6. Power management Circuit Design
Our system is powered by a single-cell 3.7 V lithium-ion battery. Since different modules require

different voltage rails, a combination of boost converters and a low-dropout regulator (LDO) is adopted.

Boost converters and LDOs are complementary in power management. Boost converters use high-

frequency switching to step up voltage with high efficiency (80–95%)[61], making them suitable for

generating 5 V and 36 V rails from the 3.7 V battery. However, the switching action introduces ripple

and electromagnetic interference (EMI), which may affect sensitive analog circuits[62]. In contrast,

LDOs operate by linear regulation, offering lower efficiency but excellent noise suppression and clean

output[63]. Therefore, the whole system adopts boost converters for high-voltage generation and an

LDO for the 3.3 V digital and analog supply, achieving a balance between efficiency and signal integrity.

High-Voltage Boost (3.7 V → 36 V) To maintain iontophoresis currents up to 1.5 mA across skin

impedances as high as 20 kΩ, the system requires a high compliance voltage. A MAX5026EUT+T boost

converter is selected to generate 36 V from the 3.7 V battery. A 47𝜇H inductor and a Schottky diode
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Figure 3.8: STM32F103C8T6 circuit design.

provide switching energy transfer, while feedback resistors (150 kΩ / 6.34 kΩ) set the output voltage. A

1𝜇F ceramic capacitor stabilizes the output.

Intermediate Boost (3.7 V → 5 V) To supply analog front-ends and act as an intermediate rail, the

MT3608 boost converter is used to step up the battery voltage to 5 V. A 10𝜇H inductor provides energy

storage, a Schottky diode ensures fast switching with low loss, and feedback resistors (75 kΩ / 10 kΩ)

regulate the output. Input and output capacitors (22𝜇F) reduce ripple and improve transient stability.

Figure 3.9: Boost converter circuit generating 36 V for

iontophoresis.

Figure 3.10: Boost converter circuit generating 5 V from the

3.7 V battery.

Low-Dropout Regulator (5 V → 3.3 V) The STM32 MCU, BLE module, and digital logic require a

stable 3.3 V rail. An AMS1117-3.3 LDO is selected for its low output noise and strong ripple rejection,

which are critical for precise ADC sampling and reliable communication. A combination of electrolytic

and ceramic capacitors (47𝜇F and 100 nF) provides input decoupling and output stability.



4
PCB Layout Design and Firmware

4.1. PCB Layout Strategies
4.1.1. PCB Layout Overview
The first prototype PCB was designed as a test platform to validate circuit functionality rather than as

a final miniaturized flexible board. The board size is 7 cm × 9 cm, which provides enough space for

soldering, debugging, and clear placement of test points and connectors (Figure 4.1).

Figure 4.1: 3D model of the first prototype PCB.

To ensure reliable operation in a mixed-signal environment, the layout was divided into several functional

zones (Figure 4.2). The left side hosts the analog front-end, including the ion-selective electrode (ISE)

readout, iontophoresis driver, and impedance measurement circuits. These blocks are placed close

together to shorten sensitive signal paths and reduce noise pickup. The right side is reserved for digital

circuits, such as the microcontroller, communication interfaces, and indicator LEDs, which are isolated

from the analog section to minimize interference. Power management modules are located near the

boundary, providing stable supply rails to both domains.

4.1.2. Grounding Strategy
In mixed-signal PCB design, the ground plane layout is very important because it directly affects signal

return paths, noise coupling, and overall electromagnetic compatibility[64]. At first, we compared two

grounding methods: the “star grounding” and the “full copper pour.” The star grounding method

connects each module’s ground trace to a single point, which in theory separates analog and digital

grounds to reduce crosstalk. In practice, however, this approach creates long return paths that spread

out from the center, increasing loop area and adding unwanted inductance and coupling. These effects

can lower signal integrity and worsen EMI performance[65].

