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Reduced Graphene Oxide-based Flexible
Pressure Sensor for Biomedical Applications

Alessandro Sanginario, Member, IEEE , Irene Buraioli, Member, IEEE , Marco Boscherini, Member, IEEE ,

Stefania Vitale, Conoci Sabrina, Daniele Botto, Dario Leone, Alberto Milan, Artur Ciesielski, Paolo Samorı̀

and Danilo Demarchi, Senior Member, IEEE

Abstract— Pressure sensing is a crucial technique for various biomed-
ical applications, where it can provide valuable information about the
health and function of different organs and systems. This paper reports
the development of a novel integrated pressure sensor based on mod-
ified rGO, a graphene-derivative material with enhanced piezoresistive
properties. The sensor is fabricated on a flexible PCB substrate and
conditioned by a smart current-based Wheatstone bridge circuit, which
enables high sensitivity, wide detection range, fast response and re-
covery, and good stability under cyclic loading. The sensor achieves a

measured sensitivity of 0.281 kPa-1 (at 0.5 kPa load). A mechanical sys-
tem is also designed to adapt the sensor to different anatomical sites
and to improve its elastic recovery. The sensor’s functionality is initially
demonstrated through its response to controlled mechanical stimula-
tion, achieving a signal-to-noise ratio (SNR) of 25 dB. Subsequently,
in a practical application, physiological signals from the carotid and
femoral arteries of volunteers were acquired. The system effectively
captured the pulse waveforms with high fidelity and accuracy (23.5 dB
SNR) and measured the pulse transit time, an important parameter for
estimating the pulse wave velocity and arterial stiffness. The sensor
is not limited to this specific application and can be easily extended
to other domains where pressure sensing is required. In conclusion, it
offers a low-cost, flexible, and user-friendly solution for non-invasive
biomedical monitoring and diagnosis.

Index Terms— Biomedical Pressure Sensor, Current-based Wheatstone Bridge, Flexible PCB Sensor, rGO-based Pressure
Sensor.

I. INTRODUCTION

PRESSURE sensors are key tools for improving the quality

of our planet as they offer vital functionalities enabling

major steps forward in numerous upcoming technologies in-

cluding robotics, biomedical devices for health monitoring

and digital health care [1], environmental monitoring [2],
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wearables and foldable devices for human-machine interfaces

and electronic skin (E-skin) [3]. In the field of biomedical

technologies, they hold great significance as non-invasive tools

for monitoring several vital signs, contributing to an effective

improvement of medical diagnosis. Within the cardiovascular

field, they employed not only for the heartbeat surveillance

but also for the analysis of the arterial pulse wave to calculate

the pulse wave velocity (PWV), considered a key parameter

to assess arterial stiffness [4]–[6]. These sensors are also

adept at monitoring breath rates through wearable devices,

enabling a smart detection of respiratory dynamics [7], [8].

Additionally, pressure and strain sensing systems have been

widely considered for human motion and step monitoring for

rehabilitation purposes [9]–[11].

Ideally, an effective and reliable pressure sensor should meet

several key requirements: high sensitivity is necessary to spot

subtle pressure variations [12]–[14]; a wide detection range

ensures versatility across multiple applications [15]; fast time

response and recovery enables a correct acquisition of high-

frequency pressure pulses and vibrations [16]–[18]; flexibility

enhances the mechanical and electrical properties of the de-
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vice, improves the sensitivity and is fundamental for wearable

applications [19]; stability and robustness are important pa-

rameters as they determine the sensor’s repeatability over time

and lifespan [9], [20]. However, the development of sensors

that combine all these advanced characteristics represents a

major challenge in the field of device engineering. Depending

on the application target, a trade-off between these charac-

teristics must be carefully considered to optimize the sensor’s

performance. With this purpose, various design strategies have

been explored. Most of them encompass advanced material

selection, surface functionalization, micro-structure use, and

optimization of geometric shapes and device architectures.

Chen et al. [21] achieved a satisfying compromise among the

main features previously listed. They developed a pressure

sensor based on hierarchical conductive fabric, resulting in

high sensitivity (15.78 kPa-1), a wide-detection range (30 Pa

to 700 kPa), and excellent stability against deformation. Bai

et al. [22] fabricated an iontronic flexible pressure sensor

that demonstrated high sensitivity (49.1 kPa-1) and linearity

(R2> 0.995) across a broad working range (up to 485 kPa).

Moreover, such devices featured a fast response (< 5 ms),

enabling the detection of high-frequency pressure changes.

The fabrication of pressure sensors is strictly related to

the transduction mechanism used to convert pressure into

an electrical output, which depends on the material and the

structure of the device [23]–[25]. Resistive pressure sensors

utilize the piezoresistive effect, wherein the deformation of

the sensing element (often a flexible diaphragm) leads to

a resistivity variation, detectable with proper conditioning

circuits. These types of sensors have been widely used for

fundamental research and industrial applications due to their

good characteristics in terms of sensitivity, sensing range,

simplicity of manufacturing process, and signal acquisition.

[26] Many different types of conductive carbon-based materi-

als with an extended variety of designs have been employed

to fabricate piezoresistive sensors [12], [27]–[33]. In piezo-

capacitive devices, the input pressure leads to a capacitance

variation due to a change in the dielectric layer’s dielectric

constant in the distance between plates or their area [23], [34].

