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A B S T R A C T

This paper presents the development of magnetic sensing modules designed to conformally encircle arteries for 
in-vivo blood pressure monitoring. The modules incorporate multiple off-the-shelf Hall sensors and permanent 
magnets arranged on a flexible substrate to transform arterial distention due to blood pressure into voltage. The 
novelty of the design lies in the multitude of components and their circular collocations that yields significant 
improvement in pressure sensitivity as revealed by finite element simulations. The sensors and magnets were 
encapsulated in biocompatible materials and assembled on a flexible PDMS substrate with metal interconnects, 
which are fabricated through microfabrication techniques. Test results on a latex pipe serving as the artery model 
demonstrated sensitivity values reaching 0.42 mV/mmHg, representing a 3.8-fold improvement over traditional 
single sensor-magnet pair design. Long-term tests both in air and in PBS solution showed no degradation in the 
sensitivity, and a high linearity with R2 exceeding 0.98. The average sensitivity is projected to reach 3.2 mV/ 
mmHg in-vivo due to the higher compliance of the arterial tissue. The reported results underscore the viability of 
this implantable device for continuous blood pressure monitoring in large arteries. This is particularly crucial in 
organ transplantation, where the main artery supplying blood to the transplanted organ is anastomosed and 
requires continuous monitoring to ensure adequate blood flow after the surgical operation.

1. Introduction

Organ transplantation is arguably one of the most vital and techno
logically advanced medical procedures that prevents patient mortality 
due to organ failure. According to reports from the World Health Or
ganization’s (WHO) Global Observatory on Donation and Trans
plantation platform, this procedure was performed over 170,000 times 
globally in 2023 [1], with numbers expected to rise in line with global 
population growth. A major step in organ transplantation procedure is 
anastomosis, where arteries are physically connected and stitched 
together to facilitate blood circulation through the newly transplanted 
organ. The blood pressure in these connected arteries serves as the 
primary indicator of adequate organ perfusion in the post-surgical 
period [2]. Accordingly, it should be continuously monitored to 
ensure proper organ function and allow timely surgical intervention if 
needed.

One commonly used blood flow and pressure monitoring techniques 

involves using an ultrasonic Doppler probe located on an artery that can 
transmit and receive sound waves to determine the speed and direction 
of blood flow [3]. Other solutions employing pressure transducers 
incorporated into catheter tips and directly inserted into the artery for 
monitoring pressure during surgical operations also exist [4]. Although 
all these approaches are useful, they are only suitable for intermittent 
readings as the measurement is only possible when the all the equipment 
is applied on patient’s body, which also restrict patient movement.

A number of sensors have been developed for in-vivo pressure 
monitoring, where the sensor is implanted inside the body and can 
perform on-demand measurements. Depending on their implantation 
site, these sensors can be classified into two categories as intra-arterial 
and peri-arterial. The intra-arterial pressure sensors are located inside 
the artery in immediate contact with the blood, and therefore make 
direct pressure measurements. A prominent example in this category, 
which has also been commercialized, is EndoSure pressure sensor by 
CardioMEMS Inc [5]. The sensor is composed of inductive and 
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capacitive components, and is permanently implanted into the artery 
using a catheter. An external antenna can communicate with the sensor 
to track resonant conditions and acquire pressure data. Other architec
tures incorporating a capacitive sensor in a metal stent also has been 
demonstrated, where the sensor together with the stent form a resonant 
LC circuit [6–8]. The pressure can then be monitored by tracking the 
resonant frequency shifts. Although intra-arterial sensors offer more 
accurate readings by enabling direct measurements, the immediate 
placement inside blood stream also introduces risks such as thrombosis, 
infection, bleeding, and vascular injury [9]. Peri-arterial sensors, on the 
other hand, are positioned around the artery, typically configured in a 
cuff-like structure. They are usually designed to detect the displace
ments on the arterial wall due to blood pressure variations, and hence 
make indirect pressure measurements. Using this design framework, 
various sensors with different transduction mechanisms have been 
presented. A resonant capacitive arterial pulse sensor design consisting 
of an inductor and a flexible sheet with microstructured pyramids was 
reported in [10]. When wrapped around an artery, the blood pressure 
pulsations expand and contract the pyramid structures, yielding a 0.4 % 
capacitance change. Another research group used accelerometers on an 
artery to detect the reflected blood pulse wave transit time, and showed 
that it correlates with blood pressure [11]. Using similar design strate
gies, novel devices with various transduction mechanisms including 
capacitive [12–15], piezoelectric [16–19], piezoresistive [20–22], op
tical [23,24] and impedimetric [25] have also been demonstrated.

