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Abstract. 

Sweat is a kind of liquid secreted to the body surface by human sweat glands, and its composition is 

highly related to the physiological state of the human body. Flexible wearable devices can dynamically 

monitor the change of sweat composition and the state of motion in real-time, which makes it become 

an important means for clinical and physiological research. In this thesis, a sensing system based on the 

flexible electrode array, which mainly includes a flexible electrode array and portable signal acquisition 

and processing system module, is designed and used for dynamic sweat detection. The system is 

characterized by high sensitivity, high selectivity, and repeatability, enabling online sweat composition 

analysis in vitro or wearable situations. 

Flexible electrode array mainly includes ion-selective electrodes (ISEs), enzyme electrodes, and 

reference electrodes. The ISEs include sodium and potassium selective electrodes. Enzyme electrodes 

include glucose and lactate oxidase electrodes. Reference electrodes are two pseudo-Ag/AgCl reference 

electrodes, both of which also act as counter electrodes. Signal acquisition and processing module 

mainly include voltage signal amplification, current signal amplification, filtering, signal selection, and 

A/D conversion circuit. 

This thesis studies the response characteristics of the electrode array to four kinds of sweat components. 

The sensitivity of ISEs and enzyme electrodes can be obtained by using an electrochemical workstation: 

The voltage response sensitivity of potassium ISE is 60.8 mV/lg[c(K+)]; The voltage response sensitivity 

of sodium ISE is 45.9 mV/lg[c(Na+)]; The current response sensitivity of glucose oxidase electrode is 

2.28 µA·L/mmol; The current response sensitivity of lactate oxidase electrode is 45 nA·L/mmol. At the 

same time, the selectivity of ISEs is studied, and the experiment shows that both potassium and sodium 

ISE have a good anti-interference ability with low sensitivity against temperature. 

The sensitivity of potassium, sodium, glucose and lactate electrodes can still maintain a good linear 

relationship and meet the sensitivity requirements by using the portable signal acquisition and 

processing system. Combined with the "Clip Plate Method", sodium ion, glucose, and lactate of sweat 

sample collected from sportive volunteers are measured and analyzed, and the detecting of oxygen 

saturation and heart rate is also carried out in real-time, through which it can be found that the 

composition of sweat will change with the motion state and individual differences, providing a reference 

for the follow-up single targeted detection. 

In the thesis, a new type of enzyme electrode based on viologen compounds is developed, which has 

simple technological process and good stability, and the current response sensitivity of glucose and 

lactate oxidase electrode based on sulfhydryl viologen is measured as -0.234 µA·L/mmol and -41.7 

nA·L/mmol, which shows improved linearity and stability compared with conventional enzyme 

electrode. 

 

Key words: flexible electrode array, sensing, ion-selective electrode, enzyme electrode, 

electrochemistry, sensitivity, circuit system, sweat composition, viologen. 
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1 Introduction and Background 

1.1 Background and Developing Status of Sweat Analysis 

1.1.1 Introduction and Significance 

Sweat is a kind of biological fluid that has not been applied and developed in biomedicine. It 

contains some important physiological information and metabolic information  [1]. This 

information can be collected and analyzed to generate data and indicators that are valuable for 

relevant health status assessments. There are almost as many health indicators that can be 

detected in sweat as there are in the blood. However, a blood sample is necessary for blood 

tests, while sweat tests can be done in vitro, and that makes sweat tests more convenient than 

blood tests [2-3]. 

Sweat contains many biological elements, including ions such as sodium, potassium, chlorine, 

calcium, magnesium, zinc, copper ions, and trace elements; including organic compounds such 

as glucose, lactate, urea, and other metabolites; as well as protein, nucleic acid, and other 

macromolecules  [4-5]. Through monitoring and analyzing these components in sweat, we can 

get the information of electrolyte imbalance, sweat glucose level, and dehydration degree of the 

human body which are important for assessing the vital signs of the human body [6]. 

Sweat monitoring is the process of analyzing the sweat compositions on the surface of the skin 

to obtain desired health information, and the accuracy of capturing sweat in its current state is 

key to the process. There are many ways to obtain sweat, such as natural sweating. Some means 

can also be used for sweating such as exercise, heating, local chemical induction, iontophoresis, 

etc. [7-10]. Among them, exercise-based sweating is currently the main means of obtaining 

sweat due to its advantages of non-invasive, safety, and the quantity and quality of sweat 

samples [7]. In 2016, G. Liu et al. from the University of California prepared a sweat sensor 

with a sweat collector structure by using 3D printed plastic molds and sweat gland hydraulic 

pumping [11]. In the same year, Ahyeon Koh et al. from the University of Illinois used 

microfluidic to guide sweat into the measurement and analysis area [12]. As shown in Figure 

1.1 [11-12]. 



12 
 

 

Figure 1.1 Sensor with sweat collecting function. (a) Sweat sensor with sweat gland hydraulic pumping  

[11] (b) Sweat sensor with microfluidic technologies [12] 

The human skin typically has hundreds of sweat glands per square centimeter, and their density 

varies from area to area [13]. This means that in vitro, sweat is currently the most readily 

available biological fluid in the field of chemical sensing [14-15]. Therefore, it is of great 

significance to analyze and monitor sweat. 

1.1.2 Methods for Sweat Analysis 

Due to the low concentration of substances in sweat and the high demand for real-time 

performance, sweat analysis requires a short response time, high sensitivity, and high selectivity 

[16]. Generally, the analysis of sweat components can be divided into two categories according 

to the response mechanism of substances and different operation methods: electrochemical 

method and optical method respectively, as shown in Figure 1.2  [1]. In addition to the two 

methods mentioned above, Field-effect Transistors (FETs) are also gradually being used in the 

sensing field based on the similarity between the structure of a transistor and an electrochemical 

system. 

The FET has been developed and widely used as transducers thanks to the development of 

transistors fabrication technology in recent years [17]. FET is commonly accepted for molecular 

detection and mobile diagnostics due to its miniaturization  [18-19]. 
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Figure 1.2 Method of sensing. (a) Electrochemical method of sensing  [1] (b) Optical method of 
sensing  [1] 

1.1.3 Current Status and Challenges 

Previously, sweat was detected in vitro by absorbent pads or microtubules attached to the skin 

to collect sweat samples, and the samples were then evaluated physically and chemically by 

laboratory instruments [20]. With the development of flexible electronic devices and 

technologies, sweat detection is becoming portable and wearable. At present, many wearable 

systems have been developed [11-12, 21-23]. These wearable systems can monitor sweat in 

real-time while minimizing the impact on people's movements. The system may have the 

characteristics of good adhesion and flexible location selection based on the material selection 

and the structural design, which make wearable systems have a very broad application prospect 

[24]. Among many wearable sensors, electrochemical detection is the most commonly used, 

and the typical structure is a hybrid system consisting of electrodes and circuits integrated on a 

flexible substrate [7, 11, 25-27]. Figure 1.3 illustrates several representative wearable sweat 

sensor systems [25-29]. 

Figure 1.3(a) presents an integrated wearable device in the form of a wristband for sweat 

measurement and sweat glucose content detection in patients with cystic fibrosis [25]. The 

paper shows the specific structure of the sensor: it adopts the method of iontophoresis and can 

be programmed to induce sweating with different stimulus signals. Meanwhile, the platform 

can measure the target substances in sweat in real-time. The electrode pattern is located on a 
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PET substrate and is in direct contact with the skin via hydrogel and stainless-steel contacts. 

Flexible PCB boards and electrodes are integrated for iontophoresis, signal acquisition, and 

processing, as well as control and wireless communication. The system allows continuous and 

non-invasive detection and controls the rate of sweat production. 

Figure 1.3(b) shows a skin patch device for sweat capture, collection, and electrolyte analysis 

[28]. The device does not have a circuit structure. Instead, it adopts physical and chemical 

structures, such as a pinch valve, an effervescent pump, etc. to achieve microfluidic functions. 

The device also automatically releases substances like capsaicin and menthol when the amount 

of sweat exceeds a preset value, alerting the user to the situation of dehydration. 

Figure 1.3(c) shows a wearable wristband microelectrode array, of which the main function is 

to simultaneously monitor the concentration of heavy metal ions in human sweat. The sensor is 

measured by square wave anodic stripping voltammetry using gold or bismuth electrodes on a 

PET substrate [26]. The electrode array is connected with external equipment through FPC, and 

thus realizes the detection of heavy metals in sweat under the state of exercise, which is an 

important reference value for personal health and physiological status. 

The sensor array in Figure 1.3(d) mainly focuses on the measurement of lactate, glucose, 

sodium, and potassium ions in sweat [27]. The signal processing and analysis circuit, as well as 

control and communication module, are added based on the previous research, so as to achieve 

a high degree of integration. 

Figure 1.3(e) sense and detect the lactate and potassium ions in sweat through the structure of 

glasses [29]. Electrodes are on the nose pads of the glasses, subtly making contact with the skin. 

The support circuit part is fixed on the leg of the glasses to realize the signal processing function 

while ensuring comfort. Compared with other electrode arrays and sensors, there is no need to 

attach additional electrodes or sensors to the body, which provides great convenience. 

The sensor array introduced above is based on the premise of wearability, because this method 

can perform sweat detection better and realize real-time performance to the maximum extent. 

However, there are still many problems and challenges in wearable sensing devices [6]. 
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Figure 1.3 Some of the typical sweat sensing systems that have been developed recently. (a) An 
integrated wearable device in the form of a wristband for glucose detection of patients with cystic 

fibrosis [25] (b) A skin patch device for sweat capture, collection, and electrolyte analysis [28] (c) A 
wearable wristband microelectrode array for heavy metals measuring [26] (d) A wearable wristband 

microelectrode array for sodium, potassium, glucose and lactate measuring [27] (e) Eyeglasses based 
lactate and potassium sensing platform [29] 

First is the sweat contamination. Since sweat is less productive and the skin surface is not 

completely clean, the effect of contaminants from the skin surface on sweat is significant [30]. 

In addition, newly generated sweat samples can also be contaminated with previous sweat due 

to the mixing of sweat samples on the skin surface over time, resulting in changes in 

components concentration. 

Secondly, the concentration of substances in sweat doesn’t indicate changes of concentration 

in the body fluids [31]. Sweat is just the liquid produced by sweat glands, and its composition 

is different from body fluids such as blood. 

Thirdly, for the electrodes themselves, there are also many problems to be solved. For example, 

sports will cause a lot of wear on the sensor parts of wearable devices; sweat will corrode the 

equipment to a certain extent; power consumption and size of wearable devices also need to be 

considered. 

Therefore, there still has much room for improvement of the current sweat analysis system. 
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1.2 Method of Immobilization of Enzyme 

At present, glucose and lactate sensors generally use the corresponding oxidase to carry out 

specific recognition, so as to measure accordingly [1, 3, 4, 8, 25, 27, 29]. Therefore, the 

immobilization of enzymes on the surface of the electrode array is a very important step. 

The method of enzyme immobilization is to fix the free enzyme on the carrier, which makes 

the enzyme cannot move freely. The characteristics of an immobilized enzyme are determined 

by the immobilized carrier and immobilized method. The immobilized enzyme can effectively 

improve the stability of the enzyme catalytic process and maintain stable enzyme activity. The 

fixation methods mainly include physical adsorption, embedding, covalent bonding, 

crosslinking, and heat treatment [32]. 

Adsorption method is through the electrostatic action, Van der Waals Force, and other ways to 

combine enzyme with the carrier, so as to achieve enzyme immobilization. This method is very 

simple to operate and the immobilization process is easy and efficient which makes it a very 

common method. But its disadvantage is that the combination is not stable enough and the 

enzyme is easy to detach. 

The embedding method refers to the method of immobilizing enzymes in the carrier network 

structure. This method has little effect on enzyme structure and a high recovery rate of 

immobilized enzyme activity [33]. However, this method has a diffusion limitation, which has 

a certain influence on the catalytic reaction. 

Covalent binding refers to the method of forming covalent bonds between enzyme molecules 

and carriers [34]. This method is very robust, stable, and reusable. The disadvantage is that the 

conditions for forming covalent bonds are more stringent. 

Crosslinking method is to use reagents to connect the active groups of enzyme molecules to the 

carrier to form covalent bonds [35]. This method has a good fixation effect, but it has 

complicated operations and tedious steps. 

Heat treatment is the process by which enzymes are fixed to a specific carrier or cell by heating. 

This method is not commonly used because it requires enzymes to be temperature insensitive. 

As for the selection of carriers, inorganic oxides and carbon-based materials with good 

absorbability can be selected, as well as biopolymers and synthetic polymers to achieve a better 

fixation effect [36]. In this thesis, chitosan, single-walled carbon nanotubes, and Nafion are 
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combined used to fix the enzyme. The enzyme is fixed on the single-walled carbon nanotubes 

and further crosslinked with chitosan, which not only improves the fixation effect but also 

further improves the electron transfer rate [37]. By dropping Nafion onto the layer for overall 

embedding, enzyme shedding can be further prevented. 

1.3 Research Content and Innovation Points 

In this thesis, a sweat composition analysis system based on a flexible electrode array is 

explored. Thereinto, the electrochemical sensing mode of the electrode array is mainly studied, 

the feasibility of the method is verified, and the corresponding circuit has been designed. At the 

same time, the electrochemical sensing of enzyme electrodes based on viologen is preliminarily 

studied. 

I. Combining the sensing principles of different substances, an electrode array on flexible 

substrates is prepared and insulated by means of photolithography and parylene 

evaporation. 

II. The electrochemical performance of the electrode is tested to verify the relationship 

between the concentration of the substance and the electrical signal response, which is used 

as the basis for the design of the subsequent circuit. 

III. The signal acquisition circuit is designed and the whole system-level verification is carried 

out. After successful verification, the system is applied to measure human sweat in a real 

motion state. 

IV. The electrochemical response of enzyme electrodes based on viologen is preliminarily 

studied and compared with previous electrodes. 

The innovation points of this thesis are as follows: 

⚫ The electrode array system can dynamically reflect the relationship between sweat 

composition and key human indicators under exercise combined with blood oxygen 

physiology, heart rate and body temperature, which provides a new method for precise 

medical treatment and personalized exercise detection. 

⚫ The output signals of the electrode array are collected simultaneously through self-

designed collection circuits, and the signal is switched and selected as output through a 
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selector controlled by the wireless terminal, thereby reducing the amount of wireless 

transmission data, simplifying the circuit, and reducing data crosstalk. 

⚫ A sweat measurement method based on in vitro conditions called the “Clip Plate Method” 

is adopted. This method can realize real-time performance, repeatability and reduce the 

interference of external conditions such as temperature and friction, which lays a good 

foundation for the subsequent realization of wearable and in vitro measurement. 

⚫ A self-assembled enzyme electrode fabrication method based on viologen compounds is 

used, and its electrochemical response is studied. Compared with simple physical 

adsorption, the viologen electrode has similar stability and linearity, but greatly simplifies 

the preparation process, which is more conducive to the later application and development 

of electrode arrays. 