Capacitive sensors offer several advantages, such as stability,

broad working range, and the possibility of proximity sensing

[35]–[37]. However, these sensors’ limitations lie in a slower

response and recovery time concerning other technologies.

Piezoelectric materials have also been employed to perform

pressure measurements, thanks to their capacity to generate

charges in response to the application of an external pressure

[23], [38]. Their main characteristics are the capability to

produce instantaneous voltage pulses, resulting in a very high-

speed response, excellent sensitivity, and robustness. For this

reason, they have been extensively utilized for collecting

high-frequency pressure stimuli [39], [40]. However, they are

unsuitable for static pressure acquisitions due to the pulsed

nature of the output electrical signals.

Over the last couple of decades, graphene has stood out

as a highly interesting material for designing piezoresistive

pressure sensors, as it exhibits unique properties [41]–[46]. In

fact, its highest conductivity (10e6 S/m at room temperature),

resulting from a high electron mobility and saturation velocity,

makes graphene suitable for electronic devices [47], [48]. On

the other hand, its great elastic modulus E (> 1 TPa) and

stretchability (> 20 %) confer to this material exceptional me-

chanical characteristics [49]. It’s well-known that the sensitiv-

ity of a piezoresistive film is directly proportional to its thick-

ness: for this reason, graphene, with its theoretical thickness

of a single atom, is one of the most promising platforms for

pressure sensors [50]. However, most research predominantly

focuses on graphene derivatives, such as reduced graphene

oxide (rGO). rGO, while exhibiting limited potential compared

to pristine graphene in terms of electrical and mechanical

properties due to its lower electrical conductivity and the pres-

ence of structural defects, offers greater scalability and ease

of processability, making rGO-based pressure sensors more

applicable for a wide range of uses [42], [51]–[55]. In a study

by Tian et al. [56], a resistive pressure sensor consisting of

laser-scribed graphene (LSG) films, derived from the reduction

of graphene oxide, was presented. The characterization of the

LSG sensor demonstrated notable results in terms of sensitivity

(up to 0.96 kPa-1) across a moderate operational range (0 to

50 kPa).

In this work, we have exploited an already established

sensory material based on chemically functionalized GO [57]

and integrated this into a novel pressure sensor architecture.

The novelty resides in the synergy between the integrated rGO-

based transducing material, the shape of the sensor, and the

widely available substrate technology.

The manuscript’s organization is the following: section II

explores sensor design and fabrication characteristics, detailing

considerations and characterizations crucial for developing the

system’s sensors. Moving on to Section III, the reading system

is examined, focusing on the mechanisms and technologies re-

sponsible for interpreting signals from the sensors and convert-

ing raw data into meaningful information. Section IV focuses

on firmware, delving into its crucial functions, algorithms,

and role in ensuring proper operation and communication

between system components. Section V introduces the graph-

ical user interface, discussing the design and functionality of

the interface that users interact with, encompassing aspects

such as user experience and visual design. Section VI then

explores the practical applications of the system, detailing

its intended use cases and how it addresses a specific case

scenario. Finally, in Section VII, the conclusions provide a

comprehensive summary of key findings, contributions, and

implications, touching on challenges, potential future research

directions, and the overall significance of the project in a

broader context.

II. SENSOR DESIGN AND FABRICATION

The preparation of sensing material has been described in

[57]. To help the reader, in subsection II-A, we briefly recall

its fabrication process. The subsequent sections present sensor

assembly and characterization from both technological and

mechanical standpoints.

A. rGO-R1 Fabrication process

The pressure sensing devices were prepared using a

graphene-based material, rGO-R1, as a piezoresistive active
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Pressure
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triethylene
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(a)
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Fig. 1: (a) The triethylene glycol amine (R1) acts as a microscopic spring thanks to its mechanical flexibility. When compressed,

the interlayer distance between the rGO sheets decreases, consequently reducing resistivity. Therefore, using a spring with a

contour length less than 2 nm imposes a spacing between lower than such a size; electronic cross-talk between adjacent

graphene flakes in the stacks will be ruled by tunneling. This is key as its exponential relation between the measured current

and the inter-flake distance endows a high sensitivity to tiny distance changes. [57] (b,c) COMSOL Multiphysics® simulations

to detect the maximum stress areas in the case of (b) cross-shaped and (c) rectangular sensor geometries.

component [57]. Such active material consists in reduced

graphene oxide functionalized with the flexible molecular

linker triethylene glycol amine. This was already shown to

display excellent piezoresistive behavior compared to simple

rGO, with a greatly enhanced response to the applied pressure

in the 0.05-0.1 kPa range. rGO-R1 was used to assemble a

flexible pressure sensing device, which exhibited excellent

properties in terms of sensitivity (as high as 0.82 kPa-1),

response time (24 ms), detection limit (7 Pa), durability (over

2000 cycles), and flexibility. Firstly, graphene-based active

material, rGO-R1, was prepared following a previously re-

ported synthetic procedure consisting of two main steps: i) the

reaction of graphene oxide (GO) with triethylene glycol amine,

followed by ii) chemical reduction with N2H4 · H2O. Both

reactions i) and ii) were carried out by stirring overnight under

reflux at 90°C, under N2 atmosphere, followed by purification

through a sonication-centrifugation process (three cycles of

10 min at 2000 rpm). The resulting product, rGO-R1, was

suspended in ethanol for a working dispersion of 0.5 mg/mL.