Magnetic sensing, although not exploited as much so far, poses sig
nificant advantages compared to other transduction mechanisms 
mentioned above for the development of peri-arterial blood pressure 
sensors [26]: (i) body fluids, tissues, and biocompatible packaging have 
very weak and uniform magnetic properties, (ii) magnetic components 
are unaffected by the pressure impinging upon them, and (iii) sensing 
arrangement can be implemented using already available off-the-shelf 
components. These important advantages render measurements highly 
insensitive to factors other than blood pressure, arguably positioning 
magnetic sensing as a superior approach compared to alternative 
methods. To this end, a commercial Hall effect sensor and a magnet 
positioned right across each other was previously shown to measure 
arterial distension in [27]. The sensor and the magnet were immobilized 
on the artery with silicon strips. Correlating sensor voltage with arterial 
dilation due to blood pressure, a sensitivity of 0.65 mV/mmHg was re
ported for in-vitro experiments. Our earlier study reported in [28] aimed 
to achieve a higher sensitivity through the investigation of multiple 
magnetic components and their relative collocations. In this work, we 

expand upon our previous studies and present a comprehensive theo
retical and experimental analysis on the sensitivity and performance of 
different component configurations. Several designs with varying 
number of Hall sensors and magnets, and their circular arrangements 
have been investigated through finite element simulations to enhance 
the magnetic flux density reduction per arterial diameter expansion. The 
designs have been implemented and thoroughly tested for pressure 
sensitivity and examined for linearity in their response. Long-term 
durability tests were performed for the best-performing design. The 
experiments clearly showed that the proposed magnetic sensor module 
can be implanted around an artery after anastomosis for continuous 
blood pressure monitoring with superior sensitivity.

2. Design and analysis

The device consists of Hall sensors and permanent magnets mounted 
on a flexible substrate that can comply with circular artery circumfer
ence (Fig. 1). Biocompatible materials were used for the substrate as 
well as for packaging individual elements. In order to avoid confusion 
for the reader, the complete assembly of these components together with 
the substrate will be referred to as “sensor module” to differentiate from 
a single Hall sensor, which is part of the module. The sensor module is 
intended to be implanted along the artery, at a location between the 
anastomosed site and the newly transplanted organ. During operation, 
blood pressure pulsations alter the artery diameter, which shifts the 
relative positions of magnets and the sensor. This results in oscillations 
on the sensor voltage that can be mapped into blood pressure pulsations 
through fluidic, mechanical, and magnetic properties of the blood, ar
tery wall, and sensor, respectively. Following an initial calibration of the 
sensor module at the time of implantation, using a surgical-grade blood 
pressure sensor to align systolic and diastolic pressures as well as desired 
number of intermediary data points with the corresponding sensor 
voltages, continuous blood pressure monitoring can be performed.

Considering that the target artery diameter is on the order of 5 mm 
and the maximum relative artery expansion can reach only 15 % for a 
normal blood pressure variation [29], a compact yet highly sensitive 
Hall sensor should be selected to yield a large voltage variation in 
response to pressure oscillations. In this respect, a commercial unipolar 
ratiometric linear Hall effect sensor (DRV5056A1QDBZT, Texas In
struments) was chosen that has a sensitivity of 200 mV/mT, operates at 
voltages down to 3.3 V, and measures 1.3 × 2.92 × 1.12 mm in width, 
length, and thickness, respectively. The sensor also has a bandwidth of 
20 kHz, well above the frequency of the pulsatile blood flow on the order 

Fig. 1. Schematic of the sensor module designs, (a) D0 - basic design with a single magnet and sensor, (b) D1 - with one sensor and two magnets, (c) D2 - two 
magnets and two sensors.
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of a few Hz. The sensor is mounted on biocompatible polyimide (PI) to 
provide mechanical support as well as to serve as a suitable board that 
allows the electrical connections to the sensor pins. NdFeB-N52 grade 
magnets were preferred as the magnetic field source to establish a high 
magnetic flux density. The size of the magnets was selected to closely 
match that of the sensor to yield a relatively uniform mass distribution 
and mechanical balance. Both the sensor on PI and the magnets were 
mounted on a polydimethylsiloxane (PDMS) substrate that provides the 
required flexibility and conformity to wrap the complete sensor module 
around the artery. A schematic of the sensor module located on an artery 
is shown in Fig. 1a, where two ends of the PDMS substrate were fixed 
with metal clips. Although not clearly shown for the sake of image 
clarity, the sensor and magnet components are packaged using 
biocompatible epoxy, which mitigates immune system responses and 
inhibit the infiltration of bodily fluids into the components. This epoxy 
also provides a conformal coating, smoothing sharp geometric features 
and thereby minimizing the risk of mechanical damage to the sur
rounding tissue.

