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ABSTRACT Recent technological advancements such as an expansion of available biomarkers and an
incremental burden of chronic and infectious diseases made point of care (POC) devices in strong demand.
It has a potential to surpass conventional lab-based devices in terms of time, cost, accessibility, and even
accuracy. This potential strongly depends on an availability of affordable and miniaturized electronic POC
devices that can provide a fast and sensitive response. This paper presents an all-in-one electroanalytical
device (AED) which is a cost-effective, field-ready, and miniaturized electronic POC device integrated with
the most commonly used electroanalytical techniques such as amperometric, voltammetric, potentiometric,
conductometric, and impedimetric techniques. The proposed AED can analyze multiple electrochemical
sensors simultaneously while having a very small size of 48 mm × 37 mm, including eight disposable
screen-printed electrochemical sensor (SPES) connectors. The device supports wired communication using
a universal serial bus (USB) and wireless communication with Bluetooth Low Energy (BLE). Furthermore,
user-friendly customized Graphical User Interface (GUI) has been developed to control the device and send
obtained data to the user. The system is evaluated through electrical tests to confirm the device accuracy.
Subsequently, electrochemical experiments were conducted to evaluate device’s performance in the field.
These experiments indicated that the developed device operates as an electrochemical sensing device for
POC applications. The proposed portable electroanalytical device can perform the most of electroanalytical
methods in a single device which has very small form factor and capability to interpret multiple sensors at a
time with user friendly interface.

INDEX TERMS Electroanalytical device, electrochemical readout, screen-printed sensor, point of care.

I. INTRODUCTION
The point of care (POC) system consists of a sensor to detect
a target analyte and device to analyze the sensor data with
user friendly interface capability as shown in Fig. 1, which
have revolutionized many fields such as at-home patient care,
disease management, and even the field to test the safety
of water or food, since it can offer rapid diagnostic results
in non-laboratory settings [1]–[3]. The quick provision of
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approving it for publication was Lei Wang.

results can facilitate appropriate treatment or action promptly
and save time and cost [4]. Not only will the POC devices
produce an economic outcome but owing to the portability
of devices, it also has a potential to allow wide distribution
of service with relatively good quality across less developed
regions [5]. Consequently, a global POC market size is pro-
jected to reach USD 50.6 billion by 2025 from USD 29.5 bil-
lion in 2020 [6]. This trend made a bold transition from
bulky, protractive, and expensive sensors to cost-effective,
miniaturized, portable, and highly sensitive sensors with short
analysis time for various electrochemical sensors due to their
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FIGURE 1. Overview of electrochemical sensing application as the POC
device.

easy operation [7], [8]. Electrochemical sensors are analytical
devices that convert electrochemical reactions into applicable
qualitative or quantitative signals such as current, voltage,
or impedance. It has been applied and researched to detect
trace amounts of a target, including small or large molecules,
metal ions, bio-markers, etc. [9]–[12]. More specifically, a
screen-printed electrochemical sensor (SPES) has acquired
predominant importance as a miniaturized electrochemical
sensor for the POC devices in the last decade, which is
robust, cheap, tailorable, and mass-producible [13]–[17]. It is
well-known that multi-analytes approach can provide more
information for each single sample and it leads to faster and
lower cost assays. For this approach, SPES can provide a
powerful platform that has the ability to be functionalized and
customized for the detection of different analytes [18]–[22].
Yáñez-Sedeño et al. published a comprehensive review on
integrated affinity bio-sensing platforms which pays special
attention to the importance of couplingmultiplexed SPESs by
utilizing various electrochemical measurement methods such
as amperometry, Electrochemical Impedance Spectroscopy
(EIS), and Square Wave Voltammetry (SWV) for simultane-
ous determination of biomarkers [20]. Malha et al. applied
carbon black-modified SPES to detect nitrite and nitrate for
environmental monitoring [21]. Having used Cyclic Voltam-
metry (CV), amperometry, and EIS analyses, they reported
limit of detection values of 0.135 µM and with a linear range
of detection of 0.3µM– 18.8µM. Attoye et al. demonstrated
a simple, low-cost deoxyribonucleic acid (DNA) biosensor
employed on SPES array to perform parallel measurement
of DNA hybridization to quantify mutant genetic sequences.
Both CV and EIS analyses were performed to determine
whether consistent behavior was observed [22].