B. Working principle

The proposed sensor comprises a thin layer of rGO-R1

deposited on a conductive surface. Utilizing a diaphragm as

a flexible membrane, the sensor reacts to applied pressure by

bending, consequently altering the resistance of the rGO-R1

layer (Fig. 1a). This change in resistance correlates directly

with the amount of strain and is typically measured via a

Wheatstone bridge. Like all piezoresistive sensors, the primary

objective is to augment sensitivity by increasing the strain

applied to the sensor. For this reason, considering the test

case on which we validated the sensor, dedicated simulations

were performed to assess the best position to deposit the

piezoresistive material corresponding to the maximum stressed

areas. Without going into details of the substrate, which will

be described in section II-D, we performed finite element (FE)

simulations to locate the point of maximum deflection in the

case of two different geometries: a rectangular one to directly

compare with the substrate used in the previous work and a

cross-shape one to increase the sensitivity.

C. Simulations

The circular crown of the sensor was imposed to be me-

chanically fixed (blu colored in Fig. 1b), and a rounded-tip

cylinder (represented only as a sphere in the simulation) with a

diameter of 2 mm was placed at the center of the cross. Finally,

a load of 0.5 N was applied to the cylinder. Similarly, the

rectangular sensor was mechanically fixed on its extremities

(Fig. 1c) with the same rounded cylinder tip simulating the

load. Results, respectively shown in Fig.1b and Fig.1c, indicate

the maximum deflection to be located on the edge between
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bottom-side layer
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Connection pad

Fig. 2: Partial cross-section of the rectangular-shaped sensor.

The polyimide tape surrounding the sensor is not depicted.

Image not to scale.

the arms of the cross and the fixed circular crown and the

center of the cross. In the case of the rectangular sensor, its

stress distribution profile resembles that of the first shape,

with notable stress concentrations at the edges and center.

As expected, stress values of cross-shaped geometry are more

than one order of magnitude higher. These results indicate that

the cross-shaped sensor could obtain a better sensitivity with

a more compact design; therefore, it could be the shape in

which to invest our development efforts.

D. Sensor fabrication process

The substrate used in [57] was a rectangular cut out of

indium tin oxide (ITO) coated poly(ethylene terephthalate)

(PET). To overcome problems emerging with the asymmetric

nature of the electrical contacts and the manual cutting proce-

dure that could only output simple geometries, a very common

yet technologically advanced substrate was chosen: polyimide

Printed Circuit Boards (PCB). Polyimide PCBs present many

advantages, such as high operating temperature, extremely

high flexibility, and durability [58]. Moreover, it is possible to

design any shape due to their standardized and consolidated

manufacturing process. Additionally, we chose to cover copper

traces with gold using the Electroless Nickel Immersion Gold

(ENIG) process as an additional service, as it protects the pads

from oxidation and helps the adhesion of rGO-RI. Creating

complex sensor shapes was then as simple as designing a

standard PCB.

The preparation of pressure sensors onto rectangular (13 mm

x 20 mm) and cross-shaped (20 mm diameter) flexible PCBs

was carried out following a previously reported procedure

[57] [59], with some modifications. Briefly, rGO-R1 active

material was spray coated at 80°C onto the gold-coated side of

the PCBs substrates. Before the spray coating, a customized

shadow mask was applied to create an rGO-free surface to

place electrical contacts. For both rectangular and cross-shaped

geometries, 6 mL of rGO-R1 active material was spray-coated

on the gold-coated side of the PCB substrates. After rGO-

R1 deposition, the shadow mask was removed. Two of the

obtained electrodes of analogous geometry were placed in a

face-to-face configuration and fixed with polyimide (PI) tape

(Fig. 2). Regarding the cross-shaped geometry, instead of using

PI tape to build the sensor, the two sides were placed face-

to-face and kept in place using a custom-made 3D-printed

holder. Electrical contacts were then obtained by soldering

copper wires on areas not coated (green and red arrows in

Fig. 3). In the rectangle-shaped sensor, the current enters from

one contact pad, passes from one side to the other, and exits

from the other connection pad. In the cross-shaped one, the

current path is a bit more complex. Concerning Fig. 3, the

current follows a single path, starting from the red arrow, and

is forced to pass through four different rGO-R1 covered pads

and finally exit from the green arrow. The four rGO-R1 pads

are strategically placed in series, increasing the total sensor

resistance to acquire a more easily readable resistance value

(1 to 10 Ohms).

E. Characterization

1) Deposition: Sensor performances were investigated as

a function of the active material content and the resulting

coverage of the PCB surface. The deposition of rGO-R1

coatings on the PCB surface was assessed through SEM

analysis, as reported in Fig. 4. As shown in [57, Fig. 2(a)-

i], based on the amount of rGO-R1 dispersion spray-coated

on the PCB, we can achieve different degrees of coverage

of the PCB surface (namely partial coverage, full coverage,

and overload). Different surface coverage resulted in different

performances in terms of durability and sensitivity.