1.4 Structure of Thesis 

Chapter 1 is the introduction, which summarizes the background and methods of sweat analysis 

and the current status of sweat analysis research, and lists the shortcomings of sweat analysis. 

Chapter 2 introduces the basic sensing principle and the fabrication process of flexible electrode 

substrate. The preparation of sodium and potassium ISEs, glucose, and lactate oxidase 

electrodes is also described. 

Chapter 3 introduces the electrochemical responses of sodium and potassium ion electrodes, 

glucose and lactate oxidase electrodes, and the standard curves are drawn and analyzed. 

Chapter 4 introduces the electronic circuit design of the signal acquisition module and carries 

out system-level verification and human sweat measurement under the condition of real motion. 

Chapter 5 introduces the preliminary exploration of enzyme electrodes based on viologen, 

including electrochemical response measurement and standard curve drawing and analysis. 

Chapter 6 summarizes the research content of this thesis and expounds on the prospect of future 

work. 
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2 Fabrication of Flexible Electrode Array for Sweat Composition 

Analysis System 

The previous chapter introduces the current development status of wearable sweat sensors, as 

well as the existing problems and challenges. In this chapter, four typical components of sweat 

are used as measurements to introduce the design and fabrication of an electrode array. 

The main content of this chapter is mainly divided into the following aspects: the basic sensing 

principle of sweat composition of the flexible electrode array, the introduction of experimental 

reagents and equipment, evaporation and insulation of flexible electrode array substrate pattern, 

preparation of sodium, potassium ISE electrode and glucose, lactate oxidase electrode. 

2.1 Basic Principles of Sweat Sensing 

The water in sweat accounts for the vast majority of more than 99%, and the rest mainly 

includes sodium chloride, potassium chloride, lactate, a small amount of glucose, magnesium, 

calcium, urea nitrogen, and other ions and organic compounds. By selecting four representative 

substances in sweat such as Na+, K+, lactate, and glucose which are to be analyzed, it can not 

only reflect the movement and health status of the testee to a certain extent at the molecular 

level but also avoid the invasion of the human body and reduce the risk of injury. Whether it's 

sodium and potassium ion or lactate and glucose, the response is based on electrochemical 

sensing technology. 

2.1.1 Electrochemical Sensing Technology 

Electrochemical sensing technology refers to the technology of sensing detection and analysis 

utilizing electrochemical reaction mechanism and analysis method, which converts the 

concentration, activity, and other property of a targeted object into potential, current, electric 

quantity, and other electrical quantities.  

Electrochemical sensors can be divided into different types according to different output signals 

and different detection substances. According to the output signal, the electrochemical sensor 

can be divided into the potential sensor, current sensor, conductivity sensor, etc. According to 

the detection substances, electrochemical sensors can be divided into ion sensors, gas sensors, 

biosensors, and so on. Regardless of the classification method, the structure of electrochemical 

sensors is similar. To receive, recognize and transform the parameters of the substance to be 
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measured, the electrode is a necessary structure. A basic electrochemical two-electrode 

structure shown in Figure 2.1(a) consists of a working electrode (or sensing electrode), a counter 

electrode, and an electrolyte. Another typical electrochemical structure consists of a three-

electrode system shown in Figure 2.1(b) added with a reference electrode that only has a single 

reversible reaction and forms a stable reference potential with the electrolyte. 

 

Figure 2.1 Electrochemical sensing structure. (a) Two-electrode system; (b)Three-electrode system 

The electrode materials usually choose chemically stable precious metals, such as platinum and 

gold, which have good electrical conductivity and do not affect the response of the electrolyte 

under test. Because the electrochemical reaction occurs on the contact surface of the electrode 

and electrolyte, the surface performance of the electrode has a great influence on the sensing 

effect [38]. By modifying the surface of the working electrode or adding surfactants, the 

electrode may achieve optical sensitivity, specific selectivity, etc., resulting in high sensitivity 

and response values [39]. 

According to different responses, electrochemical sensors should adopt different analysis 

methods, the followings are several commonly used chemical analysis methods [40]:  

I. Potentiometric Analysis. This method can be considered when the concentration or activity 

of the analyte can be converted into a potential signal. Under normal circumstances, the 

electrode potential should be measured in an open state to reduce the impact of current on the 

potential. The determination of substance content by this method is usually calculated by using 

the Nernst equation, so it is usually suitable for ion concentration measurement. 
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II. Chronoamperometry. This method can be used when the concentration and activity of a 

substance can be converted into regular changes in electric current (electrons). Whether a 

reference electrode is needed depends on whether an initial potential is applied externally. In 

general, the relationship between the current response and concentration can be determined 

from the order of the chemical reaction.  

III. Voltammetry. This method is very commonly used for quantitative and qualitative analysis 

by measuring the variation of voltage-current parameters in the process of electrolysis. 

According to the voltage scanning mode and different operations, voltammetry can be 

subdivided into a variety of different methods: such as pulse voltammetry, cyclic voltammetry, 

etc. 

In addition, electrochemical analysis methods include conductance analysis, AC impedance 

analysis, and so forth. The main components of sweat and their possible analysis methods are 

shown in Table 2.1.  

Table 2.1 Main components of sweat and their analysis methods 

Substance Analysis method 

Na+ Open circuit potentiometry [41] 

K+ Open circuit potentiometry [41] 

Cl- Open circuit potentiometry [42] 

Ca2+ Open circuit potentiometry [43] 

Mg2+ Open circuit potentiometry [42] 

H+ (pH) Open circuit potentiometry [43] 

Glucose Chronoamperometry [40] 

Lactate Chronoamperometry [40] 

Uric acid Cyclic voltammetry [40] 

Cortisol Chronoamperometry [44] 

Ethanol Chronoamperometry [45] 

2.1.2 Ion Sensing Mechanism 

Ion sensing usually uses an ion-selective electrode (ISE). It is based on a solid or liquid-

sensitive membrane, which can selectively respond to specific ions in the solution. There is no 

electron transfer on ISE and the potential difference is caused by ion exchange and diffusion 

on both sides of the sensitive membrane. The electrode potential has a linear relationship with 

the logarithm of ion activity. The linear relationship can be briefly deduced below: 
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By definition, for an ideal substance A, with Gibbs Free Energy GA and content cA, the chemical 

potential of A at position x is: 

𝑢𝐴(𝑥) = 𝐺𝐴 + 𝑘𝑇𝑙𝑛𝑐𝐴(𝑥) (2.1) 

Where T is temperature and k is Boltzmann constant equal to 1.380649×10-23 J/K.  

If A is an ion substance with n numbers of electric charges, then its electrochemical potential 

can be described as: 

𝑢𝐴
′ (𝑥) = 𝑢𝐴(𝑥) + 𝑛𝑒𝜓(𝑥) (2.2) 

Where e is the elementary charge and ψ is the position function. 

If A is assumed to be in a one-dimensional system, then the potential is only a function of 

position. If the system is in equilibrium, the electrochemical potential of A should be equal at 

all positions. For any position x1 and x2, according to Equation (2.1) and (2.2), we can obtain: 

𝐺𝐴 + 𝑘𝑇𝑙𝑛𝑐𝐴(𝑥1) + 𝑛𝑒𝜓(𝑥1) = 𝐺𝐴 + 𝑘𝑇𝑙𝑛𝑐𝐴(𝑥2) + 𝑛𝑒𝜓(𝑥2) (2.3) 

After simplification, we can get: 

𝜓(𝑥1) − 𝜓(𝑥2) = −
𝑘𝑇

𝑛𝑒
𝑙𝑛
𝑐𝐴(𝑥2)

𝑐𝐴(𝑥1)
(2.4) 

Given the gas constants R=NAk and Faraday constant F=eNA, since the electric potential is only 

a function of position, Equation (2.4) can be further transformed as: 

𝜑(𝑥2) = 𝜑(𝑥1) +
𝑅𝑇

𝑛𝐹
𝑙𝑛
𝑐𝐴(𝑥2)

𝑐𝐴(𝑥1)
(2.5) 

Where φ(x) is the electric potential of substance A at position x. 

By Equation (2.5), we can get the linear relationship between potential and logarithm of ion 

activity. In addition, Equation (2.5) is also one of the forms of the Nernst equation. 

ISE can be further classified according to different electrical signal response mechanisms and 

structures. The detailed classification of ISE [46] is shown in Figure 2.2. 
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Figure 2.2 Classification of ISE 

2.1.3 Enzyme Sensing Mechanism 

An enzyme sensor is a device that uses an immobilized enzyme as a molecular recognition 

element to specifically identify measured substances. It is an instrument that is sensitive to 

biological substances and converts its concentration or activity into electric signals. Enzyme 

electrodes can be divided into amperometric enzyme electrodes and potentiometric enzyme 

electrodes according to the difference of electrical signals. Figure 2.3 is a schematic diagram of 

the enzyme electrode response mechanism. Among them, the function of intermediary includes 

promoting the process of electron transfer, broadening the linear range of response, reducing 

the working potential of the electrode, and so forth. 

 

Figure 2.3 Mechanism of enzyme electrode response 
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Due to the presence of enzymes and intermediates, specific molecules will undergo oxidation 

or reduction reactions on the electrode surface. The potentiometric enzyme electrode indirectly 

measures the concentration of the original substance through the change of ions generated by 

the reaction, so its principle is roughly the same as ISE. Similarly, the amperometric enzyme 

electrode measures changes in current. The activity or concentration of a biological component 

can be determined by obtaining the relationship between the electrical signals and the activity 

or concentration of the measured object. 

Oxidase is the most commonly used enzyme to make biosensors. Catalyzed by oxidases, the 

substrate reacts to form hydrogen peroxide. The sweat sensor in this thesis includes the 

detection of D-glucose and L-lactate, based on glucose oxidase and lactate oxidase electrodes. 

In the presence of glucose oxidase, 1 molecule of glucose is catalyzed to 1 molecule of gluconic 

acid, producing 1 molecule of hydrogen peroxide. Similarly, in the presence of lactate oxidase, 

1 molecule of lactate is catalyzed to 1 molecule of pyruvate, producing 1 molecule of hydrogen 

peroxide. Equation (2.6) and (2.7) shows their reaction formula: 

𝐻2𝑂𝐻(𝐶𝐻𝑂𝐻)4𝐶𝐻𝑂 + 𝐻2𝑂 + 𝑂2
𝐺𝑂𝐷
→   𝐶𝐻2𝑂𝐻(𝐶𝐻𝑂𝐻)4𝐶𝑂𝑂𝐻 + 𝐻2𝑂2 (2.6) 

𝐶𝐻3𝐶𝐻(𝑂𝐻)𝐶𝑂𝑂𝐻 + 𝑂2
𝐿𝑂𝐷
→   𝐶𝐻3𝐶𝑂𝐶𝑂𝑂𝐻 + 𝐻2𝑂2 (2.7) 

𝑉 =
𝑉𝑀[𝑆]

𝐾𝑆 + [𝑆]
(2.8) 

Where S is the concentration of free substrate, VM is the maximum reaction rate, and Ks is the 

saturation constant.  

In the case of low substrate concentration, S is far less than Ks, so the reaction rate increases 

linearly with the increase of substrate concentration, resulting in first-order reaction kinetics. 

On the contrary, when S is much higher than Ks, the reaction rate does not change with the 

substrate concentration, resulting in zero-order reaction kinetics [47]. 

Therefore, when substrate concentration and enzyme amount are appropriate, the current 

response of lactate and glucose oxidase electrode is linear with substrate concentration. Based 

on this relationship, we can design and develop a sweat enzyme sensor with application value. 
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2.2 Experimental Base Materials, Reagents, and Equipment  

2.2.1 Base Materials and Reagents 

Fabrication of electrode substrate: Polyethylene terephthalate (PET) is obtained from Suqian 

Dongsheng Suye CO., LTD. Gold, silver, and chromium target materials are procured from 

Beijing Dream Material Technology CO., LTD. Di-p-xylylene (Parylene N) is procured from 

Maggie Nano Technology (Suzhou) CO., LTD. Photoresist S1818 is obtained from Jiangyin 

R&J Electronics CO., LTD. Anhydrous ferric chloride, methanol, ethanol, acetone, isopropanol, 

hydrochloric acid, sodium hydroxide are procured from China National Pharmaceutical Group 

CO., LTD. (Sinopharm). 

Fabrication of ISE: Poly sodium 4-styrenesulfonate (NaPSS), sodium tetrakis  [3,5-bis 

(trifluoromethyl) phenyl] borate (Na-TFPB), sodium ionophore X, polyethylene-polypropylene 

glycol (F127) are purchased from Shanghai Macklin Biochemical CO., LTD. Valinomycin, 

polyvinyl butyral (PVB), polyvinyl chloride (PVC), bis (2-ethylhexyl) sebacate (DOS), Multi-

walled carbon nanotubes (MWCNT), 3,4-ethylene dioxythiophene (EDOT) are purchased from 

Shanghai Aladdin Biochemical Technology CO., LTD. Tetrahydrofuran, sodium chloride, 

potassium chloride, magnesium chloride, calcium chloride are procured from China National 

Pharmaceutical Group CO., LTD. (Sinopharm).  

Fabrication of enzyme electrode: lactate oxidase is purchased in batches from Sigma-Aldrich 

and Shanghai Guchen Biological CO., LTD. Nafion perfluorinated resin solution (5 wt.% in a 

mixture of aliphatic alcohols and 45% water) is obtained from Sigma-Aldrich. Single-walled 

carbon nanotube (SWCNT), glucose oxidase, L-lactate, D-glucose are purchased from 

Shanghai Aladdin Biochemical Technology CO., LTD. Sodium dihydrogen phosphate, 

disodium phosphate, chitosan, acetic acid, potassium chloride, anhydrous ferric chloride, 

hydrochloric acid, potassium ferricyanide are procured from China National Pharmaceutical 

Group CO., LTD. (Sinopharm).  

Pure water is provided by the school laboratory. Without special instructions, all reagents used 

in the experiment are analytical reagents. 

2.2.2 Equipment 

The instruments used in the experiment are shown in Table 2.2. 
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Table 2.2 Experimental instruments 

Instrument Type Company 

Magnetic Stirrers LC-DMS-H 
Shanghai Lichen-BX Instrument 

Technology CO., LTD. 

Digital Thermostat Water Bath HH-1 
Shanghai Lichen-BX Instrument 

Technology CO., LTD. 

Custom Vacuum Spin Coater 
AC300-S-

CTM 
Jiangyin Jiatu Technology CO., LTD. 

Ultra Violet Lithography Machine 
URE-

2000/25 
Institute of Optics and Electronics, Chinese 

Academy of Sciences 

Parylene Vacuum Coating Machine MQP-3001 
Maggie Nano Technology (Suzhou) CO., 

LTD. 

Vacuum Resistance Evaporation 
Coating Machine 

ZHD-300M2 Beijing Technol Sincine CO., LTD. 

Electrochemical Workstation CHI660E Shanghai Chinstruments CO., LTD. 

High-Speed Tabletop Centrifuge TGL-16C 
Shanghai Anting Scientific Instrument 

Factory 

Environmental Protection Constant 
Temperature Platform 

P-20 
Shenzhen Jinglianghe Technology CO., 

LTD. 