In contrast, the full copper pour method uses a continuous ground plane that covers the entire PCB. This

provides the shortest return path for all signals, simplifies routing, and improves ground connections

between layers in multi-layer boards. However, this approach can couple high-frequency digital noise

into nearby analog circuits, increasing the analog reference noise floor[64]. To reduce this effect, we

19
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Figure 4.2: Functional partitioning of the PCB into analog and digital zones.

separated the analog and digital regions physically and added ground vias in key locations to limit

crosstalk.

After comparing the trade-offs, we chose the full copper pour strategy. Once the ground plane was

applied, vias was placed along the edges of every GND pin to avoid isolated copper regions. If routing

changes are needed later, adjusting these vias can quickly keep ground continuity.

This ground design provides a low-impedance, low-noise return path for analog signals and a stable

reference for digital circuits, greatly improves system stability and resistance to interference in a

mixed-signal environment.

4.1.3. Signal Routing Principles
In this PCB design, the signal routing strategy plays a critical role in ensuring electromagnetic

compatibility (EMC), signal integrity, and ease of debugging.

High-frequency and high-speed signals—including I
2
C communication lines, ADC analog inputs,

the Serial Wire Clock (SWCLK) programming interface, and crystal oscillator traces—were given the

highest routing priority. These signals are especially sensitive to crosstalk, impedance changes, and

loop-induced noise. To reduce these effects, the “3W rule” was applied, keeping at least three times the

trace width of spacing between adjacent high-speed lines to minimize parasitic coupling and capacitive

interference.

For analog signals, such as the ADC input channels, a perpendicular crossing strategy was adopted

relative to high-speed or switching traces. This means analog lines intersect digital or power paths

at right angles whenever possible, avoiding parallel alignment that could lead to electromagnetic

interference.

4.1.4. Decoupling and Power Integrity
In designing the power supply layout for this PCB, care was taken to minimize switching noise and ensure

stable voltage delivery to critical components. Basic layout practices such as minimizing high-frequency

loop areas, placing decoupling capacitors close to IC power pins, and separating switching and analog

regions—were applied to support stable operation and reduce potential interference.

Firstly, in the 3.7 V to 5 V boost converter section (Figure 4.3), the high-frequency switching loop area

was minimized. This loop, formed by the switching node (SW), Schottky diode, inductor, and output

capacitor, can be a major source of electromagnetic interference (EMI) if not well controlled. To reduce

this effect, the components were placed as close as possible, with short copper traces forming a tight

and efficient loop. Wide copper pours and multiple vias were also added at key points to strengthen the

current return paths and improve EMI suppression.

Secondly, in the 36 V buck converter section, a similar design philosophy was applied. Components

operating at high current and high voltage — such as inductors and diodes — were laid out in a
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compact manner with wide, short traces.Copper was intentionally kept away from the area under the

inductors to prevent noise coupling into the ground plane. In addition, high-speed switching nodes

were carefully kept out of the analog regions to avoid interference with sensitive ADC signal paths.For

decoupling capacitor placement, a close-placement strategy was used. Each critical IC was paired with

its corresponding decoupling capacitor located as close as possible to the power pins. The layout follows

the shortest loop principle: VDD → Capacitor → GND, ensuring minimal impedance in the power

loop. This design effectively reduces voltage ripple and keeps the supply rail stable. To further improve

power integrity, wide copper traces were used along high-current paths, and multiple ground vias were

added to connect ground layers vertically. This helps reduce voltage drop from resistive losses and

improves heat dissipation.

Figure 4.3: 3.7V to 5V boost circuit layout to reduce loop area

4.2. Firmware Architecture and working Principle
The entire system is controlled by the STM32 microcontroller, which performs three main functions: (i)

collecting analog data from the sensing front end, (ii) controlling the iontophoresis and other peripheral

modules, and (iii) sending data wirelessly through Bluetooth. Because this application runs only a few

tasks and has clear timing requirements, using a full Real-Time Operating System (RTOS) would add

extra timing management and complexity without real benefits. Instead, the firmware uses a simple

structure based on timer interrupts and Direct Memory Access (DMA). All time-critical tasks, such as

periodic sampling, data buffering, and communication, are handled inside interrupt service routines

(ISRs), which keeps the timing stable and reduces jitter.