Various designs and configurations have been investigated to ach
ieve a high voltage variation per unit arterial expansion. Fig. 1a shows 
the basic design (D0) consisting of a single sensor and a single magnet 
directly positioned across each other. This design was previously re
ported by Ruhammer et al. in [27] with a sensitivity of 0.65 mV/mmHg 
on a PI substrate. In our current work, different sensor-magnet config
urations involving more components are investigated to improve the 
sensitivity. Fig. 1b shows a more advanced design (D1) that contains one 
sensor with two magnets arranged in a T configuration, where the same 
poles of the magnets face radially inwards. This configuration curves the 
magnetic field lines and guides them through the sensor, which also 
facilitates a larger field variation when the artery expands as discussed 
in the next section. This design was further developed to include two 
sensors as shown in Fig. 1c, leading to the same voltage generated on the 
newly-added sensor due to geometrical symmetry (D2). Summing the 
voltage of both sensors can theoretically double the sensitivity of the 
sensor module. Other combinations involving (i) different component 
collocations around the periphery and (ii) opposite magnetic poles 
facing each other were not investigated as all such configurations lead to 
lower fields on the sensors or magnets snapping against each other. We 
would like to note that further increasing the number of components in 
the sensor module was originally intended; however, was found to be 
not feasible due to space constraints and repulsive magnetic forces 
preventing the implementation of the module. Finally, metal clips were 
used to fix the sensor module on the artery (Fig. 1).

Simulations were carried out to compare the sensitivity of each 
design shown in Fig. 1. Initially, arterial expansion in response to 
pressure variations was modeled using the Fluid-Structure Interaction 
(FSI) module of the COMSOL finite element simulation software. In this 
model, the fluid exerts radially outward pressure on the inner arterial 
wall over a physiologically relevant range, resulting in an increase in 
arterial diameter. The expanded diameters corresponding to different 
pressure values, obtained from the FSI simulations, are then used to 
define the arterial geometries for the magnetic simulations, which are 
performed using the Magnetic Fields, No Currents interface of the AC/ 
DC module. Due to the lack of access to a real artery and blood in our test 
setup, these were replaced with a latex pipe and water in the simulations 
to allow for a direct comparison with the test results later on. This 
approach is also commonly adopted in the literature [14,16,17], as the 
mechanical and fluidic properties of these materials are comparable. 
The parameters used in FSI simulations were chosen based on the cor
responding material properties previously reported in [30]- [31] and 
listed in Table 1. Water was modeled using incompressible, laminar and 
Newtonian properties, while no-slip boundary condition was applied 
between the water and latex domains. The outer diameter of the latex 
pipe was set to 4.77 mm to ensure consistency with the actual compo
nent used in subsequent experiments. A linear elastic behavior with 
constant Young’s modulus was assumed for the latex, due to small 

expected deformations. Since it would be computationally demanding to 
simulate the entire artery structure, only a 30 mm part of it was 
considered. The simulation model is shown in Fig. 2a. The sensors and 
magnets are excluded from this analysis as they do not affect the radial 
expansion.

The fluid pressure at every point inside the artery was ramped up to 
200 mmHg to fully cover and further exceed the typical physiological 
range of 80–120 mmHg observed in the human body. The rise time from 
0 mmHg to 200 mmHg was set to 1 s, and the pressure profile was 
defined using a continuous second-derivative smoothing. Shorter rise 
times with a linear pressure increase caused convergence issues, 
whereas longer rise times or more complex pressure profiles had no 
significant effect on the results. The displacement of the PDMS, and 
hence the sensors and the magnets, with respect to time is illustrated in 
Fig. 2b. Fig. 2c-e show the displacements of the latex and PDMS at 0, 
100, and 200 mmHg, respectively. At the maximum pressure of 
200 mmHg, the latex expands by 0.17 mm (from 4.77 mm to 4.94 mm), 
while the PDMS expands by 0.14 mm (from 5.37 mm to 5.51 mm). As 
expected, the PDMS region expands less than the rest of the latex due to 
the larger total thickness and the corresponding reduction in the overall 
compliance.

At this stage, it is useful to estimate how much the artery can expand 
compared to latex for the same outer diameter, as this provides insight 
into the device’s expected performance in a real arterial environment. 
To this end, a five-parameter Mooney–Rivlin hyperelastic model was 
employed to characterize the nonlinear mechanical behavior of the 
arterial wall. The corresponding range of c-parameters was adopted 
from previously reported studies [32,33], while possible arterial wall 
thickness values at this outer diameter as well as arterial tissue density 
and blood properties were taken from [34,35] and listed in Table 1. 
Under these conditions, the simulations were repeated to determine the 
average expansion along the outer artery wall on Fig. 2a, excluding the 
PDMS-covered region. Since the model incorporated a range of c-pa
rameters and wall thickness values, the results yielded an expected 
range of arterial expansion. This range was then compared to the latex 
expansion, as illustrated in Fig. 3. While the latex can expand only up to 
4.94 mm, the artery is capable of expanding to diameters ranging from 
5.12 mm to 6.39 mm, corresponding to a dimensional increase of 
0.35–1.62 mm and a percentage increase of 7–34 %, respectively. The 
PDMS expansion on the artery was also computed, yielding values be
tween 0.29 mm (from 5.37 mm to 5.66 mm) and 0.98 mm (from 
5.37 mm to 6.35 mm).

