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Abstract—This work presents the design and the realization
of a flexible front-end circuitry for electrochemical sensing with
wearable devices. The hardware combines readout circuitry for
amperometric and Open Circuit Potential (OCP) measurements.
The sensing platforms are dedicated to lactate and lithium
detection in sweat, hence allowing the monitoring of athletes
under physical effort. The wearability of the system is ensured
by the flexibility of the electronic substrate, its small dimensions
that fit an armband case, and the wireless transmission through
a Bluetooth Low Energy (BLE) module. The power consumption
of the system has been evaluated to be 200 mW, with 3.6 V on
board power supply.

I. INTRODUCTION

Wearable sensors have received great interest in recent years

for personalized diagnosis purposes [1]. Their applications are

also valuable for monitoring the physical conditions of an

athlete. Indeed, some biological and physiological parameters

need to be monitored in order to evaluate fatigue and health

status under physical effort. In addition to muscular fatigue,

high attention has to be paid on possible symptoms of mental

disorders (e.g. meticulous attention to diet, relative hyper-

activity), which are widely spread among sport competitors

[2]. Endogenous ions [3] and metabolites [4] are relevant to

be tracked, given that they provide information about cell

growth and metabolism of an organism. Lactate is the basis

conjugate of lactic acid, compound produced whenever the

human metabolism lacks energy. This is particularly the case

under physical efforts [5]. Besides, electrolytes are salient tar-

get compounds in monitoring of athletes. Namely, potassium

levels are indicators of muscle cramps or dehydration [6],

while calcium concentration evidences bone mineral loss [7].

In addition, lithium is monitored for subjects suffering from

mental disorders [8]. Indeed, Li+ is a mood stabilizer largely

adopted by athletes; its medical prescription and dosage is very

delicate to ensure safe and effective performance [9]. There-

fore, a wearable sensor, able to monitor both metabolites (e.g.

lactate) and electrolytes (e.g. lithium) is highly recommended

while performing extreme physical exercises [10]. Electro-

chemical sensors are peculiarly attractive to achieve lactate

and Li+ sensing since they feature high performance, low cost,

rather simple implementation, and above all, portability [11].

Moreover, multi-sensing electrochemical platforms allowing

simultaneous monitoring of different compounds of interest

have been demonstrated in [12].

Sweat is an optimal fluid for the extraction of biological

information since the measure of metabolites and ions in

sweat is non-invasive, conversely to blood samples collection,

requiring insertion of catheters or an implantable biosensor

[13]. It is particularly convenient in sport science applications

for which real-time feedbacks to the athlete is suitable. This is

feasible since a correlation has been proven between the level

of lactate and Li+ in blood circulation with the concentration

measured in sweat [14]. Lithium monitoring in sweat has been

recently proposed in [15]. The electrochemical techniques

to detect the aforementioned target compounds are different:

(i) amperometry for lactate detection and (ii) potentiometry

for Li+ sensing. Thus, a combined readout system is required.

Some structures have been proposed for multi-channel amper-

ometric sensing: up to five molecules could be monitored in

the fully-integrated and implantable platform of [16], while,

for example, the portable potentiostat developed in [15] com-

prises three channels carrying out simultaneous monitoring of

anesthetic compounds. The combination of metabolites and

electrolytes sensing is achieved in the real-time telemetry

system presented in [16], but the thickness (3 cm) and the

rigidity of the substrate of the system are prohibitive for a

wearable sensor.

In this work, a four-channel electrochemical platform, man-

ufactured on a flexible substrate, performing both ampero-

metric and potentiometric measurements is presented. The

dimensions of the hardware front-end allow its integration in

commercially available armband cases. We have also realized

and tested in-vitro electrochemical sensors for the detection

of lactate and Li+ in sweat. The aim of our work is to

present the study of an innovative approach for the detection

of electrolytes and metabolites with a wearable system. The

design and implementation of the analog front-end circuitry

is described in section II. Then, the system architecture is

discussed in section III. Sensing platforms for lactate and

lithium monitoring in sweat are presented in section IV.

Finally, conclusions are in section V.



Fig. 1: Two-channels amperometric circuit including wave-

form generator and transimpedance amplifier.

II. CIRCUIT ARCHITECTURE

The analog front-end circuitry implemented for both am-

perometric and potentiometric sensing is presented in this

section. Chronoamperometry (CA), Cyclic Voltammetry (CV),

and Differential Pulse Voltammetry (DPV) are the electro-

chemical detection techniques used for metabolites detection.

Two independent sensing channels are in a three-electrode

configuration, involving a potentiostat. A signal conditioning

block is needed before sampling and processing the output of

the sensors. As for the sensing of electrolytes, two independent

channels acquire OCP with buffered and differential circuitry.