4.2.1. Data Acquisition and Control
This system uses an STM32 microcontroller to continuously read analog signals. It uses the built-in

12-bit SAR ADC together with Direct Memory Access (DMA). This setup allows stable and fast sampling

of low-frequency biosignals, while reducing CPU workload.

The SAR ADC works by comparing the input voltage step by step, and it finishes each conversion in

a few microseconds. It provides a good balance between speed and accuracy, which is suitable for

biomedical signals. In STM32CubeMX, multiple ADC channels are enabled with different sampling

times. This allows the system to read signals from the ion-selective electrode, impedance path, and

other analog sources at the same time, without making the firmware too complex.

To reduce CPU usage, DMA is set up to move ADC data directly into a memory buffer. This avoids the

need for the CPU to check ADC values all the time. When DMA finishes one round of transfer, it sends

an interrupt to the firmware. Both the ADC and DMA work in circular mode, so the memory keeps

updating automatically. This helps the system collect data smoothly and continuously for real-time use.

To drive the iontophoresis circuit, the firmware uses a timer on the STM32 microcontroller to generate

a PWM signal. The principle of PWM duty cycle adjustment and low-pass filtering is explained in

subsection 3.3.1. In the firmware, the PWM frequency is set in the kilohertz range. This helps deliver a

smooth current and avoids audible noise. The timer prescaler and auto-reload values are chosen to

keep a good balance between frequency resolution, timing accuracy, and CPU load. The timer output

frequency is calculated as:

𝑓 =
𝑓clk

(PSC + 1) × (ARR + 1)
where 𝑓clk is the timer input clock frequency, PSC is the prescaler value, and ARR is the auto-reload
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value.

The following parameters were used in this work as a practical reference for system implementation:

𝑓clk = 72 MHz, 𝑃𝑆𝐶 = 71, and 𝐴𝑅𝑅 = 999. With these settings, the resulting timer frequency is:

𝑓 =
72 MHz

(71 + 1) × (999 + 1) = 1 kHz.

During operation, the duty cycle is changed through the Capture/Compare Register (CCR). This lets

the firmware adjust the stimulation current in real time.

4.2.2. Wireless communication and Data package
In this system, Bluetooth Low Energy (BLE) wireless communication is implemented via a UART-

connected module (HC-05) to transmit both ADC-acquired analog signals and impedance measurement

results to an external host device. A hardware timer on the STM32 microcontroller is set to trigger an

interrupt every few seconds. When the interrupt occurs, the firmware starts one full data collection cycle.

It reads the analog voltages from the ADC buffer (filled by DMA) and starts an impedance measurement

using the AD5933 chip through the I²C interface. After the real and imaginary parts of the impedance

are read, all the data are processed and combined into a structured data packet. Each data packet

includes a fixed header, an optional timestamp, ADC voltage readings, and the complex impedance

result. These elements are converted into a byte stream and sent to the BLE module through UART. The

UART is set for asynchronous communication at 115200 baud, with 8 data bits, 1 stop bit, and no parity.

To reduce CPU load, UART transmission works in non-blocking mode. The HC-05 module operates in

transparent serial mode, sending the UART byte stream over BLE without the need for AT command

parsing or extra runtime settings. Once powered on and paired with a mobile device, all UART data can

be sent wirelessly.



5
Results and Discussion

5.1. Functional verification of subsystems
5.1.1. Validation of main control unit and Power management
The main control unit is the center of the system and manages signal collection, data processing, and

wireless communication. Testing this part was important to make sure the whole prototype could work

as designed. The test started with a simple power-on check. When 3.3 V was applied to the board, the

power indicator LED turned on right away, showing that the MCU and its related circuits were powered

correctly.