On the strength of growing interest of POC devices,
numerous electroanalytical devices that can accommodate
the electrochemical sensors and have capability to conduct
multiple electroanalytical methods, have been studied and
presented in the literature along with the sensor develop-
ment [23]–[32]. Generally, the particular criteria known by
the acronym ASSURED – (Affordable, Sensitive, Specific,
User-friendly, Rapid and Robust, Equipment-free, and Deliv-
erable to end-users) released by World Health Organization
(WHO) in 2003 should be met to be considered as POC

devices [33]. To satisfy the ASSURED criteria, most papers
constructed their device with commercial off-the-shelf com-
ponents, which is the most affordable way to build miniatur-
ized devices at the minimum cost for various applications.
Among those developed devices, a few papers introduced
devices that can perform multiple electroanalytical methods
to provide higher accuracy or utilize the devices to analyze
multiple types of electrochemical sensors or biosensors. For
instance, Ainla et al. developed Universal Wireless Electro-
chemical Detector by utilizing aMicrocontroller Unit (MCU)
which has an integrated Bluetooth Low Energy (BLE) [25].
The developed device can conduct multiple electroanalyti-
cal techniques like potentiometry, Chronoamperometry (CA),
CV, and SWV. In a different approach, Glasscott et al.
described a device, called SweepStat, capable of transact-
ing CV, Linear Sweep Voltammetry (LSV), CA, chrono-
coulometry for two-electrodes sensor. It is able to interface
with laboratory virtual instrument engineering workbench
(LabVIEWTM), one of the most popular software for appli-
cations requiring measurement in chemistry labs. Another
researcher group, Jenkins et al. proposed battery-operated
ABE-Stat embodied with CV, Differential Pulse Voltammetry
(DPV), and potentiometric techniques while having Wireless
Fidelity communication [30].

Most of the previously developed electrochemical readout
devices require a few more external active components other
than MCU to establish the analytical methods, making them
large, expensive, and consuming high-power. Moreover, they
are only able to measure one sensor at a time. However,
the multiplexing capability becomes an important metric for
the recent POC devices because, in many scenarios, mea-
suring multiple biomarkers or analytes can improve diag-
nostic accuracy [3], [34], [35]. In this work, an All-in-one
Electroanalytical Device (AED) that can perform CV, LSV,
Anode Stripping Voltammetry (ASV), SWV, amperometry,
CA, conductometry, potentiometry, and EIS for eight SPESs
at a time is proposed. It is one of the devices that have
the most diverse electroanalytical methods, while it requires
only one component, MCU, to establish proposed methods,
which makes the device to have a very small form factor
and low-power consumption. Not only can the AED conduct
multiple electroanalytical methods, but it can also analyze
eight sensors simultaneously for high accuracy which is a one
of the strong points of this work. The AED includes wired and
wireless communication capability as a user-friendly device.
Furthermore, a customized Graphical User Interface (GUI) to
control the device and send the data to a personal computer
(PC) has been developed.

II. SYSTEM DESIGN
A. ELECTROCHEMISTRY
The proposed device can perform the most common electro-
analytical methods used in analytical chemistry and indus-
trial processes: voltammetry, amperometry, conductometry,
potentiometry, and impedimetry. In voltammetry, information
about an analyte is obtained by measuring the current as the
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potential is varied. The analytical data for the voltammetric
experiment comes in the recognizable form of a voltammo-
gram which plots the measured current produced by the ana-
lyte reaction against the provided potential. As voltammetry
experiment, CV, SWV, LSV, and ASV are embedded in the
proposed device, which can be re-categorized by provided
potential type. Meanwhile, the amperometry measures the
current generated from the activity of redox species at the
interface wherein a fixed voltage is applied. As an amper-
ometry type of analytical method, amperometry and CA are
embarked in the proposed device. The conductometry is a
method in which either there are negligible or no electro-
chemical reactions on the electrodes. It measures conduc-
tance that can be calculated utilizing current ratio that flows
to the potential difference present which is the reciprocal
of the resistance. Potentiometry is a technique usually used
to find the concentration of a solute in a solution. In this
technique, the potential between two electrodes can be mea-
sured using a high-impedance voltmeter to ensure that current
flow at the electrodes is negligible so that the system is
in equilibrium. Lastly, the EIS analyzes both faradaic and
capacitive contributions in the electrochemical reaction at the
electrode/solution interface and it measures the AC signal
when sinusoidal perturbance is applied, often a potential at
different frequencies. The impedance represents the opposi-
tion to an alternating current flow in an electrochemical cell.
It is defined as the total resistive charge of the system, given
by the sum of reactance and resistance.