A. Amperometric sensing

In amperometric biosensing, a potentiostat allows to control

the voltage applied between the Working Electrode (WE) and

the Reference Electrode (RE). The sensor outputs a current

related to the exchange of electrons at the WE, where the

electrochemical reaction occurs. An additional Counter Elec-

trode (CE) is needed to close the current loop. The schematic

of the potentiostat is presented in Fig. 1, similar to the work

done in [17]. It comprises a waveform generator that outputs

a constant voltage, a triangular waveform or ramp up pulses,

for CA, CV and DPV, respectively. Triangular waveforms are

obtained with a direct digital synthesizer. It is realized with

a 16-bit ramp up timer counter and a 10-bit digital-to-analog

converter (DAC). The timer counter module of the on board

ATxmega32E5 microcontroller is used with a peripheral clock

of 31.2 kHz. Upwards and downwards staircase voltages, with

3.22 mV step amplitude and variable width are generated.

The step width determines the slope of the signal, so that

linear ramp-up and ramp-down voltage waveforms of sub-Hz

frequency are obtained. As for DPV pulses, a ramp up timer

counter of the same module is used to generate the ramp up

pulses. The parameters of the pulses are the amplitude, width

and period. The step of the pulses is tuned as well. Signal

waveform generated by the timer counter and the DAC are

displayed in Fig. 2. DPV pulses with 100 mV step voltage,

300 mV pulse amplitude, 500 ms pulse width and 1 s period

are represented. CV waveform ramping from 100 to 1100 mV,

with 200 mV/s scan rate is shown as well.

An offset of Vcc
2 is applied at the non-inverting input of the

transimpedance amplifier so that the cell voltage VWE – VRE

sweeps both positive and negative values. The transimpedance

converts the sensor current into a voltage, and the feedback

a. b.

Fig. 2: Signal waveform generated by the timer counter and

DAC: a. DPV waveform with 100 mV step voltage, 300 mV

pulse amplitude, 500 ms pulse width and 1 s pulse period;

b. CV waveform with 100 mV start voltage 1100 mV end

voltage and 200 mV/s scan rate.

Fig. 3: Signal conditioning block: a. fourth-order Sallen-Key

filter. b. output amplifier

resistor sets its gain according to VTIA = Vcc
2 –Isensor ·Rf. Gain

of 10 kΩ and 30 kΩ are used, so that currents in the range of

[–100; +100] μA could be sensed.

B. Signal conditioning

The signal conditioning block is illustrated in Fig. 3. It

comprises a fourth-order Sallen-Key low-pass filter (LPF) and

an output amplifier. Filtering the high frequency is essential

to reduce noise and interference during measurements, and

serves as anti-aliasing element. The Sallen-Key topology is

an unity gain voltage amplifier with low output impedance. It

has been chosen for its high passband gain and high quality

factor. The filter implemented is a cascade of two second

order LPFs. The filter components are sized with a parametric

simulation: the cut-off frequency (fc), the quality factors (Q1

and Q2), the feedback capacitors and the ratio of capacitors

are the parameters. The value of the resistors are output, since

there is more flexibility in their choice. The Bode diagram

of the Sallen-Key filter is displayed in Fig. 4, featuring an

overall –3 dB cut-off at 200 Hz. The latter is a good trade-off

considering the slow biosignals (sub-Hz signals) and it relaxes

components sizing.



Fig. 4: Bode diagram of the Sallen-Key filter:

fc = 200 Hz, Q1 = 0.541, C1 = 3.6 nF, C2
C1 = 0.833

Q2 = 1.306, C3 = 5.6 nF, C4
C3

= 0.146

An output amplifier is required to compensate the offset of

the transimpedance amplifier. By sizing the resistors properly,

the final output voltage is Vout = 1V – Isensor · Rf.

C. Potentiometric sensing

Two independent channels are dedicated to electrolytes

sensing. It is achieved by OCP measurements between the

sensing electrode and a reference electrode that has a stable

potential. Open circuit condition implies that no current should

flow through the electrochemical cell [18]. Nevertheless, a

small polarization current of few nA is needed to lower the

limit of detection, increase sensitivity and reproductibility

of the sensor [19]. This sensor isolation is critical since it

induces potential drift. Therefore, a voltage buffer of high

input impedance is connected at each terminal of the cell, as

illustrated in Fig. 5. MAX44242 buffers with up to 0.5 pA bias

current are used. The next stage is a differential amplifier with

a gain of 3.9. The signal is amplified utmost so as to use the

whole dynamic range of the further analog-to-digital converter

(ADC). Thus, OCP in [0; 500] mV range can be resolved. The

signal VDA is filtered with a fourth-order Sallen-Key filter

similar to the one described previously.