Subsequently, the programming interface was evaluated using the ST-LINK programmer. The MCU

was successfully detected by the STM32CubeIDE environment, and a simple test program was uploaded

without error (Fig. 5.1). Step-by-step debugging confirmed proper initialization of the system clock and

memory. To verify the communication interfaces, the UART module was tested by transmitting strings

Figure 5.1: MCU power-on test, burning test and Bluetooth test

to a serial terminal. The messages appeared correctly on the host PC, demonstrating that the peripheral

and software drivers were functional. In addition, the Bluetooth module (HC-05) was paired with a

laptop. When the Bluetooth module changes from flashing quickly to flashing once every four seconds,

it means that the pairing is successful. The data transmitted from the Bluetooth module was received

on a PC using the SSCOM serial communication software, confirming stable wireless communication

(Fig. 5.2). For testing power management, a multimeter was used in DC mode, and the voltage range

23
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Figure 5.2: Bluetooth transmission interface in SSCOM

was selected according to the expected value. We first tested the boost converter from 3.7 V to 36 V.

The multimeter was set to the 200 V range, and the output voltage was measured while adjusting the

potentiometer with a small screwdriver. The output voltage could be smoothly adjusted from 24 V to 36

V as expected. Next, the 3.7 V to 5 V boost converter was tested. It provided a stable 5 V output. Also,

the AMS1117 LDO correctly converted the 5 V rail into 3.3 V for the MCU and other low-voltage analog

parts. The converters maintained the expected voltage levels over the full input range, ensuring stable

operation of the following functional modules, such as the iontophoresis circuit and the impedance

measurement block.

Overall, the basic verification results show that the fundamental functions of the system work properly

as designed. The main control unit can start up reliably, run the program, and support both serial and

wireless communication. The power management part also worked as expected. The measured outputs

of 5 V, 3.3 V, and up to 24 V remained stable under different input conditions, confirming the proper

function of the boost converter and voltage regulation stages.

5.1.2. Iontophoresis circuit testing
The iontophoresis circuit is responsible for generating a controlled microcurrent that enables sweat

induction through the skin. The validation was performed in three stages. First, the microcontroller

was programmed to generate a 1 kHz PWM signal with a 50% duty cycle. The waveform was measured

on an oscilloscope (Fig. 5.3) , and the result confirmed a stable square wave with the expected frequency

and duty ratio. Second, the PWM signal was passed through a low-pass filter to obtain a DC control

Figure 5.3: PWM in oscilloscope, 1 kHz

voltage. The voltage was measured using a digital multimeter, showing 1.657 V (Fig. 5.4). This value is

consistent with the theoretical expectation of 3.3 × 50% = 1.65 V, demonstrating correct functionality

of the filtering stage. Finally, the circuit was evaluated under load conditions. With a 10 kΩ resistor

connected, the voltage-controlled current source produced a stable output current of approximately

0.88 mA. The current value was measured both with a multimeter and transmitted via the Bluetooth

module to the host PC, where it was displayed correctly. This confirmed that the system is capable of

delivering and monitoring microcurrents in real time.

Setpoint accuracy across duty cycles
To check how well the output matched the programmed duty cycle, the PWM signal was set to different

values from 10% to 90%. The filtered DC voltage was measured using a standard handheld multimeter

(XJIE XJ-9205S, nominal accuracy ±0.5% + 2 digits), and the output current will cross a 10 kΩ load and

recorded by shunt and ADC .The theoretical output current (𝐼exp) was obtained from the designed

transconductance ratio of 0.47 mA/V. Meanwhile, the measured current (𝐼ADC) was derived from the
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Figure 5.4: Measuring the DC voltage by multimeter

ADC voltage readings, which correspond to the voltage across a shunt resistor.The ADC operated at

12-bit resolution with a 3.3 V reference. Table 5.1 shows that the measured voltages and currents were

very close to the theoretical values.