2) Piezoresistivity: Fundamental characterization of the de-

vices’ performance was done on the rectangular sensors. Such

performance was evaluated regarding pressure sensitivity and

device durability upon application of cyclic stress. Such tests

were carried out using a Mark-10 M7-025E digital force gauge

mounted on a Mark-10 ESM-303E motorized test stand. The

test setup had a round compression plate with a diameter of

1.15 cm. The sensitivity was assessed through static pressure

tests, measuring the device’s electrical resistivity when a static

force was applied at 0.005 to 0.2 N (corresponding to a

pressure range between 0.05 and 2 kPa). The resistivity was

measured using a Keithley 2635B source meter. The durability

of the devices was tested by cyclically applying a 0.5 kPa

load and monitoring the change in electrical resistance over

time using Labtracer. One-way analysis of variance (ANOVA)

was used to evaluate statistical significance (p< 0.05). Error

bars represent standard error of the mean, extrapolated from

separate experiments on at least five different samples.

With increasing the active material content and coverage of

the PCB surface, the sensitivity of the PCB devices increases

gradually (Fig. 5a and Table I), going from 0.025 kPa-1 when

partial coverage is achieved to 0.281 kPa-1 when full coverage

is achieved. Further increase of the rGO-R1 content (overload)

on the PCB surface results in a lower sensitivity of 0.137 kPa-1.

In all cases, the sensors also showed good linearity in the low-

pressure range, as illustrated in Fig. 5b.

The PCB – rGO-R1 pressure sensors’ robustness and stabil-

ity were assessed through fatigue tests, carried out by applying

a 0.5 kPa load in press-release cycles 1000 times (Fig. 5c

and Table II). A significant loss in device sensitivity (more

than 60%) is observed in the case of partially covered PCB

surfaces and for overloaded devices. In both cases, the change

in resistivity for the same applied load is accompanied by a
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Fig. 3: Cross-sections of rectangular sensor. The current flow starts from the red arrow, passes through four different rGO-R1

pads in series, and finally exits from the green arrow.

PCB 

as supplied
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coverage

Overload
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Fig. 4: SEM images for ITO-PET substrates before and after

deposition of rGO-R1 in different proportions

degradation of the dynamic response to the mechanical stress,

as can be observed from the change in the shape of the stress

curves over time.

TABLE I: Sensitivity values calculated for different rGO-R1

based pressure sensors

Sample Sensitivity (kPa-1) R2

PCB only 0.013 0.93
PCB + rGO-R1 (partial coverage) 0.025 0.91
PCB + rGO-R1 (full coverage) 0.281 0.98
PCB + rGO-R1 (overload) 0.137 0.99

Better stability is observed for the pressure sensors with

fully covered PCB surface, with a good dynamic response to

pressure load-unload even after 1000 cycles. Since the cross-

shaped sensor needed its fixture to be kept in place, previously

mentioned tests were executed only with the rectangular

sensor. To properly mechanically characterize the cross-shaped

sensor, another kind of tests were carried out closer to the final

application.

TABLE II: Pressure sensitivity at 0.5 kPa for PCB-rGO R1

devices before and after fatigue test

Sensor
R/R0 R/R0 Sensitivity

lossat 0.5 kPa after 1000 cycles

PCB
(no active material)

0.0038 (± 0.0003) 0.0038 (± 0.0002) N.A.

PCB + rGO-R1
(partial coverage)

0.0157 (± 0.0071) 0.0059 (± 0.0011) -62%

PCB + rGO-R1
(full coverage)

0.0335 (± 0.0023) 0.0250 (± 0.0031) -25%

PCB + rGO-R1
(overload)

0.0647 (± 0.0040) 0.0250 (± 0.0039) -61%

3) Mechanical: Sensors were characterized mechanically to

assess their performance in terms of the correlation between

the displacement of the graphene-based diaphragm and the

voltage output of the system. Tests on rectangular and circular-

shaped sensors evaluated the behavior and differences between

variants.

Figure 6 shows the experimental setup whose main compo-

nents are listed below:

• Vibration test system; the main equipment of the ex-

perimental set-up is the TIRA TV 51120 vibration test

system, which consists of a vibration exciter (shaker)

and its amplifier to generate and modulate the oscilla-

tory stimulus respectively. The amplifier was fed with a

waveform generated with a VirtualBench from National

Instruments.

• Shaker-sensor interface: the moving coil of the shaker

was coupled with the sensor through a slender rod,

called a stinger, to transmit the oscillatory stimulus. One

extremity of the stinger is clamped on the moving coil

while the other extremity pushes the sensor’s membrane.

The free extremity of the stinger ends with a 3D-printed

tip to ensure a precise application of the oscillating

motion to the sensing element. Various tips were designed

that allow optimal adaptation to different shapes of sensor

variants.

• Sensor’s support: different 3D-printed housings were

designed for the rectangular and circular sensors to ensure

stability and proper positioning during the experiments.

These housings were mounted on a metal stand, which,

in turn, was attached to the working table with screws.
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Sinusoidal

stimulation

Device

output voltage

Displacement

detection

LaserSensorShaker

Data Acquisition System

Fig. 6: Experimental set-up for the mechanical characteriza-

tion of the sensors. The shaker applies a sinusoidal vibration

transmitted to the sensor’s center through a stinger. A vibrom-

eter (laser) detects displacements of the diaphragm. A data

acquisition system collects the data. The experiment repeats

for both the rectangular and the circular sensors.

• Laser Vibrometer: the displacement of the sensors was

precisely measured with a Laser Doppler Vibrometer

(LDV). Because the LDV is a non-contact measurement

system, the membrane velocity was accurately measured

without interfering with surface motion. The velocity was

then converted to displacement by trapezoidal numerical

integration.