III. SYSTEM ARCHITECTURE

The overall system consists of the electrochemical sensor,

the Flexible Printed Circuit Board (FPCB), and a terminal

Fig. 5: Analog front-end for OCP readout.

Fig. 6: Integration of the electrochemical platform in an

armband: a. rear view b. front view.

controlling the platform. The sensors used are Screen Printed

Electrodes (SPEs) that are connected to the hardware front-

end with card-edge connectors. The FPCB implements both

amperometric and potentiometric readout, and transmits the

biological data to a Graphical User Interface (GUI), through

a Bluetooth Low Energy (BLE) link. The interface sets the

parameters for the measurements as well. The system is tested

in laboratory, but it is intended to be integrated in an armband

where sweat is collected directly from the user, as it is

illustrated in Fig. 6.

A. Flexible Printed Circuit Board

The FPCB is manufactured with a 0.1 mm Kapton

(polymide) substrate. This material is stable across a wide

range of temperatures, has good dielectric properties, and

offers mechanical flexibility to the platform. The platform

has a size of 97 × 66 mm, but it could be further shrank

by removing all probe points placed after each analog block.

Besides, placement and routing could be optimized. Trace



Fig. 7: Different blocks of the FPCB: (1) and (2) are the

channels for amperometric readout, while (3) and (4) are the

channels for OCP measurement. (5) is the microcontroller unit,

(6) is the Bluetooth module, (7) is the UART output module

for RS-232 communication and (8) is the power battery holder.

widths of 150 μm have been used, and the spacing between

signal traces could be reduced, but at a cost of crosstalk.

The FPCB consists of different modules which are listed

and highlighted in Fig. 7. A low power ATxmega32E5 mi-

crocontroller unit (MCU) is used at the core of the system.

Two 16-bit Timer Counters with peripheral clock of 32.5 kHz

allow generating the stimulus waveforms for amperometric

measurements. The MCU comprises a 12-bit resolution ADC

that can sample up to 300 samples per seconds. It is calibrated

beforehand so that offset and gain correction coefficients could

be computed for better accuracy. Averaging, oversampling and

median computation are implemented to increase the resolu-

tion of the conversion up to 16 bits. The serial communication

capabilities of the MCU are used to relay the signals either

to the Bluetooth transceiver or to the UART output module.

The latter interfaces the FPCB with the GUI via a RS-232

cable. The board is powered with a lithium rechargeable coin

battery (24 mm�, 7.7 mm height) of 3.6 V nominal voltage

and 180 mAh capacity. The power consumption of the system

is evaluated to be of 200 mW in normal mode.

B. GUI controlling the platform

The sensing channels 1 and 2 are dedicated to amperometric

sensing, implementing CV, CA and DPV techniques, whereas

channels 3 and 4 are used for OCP measurements. The

channels are multiplexed. A GUI is developed in Matlab to

control the platform. Its different functions are displayed in

Fig. 8, where the user is able to:

1) select the sensor to activate

2) set the constant voltage for CA measurement

3) set the parameters for CV measurements (start voltage,

end voltage and scan rate)

Fig. 8: GUI setting up the FPCB and collecting sensor data.

Here, increasing potential differences are applied with a volt-

age source between WE and RE of the channel 3, performing

OCP readout.

4) set the parameters for DPV measurements (start voltage,

end voltage, step voltage, pulse amplitude, pulse width,

pulse period)

5) request the selected channel to start measurement

6) request the transmission of data, and plotting them in

real-time

7) save the received data on a separate Excel sheet for

further processing

8) stop the measurement

C. Wireless transmission

The communication between the GUI and the FPCB is done

through the serial port of the controlling terminal and the

one of the MCU. For the initial board validation, an USB

to RS-232 serial UART converter cable is connected from

the terminal to the UART module on the FPCB. The latter

is a level shifter and inverter that converts RS-232 levels into

[0 ; 3.3] V, that are the voltage levels of the MCU. It also limits

the current output by the host computer.

The dual mode RN4677 Bluetooth is used to establish a

wireless communication between the FPCB and the GUI.

The Bluetooth transceiver features low energy serial data

connectivity through a transparent UART profile. Namely,

when the RN4677 is connected and paired to a terminal

or device featuring BLE connectivity, it acts as a data pipe

between the on board MCU and the terminal, emulating a

standard UART communication. The serial communication is

done at 115200 baud rate, with no data flow control. The

communication protocol implements start tag and stop tag,

ensuring safe data transmission. When a request is made by

the user, a configuration byte is sent, asking either to start a

measurement, send the data in form of packets, pause/resume

transmission of data, or stop a measurement. The selected

electrode and electrochemical technique are included in the

aforementioned configuration byte.



IV. ELECTROCHEMICAL MEASUREMENTS

An Autolab potentiostat driven by Nova 1.11 software has

been used to perform preliminary tests on the electrochemical

sensors realized for lactate and Li+ sensing.