Analytical Balance FA1004 
Changzhou XINGYUN Electronic 

Equipment CO., LTD. 

Ultrasonic Cleaner / 
Shenzhen Huashen Science Industry CO., 

LTD. 

Pipette / DLAB Scientific CO., LTD. 

Optical Microscope VH-Z500R Keyence (China) CO., LTD. 

Digital Multimeters 17B+ 
Fluke Test Instrumentation (Shanghai) CO., 

LTD. 

2.3 Fabrication of Electrode Arrays Substrate and Pattern 

2.3.1 Electrode Arrays Design 

According to the function, the whole electrode array can be divided into three parts: reference 

electrode, ion-selective electrode (ISE), and enzyme electrode. The reference electrode is 

Ag/AgCl electrode. The ISE includes sodium ion working electrode and potassium ion working 

electrode. The response of the ion-selective electrode is measured by open-circuit potential 

analysis, and the current is zero, so the counter electrode is not needed. The enzyme electrodes 

include a lactate electrode and a glucose oxidase electrode. The reference electrode is used as 

the counter electrode because the enzyme electrode response is measured by 

chronoamperometry without applied voltage. 
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To obtain a specific electrode pattern, a metal mask is required for evaporation. The parameters 

and physical picture of the mask used in the experiment are shown in Figure 2.4. 

The desired pattern can be obtained by attaching the flexible material to the mask surface and 

performing metal evaporation. 

 

Figure 2.4 Parameter and physical picture of the mask. (a) Schematic diagram of mask plate size 
(b)Picture of real masks 

2.3.2 Preparation of PET Substrate 

First of all, cut the PET slice according to the size of the mask plate. During the operation, try 

not to scratch the surface, so as not to affect the evaporation. The PET substrate is completely 

immersed in pure water, isopropyl alcohol, and pure water in sequence for ultrasonic cleaning, 

the cleaning time is 10min, 20min, and 10min respectively. Then the PET substrate is dried on 

a hot plate at 80 degrees Celsius in a dust-free environment. 

After the PET substrate is completely dried, it is fixed on the evaporation mask. When fixing, 

ensure that PET and mask fit perfectly, and pay attention to the adiabatic tape that does not 

block the evaporation hole on the plate. 

2.3.3 Metal Evaporation 

Metal evaporation is also known as physical vapor deposition (PVD). It works by using joule 

heat generated by a high current and resistance in a high vacuum to evaporate the raw material 

into metallic vapor, which is then deposited on the substrate. In the process of evaporation, the 
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evaporation rate of the source material and the thickness of the metal electrode can be controlled 

by adjusting the current. In addition to metals, it can also deposit small molecular organic 

materials [48]. Figure 2.5 is the picture of the vacuum resistance evaporation coating machine. 

Specific electrode evaporation steps are as follows: 

(1). Turn on the power supply and compressor of the cooling machine, and then turn on the 

power supply, the nitrogen inlet valve, and the vent valve of the vacuum coating machine in 

sequence, so that the air pressure in the evaporation room is balanced with the outside air 

pressure. 

(2). Open the evaporation room, fix the mask on the coating platform, put chromium target 

material on evaporation source 1, put crucible and gold target material on evaporation source 

2, and then close the evaporation room. 

(3). Turn off the vent valve, turn on the mechanical pump and the front valve of the coating 

machine, wait until the pressure shown by the resistance vacuum gauge is less than 5 Pa, and 

then switch on the molecular pump. Wait until the pressure indicated by the ionization vacuum 

gauge is less than 5*10-4 Pa. 

 

Figure 2.5 Vacuum resistance evaporation coating machine 
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(4). Set the type of coating metal and the required coating thickness, open evaporation source 

1, and adjust the current at about 23 A. The specific current is adjusted according to the 

evaporation speed (0.1-1 Å/s) shown by the film thickness monitor, 30 nm of chromium metal 

layer is plated. 

(5). Reduce the current of evaporation source 1 to 0, close evaporation source 1, and operate 

evaporation source 2, in the same way, to evaporate gold metal layer, with the current of 

generally about 102 A. 

(6). Similarly close evaporation source 2 and wait for cooling for 30 minutes before switching 

off the molecular pump. Turn off the mechanical pump and the front valve, open the nitrogen 

inlet valve and the vent valve of the coating machine to balance the air pressure in the 

evaporation room. Open the evaporation room and take out the mask and PET substrate.  

(7). Cover the part except for the reference electrode with adiabatic tape, and repeat steps (2), 

(3), and (4) to evaporate the silver metal layer with the current of generally about 80 A. 

 

2.3.4 Electrode Characterization 

Chromium evaporation is done before gold to increase the metal adhesion with the PET 

substrate. The electrode array pattern and microscopic characterization after evaporation are 

shown in Figure 2.6, while the resistance characterization of the electrode array measured by 

digital multimeter is shown in Table 2.3. 

Table 2.3 Resistance characterization 

Electrode Length of wire Resistance Electrode Length of wire Resistance 

No.1 Au 29.6 mm 35.6 Ω No.4 Ag 19.0 mm 20.5 Ω 

No.2 Au 28.6 mm 38.4 Ω No.5 Au 18 mm 30.2 Ω 

No.3 Ag 28.4 mm 25.3 Ω No.6 Au 18.9 mm 29.2 Ω 
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Figure 2.6 Photograph of Electrode array. (a) Electrode arrays pattern (b) Microscopic characterization 
of gold electrode (c) Microscopic characterization of silver electrode 

2.3.5 Insulating and Protective Layer Treatment 

The insulating layer is treated by two different methods: photoresist insulation and thermal 

evaporation of parylene. Both methods have their advantages while ensuring insulation and 

protection. 

The advantages of using a photoresist to prepare an insulating layer are that the overall 

operation time is short and accurate insulation can be achieved, that is, only the electrode and 

the interface are photolithographic and exposed. The specific operation steps of 

photolithographic insulation are as follows: 

(1). The PET piece is heated for 60 seconds on a hot plate at 100 ℃, and then fixed on the 

spinning coater.  

(2). Appropriate amount of photoresist S1818 is dropped until the substrate pattern is covered. 

Set the spinning coater parameters to 500 r/min, 5 s, and 4000 r/min successively, 60 s, and 

start spinning.  

(3) After (2) is finished, heat it for 120 s on the hot plate at 180 ℃. 

(4) Prepare 0.5% (wt.%) NaOH developer for use. The PET substrate is fixed in the 

corresponding position, exposed for ten seconds, placed in the NaOH developer for 45 s, and 

then immediately transferred to acetone and pure water for 20 seconds successively. After 

removal, the substrate is placed on a hot table of 100 ℃ and dried. 

The photoetching pattern and effect after photoetching is shown in Figure 2.7. 
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However, the disadvantages of this method are also significant. First of all, because PET 

substrate size has reached the centimeter level, the photoresist is more difficult to spin evenly; 

Secondly, a specific photomask is required for photoetching; Thirdly, the photoresist is not 

friendly to the human body and may contaminate sweat sample. By contrast, parylene is a kind 

of highly secure medical material. In addition, its uniformity is better by using machine 

evaporating, only insulation tape covering is needed for the position doesn’t need to be insulated. 

Figure 2.8 shows the parylene vacuum coating machine used in the experiment. The procedure 

for parylene evaporation insulation is as follows: 

(1). Add parylene N powder to a metal pan in furnace 1 and put PET substrate in the evaporation 

room. Check their sealability and lock it. Do not open the lid during coating. 

(2). Turn on the main switch at the back of the machine and press the button to turn on the 

machine. After observing the yellow light flashing, set the evaporation time and temperature at 

the control panel: The temperature of furnace 1 controls the evaporation rate, which is generally 

80-120 degrees Celsius; the temperature of furnace 2 controls the cracking process, the 680 

degrees Celsius is set for parylene N powder. 

(3). Turn on the film thickness monitor, and set the parameters; After all settings are complete, 

click automatic coating on the control panel and wait for the machine to complete. 

(4). When the coating is finished, the machine will give out a warning sound. Take out the PET 

substrate and wait for the machine to cool off. 

 

Figure 2.7 Photograph of photoetching mask and electrode (a) Photoetching pattern (b) Ag electrode 
after photolithography 
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Figure 2.8 Parylene vacuum coating machine 

2.3.6 Activation of Gold Electrodes 

During the use of the gold electrode, it is easy to passivate, which leads to the decrease of 

sensitivity and fluctuation of reading, and will affect the overall stability of the electrode. 

Therefore, cyclic voltammetry curve activation is required before electrodeposition of PEDOT: 

PSS and Prussian Blue. The oxidation film on the electrode surface can be removed by 

activation, and the organic and inorganic impurities on the electrode surface can also be 

removed. The electrodes are usually polarized by dipping them in dilute acid, producing 

hydrogen atoms that reduce the surface oxides. For good results, the polarization should go 

through multiple cycles.  

In this thesis, dilute sulfuric acid with a concentration of 0.5 mol/L is used to activate the gold 

electrode. The dissolved oxygen in dilute sulfuric acid is removed by bubbling nitrogen, and 

the gold electrode, commercial counter electrode, and commercial Ag/AgCl reference electrode 

are connected to the corresponding clamps of the electrochemical platform. The voltage range 
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of scanning is -0.2-1.5 V, and the scanning rate is 100 mV/s. After 20 cycles of scanning, the 

gold electrode can be removed and cleaned for further experiments. Figure 2.9 shows the 

scanning curve. 

 

Figure 2.9 Activation CV curve of the gold electrode 

2.4 Fabrication of Ion-selective Electrodes 

2.4.1 Introduction to Conductive Polymers 

The charge transfer between the electrode and the ion-selective membrane can be promoted by 

inserting materials with electronic and ion-conductive properties between the electrode and the 

ion-selective membrane, thus improving the stability. Among many materials, the conductive 

polymer is commonly used as an intermediate layer of ISE because it perfectly conforms to 

these properties [49]. Studies have shown that the ISE using a conductive polymer as the 

intermediate layer has improved response stability, detection, and selectivity coefficient 

compared with traditional ion electrodes [50]. Common conductive polymers mainly include 

polyacetylene, polypyrrole, polythiophene, polyphenylene, polyphenylacetylene, polyaniline, 

etc. Their basic structure and conductivity are shown in Table 2.4 [51]. 

Table 2.4 Structure and conductivity of common conductive polymers [51] 

Conductive polymers Structure Electrical conductivity 
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polyacetylene 
 

1.7*104 S/cm 

polypyrrole 

 

7.5*102 S/cm 

polythiophene 

 

1.0*102 S/cm 

polyphenylene 

 

1.0*102 S/cm 

polyphenylacetylene 

 

5.0*102 S/cm 

polyaniline 

 

2.0*101 S/cm 

Among many materials, poly (3, 4-ethylenedioxythiophene) -poly (sodium p-styrene sulfonate) 

copolymer (PEDOT: PSS) has a good performance in reducing the potential drift of ISE. In this 

thesis, PEDOT: PSS is used as the intermediate layer of sodium and potassium ion-selective 

electrodes. 

2.4.2 Electrochemical Deposition of PEDOT: PSS 

PEDOT: PSS is one of the polythiophene polymers and its structure is shown in Figure 2.10. 

Its common synthesis methods include electrochemical deposition, chemical oxidation 

synthesis, and so on. Chemical oxidation synthesis catalyzes the polymerization of EDOT by 

oxidant and then purified it by a series of methods to obtain PEDOT: PSS. Electrochemical 

Deposition catalyzes the polymerization of EDOT by applying an electric field, and the 

electroplating speed and thickness can be adjusted by changing the potential value and 

deposition time. This thesis adopts the electrochemical deposition method. 

In the electrodeposition process, first of all, EDOT is oxidized and loses electrons to become 

PEDOT. PEDOT is neutral, non-conductive, and insoluble in water. Neutral PEDOT is further 

oxidized and loses electrons to form oxidized PEDOT with a positive charge, while PSS itself 

has a negative charge. Since the negative ion of PSS is fixed on the polymer chain, so does the 

positive ion of PEDOT, which forms a poly complex like a zipper. 
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Figure 2.10 Structure of PEDOT: PSS 

In addition, it should be noted that EDOT polymerization is caused by the reaction of cationic 

free radicals formed by the loss of an electron at No. 2 and 5 carbon atoms. In terms of reaction 

mechanism, electron loss belongs to oxidation reaction, so electrodeposition at the anode is 

required. 

An electrochemical platform is used for the electrodeposition process. Before electrodeposition, 

the gold electrode is ultrasonically cleaned with deionized water, methanol, and deionized water 

for 30 seconds respectively, and the surface is blown dry with nitrogen after the cleaning. A 

certain amount of PSS and EDOT is weighed and configured into a mixed solution, in which 

the concentration of PSS is 0.1 mol/L and the concentration of EDOT is 0.01 mol/L. An external 

Ag/AgCl electrode and a platinum counter electrode are used for electrodeposition. A 

recommended method is to use chronopotentiometry (CP) and the current density is set to 0.2 

mA/cm2. According to the deposition time, the amount of charge on the electrode is different, 

so as to obtain different PEDOT: PSS film thickness. The PSS- anion is more conducive to the 

polymerization of EDOT molecules, which reduces the polymerization potential of EDOT to 

about 0.85 V [52].  

During the deposition process, it can be seen that the electrode surface is gradually covered by 

PEDOT: PSS and the color of the surface become darker, as shown in Figure 2.11(a). The CP 

curve of the electrodeposition process is shown in Figure 2.11 (b). After electrodeposition, the 
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change of electrode surface can be observed obviously. PEDOT: PSS on gold electrode appears 

dark blue under strong white light, as shown in Figure 2.12. 

 

Figure 2.11 Electrodeposition of PEDOT: PSS (a) Deposition process (b) CP curve of deposition 
process 

 

Figure 2.12 Dark blue color of PEDOT: PSS 

2.4.3 Preparation of Potassium ISE 

In general, ion selectivity of ISE is achieved through specific ion-selective membranes. The 

ISE used in this thesis is a kind of non-crystalline electrode structure, which covers the ion-

selective membrane on the conductive polymer intermediate layer of ISE. Generally speaking, 

the main components of ion-selective membranes based on non-crystalline electrodes include 

ion-selective carriers (1%, w/w), lipophilic macromolecules (0.6%, w/w), non-conductive 

polymers (33%, w/w), and plasticizers (65.6%, w/w) while tetrahydrofuran is usually used as 

an organic solvent [53]. Among them, lipophilic macromolecules are used to improve the 
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detection limit of ISE electrodes, non-conductive polymers and plasticizers are used to support 

and improve the surface structure of electrodes [54].  

Preparation of potassium ion ISE membrane solution is as follows: 

3 mg valinomycin, 0.9 mg Na-TFPB, 49 mg PVC, and 97 mg DOS are dissolved in 780 µL 

tetrahydrofuran and ultrasound treatment is applied for 30 min. During this period, part of the 

solid powder may adhere to the wall of the tube without being dissolved due to its high viscosity. 

The ultrasonic can be continued after gently stirring with a stirring bar. The potassium ion-

selective membrane solution is obtained after mixing uniformly and stored at 4 ℃ for future 

use. 