B. PROPOSED SYSTEM DESIGN
Fig. 2 illustrates the block diagram of the proposed AED.
The AED consists of SPES connector, analog multiplexer
(AMUX), MCU, USB, and BLE module. The design
of AED is largely inspired by Lopin’s PSoC-Stat [31],
which utilizes a versatile Programmable System on a Chip
MCU ‘CY8C5888LTI-LP097’ (Cypress Semiconductor, CA,
USA). The MCU includes necessary analog components
such as analog to digital converter (ADC), digital to ana-
log converter (DAC), operational amplifier (OP-AMP), and
transimpedance amplifier (TIA), which are essential blocks
to build electrochemical analytical methods. For small form
factor, low power consumption, and low cost, the pro-
posed design selected the ‘CY8C5888LTI-LP097’ as the
MCU. Meanwhile, to accommodate multiple sensors in
a single device, external precision complementary metal-
oxide-semiconductor type AMUXs ‘TMUX1208’ (Texas
instrument, TX, USA) are embodied to each working elec-
trode (WE), reference electrode (RE), and counter electrode
(CE) followed by the MCU. The chosen AMUX has very low
on and off leakage currents and low charge injection, allowing
high-precision measurement. It only consumes 10 nA, which
is suitable for low-power applications and its on-resistance
is 5�. Wired and wireless communication are supported to
make the device user-friendly. To support wireless communi-
cation, the BLE module ‘SPBTLE-1S’ (STMicroelectronics,
Geneva, CH) with an integrated onboard chip antenna is

FIGURE 2. Block diagram of the proposed device.

employed for a small form factor.When the BLEmodule con-
sumes 15 mA in maximum transmission mode with + 4 dBm
transmit power while it only consumes 500 nA in standby
mode. Either rechargeable 3.7 V lithium-ion polymer bat-
tery or universal serial bus (USB) can be utilized to power
up the device. The proposed AED can perform the experi-
ments where the sensor’s outputs are within a voltage range
of ± 2 V or a current range of ± 100 µA. It can collect data
from eight of 3 or 2 electrodes SPESs simultaneously. The
specification comparison of the proposed device with other
existing devices is presented in Table 1. It clearly indicates
that the proposed AED can measure the most various elec-
troanalytical methods in a single device with a small size of
48 mm × 37 mm including 8 number of SPES connectors.
Without the connectors, the proposed design consumes an
area of 27 mm × 37 mm. All the electroanalytical methods
are realised with internal blocks of the MCU by firmware
development for small form factor, cost-efficiency, and low
power consumption. The firmware of the MCU is developed
in PSoC Creator 4.1, published by Cypress Semiconductor.
Step by step explanation about the firmware development for
establishing electroanalytical methods in the proposed AED
will be discussed in later subsections.

1) VOLTAMMETRY, CONDUCTOMETRY, AND
AMPEROMETRY
The voltammetry, conductometry, and amperometry methods
require circuits for potential control and current measuring
since those methods measure a varied current sensor output
(Isensor ) due to chemical reactions, wherein a certain poten-
tial is applied to the sensor. These circuits are realized by
MCU’s internal ADC, DAC, OP-AMP, and TIA in a firmware
as shown in Fig. 3. As potential control circuit, DAC and
OP-AMP are used to apply a certain potential to the sensor.
The potentiostat, which is realized with OP-AMP, passes a
current through the CE until a voltage on the RE becomes
the same voltage as the DAC. The positive input of OP-AMP
is connected to DAC, and the negative input of the OP-AMP
is connected to RE through AMUX to provide the constant
potential while OP-AMP output is connected to CE. Also,
to perform the measurement at negative potential conditions
with a single power supply, a virtual ground concept is
adopted by implementing DAC. The DAC is fed into the
negative input of the ADC and positive pin of a TIA to
make a virtual ground at 2.048 V, which is the middle of
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TABLE 1. Specification comparision of existing devices with the proposed device.