• Data acquisition system: the velocity measured by the

LVD, voltage, and current feeding the shaker were col-

lected by an acquisition card, plotted online for im-

mediate checking, and stored on the hard disk by in-

house software. An experimental protocol was designed

to recreate a simplified version of a pressure signal

typical of the target application. For this purpose, the

characteristics of the oscillatory stimulus were set up as

shown below:

– Sine wave stimulation

– 1 Hz frequency (similar to the pulse signal range)

– Low shaker voltage amplitudes to generate small dis-

placements (of the order of hundreds of micrometers)

– Various voltage amplitudes for different tests

– Application of a displacement offset to reproduce

static pressure, which is always present during pulse

acquisitions

The mechanical characterization was carried out on both

rectangular and cross-shaped sensors, setting sinusoidal stimuli

of different amplitudes and acquiring the resulting voltage

output from the device. The amplitude of the stimulation

was progressively incremented until a plateau was reached, as

shown in Fig.7. While the rectangular sensor showed a steeper

curve for lower displacements, the circular cross-shaped sensor

proved better performance for higher ranges.

For each acquisition, the voltage output of the devices

was compared with the displacement curve derived from the

integration of the velocity data obtained from the vibrometer.

The output signals exhibit a counter-phase relationship with

the sinusoidal displacement. This finding is consistent with the

predicted behavior, indicating a resistance decrease as pressure

increases.

The rectangular sensor produces quasi-sinusoidal voltage

outputs for small displacements, consistent with the input

displacement. However, slight distortions around the peaks are

observed for larger displacements; see Fig. 7a. To quantify this

assumption, the signal-to-noise ratio (SNR) was calculated for

different displacement amplitudes (75 µm and 182 µm). These

values were chosen to have a range of approximately 100 µm

backwards from the start of the plateau. The SNR resulted

being:

• SNR75 µm ≈ 21 dB

• SNR182 µm ≈ 20 dB

In contrast, the circular sensor consistently exhibits the

expected behavior for any value of applied displacement am-

plitude as shown in Fig. 7b for smaller and larger displacement

amplitudes, respectively. The response of the circular sensor

is significantly closer to the desired characteristics than the

rectangular sensor. With the same logic as for the rectangular

sensor, the signal corresponding to 195 µm and 300 µm was

taken into account. It results that higher displacements produce

higher SNRs:
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Fig. 7: Relationship between the output voltage of the device and the displacements (red) obtained during the mechanical

characterization of the rectangular (a) and circular (b) sensors. The tests were conducted by applying sinusoidal stimuli with

progressively increments of amplitude until a plateau was reached. The plots on the right show the system’s output voltage

response (blue) compared to the sensor displacements (orange), both normalized in the figure. These graphs are displayed for

two displacement amplitude values for each sensor (75 µm and 182 µm for the rectangular sensor, 195 µm and 300 µm).

• SNR195 µm ≈ 19 dB

• SNR300 µm ≈ 25 dB

III. READING SYSTEM

Dealing with small resistance variations of the order of

tens of mΩ requires properly designing a sensitive condi-

tioning circuit to convert tiny pressure inputs into readable

voltage outputs. Moreover, piezoresistivity changes over time

depending on environmental conditions, such as temperature

and humidity, or loss of sensitivity due to structural defects

that can occur across the sensor’s lifespan [60]–[62]. For this

study, we have designed and developed a readout circuit whose

core relies on a smart current-based Wheatstone bridge. Fig.

8 provides an overview of the proposed readout circuit.

The circuit first transforms the bridge output current, which

is proportional to the applied pressure, into a raw voltage

signal and then processes it using analog blocks to make it

ready for reading. An STM32 microcontroller unit (MCU)

converts the analog output into digital data using an analog-

to-digital converter (ADC) and sends it externally to a PC via

USB. As displayed in Fig. 8a, the circuitry splits into three dif-

ferent printed-circuit-boards (PCB). The circular PCB matches

the sensor’s dimensions and connects to its pads through

the use of spring-loaded connectors (Fig. 8b); moreover, it

contains the first stages of the conditioning circuit, including

the Wheatstone bridge. The raw signal travels via wires to

a second PCB (main board), which further processes it. The

main board physically and electrically attaches to an SF2W

pyboard D-series, which integrates the MCU responsible for

managing the acquisition and control of the entire circuit.

The following sections present more detailed descriptions

of the various stages of the circuitry.

A. Current based Wheatstone bridge

Fig. 8c shows an high-level representation of the readout

schematic. For this study, a current-based Wheatstone bridge

configuration, based on the circuit exploited in [63], was

adopted to readout the resistance changes of the sensor. This

configuration proved high accuracy (< 0.001 mΩ) due to its

capability of self-balancing. As widely recognized, the typical

resistive Wheatstone bridge comprises four distinct resistors,

which, when equal, maintain the bridge’s balance. In our

implementation (Fig. 9), the sensor (indicated as RS), placed
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Readout circuit representation. The circuit is shared by three different PCBs: the circular PCB (green) directly connects to

the pressure sensor, detects and converts its resistivity variations into a voltage signal; the main board (dark blue) contains

the signal processing stage and is fixed to a pyboard D-series (light blue). (b) Interface between the sensor and the circular

PCB. Two 3D-printed disks keep the sensor steady. Four spring-loaded soldered to the circular PCB contact the sensor’s

conductive pads, performing the electrical connection. Two screws fasten the whole sensing system.(c) Block diagram of

conditioning circuit. Dashed boxes surround different functional sections of the circuit.
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in series with one of the four resistors (R1), serves as the

sole variable element in the configuration. Thus, a variation

of the sensor’s resistance induces imbalance to the Wheat-

stone bridge, with a consequent generation of non-null output

voltage (VOUT ) and currents (IA and IB) whose difference

(IOUT ) is proportional to the sensor’s resistance variation. In a

current-based approach, IOUT is the conditioned output signal,

and it can be calculated as:

IOUT = IB − IA

=
VCC

2

(R1 +RS)R2(R4 −R3)−R3R4(R2 − (R1 +RS))

(R1 +Rs)R2R3R4

.