Table 5.1: Setpoint accuracy and corresponding measured current

𝐷 (%) 𝑉exp (V) 𝑉meas (V) 𝐼exp (mA) 𝐼ADC (mA)

10 0.33 0.331 0.156 0.139

20 0.66 0.664 0.312 0.311

30 0.99 0.994 0.467 0.494

40 1.32 1.326 0.623 0.683

50 1.65 1.657 0.777 0.869

60 1.98 1.988 0.934 1.058

70 2.31 2.310 1.086 1.246

80 2.64 2.640 1.241 1.436

90 2.97 2.970 1.396 1.623

Measured voltages were obtained using a handheld multimeter (XJIE XJ-9205S, accuracy ±0.5% + 2 digits, corresponding to

approximately ±10 mV uncertainty). 𝐼
ADC

values were obtained by averaging a sequence of ADC readings over several seconds to

suppress random noise.

Compliance range with different loads
The compliance of the current source was assessed by maintaining a fixed PWM duty cycle and varying

the load resistance from 5 kΩ to 20 kΩ. For each load, the ADC-measured current (𝐼ADC) was obtained

from the voltage ADC reading across the shunt resistor. As shown in Table ??, the measured current

remained nearly constant at approximately 1 mA across different load resistances, showing the stable

compliance performance of the voltage-controlled current source.

Table 5.2: Compliance test of the voltage-controlled current source at 𝐷 = 60%

𝐷 (%) 𝑅load (kΩ) 𝐼ADC (mA)

60 5.1 1.0578

60 6.8 1.0568

60 10.0 1.0575

60 11.9 1.0569

60 15.1 1.0583

60 20.0 1.0571

5.2. Experimental challenges and limitations
5.2.1. Ion-selective electrode (ISE) module analysis
The ISE readout module was tested by enabling the MCU ADC interface and monitoring the amplified

electrode signals. In the first tests, the ADC correctly read values under firmware control. This confirmed
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that the digital interface was working. However, when a differential input of about 0.2 V was applied

to the instrumentation amplifier, the output voltage was very small. This did not match the expected

amplification.

To find the cause, the supply rails of the amplifier were measured. The positive supply was correct

at +4 V. But the negative rail, which should provide –1 V, was at 0 V. Further checks showed that the

charge pump, which generates the negative voltage, was at fault. Although its 1 V input was present,

the device failed to produce the required –1 V output.

Interpretation of Results:Supply and Reference Issues
The initial evaluation of the ISE readout module revealed two major causes for the observed malfunction.

The first issue was traced to the negative supply generation. The charge pump, intended to generate

–1 V, consistently failed and instead produced 0 V. A closer review of the datasheet indicated that the

device requires a minimum input of 1.6 V to operate correctly, whereas in the prototype only 1.0 V was

provided. As a result, the charge pump could not generate the intended negative rail and defaulted to

ground.

A second critical error was identified in the schematic: the 𝑅FB pin of the instrumentation amplifier had

been incorrectly connected as the 𝑉out node to the subsequent stage. This misconnection caused the

amplifier to output a very low and invalid signal. Because this error was embedded in the schematic, it

could not be corrected through rework or soldering. This highlighted the consequences of insufficient

schematic verification and motivated immediate corrections in the second revision of the PCB design.

To resolve the first issue, the power supply strategy was simplified in the revised design. Instead of

generating 4 V from 5 V and subsequently regulating to 1 V before inverting, the new approach directly

uses the 3.7 V battery input, regulates it to 1.8 V, and then applies the charge pump to produce –1.8 V.

This configuration not only satisfies the input requirements of the charge pump but also provides

a dual supply of 3.7 V and –1.8 V (a total swing of 5.5 V), which meets the operating range of the

instrumentation amplifier while reducing circuit complexity. The new schematic of readout path circuit

is shown in Fig. 5.5. Finally, the supply voltage of the filter stage was reconsidered. Since the output of

Figure 5.5: The modified schematic of ISE

the filter is directly connected to the MCU ADC, whose reference is 3.3 V, powering the filter at higher

voltages risked saturating the ADC input. Therefore, the filter supply was modified to 3.3 V to ensure

compatibility with the ADC input range and to prevent overrange conditions.