Apply 4 µL K+ ion-selective membrane solution with pipette gun to the PET gold electrode 

after depositing PEDOT: PSS, wait for a natural drying and preserve at 4 ℃. 

2.4.4 Preparation of Sodium ISE 

The composition and ratio of sodium ion-selective membrane solution are very similar 

compared with potassium. Preparation of sodium ion ISE membrane solution is as follows: 

1.5 mg sodium ionophore X, 0.9 mg Na-TFPB, 49.5 mg PVC, and 98.1 mg DOS are dissolved 

in 660 µL tetrahydrofuran, and Na+ selective membrane solution is prepared by ultrasound for 

30 minutes. Due to the high viscosity, part of solid powder may stick to the wall of the tube 

without being dissolved, so ultrasound can be continued after gently stirring with a stirring bar. 

The sodium ion-selective membrane solution is obtained after mixing uniformly and stored at 

4 ℃ for future use. 

Apply 10 µL Na+ ion-selective membrane solution with pipette gun to the PET gold electrode 

after depositing PEDOT: PSS, wait for natural drying and preservation at 4 ℃. 

2.4.5 Preparation of Reference Electrode 

Ag/AgCl is usually used as a reference electrode because it has good potential stability, is 

environmentally friendly, and is easy to make. By dropping a certain concentration of ferric 

chloride solution to the surface of the silver electrode, the electrode surface can be made to 

react as Equation (2.9): 

𝐹𝑒𝐶𝑙3 + 𝐴𝑔 →  𝐴𝑔𝐶𝑙 ↓ +𝐹𝑒𝐶𝑙2 (2.9) 
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Among them, the standard electrode potential of Fe3+ reduced to Fe2+ is 0.77 V, and the standard 

electrode potential of Ag+ reduced to elemental silver is 0.7996 V. Therefore, the elemental 

silver will be oxidized by Fe3+ into Ag+, which in turn combines with Cl- to generate AgCl. 

The silver-deposited electrode is dripped with 10 µL FeCl3 solution of 0.1 mol/L with a 

pipetting gun, and the reference electrode is washed with pure water after the full covering 

reaction for 1 minute. The Ag/AgCl reference electrode can be obtained after nitrogen drying. 

Ulteriorly, because the concentration of Cl- in the liquid to be tested affects the reaction balance 

on the reference electrode, the potential stability of the reference electrode will be affected. 

Therefore, the reference electrode needs to be modified. By using F127 and multi-walled carbon 

nanotubes, the potential stability of the reference electrode can be greatly improved [55]. In 

addition, PVB membrane containing electrolytes can form porous nanostructures which also 

play a role in potential stabilization [53]. Preparation of reference electrode modification 

solution is as follows: 

0.2 mg MWCNT,50 mg NaCl,79.2 mg PVB, and 2 mg F127 are dissolved in 1000 µL methanol, 

and the solution is prepared by ultrasound for 30 minutes. Stored at 4 ℃ for future use. 

Apply 10 µL of reference electrode modification solution with pipette gun to the PET Ag/AgCl 

electrode, wait for natural drying and preservation at 4 ℃. 

2.5 Fabrication of Enzyme Electrodes 

2.5.1 Introduction to Prussian Blue 

The hydrogen peroxide molecule produced after the decomposition of organic matter catalyzed 

by oxidase is a kind of thermodynamically unstable but dynamically stable substance. For the 

semi-reaction of Equation (2.10): 

𝑂2 + 2𝐻
+ +2𝑒− → 𝐻2𝑂2 (2.10) 

Its standard electrode potential is about 0.70 V; For the semi-reaction of Equation (2.11): 

𝐻2𝑂2 + 2𝐻
+ +2𝑒− → 2𝐻2𝑂 (2.11) 

Its standard electrode potential is about 1.78 V. Therefore, from the perspective of 

thermodynamics, any "substance" with redox potential between 0.7 V and 1.78 V can catalyze 

the decomposition of hydrogen peroxide. Among these substances, Prussian Blue not only has 
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a significant electrocatalytic effect but also has good film formation properties. After film 

formation, hydrogen peroxide molecules can pass through, and then its decomposition is 

catalyzed by Fe3+/2+ in the PB film. The crystal structure of PB is shown in Figure 2.13, there's 

one potassium ion in every two lattices. 

 

Figure 2.13 Crystal structure of PB 

Prussian Blue has a better catalytic performance for hydrogen peroxide at low potential, which 

can reduce the interference of other easily oxidized substances. Moreover, after deposition and 

subsequent treatment, it also has relatively high operational stability, as well as high sensitivity 

and selectivity [56]. 

Prussian Blue is synthesized by precipitation synthesis, hydrothermal synthesis, and 

electrodeposition. Among them, the precipitation synthesis method is to generate Prussian Blue 

precipitation through the reaction of Fe3+ and Fe(CN)6
4- or Fe2+ and Fe(CN)6

3-, and then 

separation and purification. The hydrothermal synthesis and electrodeposition of Prussian Blue 

are achieved through the redox reaction of Fe3+ and Fe (CN)6
3-. Electrochemical synthesis is 

used in this thesis. 

2.5.2 Electrochemical Deposition of PB 

By applying a voltage or current to the electrode, the redox reaction of Fe3+ and Fe(CN)6
4- in 

the electrolyte takes place, and PB is complexed on the electrode surface. By optimizing 
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electrochemical synthesis parameters, such as the pH of electrolyte, the concentration of ions, 

electrodeposition potential, current, electrodeposition time, cycle times, etc., a relatively stable 

PB crystal structure can be obtained. The electrolyte used in the experiment is a mixed solution 

containing 2.5 mmol/L ferric chlorides, 2.5 mmol/L potassium ferricyanide, 0.1 mol/L 

potassium chloride, and 0.1 mol/L hydrochloric acids. Ferric chloride and potassium 

ferricyanide are the main reactants. Hydrochloric acid is present to maintain the pH value of 

the solution below 1, which prevents the Fe3+ from hydrolyzing to iron hydroxide and thus 

protects deposition of PB films. Potassium chloride is added to offer a sufficient amount of K+ 

into the electrolyte. The activity of K+ can affect the redox potential during deposition, and it 

can also penetrate the PB film to maintain the charge balance [56].  

For the lactate electrode and glucose oxidase electrode, due to their different detection 

sensitivity and range, different PB film thickness is also required. The thinner Prussian Blue 

layer has a smaller detection range, but its sensitivity is high and is suitable for the detection of 

glucose concentration in sweat [57]. Conversely, the thicker Prussian Blue layer is suitable for 

detecting lactate concentration in sweat. The thickness of Prussian Blue is determined by the 

number of electrodeposition cycles. The electrodeposition process is shown in Figure 2.14. 

 

Figure 2.14  Electrodeposition process of Prussian Blue 

⚫ The Prussian Blue deposition of the glucose oxidase electrode: 

30 µL of newly configured electrolyte is dropped onto the gold electrode, and the gold electrode, 

commercial counter electrode, and commercial Ag/AgCl reference electrode are connected to 

the corresponding clamps of the electrochemical platform. Cyclic voltammetry is used to form 

a pathway by scanning the solution. The voltage range of scanning is 0-0.5 V, and the scanning 
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rate is 20 mV/s. After one cycle of scanning, the thin Prussian Blue intermediate layer can be 

deposited on the gold electrode corresponding to the glucose. The scanning curve is shown in 

Figure 2.15. 

As can be seen from Figure 2.15, a pair of redox peaks appear at 0.11 V and 0.156 V, which is 

the redox process of Fe3+/2+. 

⚫ The Prussian Blue deposition of the lactate oxidase electrode: 

Prussian Blue deposition of lactate electrode is roughly the same as that of glucose oxidase 

electrode. The difference lies in the specific parameters of cyclic voltammetry. The voltage 

range of scanning is 0-0.5 V, and the scanning rate is 50 mV/s. After two cycles of scanning, 

the electrolyte on the surface of the gold electrode is blown evenly with a pipette gun, and then 

the scanning is continued for another two cycles, a total of seven times, and 14 cycles are 

scanned. The thick Prussian Blue intermediate layer can be deposited on the gold electrode 

corresponding to the lactate. The scanning curve is shown in Figure 2.16. 

 

Figure 2.15 Electrodeposition CV curve of PB on glucose oxidase electrode 
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Figure 2.16 2 cycles of electrodeposition CV curve of PB on lactate oxidase electrode 

2.5.3 Preparation of Glucose Oxidase Electrode 

An enzyme electrode can be obtained by configuring an enzyme electrode membrane solution 

and dropping it onto a Prussian Blue medium layer. In order to ensure the stability of the 

electrode, Nafion is usually added after the oxidase membrane is formed to protect the electrode. 

In this thesis, chitosan and single-walled carbon nanotubes (SWCNT) are used to immobilize 

enzymes. 

⚫ Preparation of the viscous solution including chitosan and SWCNT: 

Chitosan is dissolved in 2% acetic acid solution and magnetically stirred for 1 h to obtain 1% 

chitosan solution, followed by the addition of SWCNT at the ratio of 2 mg/mL. The viscous 

solution of chitosan and SWCNT can be obtained by ultrasonic stirring for 1h [58]. 

⚫ Preparation of glucose oxidase membrane solution: 

The glucose oxidase is dissolved in the PBS buffer (pH = 7, contains 0.2 mol/L NaH2PO4 and 

0.2 mol/L Na2HPO4 with a volume ratio of 19: 31) at the concentration of 20 mg/mL. And then 

glucose oxidase membrane solution is completely mixed with the chitosan and SWCNT viscous 

solution mentioned above at the volume ratio of 2: 1 by ultrasonic stirring for 30 min. 
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Apply 1.6 µL enzyme electrode membrane solution with pipette gun to the PET gold electrode 

after depositing PB, drying at 4 ℃. Then 2.5 µL 0.5%wt. Nafion is dropped on the electrode to 

make the glucose oxidase electrode. 

2.5.4 Preparation of Lactate Oxidase Electrode 

⚫ Preparation of the viscous solution including chitosan and SWCNT: 

See 2.5.3 for details. 

⚫ Preparation of lactate oxidase membrane solution: 

The lactate oxidase is dissolved in the PBS buffer (pH = 7, contains 0.2 mol/L NaH2PO4 and 

0.2 mol/L Na2HPO4 with a volume ratio of 19: 31) at the concentration of 50 mg/mL.  

Apply 3 µL chitosan and SWCNT viscous solution, 2 µL lactate oxidase membrane solution, 3 

µL chitosan, and SWCNT viscous solution in sequence with pipette gun to the PET gold 

electrode after depositing PB. Be sure that the electrode is completely dried at 4 ℃ before 

applying the next layer. Then 2.5 µL 0.5%wt. Nafion is dropped on the electrode to make the 

lactate oxidase electrode. 

2.5.5 Preparation of Reference Electrode 

The silver-deposited electrode is dripped with 10 µL FeCl3 solution of 0.1 mol/L with a 

pipetting gun, and the reference electrode is washed with pure water after the full covering 

reaction for 1 minute. The Ag/AgCl reference electrode can be obtained after nitrogen drying. 

2.6 Summary of the Chapter 

This chapter mainly describes three aspects: the basic sensing principle of ion and enzyme 

electrodes, the fabrication of electrode array on PET substrate, and the preparation process of 

enzyme and ion electrodes. The preparation process of enzyme and ion electrodes includes a 

brief introduction of conductive polymer and Prussian Blue. In addition, this chapter describes 

the manufacturing process of the whole electrode system. 

The main work of this chapter includes: 

⚫ The graphic design of evaporation mask by related software, the fabrication of electrode 

array on PET, and its subsequent processing such as insulation and activation. 
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⚫ Modification of electrode surface based on different functions, including electrodeposition 

of PEDOT: PSS and PB interlayer, and preparation of Ag/AgCl electrode. 

⚫ Preparation of electrode membrane solution, as well as fabrication of ion electrode, enzyme 

electrode, and reference electrode. The complete electrode array is shown in Figure 2.17. 

 

Figure 2.17 Complete electrode array 
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3 Response Testing and Data Analysis Based on Electrochemical 

Workstations 

The previous chapter describes the principle of electrode array sensing and the fabrication 

process. In this chapter, the response of four typical sweat compositions is measured by an 

electrode array fabricated in chapter 2 and analyzed based on the response curves obtained from 

electrochemical workstations. 

The main content of this chapter is mainly divided into the following aspects: ISE response and 

analysis of sodium and potassium, the effect of temperature on ISE, the selective test of ISE, 

response, and analysis of lactate and glucose oxidase electrodes. 

3.1 ISE Response and Analysis 

3.1.1 Test Method and Preparation 

In order to achieve continuous measurement of the response without changing the surface state 

of the electrode, a small amount of the standard solution with a high concentration of the 

substance is added to a certain amount of solution to achieve the change of the overall 

concentration of the substance. According to the Nernst equation, the diffusion potential of ions 

between the two systems at room temperature is theoretically logarithmic to the concentration. 

In order to obtain a linear relationship that is easy to analyze, a linear change in voltage response 

is obtained by artificially controlling the concentration of the substance to be measured to 

increase exponentially during measurement. When the standard solution is added, the overall 

concentration will change and the response will fluctuate due to the diffusion effect. Therefore, 

data collecting shall be suspended during this period and shall be carried on after the molecular 

diffusion is uniform for some time. 

The response test of the ISE electrode is realized by measuring the response of substrate 

solution with known concentration to obtain the linear relationship between concentration and 

electrical signal response. Since the ISE electrode presents voltage response, the 

chronopotentiometry method is used. During all subsequent experiments, no additional voltage 

or current will be applied to the system unless otherwise specified. The electrochemical 

workstation uses a three-electrode system mode, thus the reference electrode interface on the 

workstation is directly connected to the counter electrode interface, and then connected to the 
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Ag/AgCl reference electrode corresponding to ISE on the electrode array. The tests are 

performed at a constant room temperature (25 °C). 

3.1.2 Potassium ISE Response 

The concentration of potassium ions in human sweat fluctuates between 1-19 mmol/L according 

to individual differences [59]. Therefore, the total K+ concentration of the solution to be tested 

is selected as 1 mmol/L, 2 mmol/L, 4 mmol/L, 8 mmol/L, 16 mmol/L, 32 mmol/L, and then the 

voltage response of potassium ISE at these concentrations is measured. The volume of the total 

solution is 30 mL. When the amount of standard solution added is far less than 30 mL, the 

volume change of the total solution can be ignored. According to the solubility of potassium 

chloride, a standard solution of potassium chloride with a concentration of 2 mol/L is prepared. 

For a total solution concentration change of Δc mmol/L, the ΔV amount of standard solution to 

be added is: 

𝑐𝑡𝑜𝑡𝑎𝑙 + 𝛥𝑐 =
𝛥𝑉 ∗ 𝑐𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 + 𝑉𝑡𝑜𝑡𝑎𝑙𝑐𝑡𝑜𝑡𝑎𝑙

𝑉𝑡𝑜𝑡𝑎𝑙

𝑠𝑖𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑑
⇒       𝛥𝑐 =

𝛥𝑉 ∗ 𝑐𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑉𝑡𝑜𝑡𝑎𝑙

(3.1)  

Where cstandard is the standard solution concentration, and Vtotal is the total solution volume. 