FIGURE 3. Block diagram of the voltammetry, conductometry, and
amperometry.

the DAC range, as the common pin. Since the TIA con-
sists of OP-AMP, WE potential should be 2.048 V which is
connected to the negative input of the TIA. Therefore, the
potential range between WE and RE can be from - 2.048 V
to + 2.032 V. With this technique, the AED can provide the
potential range from - 2.048 V to+ 2.032 Vwith 16mV reso-
lution to the sensors. Those can be achieved from OP-AMP’s
characteristics that the potential difference between two input
terminals of OP-AMP is zero, and no current is flowing into
the input terminal of the OP-AMP. Among voltammetry, con-
ductometry, and amperometry, the type of analytical methods
for the experiment can be decided based on the type of
signals from the DAC. For voltammetry and conductometry
measurements, a varied potential is provided to sensors, while
a constant potential is applied in the case of amperometry.

To process the sensor data in the MCU, Isensor should be
converted to voltage and then needs to be digitized, which is
the purpose of the current measuring circuit. The WE signal

from AMUX is connected to a positive input of TIA that
conducts current to voltage conversion. The TIA consists
of OP-AMP with a negative feedback resistor (Rfeedback )
of 20 K�. The converted voltage from TIA is interpreted
with a differential 12-bit ADC that can digitize the difference
between the two varying voltage levels. The utilized ADC
can interpret voltage within a range of ± 2.048 V with
1 mV resolution, which indicates that the proposed AED can
detect a 50 nA current difference. Isensor can be obtained by
calculation as (1), which is ohm’s law (V=IR).

Isensor = −
VADC

Rfeedback
(1)

where VADC is the input of ADC. The internal TIA
with 20 K� of Rfeedback can convert a current range
of ± 100 µA to a voltage range of± 2 V that can be digitized
in the internal ADC. After the conversion, the ADC data is
stored in a memory of the MCU. Once the user calls the data,
the MCU exports the stored data to the user through wired or
wireless communication.

2) POTENTIOMETRY
Potentiometry is an electrochemical technique that measures
potential between the two electrodes of electrochemical sen-
sor under a static condition. By tying RE and CE, a two elec-
trodes measurement can be performed. Fig. 4 illustrates the
potentiometry block diagram in the AED. The output of the
8-bit DAC is fed into negative input of the ADC and CE/RE
as a common pin to make a virtual ground where its output is
2.048 V. The AMUX is implemented to accommodate eight
sensors. For measuring the potential of the sensor, which is a
voltage gap betweenWE andRE/CE, differential 12-bit delta-
sigma ADC is utilized. The WE potential is connected to a
positive input of ADC, while 8-bit DAC is connected to a
negative input of ADC to digitize the potential between WE
and CE/RE. Once the conversion is done, the data is stored
until the user calls it.
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FIGURE 4. Block diagram of the potentiometry.

3) ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY
The EIS requires AC generating block and a current measur-
ing block, and its block diagram is shown in Fig. 5. For the AC
generating block, an internal waveform generator supported
in the MCU is utilized to generate an arbitrary AC voltage
waveform with 32 points per wave. The waveform generator
is configured to generate AC voltage which has frequency
range of 512 Hz −80 KHz with a 512 Hz resolution, and its
peak-to-peak amplitude can be set between 0.5 V and 4 V
with a resolution of 0.5 V. To perform the EIS measurement,
the applied waveform to a sensor and a converted voltage
output of Isensor data are required. Thus, the waveform gener-
ator output is connected to both potentiostat’s positive input
and the negative input of the ADC for measuring the applied
waveform while providing the waveform to the RE. The
sensor output current is connected to the internal TIA, and
its output is fed into ADC to convert the Isensor into the
voltage. For wide impedance measurement, the Rfeedbackcan
be altered from 20 K� to 1 M� based on the current range.
The value of the Rfeedbackcan be chosen using customized
GUI, which will be described in a later section.Measuring the
input and output simultaneously is a key point to measure the
phase difference accurately. For this measurement, additional
internal direct memory access, counter, and sync blocks are
implemented to re-synchronize input signal to the rising edge
of the clock signal. To get an efficient and fast conversion,
Fast Fourier Transform is embodied in the firmware to obtain
real input voltage (Vin,Re2), imaginary input voltage (V 2

in,Im),
real output voltage (V 2

out,Re), and imaginary output voltage
(V 2

out,Im) to get the impedance (Z) and phase (θ) information
based on (2) and (3). Moreover, to improve accuracy and
wide frequency range, theADCoversampling rate adjustment
function is included in the firmware to automatically alter the
oversampling rate based on the frequency.

|Z | = −
Rfeeback

√
V 2
in,Re + V

2
in,Im√

V 2
out,Re + V

2
out,Im

(2)

θ = arctan
Vout,Im
Vout,Re

− arctan
Vin,Im
Vin,Re

− 180◦ (3)

FIGURE 5. Block diagram of the EIS.