5.2.2. AD5933 sweat rate impedance measurement
The impedance measurement functionality of the AD5933 was extensively evaluated. In the initial

configuration, the device was connected following the recommended schematic, with 𝑅FB and the

device-under-test (DUT) both set to 10 kΩ. The control registers were programmed through I
2
C to

configure the excitation frequency, initialize the sweep, and subsequently poll the status register until

valid real and imaginary values became available. However, the device failed to assert the data-valid

flag as the fig5.6, and both real and imaginary registers remained unchanged. Based on discussions in

user forums, it was suggested that the AD5933 requires a 3.3 V supply and 3.3 V I
2
C pull-up resistors

instead of 5 V. The board was modified accordingly through wire reworkA.2, but the issue persisted.

Furthermore, oscilloscope measurements at the VOUT pin showed no sinusoidal output, even when the

programmed excitation amplitude was increased to 2 Vpp.
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Figure 5.6: The status register fail to valid

To verify that the problem was not caused by a faulty chip, an evaluation setup was created using a

standalone AD5933 device (Fig. 5.7) with minimal connections (VDD = 3.3 V, GND, SCL, SDA) interfaced

to an STM32 development board. In this simplified setup, the internal temperature register could be

read and showed varying values, confirming that the I
2
C interface was functional. When connected in a

test loop using 𝑅LIM and 𝑅CAL referenced to ground, sinusoidal signals were successfully observed at

both VOUT and VIN, demonstrating that the excitation circuitry was operational(Appendix A.3).

Figure 5.7: Single ad5933 chip adapter board

Following this, a calibration was performed with a known 10 kΩ resistor. The system produced a valid

gain factor 𝐺, and subsequent impedance measurements of 5 kΩ and 20 kΩ resistors yielded correct

results within the expected tolerance. These results confirm that the AD5933 can perform impedance

measurements reliably when supplied and configured correctly. The failure observed in the integrated

PCB prototype was therefore attributed to chip burnout or power-supply issues, which will be addressed

in the next design iteration in the future.
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Future Work and Conclusion

6.1. Future Work
6.1.1. Design Principles for Rigid–Flex Wearable PCBs
As mentioned in the background, polyimide (PI) is widely used as a substrate for flexible PCBs because of

its high strength, good thermal stability, and compatibility with standard PCB manufacturing processes.

While the background section focused on material choice, this part reviews the key mechanical layout

strategies reported in the literature for building reliable rigid–flex PCB. These principles form the basis

for the second-version design described in the following section.

One major consideration is the distribution of rigid and flexible regions. In wearable devices, heavy and

bulky components such as chips, connectors, or batteries cannot be reliably mounted on fully flexible

films. To address this, many designs adopt a “rigid island – flexible bridge” structure, where stiffened

areas hold critical components and flexible sections connect them. This layout allows bending to occur

mainly in the bridges while keeping the solder joints and pads stable on the rigid islands[40].

At the interface between rigid and flexible regions, stress concentration can occur. To reduce this effect,

techniques such as teardrop pads, fillets, or gradual tapering of copper edges are commonly used[66]. In

addition, stiffeners made of FR-4 or additional PI layers are often introduced beneath heavy components

to reinforce solder joints and prevent delamination[37].

Trace routing also requires careful attention. Recommended practices include placing traces perpendic-

ular to the bending axis, avoiding sharp corners, and using smooth curved paths. These measures help

distribute strain evenly and reduce stress concentration[67]. Pads, vias, and other rigid features are

generally kept away from high-strain hinge regions to avoid premature failure.

6.1.2. Flexible PCB V2 Layout and Mechanical Design
The second version of the PCB was redesigned to fix problems from Version 1 and to better support

wearable use. Unused interfaces were removed to make the board simpler. Layout errors were also

corrected to ensure normal operation. A top view of the basic layout is presented in Figure 6.1.

The new design was implemented on a flexible polyimide (PI) substrate, which provides the mechanical

flexibility required for skin-mounted electronics. Components were also rearranged. Heavy and

sensitive parts, such as the MCU and connectors, were placed in reinforced zones. In the flexible bridge,

only straight traces were kept, without vias or sharp bends, to improve bending endurance and reduce

the risk of copper fatigue. This follows the expected bending direction and reduces stress on solder

joints. To show the regions more clearly, a 3D view of the PCB is provided in Figure 6.2.