Through the Equation (3.1), standard solution volumes need to be added each time can be 

calculated as 15 µL, 15 µL, 30 µL, 60 µL, 120 µL, 240 µL.  

The response of potassium ISE at various concentrations is shown in Figure 3.1. 

 

Figure 3.1 Potential-time response of potassium ISE 
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As can be seen from Figure 3.1, potassium ISE not only has good stability in the range of 

potassium ion concentration in sweat but also shows a linear increase trend in voltage. 

3.1.3 Fitting of Potassium Ion Standard Curve 

According to Equation (2.5), the diffusion potential formed by ions between the two systems at 

room temperature is: 

𝜑 = 𝜑0 +
𝑅𝑇

𝑛𝐹
𝑙𝑛𝐴 = 𝜑0 +

0.0592

𝑛
𝑙𝑔𝐴 = 𝜑0 +

0.0592

3.322 ∗ 𝑛
𝑙𝑜𝑔𝐴 (3.2) 

Where A is the ratio of concentration and log stands for logarithm base 2. For the convenience 

of calculation and observation, φ0 is taken as the potential value when the potassium ion 

concentration is 1 mmol/L, and A is the ratio between the present concentration and 1 mmol/L. 

With lgA as the abscissa and voltage data at different concentrations (1 mmol/L, 2 mmol/L, 4 

mmol/L, 8 mmol/L, 16 mmol/L, 32 mmol/L) as the ordinate for fitting, the standard curve of 

potassium ion can be obtained, as shown in Figure. 3.2. 

 

Figure 3.2 Standard curve of potassium ISE 

It can be seen from the figure that the potassium ion-selective electrode shows a good linear 

state. By substituting the linear fitting equation y = a + b * x, detailed fitting parameters can be 

obtained as shown in Table 3.1. 
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Table 3.1 Fitting parameters of potassium ion concentration standard curve 

Intercept Slope 

Value Standard error Value Standard error 

0.22276 3.31274E-5 0.10088 3.63507E-05 

Residual sum of squares Adjusted R2 

0.00114 0.99977 

According to the table, it can be seen that the sensitivity value of potassium ISE is 100.9 

mV/lg[c(K+)]. This value is far from the theoretical value of Nernst equation 59.2 mV, which 

is due to the introduction of chloride ions that influence the potential balance of the reference 

electrode. After testing and calculating, the response of the reference electrode to chloride ions 

is 40.1 mV/lg[c(Cl-)]. After removing the influence of chloride ion, the sensitivity of potassium 

ion is 60.8 mV/lg[c(K+)]. Discarding the influence of non-human factors, objective conditions, 

and systematic errors, the sensitivity is very close to the theoretical value, indicating that the 

design requirements are met. 

3.1.4 Potassium ISE Response 

Similar to potassium, the concentration of sodium in sweat is usually between 10 and 100 

mmol/L, depending on the individual [59]. Therefore, the total Na+ concentration of the solution 

to be tested is selected as 5 mmol/L, 10 mmol/L, 20 mmol/L, 40 mmol/L, 80 mmol/L, and 160 

mmol/L, and then the response of sodium ISE potential at these concentrations is measured. 

Based on the solubility of sodium chloride in water, the concentration of sodium chloride 

standard solution is 5 mol/L. Other conditions are the same as when measuring potassium ISE. 

Standard solution volumes need to be added each time can be calculated as 30 µL,30 µL, 60 

µL, 120 µL, 240 µL, 480 µL. 

The response of sodium ISE at various concentrations is shown in Figure 3.3. 

As can be seen from Figure 3.3, sodium ISE also has good stability in the range of sodium ion 

concentration in sweat, with a linear increase trend in voltage. 
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Figure 3.3 Potential-time response of sodium ISE 

3.1.5 Fitting of Sodium Ion Standard Curve 

For the convenience of calculation and observation, according to Equation (3.2), φ0 is the 

potential value corresponding to the sodium ion concentration of 5 mmol/L, and A is the ratio 

of the present concentration to 5 mmol/L. Taking lgA as abscissa and potential data of different 

sodium ion concentrations (5 mmol/L, 10 mmol/L, 20 mmol/L, 40 mmol/L, 80 mmol/L, and 

160 mmol/L) as coordinates, the standard curve of potassium ion is obtained, as shown in Figure 

3.4. 

As can be seen from the figure, sodium ISE also presents a good linear dependence. Substituting 

linear fitting equation y = a + b * x, the detailed fitting parameters are shown in Table 3.2. 

Table 3.2 Fitting parameters of sodium ion concentration standard curve 

Intercept Slope 

Value Standard error Value Standard error 

-0.07198 4.4942E-5 0.08599 4.93152E-05 

Residual sum of squares Adjusted R2 

0.00209 0.99941 
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Figure 3.4 Standard curve of sodium ISE 

As can be seen from the table, the ISE sensitivity of sodium is 86.0 mV/lg[c(Na+)]. Because 

sodium and potassium ISE share a reference electrode, the sensitivity of sodium ion is 45.9 

mV/lg[c(Na+)] after removing the influence of chloride ion. The sensitivity is close to the 

theoretical value and meets the design requirements after eliminating the influence of non-

human factors, objective conditions, and systematic errors. 

3.2 Influence of temperature on ISE 

The temperature has a certain influence on the response of the ion-selective electrode. 

According to the Nernst equation, the electric potential increases gradually as the temperature 

increases. As the characteristics of the temperature of ISE do not distinguish ions in theory, 

potassium ISE is taken as an example for measurement. The specific measurement method is 

to drop the standard potassium chloride solution into the water to make the solution become a 

certain concentration (4 mmol/L is used in this thesis) and then observe the concentration 

change through the method of water bath heating. In order to avoid the influence of other factors, 

a commercial Ag/AgCl reference electrode is used. 

The potential response is measured for 100 seconds at room temperature of 25 ℃ (0-100 s) and 

water bath heated to 30 ℃ (100-200 s), 35 ℃ (200-300 s) and 37 ℃ (300-400 s). The response 

is shown in Figure 3.5. 
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Figure 3.5 ISE response under different temperature 

The response of ISE fluctuates due to a series of objective factors such as intermittent heating 

of water bath equipment. But on the whole, it can be seen that the potential response of ISE 

increases with the temperature, which is consistent with the theoretical expectation.  

3.3 Selective Test of ISE 

The selective test is one of the most important indexes to evaluate ion-selective electrodes. 

Unlike enzymes, which have high specificity and high catalytic efficiency for their substrates, 

ISE reflects the change of ion concentration through potential. Therefore, it is necessary to 

explore its anti-interference ability under different ion conditions. 

In addition to sodium and potassium ions, there are a small amount of calcium and magnesium 

ions in human sweat. Calcium ion’s concentration in human sweat is usually 0.3-4 mmol/L, 

while magnesium ions are usually 0.03-0.5 mmol/L [59]. The selective test is measured in the 

same way as the sodium and potassium ion response. Referring to the ion concentration in 

human sweat, the standard solution concentration of calcium chloride and magnesium chloride 

is 1 mol/L and 0.1 mol/L, respectively. If 30 µL standard solution is dropped into 30 mL total 

solution system, the concentration changes of Ca2+ and Mg2+ are 1mmol/L and 0.1mmol/L, 

respectively.  
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3.3.1 Potassium ISE Selective Test 

A certain amount of magnesium, calcium, and sodium ion standard solutions are added to a 

certain concentration of potassium chloride solution in turn, and the response changes are 

observed. In order to control the variables, the dripping amount of interference solution, 

electrode test method, electrode system, and CP curve parameters are the same as those of the 

sodium ion test. 

The potassium ISE is scanned in 2 mmol/L KCl solution until the response is stable, and then 

a certain amount of ion standard solution is dropped at regular intervals. The CP curve obtained 

is shown in Figure 3.6. 

 

Figure 3.6 CP curve of K+ ISE selective test 

In Figure 3.6, standard solutions of different ions are dropped at 40 s, 120 s, 200 s, and 280 s 

respectively. With the introduction of various ions, the influence of the components of other 

ions on the potential response is much less than that of potassium ions, indicating that the curve 

can better reflect the selectivity of potassium ions. 

3.3.2 Sodium ISE Selective Test 

Same as the Potassium ISE selective test, a certain amount of standard solution of magnesium, 

calcium, and sodium ions are successively added to a certain concentration of sodium chloride 
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solution to observe its response changes. The sodium ISE is scanned in 10 mmol/L NaCl 

solution until the response is stable, and then a certain amount of ion standard solution is 

dropped at regular intervals. The CP curve obtained is shown in Figure 3.7. 

 

Figure 3.7  CP curve of Na+ ISE selective test 

In Figure 3.7, standard solutions of different ions are dropped at 40 s, 120 s, 200 s, and 280 s 

respectively. The influence of other ions on the potential response is much less than that of 

sodium ions, which means that the curve can better reflect the selectivity of sodium ions. 

3.4 Response and Analysis of Enzyme Electrodes 

3.4.1 Test Method and Preparation 

According to the analysis in 2.1.3, the substrate of the enzyme electrode has a linear relationship 

with its response. Similar to the ISE response measurement, in order to achieve continuous 

measurement of the response without changing the surface state of the electrode, a small amount 

of high concentration of the substance standard solution is added to a certain solution to achieve 

the change of the total concentration of the substance. Due to the diffusion effect, the response 

will fluctuate in a certain period in the beginning, and data collection shall be carried out after 

the molecular diffusion is uniform. 
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Because of the current response characteristic of the enzyme electrode, chronoamperometry is 

adopted. Similarly, no additional voltage or current is applied to the system unless otherwise 

stated. The mode, connection method, and test environment of the electrochemical workstation 

are the same as those of ISE. Note that the counter electrode clamp should be connected to the 

corresponding Ag/AgCl electrode. 

Unlike ions, the response of the enzyme electrode is measured in phosphate-buffered saline 

(PBS) instead of pure water in both the total and standard solution. Generally, active biological 

agents are diluted with it because of its salt-balanced and pH-adjustable properties. Pure water 

may destroy the structure and biological properties of biological proteins. To simplify the 

configuration process of PBS, sodium dihydrogen phosphate and disodium hydrogen phosphate 

are used to configure sodium phosphate buffer with pH = 7.0. The solution protects the enzyme 

structure while providing appropriate pH and ion concentration. 

3.4.2 Glucose Oxidase Electrode Response 

The glucose concentration in human sweat is generally about 0.3 mmol/L, and the concentration 

will decrease accordingly when exercising [60]. Therefore, the total glucose concentration of 

the solution to be tested is selected as 0.1-0.6 mmol/L with a 0.1 mmol/L interval. Then measure 

the current response of the glucose enzyme at these concentrations. The volume of the total 

solution is 30 mL, and the concentration of 0.1 mol/L glucose standard solution is prepared.  

The electrode is placed in a PBS buffer solution for scanning until the current is relatively stable. 

Then 30 µL standard glucose solution is successively added to PBS solution and waited for 

diffusion. Measure the relatively stable response curve for 10 seconds, shown in Figure 3.8. 

As can be seen from Figure 3.8, due to the decrease of the substrate, uneven diffusion, decreased 

activity of the enzyme, and other objective problems, the current response has drifted to some 

extent, but the glucose oxidase electrode still has good stability in the range of glucose 

concentration in sweat, while there is a relatively linear increase trend in current. 
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Figure 3.8 Current-time response of glucose oxidase electrode 

3.4.3 Fitting of Glucose Standard Curve 

Taking concentration of glucose as abscissa and current response of different glucose 

concentrations (0.1-0.6 mmol/L, with a 0.1 mmol/L interval) as coordinates, the standard curve 

of glucose is obtained, as shown in Figure 3.9. 

 

Figure 3.9 Standard curve of glucose oxidase electrode 
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As can be seen from the figure, the glucose oxidase electrode response presents a linear 

dependence. Substituting linear fitting equation y = a + b * x, the detailed fitting parameters 

are shown in Table 3.3. 

Table 3.3 Fitting parameters of glucose concentration standard curve 

Intercept Slope 

Value Standard error Value Standard error 

4.21702E-7 3.36567E-9 2.28063E-6 8.65245E-09 

Residual sum of squares Adjusted R2 

7.90215E-13 0.99142 

From the table, the sensitivity of the glucose oxidase electrode is 2.28 µA‧L/mmol. The 

parameter meets the design requirements after eliminating the influence of non-human factors, 

objective conditions, and systematic errors. 

3.4.4 Lactate Oxidase Electrode Response 

The concentration of lactate in human sweat is generally about 7 mmol/L, and it will change 

according to the state of exercise [60]. Lactate is the product of anaerobic respiration in the 

body's cells. Therefore, when people do anaerobic exercise, the lactate content in sweat will 

increase, and very few people sweat lactate concentration can reach 15-20 mmol/L. Therefore, 

the total lactate concentration of the solution to be tested is selected as 6-14 mmol/L with a 2 

mmol/L interval. The current response of the lactate oxidase electrode at these concentrations 

is then measured. The total volume of solution is 30 mL, and the concentration of lactate 

standard solution is 2 mol/L. 

The electrode is scanned in PBS buffer solution until the current is relatively stable. Then 30 

μL standard lactate solution is successively added to PBS solution and waited for diffusion. The 

relatively stable response curve within 10 seconds is measured, as shown in Figure 3.10. 

As can be seen from Figure 3.10, compared with glucose electrode, the drift of current response 

of lactate electrode is increased, which is caused by different substrate concentration and 

reaction rates on the electrode surface. In addition to the objective reasons, the lactate oxidase 

electrode still has good stability in the range of lactate concentration in sweat, and the current 

has a relatively linear trend of increase. 
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Figure 3.10 Current-time response of lactate oxidase electrode 

3.4.5 Fitting of Lactate Standard Curve 

Taking lactate concentration as abscissa and current response of different lactate concentrations 

(6-14 mmol/L, with a 2 mmol/L interval) as coordinates, the standard curve of lactate is 

obtained, as shown in Figure 3.11. 

 

Figure 3.11  Standard curve of lactate oxidase electrode 
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As can be seen from the figure, the response of the lactate oxidase electrode shows a linear 

relationship. The linear fitting equation y = a + b * x is substituted, and the detailed fitting 

parameters are shown in Table 3.4. 

Table 3.4 Fitting parameters of lactate concentration standard curve 

Intercept Slope 

Value Standard error Value Standard error 

5.65291E-7 3.04295E-9 4.48093E-8 2.93047E-10 

Residual sum of squares Adjusted R2 

1.70039E-13 0.98014 

It can be seen from the table that the sensitivity of the lactate oxidase electrode is 45 nA·L/mmol. 

After eliminating the influence of non-human factors, objective conditions, and systematic 

errors, the design requirements are satisfied. 

3.5 Summary of the Chapter 

This chapter mainly introduces the electrochemical response and standard curve of the electrode 

array. In addition to the temperature response and selectivity test of ISE. 