(1)

If R0 = R1 = R2 = R3 = R4, the previous formula can be

simplified as:

IOUT =
VCC

2

RS

R0(R0 +RS)
. (2)

The sensitivity of a conditioning circuit can be defined as the

derivative of the output variable concerning the input one, as

shown in (3). For the case under evaluation, if R0 >> RS it

is possible to approximate the calculation as following:

SC.Co =
∂IOUT

∂RS

=
VCC

2

R2

0
−RSR0

(R0(R0 +RS))2

≈

VCC

2

1

R2

0

.

(3)

1) Bridge’s automatic balancing system : The self-balancing

system was designed starting from two operational ampli-

fiers (OAs), each connected to the corresponding Wheatstone

bridge node (A or B) through their inverting pins. Concerning

Fig. 9, by applying a predefined offset voltage value (VOFF )

to the non-inverting terminal, voltage levels are forced to the A

and B output nodes of the bridge to find a balance to null the

two output currents IA and IB . This strategy ensures that even

small changes in resistance within the bridge due to external

factors like temperature fluctuations or drifts over time do not

significantly impact on the output signal, leading to a more

accurate measurement.

The determination of the offset values applied to the nodes

A and B (VO,A and VO,B , respectively) is automatically

performed by the MCU, programmed to read the value of

the output currents and generate the proper voltage offset to

send to the OAs. To execute the current measurement, an

instrumentation amplifier (INA) readouts and amplifies the

voltage fall caused by the passage of the current through

a resistor (Rsense), as shown by Fig. 9. The INA’s output

signal is transmitted to the MCU, where a dedicated ”zeroing”

algorithm takes charge.

2) Bridge reading: With the completion of the calibration,

the circuit is ready to perform the measurement, with IA and

IB , which predominantly reflect the sole pressure variations.

The OAs employed for the bridge balancing play a dual role,

also serving as transimpedance amplifiers (TIAs) to convert

the current signal into a voltage signal. The TIA output signal

is determined by the value of the feedback resistor RF :

VA = −IARF + VO,A,

VB = −IBRF + VO,B .
(4)

The previously applied offset is subsequently eliminated from

the signal for both branches not to affect the measurement.

This is accomplished by integrating a unity-gain inverting

operational amplifier (represented as SA and SB in Fig.

8c) within the conditioning chain. This amplifier subtracts

the VOFF value from the TIA output signal, nullifying the

offset effect. Moreover, this stage shifts the output voltage

to a predetermined reference voltage value, set at half of the

voltage supply (VCC) as shown in (5):

V1 = −VA + VO,A + VREF

= IARF +
VCC

2
,

V2 = −VB + VO,B + VREF

= IBRF +
VCC

2
.

(5)

Additionally, an INA is inserted to subtract and amplify the

two resultant signals obtained from the left and right branches

of the Wheatstone bridge:

VOUT = G(V2 − V1) +
VCC

2

= GRF (IB − IA) +
VCC

2

= GRF IOUT +
VCC

2
,

(6)

where ’G’ is the gain of the INA, calculable as:

G = 1 +
100kΩ

Rg

(7)

From (6) and (2) it is possible to determine the value of RS :

RS =
2VOUTR

2

0
− VCCR

2

0

VCCR0 − 2VOUTR0 + VCCGRF

, (8)

where ’VCC’, ’R0’, ’G’, and ’RF ’ are known and ’VOUT ’ is

measured.

The circuit which has just been described is mounted on the

circular PCB. The signal is sent to the main board via wires,

where it will be further processed.

B. Analog signal processing

The hardware processing stage commences with two third-

order Sallen-Key filters: high-pass (HPF) and low-pass (LPF).

Specifically, each filter is created by the combination of first-

order and second-order filters, each characterized by its cut-off

frequency. Whereas the HPF attenuates the continuous and

low-frequency components, the LPF reduces high-frequency

noise. The characteristics of the signal under study guide

the choice of the two cut-off frequencies. For this paper’s

application focus, the bandwidth of interest spans from a

fraction of hertz to a few tens of hertz. Consequently, cut-off

frequencies of 0.1 Hz and 20 Hz have been picked up.

The last analog stage of the conditioning circuit is a

programmable-gain instrumentation amplifier (PGIA) made of
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Fig. 10: Workflow of the automatic Wheatstone bridge bal-

ancing algorithm.

an INA and a multiplexer (MUX). The INA’s gain is set by

the value of an external resistor, as already shown in equation

(7), which can be connected to specific amplifier terminals.