A rigid–flex bridge structure was used in this design. The rigid “islands” carry the chips and larger

passive components, while the middle section remains flexible to allow the board to bend. The substrate

has a 25𝜇m PI core. On the bottom side, a 0.2 mm PI stiffener was added under the heavy parts.

All surface-mounted components were placed on the top layer.For completeness, the back view with

28
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Figure 6.1: PCB Version 2 layout (top view).

Figure 6.2: 3D view of PCB Version 2 showing rigid and flexible regions.

stiffeners is shown in Figure 6.3.

This structure has two main advantages:

• Controlled stress distribution: During bending, strain is concentrated in the flexible bridge. This

prevents cracks or delamination near the reinforced edges.

• Improved stability: Rigid islands give strong support for chips and connectors. This avoids

detachment and pad damage. At the same time, not using full-board stiffening keeps the design

flexible and prevents random stress points.

Figure 6.3: PCB Version 2 layout (back view with stiffeners).

In summary, the Version-2 PCB applies a hybrid rigid–flex structure. It allows the board to bend with

the skin, while keeping important parts safe. Future work will include bending and fatigue tests to

check long-term reliability.
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6.2. Conclusion
This thesis has presented the conceptualisation, design, implementation, and evaluation of a flexible PCB-

based readout system for wearable sweat sensing. The main goal was to develop an electronic platform

capable of continuously and non-invasively acquiring and transmitting physiological information from

human sweat. The work covered the entire development process, including backgound knowledge,

circuit design, layout design, experimental validation, and iterative redesign.

The first version of the prototype (V1) successfully integrated several critical subsystems. The STM32-

based main control unit was validated to support programming, debugging, and both serial and

wireless (Bluetooth) communication, ensuring reliable data handling. The power management stage

demonstrated robust performance across a wide input range (3.7–36 V), providing stable 5 V and

3.3 V rails for digital and analog blocks. The iontophoresis circuit was shown to generate controlled

microcurrents from a PWM-derived voltage, with the resulting signals accurately measured and

transmitted to a host PC, confirming the feasibility of sweat stimulation and monitoring within a

wearable device.

Nevertheless, significant challenges were encountered. The ion-selective electrode (ISE) readout chain

failed to deliver the expected amplification due to an incorrectly implemented negative supply and

a schematic connection error that could not be corrected by rework. The AD5933-based impedance

module also presented persistent issues on the integrated board, including the absence of excitation

output and invalid register flags. Through independent testing on a standalone AD5933 adapter board,

these functions were later verified to operate correctly.

Building on the lessons from V1, a second-version prototype (V2) was proposed with targeted

improvements. By removing unused interfaces and optimizing component placement according to

bending direction, the V2 layout is expected to perform more reliably under practical conditions.

Looking ahead, the next steps involve the fabrication and testing of the V2 prototype. Comprehensive

validation of impedance and electrolyte measurements under physiological conditions will be critical to

demonstrate full system capability. Additional refinements, such as miniaturized wireless modules and

integration with mobile applications, will further advance the system toward real-world deployment.

Despite the limitations of the first version, the iterative design and experimental process have provided

valuable insights into both the electronic and mechanical challenges of flexible biosensor platforms.

In conclusion, this thesis shows the feasibility of a wearable sweat-sensing system and highlights the

step-by-step nature of hardware development, where each problem leads to a more robust redesign.

The work provides a complete framework for flexible readout electronics, including analog signal

acquisition, power management, micro-current control, wireless data transfer, and flexible PCB design.

Overall, this work represents a small but meaningful step toward fully integrated and non-invasive

sweat biosensors for personal health monitoring and wearable medical devices.
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A
Appendix

Figure A.1: The noise simulation of differential amplifier output in Ltspice

Figure A.2: Soldering the wire from 5V to 3.3V
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Figure A.3: sinusoidal signals were successfully observed.
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