The main work of this chapter includes: 

⚫ The relationship between the concentration of Na+, K+, and potential is tested, and the linear 

relationship between the logarithm of ion concentration and the potential signal is 

confirmed. 

⚫ Anti-interference of ISE is tested, including temperature response and ion selectivity. 

⚫ The relationship between glucose, lactate concentrations, and current is tested, and the 

linear relation between its concentration and the current signal is confirmed. 
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4 Response Testing and Data Analysis Based on Electrochemical 

Workstations 

The previous chapter describes the response of electrode arrays and their standard curves. In 

this chapter, the standard curve is measured based on a self-designed circuit rather than an 

electrochemical workstation, and the sweat is measured online in vitro under the real motion 

state according to the standard curve. 

The main content of this chapter is mainly divided into the following aspects: circuit design of 

signal acquisition module, standard curve verification based on the circuit, simulated sweat 

response, and real sweat measurement online under real motion state in vitro. The control and 

communication module, process design, and manufacture are not the work content of this thesis, 

so it will not be elaborated on and explained in detail. 

4.1 Overall Architecture of Flexible Electronic System 

In theory, flexible electronic systems have the same functionality as electrochemical 

workstations: they take signals from electrodes and display them on mobile devices after a 

series of transformations done by the circuit. Therefore, the flexible electronic system mainly 

includes two parts: signal acquisition module and control and communication module. The 

entire electronic system is assembled on a flexible printed circuit board (FPC). 

As shown in Figure 4.1, the signal acquisition module mainly includes a signal amplification 

circuit, filter circuit, multiplexer, and ADC part. The control and communication module 

includes NFC modules and related software for mobile devices.  

The electrode array converts the substrate concentration into current and voltage signals, but 

due to its small amplitude, it cannot meet the input requirements of ADC and needs to be 

amplified. The circuit is more convenient for voltage acquisition and processing than current, 

so the enzyme electrode and ISE amplification circuit are not the same. For ISE, an instrument 

amplifier (IA) is used to collect voltage signal directly and amplify it. For the enzyme electrode, 

a trans-impedance amplifier (TIA) is used to convert the current into voltage and realize 

acquisition and amplification. 

The signal will remove the interference of other signals through the filter, and then the filtered 

signals of the four components are selected and output to the ADC according to the feedback 

signal of the control and communication module. 
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Figure 4.1 Structure diagram of flexible electronic system 

ADC quantifies the received analog signal and converts it to a digital signal for the convenience 

of NFC module transmission and further processing on a mobile device. 

 

4.2 Design of Signal Acquisition Circuit 

4.2.1 Design of ISE Signal Amplifier Circuit 

According to Equation (3.2), at room temperature (298 K), the relation between the potential 

of ISE and ion concentration to be measured is as follows: 

𝜑 = 𝜑0 +
0.0592

𝑛
𝑙𝑔𝐴  (4.1) 

In Formula (4.1), n is the number of electron transfers during ion reactions. For ISE, it is related 

to the technological level of the membrane. In the ideal case, the membrane can transfer ions 

and electrons completely without hindrance, so the value of n under this circumstance is 1. 

In general, if the concentration to be measured has a linear relationship with the electrochemical 

response, the slope is the sensitivity of the electrode response. In contrast, if the concentration 

is to be measured and the electrochemical response is nonlinear, the sensitivity is usually 

characterized by the first derivative of the electrochemical response with respect to the 

concentration. Take the derivative of both ends of Equation (4.1) with respect to concentration 

ratio A, we can get: 
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𝑑𝜑

𝑑𝐴
=
0.0592

𝐴
(4.2) 

With the increase of concentration ratio A, the sensitivity of ISE will decrease gradually. The 

design of the ISE amplifier circuit should be able to collect accurate ISE potential signals even 

when the sensitivity is at the lowest level, that is, when the concentration to be measured is at 

the highest level. 

In addition to the above conditions, the design of the ISE amplifier circuit and the selection of 

devices should also meet the following requirements: 

I.  The input resistance of the preamplifier should be much larger than the equivalent DC input 

resistance to avoid the voltage dividing of the electrode and solution system on the response. 

Similarly, because of resistance, the preamplifier must have a very low bias current and thermal 

drift to prevent interference with the ISE signal [61]. 

II.  Depending on the process, the ISE input voltage is generally in the range of -0.5-0.5 V, 

which will result in a negative output voltage. But the analog-to-digital conversion only allows 

positive voltage input values, so voltage conversion is required. 

III. Since the Ag/AgCl reference potential varies in the presence of different chloride ion 

concentrations, the reference electrode cannot connect to the ground, and the potential 

difference between the working electrode and the reference electrode should be measured. To 

do this, two voltage buffers are connected to the working electrode and reference electrode 

respectively, followed by a differential amplifier. The common-mode interference can be 

greatly reduced by this structure. 

Based on the above requirements, the INA333 instrument amplifier from Texas Instruments 

(TI) is selected in this thesis. Some of its basic parameters are shown in Table 4.1. 

Table 4.1 Basic parameters of INA333 instrument amplifier 

Input voltage -0.3-0.3 V Max input bias current 200 pA 

Input impedance 100 GΩ/3 pF Operating temperature range -40-125 ℃ 

Voltage Noise Density 50 nV/√Hz Voltage temperature drift 0.1 µV/℃ 

CMRR 100 dB DC operating voltage range 1.8-5.5 V 
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Calculated with the linear sensitivity of 45.9 mV of sodium ion, the minimum voltage is 

required to achieve the resolution of 3 mmol/L at the maximum concentration of 160 mmol/L 

is: 

𝑉𝑚𝑖𝑛 = 𝑐 ∗
𝑑𝜑

𝑑𝐴
= 3𝑚𝑚𝑜𝑙 𝐿⁄ ∗

45.9 𝑚𝑉

160𝑚𝑚𝑜𝑙 𝐿⁄
 = 0.861 𝑚𝑉 (4.3) 

Similarly, the minimum voltage is required to achieve the resolution of 1 mmol/L potassium 

ion is 1.9 mV. It is clear that the noise condition of INA333 can meet the application 

requirements.  

A 3.3 V DC power is used to supply INA333. Since the maximum voltage swing allowed by 

the amplifier input is 300 mV, the gain can be designed (And can be adjusted according to the 

input voltage range) after considering the two-fold margin: 

𝐺 =
3.3𝑉 2⁄

300 𝑚𝑉 ∗ 2
= 2.75 (4.4) 

Therefore, according to the electrical schematic diagram of INA333 and the design 

requirements and parameters in this section, the circuit diagram can be designed as shown in 

Figure 4.2. The gain can be adjusted by different values of RG: 

𝐺 = 1 +
100 kΩ

𝑅𝐺
(4.5) 

 

Figure 4.2 Signal Amplifier Circuit of ISE 
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The output voltage of the INA333 is referenced to VREF. According to the virtual short of the 

operation amplifier and the characteristics of the zero-input current, the relation between Vin-, 

Vin+, VREF, and VOUT can be deduced as: 

𝑉𝑂𝑈𝑇 = 𝑉𝑖𝑛− − 𝑉𝑖𝑛+ + 𝑉𝑅𝐸𝐹 (4.6) 

In general, VREF is grounded, and the VOUT is the amplified waveform of the input voltage. 

However, since the output potential of ISE may be negative, VREF should be set properly so that 

the output VOUT is always positive within 3.3 V. In this thesis, ADA4841-1 of Analog Devices, 

Inc. (ADI) is used to implement VREF of 1.65 V (bisect of 3.3 V power supply). The generating 

circuit of VREF is shown in Figure 4.3. 

 

Figure 4.3 Generating circuit of VREF 

4.2.2 Design of Enzyme Electrode Signal Amplifier Circuit 

Similar to ISE, enzyme electrode amplifier circuit design should be able to meet the sensitivity, 

maximum current range, and accurate current signal acquisition. The design of the enzyme 

electrode amplifier circuit and the selection of the device need to meet the following conditions: 

I.  The signal acquisition circuit of the enzyme electrode should be completely isolated from 

the ISE signal acquisition circuit to avoid mutual interference between paths. 

II.  The voltage after trans-impedance amplification should be in the input voltage range of 

ADC. 
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III. Due to the small amplitude of the current signal, the circuit design needs to be able to reflect 

current changes as low as nanoampere, and the corresponding Ag/AgCl reference electrode 

needs to be connected to a constant reference potential due to the trans-impedance amplifier. 

Based on the above requirements, the AD8657 operational amplifier from Analog Devices, Inc. 

(ADI) is selected. Some of its basic parameters are shown in Table 4.2. 

Table 4.2 Basic parameters of AD8657 operational amplifier under 3.3 V power supply 

Input voltage 0-2.7 V Input bias current 10 pA 

Gain Bandwidth 
Product (Av = 100) 

200 kHz Operating temperature range -40-125 ℃ 

Voltage Noise 
Density (f = 1kHz) 

60 nV/√Hz CM input capacitance 3.5 pF 

Current noise 
density (f = 1kHz) 

0.1 pA/√Hz DM input capacitance 11 pF 

The design of the trans-impedance amplifier circuit based on AD8657 is shown in Figure 4.4. 

 

Figure 4.4 Trans-impedance amplifier circuit of the enzyme electrode 

For the trans-impedance amplifier, the feedback circuit is a feedback resistance Rf and a 

feedback capacitor Cf in parallel, which can be assumed 1 MΩ and 10 pF for noise calculating. 

The parasitic capacitance of the enzyme electrode is Cp, which can be assumed 100 pF. The 

parasitic resistance of the enzyme electrode is large and negligible. 

Since the feedback circuit is a first-order RC circuit, its thermal noise is only related to Cf: 

𝑁𝑅 = √
𝑘𝑇

𝐶𝑓
= 20.3 𝜇𝑉𝑅𝑀𝑆 (4.7) 
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And the noise voltage generated by the current noise density in flowing through the feedback 

circuit is: 

𝑁𝐼 =
𝑖𝑛
2
√
𝑅𝑓

𝐶𝑓
= 15.8 𝜇𝑉𝑅𝑀𝑆 (4.8) 

For trans-impedance amplifier circuits, the voltage noise of the operational amplifier can be 

calculated accurately by the zero and pole values of the system transfer function. To simplify 

the calculation, NOA can be estimated by the GBP. When the gain is 0 dB (voltage gain is 1), 

the value of GBP is the maximum frequency that the circuit can respond to: 

𝑁𝑂𝐴 < √𝑒𝑛2 ∗
𝐶𝑓 + 𝐶𝐷𝑀 + 𝐶𝐶𝑀 + 𝐶𝑝

𝐶𝑓
∗ 𝐺𝐵𝑃 = 94.7 𝜇𝑉𝑅𝑀𝑆 (4.9) 

In Formula (4.9), the second term of the product is the maximum gain of voltage noise density. 

Thus the total equivalent output noise is the sum of the voltage noise NOA of the operational 

amplifier, the thermal voltage noise NR of the resistance, and the voltage noise NI generated by 

the current noise flowing through the resistance:  

𝑁𝑅𝑀𝑆 = √𝑁𝑂𝐴
2 + 𝑁𝑅

2 +𝑁𝐼
2 <  98.13 𝜇𝑉𝑅𝑀𝑆 (4.10) 

To achieve accurate quantization of the voltage, the current converted by the trans-impedance 

amplifier should be at least 10 times greater than the effective value of the output noise NRMS. 

The typical current range of lactate and glucose oxidase electrodes is -1.5 µA to 3 µA, while 

the sensitivity of lactate and glucose oxidase electrodes is 2.28 µA‧L/mmol and 45 nA·L/mmol. 

Therefore, in order to achieve the detection accuracy of 1 µmol/L glucose and 50 µmol/L lactate, 

the current detection capability of 2.28 nA and 2.25 nA is needed. According to Figure 4.4, the 

relationship between the output voltage and input current can be obtained as follows: 

𝑉𝑂𝑈𝑇 = 𝑉𝑅𝐸𝐹 − 𝐼𝑖𝑛 ∗ 𝑅𝑓 (4.11) 

If 510 kΩ feedback resistance is used, it can be calculated that when the current change is 2.28 

nA and 2.25 nA, the output voltage change is 1.16 mV, which is more than 10 times larger than 

the total output noise. 

In addition, to provide sufficient phase margin, the value of the feedback capacitance can be 

confirmed by the Formula (4.12): 
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𝐶𝑓 = √
𝐶𝐷𝑀 + 𝐶𝐶𝑀 + 𝐶𝑝

2𝜋 ∗ 𝑅𝑓 ∗ 𝐺𝐵𝑃
 (4.12) 

Therefore, for the selected 510 kΩ feedback resistance, the feedback capacitance can be 

calculated as 13.4 pF through Equation (4.12).  

4.2.3 Design of Low-pass Filter 

Since all signals are similar to DC signals, low-pass filtering is needed to filter out high-

frequency noise and interference. The cut-off frequency of the low-pass filter is designed to be 

1 Hz. Normally the filter has a unit gain to ensure a small degree of signal distortion.  

Compared with common types of filters, Sallen-Key active filter can control the quality factor, 

and the transition band drop of this type of filter is steeper, so it is selected in this thesis. 

Through the cascade of two Sallen-Key second-order filters, a 4-order Butterworth filter can be 

formed. At this time, the filtering effect is enhanced and can meet the measurement 

requirements. 

OPA2333 of Texas Instruments (TI) is selected to constitute the low-pass filter because it has 

a voltage shift of nearly 0 (0.05 µV/℃) and satisfies low-frequency noise (1.1 µVPP) from 0.01-

10 Hz. The design of a fourth-order low-pass filter circuit based on OPA2333 is shown in Figure 

4.5. 

 

Figure 4.5  Low-pass filter circuit 

According to Figure 4.5, the cut-off frequency of the low-pass filter can be calculated as: 
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𝑓−3 𝑑𝐵 =
1

2𝜋√𝑅1𝑅2𝑅3𝑅4𝐶1𝐶2𝐶3𝐶4
4

(4.13) 

According to the system function formula of even order Butterworth low-pass filter: 

𝐻(𝑠) =∏
𝜔𝐶
2

𝑠2 + 2 [sin (
2𝑘 − 1
2𝑁 𝜋)]𝜔𝐶𝑠 + 𝜔𝐶

2
    

𝑁
2

𝑘=1

(4.14) 

Where N is the total order of the filter. Therefore, we can obtain the damping factor ξ1, ξ2 of the 

two Sallen-Key filters by Formula (4.14): 

𝜉1 = sin (
1

8
𝜋) , 𝜉2 = sin (

3

8
𝜋) (4.15) 

Taking the first Sallen-Key filter as an example, its capacitance ratio should meet the following 

relationship: 

𝐶2
𝐶1
< 𝜉1

2 + 𝐴 − 1 =  𝜉1
2 ≈ 0.146 (4.16) 

Let the capacitance ratio be 0.14. Meanwhile, capacitance C1 and C2 also satisfy the following 

relationship: 

1

2𝜋√𝑅1𝑅2𝐶1𝐶2
= 1 𝐻𝑧 (4.17) 

For the convenience of design, we take the resistance values R1 = R2 = 180 kΩ. Based on 

Formula (4.16) and (4.17), C1 = 2.36 μF and C2 = 330 nF can be solved by simultaneous 

equations. Similarly, we can calculate C3 = 816 nF and C4 = 960 nF. The capacitance value 

selected in the experiment is C1 = 2.2 μF, C2 = 330 nF, C3 = 820 nF and C4 = 1 μF. Put the 

resistance and capacitance values into Formula (4.13) for verification: 

𝑓−3 𝑑𝐵 =
1

2𝜋𝑅√𝐶1𝐶2𝐶3𝐶4
4

≈ 1.007𝐻𝑧 (4.18) 

Thus, the design of the filter meets the requirements. 
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4.2.4 Selection of Multiplexer and ADC 

Since an ADC cannot perform A/D conversion on multiple signals at the same time, A 

multiplexer is required before the ADC. ADG704 multiplexer from Analog Devices, Inc. (ADI) 

is selected to implement the circuit. The ADG704 has low on-resistance (2.5 Ω), low power 

consumption (< 0.01 μW) and fast switching time (tON = 20 ns, tOFF = 13 ns), which can meet the 

requirements of the circuit. 