C. USER INTERFACE
The proposed AED has the capability to communicate with
the user through wired or wireless communication. For wired
communication, a customized GUI has been developed. The
GUI is written primarily in Python and runs onWindows. It is
the primarymethod to run experiments in theAED,which can
control necessary experimental parameters like the value of
potential, sweep rate, experiment duration, sensor selection
among eight sensors, and number of electrodes selection
depending on the type of the experiments. The developedGUI
can collect, plot, and store data in Comma Separated Value
file format. Additional libraries in Python have been included
such as ‘Tkinter’ for GUI toolkit interface, ‘matplotlib’ to plot
the graph in GUI, ‘pyserial’ to make a serial communication,
‘numpy’ for calculation, and ‘time’ for measuring time to
implement mentioned functionalities. An external BLE mod-
ule is integrated in the device to establish wireless communi-
cation. Using the smartphone app which can connect with the
BLE device, the user can select the type of the experiments
and receive the experimental data.

III. EVALUATION
Fig. 6 illustrates the fabricated and assembled proposed
device. The AED is fabricated on a printed circuit
board (PCB) and its size is 48 mm× 37 mm. Fig. 6 shows the
AED that is a fully populated PCB in a case. The evaluation
is done in two phases: electrical testing and chemical testing.

A. ELECTRICAL EVALUATION
Electrical testing has been conducted to evaluate the proposed
AED. The electrical evaluation is conducted with a dummy
cell consisting of eight resistors as an electrical equivalent
model of the sensors, by connecting it with the SPES connec-
tors on the AED board. The AED is connected to the PC using
a USB cable, and the customized GUI is utilized to select the
experiment type and plot the result with graph as depicted in
Fig. 7.
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FIGURE 6. Photo of the proposed AED.

FIGURE 7. Photo of test setup for electrical testing.

1) VOLTAMMETRY
To evaluate the embedded voltammetry methods (CV, LSV,
ASV, and SWV), electrical test has been done with dummy
cell resistors values are chosen as 10 K�, 12 K�, 15 K�,
22 K�, 47 K�, 68 K�, 100 K�, and 1 M�. The result of
CV, LSV, ASV, and SWV experiments are plotted in the GUI
and depicted in Fig. 8, respectively to electrically verify the
embedded voltammetry techniques. The Y-axis in the graph
of Fig. 8 is current in the unit of µA, while the X-axis is
voltage in the unit of mV. For the CV and LSV experiment,
the potential sweep rangewas set from - 900mV to+ 900mV
with a 100 mV/s sweep rate. Since discrete resistors have
been utilized to substitute the sensors, the results of the CV
and LSV shows the same result which is linear output current
with its gradient as provided potential over resistor value as
described in Fig. 8(a), (b). In the case of the ASV, the user
can set the cleaning voltage, cleaning time, plating time, peak
voltage, and sweep rate. The ASV result was obtained when
the cleaning voltage was 800 mV, the cleaning time of 60 s,
the plating voltage was - 1.5 V, the peak voltage was 500 mV,
and the sweep rate was 500 mV/s. Therefore, the linear lines
are obtained from ASV experiment as expected from−1.5 V
to 500 mV as shown in Fig. 8(c). For the SWVmeasurement,
the potential was swept between – 900 mV to+ 900 mVwith
a 100 mV pulse, step size of 100 mV, and 10 s phase size.
The output currents of the measurement are showing pulse
property as provided potential is pulse. All the mentioned
experimental parameters were set by the right side of the
GUI menu. This demonstrated measurement indicates that

the designed AED of voltammetry techniques are working as
expected based on ohm’s law.