In this system, eight different resistors have been used to set

equal gains. By doing so, it is possible to adapt the signal

dynamically to the ADCs, depending on the application and

the magnitude of the pressure variation. This solution enhances

the device’s versatility, making it suitable for performing

measurements with different working ranges. The resistors are

connected to the INA through a MUX controlled by the MCU,

which closes the switch corresponding to the selected gain.

The output analog signal is lastly sent to the MCU board

(pyboard D-series) and converted into digital data with an

ADC.

IV. FIRMWARE

We implemented the firmware in Micropython for the py-

board, based on an STM32 MCU, which performs the different

tasks in charge of the pressure sensing system management.

The script integrates different data acquisition and transmis-

sion functions, serial communication with the user, hardware

component programming, and bridge balancing.

The firmware starts by configuring various components,

such as ADCs, DACs, SPI, timers and USB.

The first scheduled routine is the ”current zeroing algo-

rithm” for the automatic Wheatstone bridge balancing (Fig.

10). The two offsets to apply to the non-inverting inputs of

the TIAs, are both initialized as VCC/2. To generate VO,A and

VO,B , the MCU programs two DACs integrated into the circu-

lar PCB via SPI communication. If Im exceeds ITH , the MCU

adjusts VO,A in steps of ∆VOFF to decrease Im with respect

to the previously measured value, and the algorithm starts over.

When Im turns lower than ITH , a counter increments and a

new iteration commences. If (Im) remains below (ITH ) for
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Fig. 11: Layout of the implemented GUI application.

50 consecutive iterations (a reasonable compromise between

time and accuracy), the right branch achieves balance, and the

final (VO,A) value is set. If not, the counter resets to zero,

causing the process to recommence from the beginning. The

whole algorithm repeats for the left branch of the Wheatstone

bridge.

After the calibration is completed, the system is ready to

start the acquisition of the signal. The data collection begins

when the user sends the corresponding command to the MCU

from the PC via USB. An ADC converts the analog signal

into digital at a sampling frequency of 1 kHz to satisfy the

bandwidth requirements imposed by the application of interest.

The data are finally transmitted to the laptop via USB.

V. GRAPHICAL USER INTERFACE

We also developed a graphical user interface (GUI) appli-

cation with the Python programming language, intending to

acquire the data and visualize them in real-time (Fig. 11). The

software is primarily designed to diagnose biomedical signals

but can be extended to other applications.

The layout was defined using the Kivy framework, which

enables the generation of screens and graphical widgets, such

as control buttons or drop-down menus. The interaction with

these widgets allows us to send commands to the MCU via

USB and set different parameters. The screen splits into two

distinguished graphs, allowing the simultaneous plotting of

two signals, which is important for simultaneously monitoring

the pulse wave signal from two different sites.

The communication with the serial port begins by clicking

the ”Connect” button, which connects to the device and starts

the automatic calibration of the Wheatstone bridge. Once

calibrated, a ”Start” button enables digital signal acquisition.

Samples are loaded into a buffer, saved to a text file, and

displayed on a digital screen. Every 5 seconds, the input

buffer updates with new data, auto-scaling the y-axis for proper

visualization. A drop-down menu allows the user to select the

gain for the PGIA. Finally, the ”Disconnect” button stops the

real-time plotting, closes the serial communication, and turns

off the GUI.
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Fig. 12: (a) Illustration of a section of the pressure sensor holding system’s tip: the 3D-printed pen (white) homes the sensing

system, which is composed of the sensor (orange) kept steady by two plastic disks (dark grey), the circular PCB (spring-loaded

connectors (yellow), a spring (black), screws and the supporting scaffold (red). (b) Picture of the pen-shaped holder.

VI. APPLICATION

This section presents a series of tests, conducted with the

cross-shaped sensor, to showcase the sensor’s effectiveness and

translate the promising characterization results into practical

applications. In this perspective, no comparisons with the

state-of-the-art are performed since such preliminary tests

have the unique purpose of demonstrating sensor potential

in future biomedical device implementation. Pressure sensors

have found applications across various domains, ranging from

healthcare and biomedical research to industrial and consumer

electronics. In this context, our primary focus revolves around

the real-time screening of the arterial pulse, being part of re-

search activities of our research group [64]–[71]. Arterial pulse

wave analysis can be performed to assess arterial stiffness and

overall cardiovascular function by calculating the PWV.

A. Mechanical System

In pursuit of creating a user-friendly device to perform the

acquisition of the arterial pulse wave, we have designed a

mechanical system tailored for this specific application (Fig.

12). While initial testing with medical professionals indicates

promising results, further studies are warranted to quantify

the system’s accuracy using established metrics. The sensor’s

case main structure is a pen-like shape holder intended for

housing the device and guaranteeing comfortable handling by

an operator. At one extremity, a fastening system allows for the

interchangeability of different tips, constituting the interface

between the pressure source and the sensor. In such a manner,

the device offers adaptability to the anatomical characteris-

tics of the artery and the surrounding tissues. The user can

select one of the different available tips; each designed best

to accommodate the anatomical features of the site under

evaluation, and easily assemble it on the holder. The pen’s

tip contains a pressure-transmitting system consisting of two

integral components: a skin-side cylinder and a sensor-side tip.