In consideration of the design accuracy of each sensor channel, the low power consumption, 

and the constraints sampling rate, AD7091R from Analog Devices, Inc. (ADI) is selected. 

AD7091R is a 1 MSPS, 12-bit ADC. It provides a high precision 2.5 V reference voltage 

internally, and when using this voltage, the REFIN and REFOUT pins are decoupled by a 2.2 μF 

capacitance. Under the condition, a least significant bit (LSB) input voltage change is: 

𝑉𝐿𝑆𝐵 =
𝑉𝑅𝐸𝐹
212

≈ 610  μV (4.19) 

The relationship between the minimum voltage amplitude of each channel and the voltage of 

LSB is shown in Table 4.3, which means the ADC selection meets the requirements. 

Table 4.3 Relation between LSB and input voltage of ADC 

Channel Channel Voltage Ratio with LSB voltage 

Sodium ion 0.861 mV 1.41 

Potassium ion 1.9 mV 3.11 

Glucose 1.16 mV 1.90 

Lactate 1.15 mV 1.89 

The output signal of the ADC is transmitted to the mobile device through the NFC module. 

Since the ADC has a 12-bit output, the reading data from software is usually three hexadecimal 

numbers. 

According to the previous acquisition circuit design and ADC parameters, we can get the 

conversion relation between hexadecimal numbers NHEX obtained from the software on the 

device, ISE input voltage Vin and enzyme electrode input current Iin: 

𝑉𝑖𝑛 =

𝐷𝑒𝑐(𝑁𝐻𝐸𝑋) ∗ 2.5 𝑉
212

− 𝑉𝑅𝐸𝐹   

𝐺
(4.20)
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𝐼𝑖𝑛 =
𝑉𝑅𝐸𝐹 −

𝐷𝑒𝑐(𝑁𝐻𝐸𝑋) ∗ 2.5 𝑉
212

 

𝑅𝑓
(4.21) 

In the formula above, Dec(NHEX) represents the decimal value corresponding to NHEX; VREF and 

G are the reference voltage and gain respectively mentioned in chapter 4.2.1; Rf is the feedback 

resistance mentioned in chapter 4.2.2. 

 

4.3 Electronic System Verification 

4.3.1 Overview of Self-designed Flexible Electronic System 

After layout design and wiring, PCB design, process manufacturing, and integration of 

electrode and electronic system, the complete system structure (excluding mobile devices) are 

shown in Figure 4.6. The circuit parts and coils are FPC circuit boards with a total thickness of 

125μm, allowing for greater flexibility from thinner substrates. 

 

Figure 4.6 A diagram of the complete system (excluding mobile devices) 

To verify the functional feasibility of the electronic system, the sodium and potassium ions, 

glucose, and lactate in sweat are tested systematically. The specific measurement method is to 

calculate and fit the curve by taking the average value of the data collected within 10 seconds 

when it is stable. 
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4.3.2 System Verification of ISE 

The potassium ISE system is verified in potassium chloride solution of 1 mmol/L, 2 mmol/L, 4 

mmol/L, 8 mmol/L, 16 mmol/L, and 32 mmol/L, respectively. The average value of collected 

data is shown in Table 4.4, and the fitting curve is shown in Figure 4.7. 

Table 4.4 Average value of potassium ion data collected from mobile device 

Concentration Data (in hexadecimal) Corresponding Voltage 

1 mmol/L 82E -0.1240 V 

2 mmol/L 8DE -0.0882 V 

4 mmol/L 98E -0.0524 V 

8 mmol/L A46 -0.0149 V 

16 mmol/L AF4 0.0205 V 

32 mmol/L BB1 0.0589 V 

 

Figure 4.7 Standard curve of potassium ion data collected from the mobile device 

The sodium ISE system is verified in sodium chloride solution of 5 mmol/L, 10 mmol/L, 20 

mmol/L, 40 mmol/L, 80 mmol/L, and 160 mmol/L, respectively. The average value of collected 

data is shown in Table 4.5, and the fitting curve is shown in Figure 4.8. 
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Table 4.5 Average value of sodium ion data collected from mobile device 

Concentration Data (in hexadecimal) Corresponding Voltage 

5 mmol/L 942 -0.0672 V 

10 mmol/L 9C1 -0.0420 V 

20 mmol/L A55 -0.0119 V 

40 mmol/L AEE 0.0193 V 

80 mmol/L B72 0.0461 V 

160 mmol/L C00 0.0750 V 

 

Figure 4.8 Standard curve of sodium ion data collected from the mobile device 

It can be seen that the self-designed flexible electronic systems have good linearity to measure 

the response of ISE, and also has good sensitivity after excluding the influence of chloride ions, 

which meets the design requirements. 

4.3.3 System Verification of Enzyme Electrode 

The glucose oxidase electrode is verified in glucose solution of 0.1 mmol/L, 0.2 mmol/L, 0.3 

mmol/L, 0.4 mmol/L, 0.5 mmol/L and 0.6 mmol/L, respectively. The average value of collected 

data is shown in Table 4.6, and the fitting curve is shown in Figure 4.9. 



72 
 

Table 4.6 Average value of glucose data collected from the mobile device 

Concentration Data (in hexadecimal) Corresponding Current 

0.1 mmol/L 8F8 0.488 μA 

0.2 mmol/L 89A 0.600 μA 

0.3 mmol/L 831 0.726 μA 

0.4 mmol/L 78D 0.922 μA 

0.5 mmol/L 6EF 1.110 μA 

0.6 mmol/L 65B 1.288 μA 

 

Figure 4.9 Standard curve of glucose data collected from the mobile device 

The lactate oxidase electrode is verified in lactate solution of 2 mmol/L, 4 mmol/L, 6 mmol/L, 

8 mmol/L, 10 mmol/L, 12 mmol/L, and 14 mmol/L respectively. The average value of collected 

data is shown in Table 4.7, and the fitting curve is shown in Figure 4.10. 

Table 4.7 Average value of lactate data collected from mobile device 

Concentration Data (in hexadecimal) Corresponding Current 

2 mmol/L CDB -0.703 μA 

4 mmol/L CD3 -0.694 μA 
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Concentration Data (in hexadecimal) Corresponding Current 

6 mmol/L CC2 -0.673 μA 

8 mmol/L CB8 -0.661 μA 

10 mmol/L CB0 -0.652 μA 

12 mmol/L CA7 -0.641 μA 

14 mmol/L C9F -0.631 μA 

 

Figure 4.10 Standard curve of lactate data collected from the mobile device 

It can be seen that the self-designed flexible electronic systems have relatively good linearity 

to measure the response of enzyme electrodes. It also has good sensitivity in measuring glucose, 

which meets the design requirements. The sensitivity of lactate measured by the system is low 

due to the unstable response of the electrode itself and enzyme activity, but the parameter of 

the electronic system can still meet the measurement requirement. 
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4.4 Sweat Response Measurement and Analysis 

4.4.1 Clip Plate Measuring Method 

Nowadays, most of the sensors have been based on the premise of wearability, because of the 

difficulty of collecting and measuring sweat. In order to collect data from sweat, the sensor has 

to be in close contact with the skin for the best results, while taking into account factors like 

ease of wearing, impact on a person's health, and abrasion on the sensor [62]. 

Different from the previous measurement methods, this thesis adopts an in vitro measurement 

method of sweat based on non-wearing conditions, which can ensure the primitiveness of sweat 

samples while realizing the continuous and real-time measurement as much as possible. This 

method can reduce the wear of the electrode surface while minimizing external interference, 

thus providing the possibility of repeated use. 

The implementation of this method is based on the hydrophobicity of PET and parylene. PET 

and parylene are hydrophobic, so water molecules do not wet the surface of the substrate [63-

64]. A small amount of sweat is dripped onto the electrode array so that the sweat is evenly 

distributed over the surface of the electrode by compression with the clip plate. The clip plate 

itself is made of highly electric-insulating material. In this case, the clip plate can insulate the 

electrode from external environmental interference and prevent the measurement error caused 

by the evaporation of sweat. 

After the measurement, open the clip plate to remove the sample. Due to the hydrophilicity of 

the clip plate, it will be moistened by sweat, and acting forces are created between them, thus 

removing most of the sweat. The remaining sweat on the electrode array will condense into 

droplets due to hydrophobicity and can be cleaned by a capillary tube to minimize the impact 

on the next measurement. A schematic diagram of the Clip Plate method is shown in Figure 

4.11. 

The advantages of this method are as follows: 1. It can be completely measured in vitro, which 

reduces the wear on the electrode surface. 2. Can greatly reduce the amount of sweat sample 

(the actual test amount can be as low as 30 μL) 3. Can prevent external factors to the response 

caused by interference. 

The following measurements of simulated and real sweat are based on the method mentioned 

above. 
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Figure 4.11 Schematic diagram of Clip Plate method 

4.4.2 Simulated Sweat Response Measurements and Verification 

To verify the feasibility of the method in 4.4.1 and to verify the sensor's response changes to 

each component of sweat, artificially simulated sweat response is first measured. 

First, the initially simulated sweat (0.1 mmol/L glucose, 2 mmol/L KCl, and 20 mmol/L NaCl) 

is prepared and dropped on the electrode array for scanning until the response is relatively stable. 

Then the change of component concentration in sweat is simulated by dropping lactate, glucose, 

potassium chloride, and sodium chloride standard solutions into the initial solution respectively. 

The amount of added standard solution is controlled so that the total concentration varies 

linearly. The response of the electrode array to simulated sweat is shown in Figure. 4.12.  

In the figure, the response-concentration coordinates of lactate and glucose are in the lower left, 

and the response-concentration coordinates of ions are in the upper right. It can be seen that the 

linearity and sensitivity of this method are relatively good, and it can reflect the changing trend 

of component concentration in sweat. 
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Figure 4.12 Simulated sweat response curve based on the electrode array 

4.4.3 Real Sweat Response Measurements and Analysis 

A flexible electrode array is used to measure the change of compounds in sweat during exercise. 

To observe the changes of exercise status more obviously, sodium ion, glucose, and lactate 

which changed significantly during exercise are selected for measurement.  

The sweating of the human body is achieved by exercising on a cycling machine, as shown in 

Figure 4.13(a). Through preliminary preparation and observation, the load of gear 3 and gear 5 

are selected as the gear of the formal experiment. Every ten minutes, sweat is collected from 

the testee’s foreheads with a pipette gun or disposable pipette. The collected sweat is 

immediately loaded into a centrifugal tube, labeled and measured in real-time, as shown in 

Figure 4.13(b). After each collection, wipe the sweat on the forehead of the subject with a non-

woven cloth to prevent the mixed contamination of sweat. During the whole exercise, the testee 

does not drink water to ensure control variables.  

The flexible electrode needs to be recalibrated with a standard solution of known concentrations 

to obtain a standard curve with the lowest possible error before each use. The relationship 

between time and concentration can be obtained after calibration, as shown in Figure 4.14. The 
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testee begins to sweat at 20 min and adjusts the cycling machine to gear 5 loads at 40 min until 

the end of the experiment.  During the test, the testee will have an appropriate rest depending 

on the situation. 

 

Figure 4.13 During the sweat collection progress. (a) Testee exercises on a cycling machine; (b) 
Sweat collected from testee 

 

Figure 4.14 Changes in sweat concentration during cycling 
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It can be seen that the concentration of sodium ions, glucose, and lactate in sweat is high at the 

beginning of the exercise. As the movement continued, they all have a dedine trend. Sodium 

ions and lactate concentrations rise and glucose concentrations fall further when the load is 

changed to gear 5. After a short rest, sweat glucose levels rise, while lactate and sodium ions 

tend to decline. The average sweat concentration during the overall exercise is shown in Table 

4.8. 

Table 4.8 Average sweat component concentration during the exercise 

 Sodium Ion Glucose Lactate 

Concentration 53.9 mmol/L 0.112 mmol/L 5.948 mmol/L 

It can be seen that although the sweat composition concentration varies greatly with the 

environment, the amount of exercise and the physical condition of the tested person, the 

concentration changes of sodium ion, lactate, and glucose are relatively consistent with the 

theoretical expectations, and their content values are also within the normal range, meeting the 

requirements. 

In addition, we explore the relationship between heart rate, body temperature, oxygen saturation 

(SpO2), and the concentration of sodium ions and glucose in sweat. To reduce the error of 

experiments, we find another testee to participate in the experiment due to individual 

differences. The physical information of the two testees is shown in Table 4.9. 

Table 4.9  Physical information of two testees 

 Testee 1 Testee 2 

Height 186cm 170cm 

Weight 74kg 87.5kg 

For testee 2, the exercise state should be kept the same as testee 1 so as to control the variables. 

The sodium ion and glucose concentration in the sweat of the two testees and their heart rate, 

body temperature and oxygen saturation changes during the exercise are shown in Figure 4.15. 

Compared with testee 1, which has a lower body mass index, the sweat of testee 2 is higher in 

both sodium ion concentration and glucose concentration according to the figure. The oxygen 

saturation changes of the two testees tend to be the same: the oxygen saturation has an opposite 

trend with exercise intensity, and it will slightly increase after a short rest. The body temperature 

of both testees has raised with the increase of exercise intensity, and eventually stabilized at 

around 36.6-36.8 °C. The exact relationship between the concentration of sodium ions, glucose 
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in sweat and the physiological indices has not been found due to the large individual differences 

and the limitations of physiological indices measurement methods. 

 

Figure 4.15 Changes in glucose, Na+, HR, SpO2 and temperature of two testees during cycling 



80 
 

4.5 Summary of the Chapter 

This chapter mainly introduces the design of the signal acquisition circuit, verification of the 

system, and sweat measurement and analysis. In addition, a new method of in vitro online 

measurement is proposed. 

The main work of this chapter includes: 

⚫ Circuit of ISE, enzyme electrode signal amplification, and low pass filter are designed, 

while appropriate hardware is selected to implement the self-designed flexible electronic 

systems. 

⚫ The response of the system to different concentrations of sweat components is verified. 