2) AMPEROMETRY
The amperometry and CA are implemented as amperometry
types of electroanalytical methods in the proposed AED. The
same dummy cell used in the voltammetry experiments is
utilized for validating the amperometry methods. Fig. 9(a)
shows the results of amperometry, while Fig. 9(b) demon-
strates results of CA. For the amperometry measurement,
a potential of 500 mV was provided to the dummy cell and
Isensor was measured by the AED. The X-axis of the graph
in Fig. 9 is time in unit of s, and the Y-axis represents the
Isensor in unit of µA. The user can set the experiment time
in the right section of the GUI, and it was set to 1 minute
for the measurement. The expected amperometry results are
50 µA, 41.6 µA, 33.3 µA, 22.7 µA, 10.6 µA, 7.4 µA, 5 µA,
and 0.5 µA respectively from (1). In the case of the CA
experiment, the start voltage was set to - 900 mV and the end
voltage as+ 900mV. Thus, the expected results are± 90 µA,
± 75 µA, ± 60 µA, ± 41 µA, ± 19.1 µA, ± 13.2 µA,
± 9 µA, and ± 0.9 µA, respectively. Both amperometry and
CV results demonstrated in Fig. 9 indicate that the AED can
perform the amperometry techniques accurately which match
with the expected results.

3) CONDUCTOMETRY
The conductometry testing was done with a dummy resistor
array consists of 20 K�, 22 K�, 27 K�, 30 K�, 39 K�,
47 K�, 100 K�, and 1M�, whose conductance are 0.05 mS,
0.045 mS, 0.037 mS, 0.03 mS, 0.026 mS, 0.021 mS, 0.01 mS,
and 0.001 mS, respectively. The graph’s Y-axis is conduc-
tance in siemens (S), X-axis is an applied potential to the
sensor. The applied potential was selected from 1 V to 2 V
with a sweep rate of 100 mV/s in the AED. The selecting
display option can be found in the right side of the GUI
which gives the user to choose the type of output as either
conductance or current. In Fig. 10, the conductometrymethod
in the AED is demonstrated successfully by showing well-
matched values with the expected values.

4) POTENTIOMETRY
The Potentiometry validation is conducted with a resistor
array as shown in the Fig. 11(a) where the WE1 – WE8 are
connected to the WE pin in the AED, the RE/CE of AED
are connected to the ground and top of the resistor array. All
resistors’ values are chosen as 10 K�. For the experiment,
+ 400 mV and – 400mVwere given to the circuit as potential
using a power supply unit as shown in Fig. 11(a). Fig. 11(b)
illustrates the output results of the potentiometry. User can
set experiment time in the GUI, and in this experiment, the
time was set to 1 minute. The results are obtained as expected
which are - 400mV, - 300mV, - 200mV, - 100mV,+ 100mV,
+ 200 mV, + 300 mV, and + 400 mV since Fig. 11(a) is
working as voltage divider circuit. Thus, it was proved that
the AED could successfully conduct potentiometry.
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FIGURE 8. Voltammetry results in the customized GUI when the dummy cell is connected to the boards as an electrical equivalent model of the sensors.

FIGURE 9. Amperometry results in the customized GUI when the dummy cell is connected to the boards as an electrical equivalent model of the sensors.

5) EIS
Unlike other methodologies, the EIS experiment requires AC
signal generation in the AED. Therefore, in the custom GUI,
the user can select AC voltage where peak-to-peak amplitude

range is within 4 V and value of TIA’s Rfeedback can be varied
between 20 K� and 1 M� to conduct accurate measurement
for wide range. Also, the GUI can choose the displayed data
as impedance or phase. As user friendly GUI, an axis setup
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FIGURE 10. Conductometry results in the customized GUI when the
dummy cell is connected to the boards as an electrical equivalent model
of the sensors.

FIGURE 11. Potentiometry results in the customized GUI when the
dummy cell is connected to the boards as an electrical equivalent model
of the sensors.

option is included, such as selecting a scale either logarithmic
or linear and range of impedance, phase, and frequency.
To test the functionality of the EIS, a Randles circuit has been
utilized. The Randles circuit, depicted in Fig. 12, is a common
equivalent circuit that consists of an R2 in series with the
parallel combination of C and R1. For the testing, 20 K� is

FIGURE 12. Randles circuit.

FIGURE 13. EIS results in the customized GUI when the dummy cell is
connected to the boards as an electrical equivalent model of the sensors.

selected as R1 and R2 value while C is 1 nF. Fig. 13 demon-
strate the EIS outputs when the Randles circuit is connected
instead of the sensor when peak-to-peak amplitude of 2 V
is applied, and 20 K� is selected as Rfeedback . The graph’s
X-axis in Fig. 13(a) and (b) is frequency, while the Y-axis is
impedance and phase, respectively.