A. Materials and Methods

1) Chemicals: Lactate Oxidase (LDO) was purchased from

Roche (Switzerland), Nafion perfluorinated resin solution

5 wt %, Lithium Lactate (95%) and all the others compounds

were provided by Sigma-Aldrich (Switzerland). Phosphate

Buffered Saline (PBS, 10 mM pH 7.4) was prepared using

200 mL of ultrapure water adding a tablet of PBS. Artificial

sweat was prepared according to the composition in [20].

2) Electrode functionalization for lactate measurements:

SPE from Metrohm was used: WE (4 mm� in Pt), CE (Pt),

RE (Ag). Several layers of Nafion (5%) were deposited on the

Pt-WE surface. First, a Nafion membrane was realized by three

succesive depositions of 1 μL Nafion solution, and waiting

20 – 25 min between each deposition. LDO stock solution was

prepared by dissolving 2.21 mg of LDO in 10.7μL of ultrapure

water. 2 μL of the stock solution was dropped on the Pt-Nafion

WE surface. The sensor was kept at 4◦C, in humid atmosphere,

overnight [21].

3) Electrode functionalization for lithium ions measure-

ments: the membrane cocktail for Lithium ions mea-

surement was prepared by dissolving 100 mg of mixture

consisting of 28.00wt% Poly(vinyl chloride) high molec-

ular weight, 1wt% Li Ionophore VI (6,6-Dibenzyl-1,4,8-

11-tetraoxacyclotetradecane), 0.7wt%, Potassium tetrakis(4-

chlorophenyl)borate and 70.3wt% 2-Nitrophenyl octyl ether in

1 mL of Tethraydrofuran (THF). A 10 μL drop was then drop-

casted onto the SPE after electrochemical nanostructuration of

the surface, as described in [3].

B. Lactate measurements

CA measurements were carried out by applying a constant

voltage of 650 mV, and by adding multiple injections of

100 μL of lactate in a 10 mL PBS every ∼ 8 min. The

logarithmic regression of the lactate calibration measurement

is evaluated with an Excel tool. The Limit of Detection (LOD)

is found to be 7.02 mM; it is computed as 3σb
S , where σb is

the standard deviation of the blank measurement, and S is the

sensitivity.

The sensor was also tested with artificial sweat, following

the same procedure. The amperogram is displayed in Fig. 9a.

We observe large variations of the current while injecting

lactate at low concentrations. Current variations gradually

decreases with larger concentrations. This phenomenon is due

to the saturation of the enzyme which is typical for such

sensor. The calibration curve is reported in Fig. 9b. A lower

LOD (1.43 mM) is noticed, with respect to the measurements

in PBS.
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Fig. 9: Lactate detection in sweat: a. Chronoamperometry

measurement with Pt/Nafion/LDO electrode, with injection of

20 mM of L-Lactate; b. Calibration curve of Pt/Nafion/LDO

electrode: electrode current vs L-Lactate concentration.

Fig. 10: Lithium calibration in sweat background electrolyte.

C. Lithium measurements

An example of a typical time trace obtained from potentio-

metric measurements performed using a nanostructures-based



Li+ – ISE is given in the small inset in Fig. 10. It is evident

that sharp and flat potential steps are generated by the addition

of increasing amount of lithium ions in solution. From these

data, a near-Nernstian calibration curve was obtained, with a

slope of 64.7 mV/decade, as shown in Fig. 10. The LOD was

calculated, according to IUPAC definition, as the intersection

of the extrapolated linear portions of the calibration curve. Its

value was found to be around 2.1 mM.

V. CONCLUSIONS

The design and realization of a flexible electrochemical sys-

tem for combined amperometric and potentiometric measure-

ments has been presented in this work. We have also developed

sensing platforms for the detection of lactate and lithium, that

are relevant compounds for physical condition monitoring of

athletes. The system supports four multiplexed channels: two

amperometric and two potentiometric. The former implements

a control amplifier to drive the electrochemical cell and

the readout circuit to collect the faradaic current. The latter

consists of buffered and differential circuitry. A fourth order

Sallen-Key filter is designed for signal conditioning. A wire-

less communication is ensured by exploiting a BLE module.

The board has been electrically characterized showing a power

consumption of 200 mW, with 3.6 V power supply. Its flexible

substrate and dimensions (97×66 mm) fit in an armband case,

suitable for wearable applications. The hardware system is

designed to be interfaced with electrochemical sensors that

has been tested for lactate and lithium detection in sweat,

with LODs of 1.43 mM and 2.1 mM, respectively. The next

step will be the integration of the custom-built FPCB with the

developed sensors in order to thoroughly validate the system,

for sport monitoring applications.
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