⚫ The response verification of simulated sweat is completed, and then the sweat of the testee 

in the exercise state is collected, which has been further measured and analyzed. 
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5 Preliminary Study of Flexible Enzyme Electrode Based on 

Viologen Compounds 

The previous chapter describes circuit design, system verification, and sweat sample 

measurement. In order to improve the stability and linearity of the enzyme electrode compared 

with the conventional one, this chapter improved the enzyme electrode by using viologen 

compounds. In this chapter, the response of the flexible enzyme electrode based on viologen 

compounds, including glucose and lactate, is preliminarily studied. 

The main content of this chapter is mainly divided into the following aspects: brief introduction 

of viologen compounds, preparation of sulfhydryl viologen-based enzyme electrode, response 

measurement, and standard curve analysis. 

5.1 Introduction of Viologen Compounds 

Viologen compounds are a kind of chemical substance containing the structure of 1, 1' - 

disubstituted 4, 4' - bipyridine salts. The core structure of viologen is shown in Figure 5.1. 

 

Figure 5.1 Structure of viologen 

Its structure was first discovered in the widely used herbicide paraquat [65], with two methyl 

groups added to two nitrogen atoms based on the structure shown in Figure 5.1. The substance 

got its current name in 1932 when chemist Michaelis discovered that a reduction state of the 

substance appears purple [66]. Under normal conditions, the viologen compound exists stably 

in the form of a double cation (V2+). When it receives an electron, it will turn into the form of 

a single cation radical (V+). At this time if the electron is continually provided, the material will 

be further reduced into neutral (V) (due to its strong reducibility, the molecules is not stable 

compared with V2+ and V+, but they are all thermodynamic stable), the reaction mechanism is 

shown in Figure 5.2 [67]. Because the potential of the two redox reactions is very similar, the 

reaction is reversible, which is also the reason why viologen is often used in electrochemical 

and photochemical applications. For example, viologen can be used in electrochromic devices 

[68-69], transistors [70] and storage device materials [71-72]. 
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Figure 5.2 Reversible redox reaction mechanism of viologen [67] 

Viologen can be used as an intermediate layer for enzyme electrodes based on its unique redox 

properties. Since the oxidase electrode catalyzes the decomposition of substrates to generate 

electrons, viologen can play a good role in electron transfer as an intermediate layer. In addition, 

when different initial voltages are used, the degree of the redox reaction of viologen is different, 

and its response sensitivity can change accordingly. Sulfhydryl viologen (HSC6VC6SH) is the 

derivative of viologen used in this thesis, and its basic structure is shown in Figure 5.3. 

 

Figure 5.3  Chemical construction of sulfhydryl viologen (HSC6VC6SH) 

5.2 Preparation of Enzyme Electrode Based on Viologen 

5.2.1 Base Materials and Reagents 

Acetonitrile is procured from China National Pharmaceutical Group CO., LTD. (Sinopharm). 

Horseradish peroxidase is purchased from Shanghai Aladdin Biochemical Technology CO., 

LTD. Sulfhydryl viologen is synthesized by professor Dongjin Qian's research group at Fudan 

University. 

Other reagents and material sources are introduced in chapter 2.2.1. 

5.2.2 Immobilization of Viologen on Enzyme Electrode 

Sulfhydryl viologen fixation is preceded by pretreatment and the activation of the gold electrode. 

The pretreatment and activation process are described in Chapter 2. For sulfhydryl viologen 

immobilization in this thesis, two methods are adopted in this study and will be introduced 

separately in the following part. 
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⚫ Sulfhydryl viologen self-assembles on the surface of the gold electrode: 

Sulfhydryl groups can be chemically bonded to some transition metals: with the breaking of the 

sulfur-hydrogen bond, the sulfur atom and the metal interact in the form of coordination bonds, 

thus realizing the self-assembly of sulfhydryl compounds. Among many transition metals, the 

interaction between sulfur and gold is strong and has a good fixation effect [73]. Therefore, for 

gold electrodes, molecular self-assembly can be adopted. The self-assembly procedure is as 

follows: 

Sulfhydryl viologen is dissolved in acetonitrile with a concentration of 2 mg/ mL, and the 

electrode is placed in it for 24 hours. Then the electrode is removed from the solution and 

cleaned with water and ethanol to remove the weak fixed viologen. Nitrogen is applied for 20 

minutes to remove the dissolved oxygen in the PBS solution and prevent the interference of 

oxygen redox peak. Set the parameter to -0.9-0 V and the rate to 100 mV/s, and scan for 7 

cycles to obtain the complete and stable CV characteristic curve as shown in Figure 5.4. The 

assembly is successful the redox peak can be observed. 

 

Figure 5.4 CV characteristic curve of sulfhydryl viologen self-assembled on the gold electrode 

Two oxidation peaks can be clearly observed from Figure 5.4, corresponding to the process in 

which neutral V is oxidized to V+ and V+ is oxidized to V2+ respectively. However, there is only 

one reduction peak, and the area is larger than the respective area of the two oxidation peaks, 

indicating that after V2+ is reduced to V+, a part of V+ is further reduced to neutral V. 
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⚫ Sulfhydryl viologen solution drops on the surface of the gold electrode: 

Due to the molecular properties of sulfhydryl viologen, it is extremely insoluble in water and 

ethanol. Therefore, an acetonitrile solution (4 mg/mL) of sulfhydryl viologen can be prepared 

and dropped on the surface of the gold electrode. When completely dried, the viologen can be 

adsorbed to the negatively charged gold (111) surface due to its positive charge, and thus fixed 

to the electrode surface. Then the electrode is cleaned with water and ethanol. Nitrogen is 

applied for 20 minutes to remove the dissolved oxygen in the PBS solution and prevent the 

interference of oxygen redox peak. Set the parameter to -0.7-0 V and the rate to 100 mV/s, and 

scan for 7 cycles to obtain the complete and stable CV characteristic curve as shown in Figure 

5.5. The viologen is fixed on the electrode if the redox peak can be observed. 

 

Figure 5.5 CV characteristic curve of sulfhydryl viologen dropped on the gold electrode 

It can be seen that the CV curve is roughly the same as the self-assembly method, but the 

response value is larger. This is due to a large amount of viologen dropped on the electrode 

surface, so both the overall response and the peak value are increased. In addition, it is also 

related to the pretreatment of the gold electrode surface. 

5.2.3 Preparation of Viologen on Enzyme Electrode 

The enzyme electrode can be further prepared after immobilizing the viologen on the gold 

electrode. The specific procedures are as follows: 

⚫ Preparation of Glucose Oxidase Electrode: 
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See 2.5.3 for details. 

⚫ Preparation of Lactate Oxidase Electrode: 

Unlike Prussian Blue, viologen does not have the catalytic properties of hydrogen peroxide. 

Since the measurement range of lactate concentration is wide, in order to improve the response 

sensitivity of lactate oxidase electrode, horseradish peroxidase (HRP) is used to catalyze the 

decomposition of hydrogen peroxide on the basis of 2.5.4.  

HRP is further added to lactate oxidase membrane solution. When oxidase and HRP have the 

same activity, the optimum enzyme ratio is 1: 1 [74]. Therefore, lactate oxidase and HRP is 

dissolved in the PBS buffer (pH = 7, contains 0.2 mol/L NaH2PO4 and 0.2 mol/L Na2HPO4 with 

a volume ratio of 19: 31) at the concentration of 50 mg/mL and 31 mg/mL.  

Apply 3 µL chitosan and SWCNT viscous solution, 2 µL lactate oxidase and HRP membrane 

solution, 3 µL chitosan and SWCNT viscous solution in sequence with pipette gun to the PET 

gold electrode after viologen immobilizing. Be sure that the electrode is completely dried at 4 ℃ 

before applying the next layer. Then 2.5 µL 0.5%wt. Nafion is dropped on the electrode to make 

the lactate oxidase electrode. 

5.3 Electrode Response and Analysis of Viologen Enzyme Electrode 

5.3.1 Test Method and Preparation 

See 3.4.1 for details. 

5.3.2 Glucose Oxidase Electrode Current Response 

The total glucose concentration of the solution to be tested is selected as 0.1-0.8 mmol/L with 

a 0.1 mmol/L interval. Then the current response at these concentrations is measured. The total 

volume of solution is 30 mL, and the concentration of glucose standard solution is 0.1 mol/L. 

The electrode is scanned in PBS buffer solution under -100 mV initial potential until the current 

is relatively stable. Then 30 μL standard glucose solution is added to PBS solution in turn and 

wait for diffusion. The relatively stable response curve within 10 seconds is measured, as shown 

in Figure 5.6. 
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Figure 5.6 Current-time response of glucose oxidase electrode based on viologen 

As can be seen from Figure 5.6, compared with the electrode in Chapter 3, the drift of current 

response is greatly improved, and the glucose oxidase electrode based on viologen still has good 

stability in the range of glucose concentration in sweat. 

5.3.3 Fitting of Glucose Standard Curve 

Taking concentration of glucose as abscissa and current response of different glucose 

concentrations (0.1-0.8 mmol/L, with a 0.1 mmol/L interval) as coordinates, the standard curve 

of glucose is obtained, as shown in Figure 5.7. 

Substituting linear fitting equation y = a + b * x, the detailed fitting parameters are shown in 

Table 5.1. 
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Figure 5.7  Standard curve of glucose oxidase electrode based on viologen 

Table 5.1 Fitting parameters of glucose concentration standard curve 

Intercept Slope 

Value Standard error Value Standard error 

-2.70592E-7 3.22524E-10 -2.33764E-7 6.38693E-10 

Residual sum of squares Adjusted R2 

1.36722E-14 0.99407 

From the table, the sensitivity of the glucose oxidase electrode is -0.234 µA‧L/mmol. Compared 

with the electrode in Chapter 3, the viologen glucose oxidase electrode is less sensitive but has 

better response stability and linearity, and the measurement range of concentration is relatively 

large. 

5.3.4 Lactate Oxidase Electrode Current Response 

The total lactate concentration of the solution to be tested is selected as 4-20 mmol/L with a 1 

mmol/L interval. Then the current response at these concentrations is measured. The total 

volume of solution is 30 mL, and the concentration of lactate standard solution is 2 mol/L. 
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The electrode is scanned in PBS buffer solution under -200 mV initial potential until the current 

is relatively stable. Then 15 μL standard lactate solution is added to PBS solution in turn and 

wait for diffusion. The relatively stable response curve within 10 seconds is measured, as shown 

in Figure 5.8. 

 

Figure 5.8 Current-time response of lactate oxidase electrode based on viologen 

As can be seen from Figure 5.8, compared with the electrode in Chapter 3, the drift of current 

response of lactate electrode decreases significantly. Lactate oxidase electrode based on 

viologen shows good stability in the range of lactates concentration in sweat, and the current 

increased linearly. 

5.3.5 Fitting of Lactate Standard Curve 

Taking concentration of lactate as abscissa and current response of different lactate 

concentrations (4-20 mmol/L, with a 1 mmol/L interval) as coordinates, the standard curve of 

lactate is obtained, as shown in Figure 5.9. 
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Figure 5.9 Standard curve of lactate oxidase electrode based on viologen and HRP 

Substituting linear fitting equation y = a + b * x, the detailed fitting parameters are shown in 

Table 5.2. 

From the table, the sensitivity of the lactate oxidase electrode is -41.7 nA‧L/mmol. The viologen 

lactate oxidase electrode has nearly the same sensitivity compared with the electrode in Chapter 

3, but it has better response stability and linearity, and the measurement range of concentration 

is relatively large. 

Table 5.2 Fitting parameters of lactate concentration standard curve 

Intercept Slope 

Value Standard error Value Standard error 

-7.78928E-7 9.27915E-10 -4.17208E-8 7.15973E-11 

Residual sum of squares Adjusted R2 

3.54846E-13 0.99502 
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5.4 Summary of the Chapter 

This chapter mainly introduces the property of viologen and the fabrication of enzyme 

electrodes based on viologen as an intermediate layer, in addition to the electrochemical 

response and standard curve of the electrode.  

The main work of this chapter includes: 

⚫ Immobilization of sulfhydryl viologen on the surface of the gold electrode. 

⚫ Preparation of lactate and glucose oxidase electrodes based on sulfhydryl viologen. 

⚫ The relationship between glucose, lactate concentrations, and current is tested, and the 

linear relation between its concentration and the current signal is confirmed. 
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6 Summary and Prospect 

In this thesis, a sweat composition analysis system based on a flexible electrode array is 

developed to complete the detection of four representative components of sodium ion, 

potassium ion, glucose, and lactic acid in sweat. The main work includes: 

Firstly, a sweat analysis electrode array integrating ion sensing module, enzyme sensor module, 

and reference module is prepared based on PET flexible substrate, and the sensor performance 

is tested. The corresponding linear relationship is obtained by fitting. For ion sensing module: 

The sensitivity of potassium ISE is 60.8 mV/lg[c(K+)], and the sensitivity of sodium ISE is 45.9 

mV/lg[c(Na+)]. In comparison, the potassium ISE has better sensitivity than the sodium ISE. In 

general, the ion sensing system has good anti-interference and linearity, but the change of 

temperature will interfere with the response. For enzyme sensing module: The sensitivity of 

glucose oxidase electrode is 2.28 µA‧L/mmol, and the sensitivity of lactate oxidase electrode is 

45 nA‧L/mmol. Compared with lactate, the glucose oxidase electrode has better sensitivity and 

linearity. 

Secondly, complete the design of the signal acquisition module of the electronic system, and 

integrate it into the electrode array. According to the response of the electrode test, the circuit 

design is carried out, and then the system level verification of the four components has 

proceeded. Verification results show that the design of the electronic system can meet the 

requirements of sensitivity and linearity. Finally, the whole system is used to measure and 

analyze human sweat in real motion. 

Thirdly, the electrochemical responses of glucose and lactate oxidase electrodes are fabricated 

and verified based on viologen compounds. The sensitivity of the glucose oxidase electrode is 

-0.234 µA‧L/mmol, and the sensitivity of the lactate oxidase electrode is -41.7 nA‧L/mmol. 

Compared with the common enzyme electrode, the sensitivity of the glucose oxidase electrode 

is decreased, while the sensitivity of the lactate oxidase electrode is basically unchanged. But 

the linearity and stability of enzyme electrodes are significantly increased. 

Due to the time limit and the complexity of the sweat analysis system, this thesis only realizes 

the analysis and measurement of four typical components in sweat and the preliminary 

exploration of the response of viologen-based enzyme electrodes. Based on the work in this 

thesis, there are also the following possibilities for improvement and development: 
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I. Further optimization of electrode material and response, and improvement of electrode 

array manufacturing process. For example, focus on the wear of the electrode surface. 

II. Further improvements to the electronic circuit and the addition of current and voltage 

excitation, which may allow additional electrochemical methods to be used for verification 

and measurement of other substances. 

III. Add other function modules as well as algorithms, so as to realize automatic sweat 

monitoring and online reminder, alarm functions. 

IV. The response of the enzyme electrode based on viologen can be further explored and 

optimized to develop a new electrode superior to the existing enzyme electrode. 
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