The dimensions of the skin-side cylinder are thought to match

the diameter of the artery, ensuring precise and consistent

contact. The sensor-side tip is positioned to apply pressure

lengthwise at the center of the pressure sensor. The two

components are affixed to the pen’s tip and securely bonded

using a resistant adhesive. To further enhance the usability

and effectiveness of the device, the pen’s tip presents two

”wings” on the skin side. These wings serve as support to lay

down the holder to the skin comfortably and create an outlet

to reduce the static pressure value acting on the sensor. The

sensor is inserted within the pen into a ”pocket” to maintain

stability during the measurements. The use of spring-loaded

pins electrically interfaces the sensor and the circular board. To

guarantee a reliable connection, we’ve incorporated two 3D-

printed disks, positioning them on either side of the sensor.

These disks are affixed to the PCB through the use of four

screws, thereby establishing a robust and enduring fastening.

After being pressed, we observed a slow and incomplete elastic

recovery, which in turn impacted the system’s sensitivity

during pulse wave acquisitions. To rectify this problem, a soft

spring was integrated to improve the sensor’s elastic properties

without significantly affecting the measurement accuracy. This

spring was positioned within a dedicated guide, engineered to

create a contact only during the sensor’s bending. This guide

is part of a dual-role structure: as well as keeping the spring

steady in a perpendicular and centered way with respect to the

sensor’s cross, it works as a”scaffold” for the device, imposing

a fixed distance between the two components. By adopting

this solution, the forces applied to the sensor are balanced,

including those from the spring-loaded connectors and the

spring’s compression forces.

The whole mechanical system is illustrated in Fig. 12a. For

the production of the components (holder, tips, disks and scaf-

fold) we employed a 3D printer based on the stereolithography

technology.

B. Application Examples

To roughly assess its functionality, one of the first trials

involved the application of quick and controlled clicks with the

index finger to the tip of the pen holder, housing the sensor.

By doing so, we could evaluate its ability to register rapid

pressure changes and promptly relay this data to the system

for analysis.

Finally, we performed trials for acquiring physiological arte-

rial pulse signals. To this end, a trained healthcare professional

utilized our pressure sensing system to collect pulse wave

signals from the carotid and femoral arteries. We used the
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Fig. 13: (a) Pictures of a testing session during the acquisition of the pulse wave signal from the carotid artery. (b) Five

seconds of simultaneous acquisition of carotid (blue) and femoral (orange) pulse wave signals using the developed device. (c)

Pressure signal taken from the femoral artery of a volunteer during a one-minute acquisition.(d) Shape comparison between

carotid pulses obtained by our sensor and reference technique.

mechanical holder described earlier to ensure precision and

comfort during measurements. This preliminary testing phase

included a small and restricted group of volunteers. It aimed

to validate, as a proof-of-concept, the device to prove its

suitability for upcoming actual clinical trials.

Fig. 13a display a photograph of the experimental set-up,

with the operator using the pen holder to position the tips at

the carotid site of interest.

To demonstrate the stability and reliability of the system,

we conducted a session to gather data from a single site for

a prolonged time. Fig. 13c presents a 30-seconds track of

femoral pulse waves. The system could continuously record

pulses with physiological shapes throughout the entire dura-

tion, with no performance degradation. To prove the quality of

the acquired physiological signals, we calculated the SNR of

more than 100 pulse waves and averaged the results, obtaining

an SNR of 23.5 dB. This result is consistent with the SNR

obtained during the mechanical characterization (section II-

E.3).

Finally, we accomplished simultaneous acquisitions from

both the carotid and femoral arteries, aiming to validate

the system’s intended application. We meticulously set up

the experimental environment adopting the clinical conditions

carried on at a hospital structure. The operator carefully posi-

tioned the two holders at the dedicated spots on the volunteers’

skin’s surface. During the trials, the professional received

visual feedback via the developed GUI. In the post-processing

phase, we superimposed the two signals for comparison. An

example of the results is presented in Fig. 13b. As noticeable

from the rising edges, the femoral pulse waves exhibited a

slight time shift with respect to the carotid pulses, illustrating

the expected delay in pressure transmission. This delay is

known as Pulse Transit Time (PTT), an important parameter

for Pulse Wave Velocity (PWV) estimation. These outcomes

underscore the device’s suitability for further clinical evalua-

tions and applications, affirming its potential in medicine.

VII. CONCLUSIONS

This paper presented the design, fabrication, and charac-

terization of a novel integrated rGO-based pressure sensor,

suitable for various biomedical applications. The sensor is a

thin layer of rGO-R1, a graphene derivative with enhanced

piezoresistive properties, deposited on a flexible PCB sub-

strate. The sensor exhibits high sensitivity, wide detection

range, response time of 41 ms, which is perfectly adapted to

pulse monitoring via biomedical pressure sensors, and good

stability under cyclic loading. We have also developed a

smart current-based Wheatstone bridge circuit to condition the

sensor output and firmware to control the bridge balancing and

data acquisition. Furthermore, we have designed a mechanical

system to adapt the sensor to different anatomical sites and

to improve its elastic recovery. We have demonstrated the

functionality of our sensor by acquiring physiological signals

from the carotid and femoral arteries of volunteers, showing

its ability to capture, according to expert physicians judge,

the pulse waveforms strongly comparable to the one recorded

in clinical practice with applanation tonometry techniques.

This enables to measure the pulse transit time, an important

parameter for estimating the pulse wave velocity and arterial

stiffness. However, our sensor is not limited to this specific
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application, and can be easily extended to other domains where

pressure sensing is required. Our sensor offers a low-cost,

flexible, and user-friendly solution for non-invasive biomedical

monitoring and diagnosis.
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