B. CHEMICAL EVALUATION
The experiments were conducted with the electrochemi-
cal sensor in order to demonstrate the performance of the
AED in real applications. As an example, glucose testing
and Uric Acid testing with commercially available sensor
were conducted. As commercial SPESs, ‘‘DRP-C11L’’ and
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FIGURE 14. Photo of test setup for chemical testing.

‘‘DRP-110CNT’’ released by Metrohm DropSens (Oviedo,
Spain) have been selected for detecting glucose and Uric
Acid. The chosen SPESs have three electrodes (WE, CE,
and RE). The amperometry method in the AED has been
utilized for detecting glucose, while CV technique is implied
for detecting of Uric Acid. The test setup of chemical testing
is illustrated in Fig. 14. The SPES is inserted into the SPES
connector of the AED, and for control and transfer of data,
the AED is connected to the PC using a USB cable. The cus-
tomized GUI is used to perform the experiment and display
the sensor data.

1) GLUCOSE TESTING
As a chemical test, the glucose concentration level testing
was conducted. An amperometry test was performed with
‘‘DRP-C11L’’ which is general purpose carbon electrodes.
The WE and CE of ‘‘DRP-C11L’’ are made of carbon,
while RE is available in silver/silver chloride (Ag/AgCl).
Glucose solutions of five different concentration (12 mM,
8 mM, 6 mM, 3 mM, and 1.5 mM) are prepared in 0.1 M
Tris-HNO3 buffer solution with pH 7.0 to test the amperom-
etry with ‘‘DRP-C11L’’ SPES. In order to the adjust the pH of
Tris-HNO3 buffer, nitric acid of 0.1 M concentration was uti-
lized. A 40 µL of each concentration solution was deposited
on ‘‘DRP-C11L’’. A fixed potential of + 1 V was applied
across RE and CE, and the value of faradic currents across
WE are recorded during experiments. Fig. 15(a) illustrates
the amperometry test results for 12 mM (Sensor 1), 8 mM
(Sensor 2), 6 mM (Sensor 3), 3 mM (Sensor 4), and 1.5 mM
(Sensor 5) concentrations of glucose with the proposed AED.
The Isensor versus glucose concentration graph is shown in
Fig. 15(b), and it shows fairly linear current responses accord-
ing to varied glucose concentrations.

2) URIC ACID TESTING
The ‘‘DRP-110CNT’’, disposable SPES modified with
Carboxyl functionalized Multi-Walled Carbon Nanotubes
(MWCNT-COOH), is employed to detect Uric Acid
by CV method. The WE of chosen SPES comprises

FIGURE 15. Glucose test result with the proposed device.

FIGURE 16. Uric acid test result plotted in the customized GUI.

MWCNT-COOH/Carbon, CE with carbon, and RE with sil-
ver, respectively. A 50ml stock solution of 1×10−3 MofUric
Acid is prepared by dissolving 8.46 mg of Uric Acid in 0.1 M
phosphate buffer of pH 7.0. A sodium hydroxide (NaOH)
is used to adjust the pH of the buffer solution. The stock
solution is diluted using 0.1 M acetic acid (AcOH/AcO-) of
pH 5.0 to obtain lower concentration Uric Acid solutions.
As an experimental parameter setup, a sweep voltage from
- 600 mV to + 50 mV was selected in the GUI, and it was
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applied across RE and CE, with a sweep rate of 100 mV/s.
The current values for different concentrations of Uric Acid,
which are 1 mM (Sensor 1), 0.7 mM (Sensor 2), and 0.5 mM
(Sensor 3) are recorded during the experiment as depicted
in Fig. 16. The result demonstrated a higher current flow
for higher concentrations and a lower current flow for lower
concentrations of Uric Acid, respectively.

IV. CONCLUSION
In this paper, we designed the full-custom AED that can
measure eight SPESs simultaneously, performing CV, LSV,
ASV, SWV, amperometry, CA, conductometry, potentiome-
try, and EIS electroanalytical techniques in a single device.
The customized, user-friendly GUI is developed to control
the device, display electroanalytical methods in real-time,
and save the data on the PC. The device can send the data
to a smartphone through BLE, and PC using USB com-
munication. Moreover, AED has a very small form factor
of 48 mm × 37 mm with sensor connectors that make the
AED suitable for portable POC devices. Both electrical and
chemical test were conducted to verify the AED performance.
The experiment results clearly demonstrate that the designed
AED can conduct the above mentioned electroanalytical
methods.
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