For magnetic simulations, magnets and sensors were added to the 
model as shown in Fig. 4a. Next, the evolution of the magnetic field 
inside the sensor module was simulated as a result of the pressure in
crease and the resulting PDMS expansion on latex, as shown in Fig. 2b. 

Table 1 
FSI Simulation parameters.

Parameter Value Parameter Value

Latex Young’s 
modulus

1200 kPa PDMS Young’s 
modulus

750 kPa

Latex Poisson’s 
ratio 0.44

PDMS Poisson’s 
ratio 0.49

Latex density 960 kg/m3 PDMS density 970 kg/m3

Latex length 30 mm
PDMS diameter 
× length

5.37 mm × 10 mm

Latex outer 
diameter

4.77 mm PDMS thickness 0.3 mm

Latex wall 
thickness

1 mm Water density 997 kg/m3

Simulation 
duration 1 sec Water viscosity 0.001 Pa.s

Artery Model: Mooney - Rivlin
Arterial tissue 

density
1120 kg/m3 Blood viscosity 0.0035 Pa.s

Wall thickness 0.125 – 0.8 mm Blood density 1060 kg/m3
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The circular collocations of the sensors and magnets was updated for 
every 20 mmHg increments, and the magnetic flux density acting on the 
sensor surfaces were analyzed. The rest of the geometric and material 
parameters used in the simulations are listed on Table 2. The magnetic 
flux density distributions on the bottom sensor surface for D0 and D1 at 
0 mmHg and 200 mmHg are plotted on Fig. 4b-c. Due to the symmetry 
leading to the same magnetic flux density, simulation results for D2 are 
not shown.

The magnetic flux density distribution on top sensor surfaces were 
also simulated and an average flux density value were calculated for all 
the designs. Fig. 5 plots these values with respect to the PDMS expansion 
and also shows the representative magnetic field lines inside the sensor 
module. Since there are two sensors in D2, two flux densities on each 
sensor was added up as these sensors can be serially connected for a 
higher output voltage. It is clear that the flux lines are more effectively 
utilized on the sensors in D1 and D2 due to the number and placement of 
the magnets. The flux density variations exhibit a linear trend for all 
designs. The total reduction in the average magnetic fluxes were 
determined to be 0.192 mT, 0.767 mT, and 1.535 mT for D0-D2, 
respectively.

The detection sensitivity of each design can be defined as the slopes 
ΔB/ΔØ on Fig. 5, which establishes a figure of merit for comparison. In 

Fig. 2. (a) Simulation model showing latex and encircling PDMS substrate, (b) applied pressure profile and the resulting PDMS expansion on latex as a function of 
time, (c-e) the resulting latex and PDMS displacements for 0, 100 and 200 mmHg, respectively.

Fig. 3. Range of expected artery expansion in comparison to latex.

Fig. 4. (a) Magnetic simulation model for D1, and vertical magnetic flux 
density on bottom sensor surface for (b) D0 and (c) D1–2.
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this respect, D0-D2 yielded 1.37 mT/mm, 5.52 mT/mm and 11.04 mT/ 
mm, respectively. This shows that D1 and D2 can provide 4- and 8-fold 
improvement compared to D0. This is more than the 2-fold increase one 
would expect due to using twice as many magnets, underlining the 
performance merit of our proposed designs. Using these sensitivity 
values together with the empirical relationship noted on the Hall sensor 
specifications, the sensor voltage vout can be calculated according to the 
equation: 

vout = vQ + B × S( 25℃) (1) 

where vQ is the quiescent voltage, B is the magnetic flux density acting 
on the sensor and S(25◦C) is the magnetic sensitivity at 25◦C. Using (1) 
together with the sensitivity of 200 mV/mT and the quiescent voltage of 
600 mV as declared by the manufacturer, the estimated sensor voltages 
were calculated and plotted on Fig. 6 as a function of pressure. 
Accordingly, D0, D1 and D2 are expected to yield a total voltage dif
ference of 38.4 mV, 153.4 mV and 306.8 mV across the investigated 
pressure range. These results dictate a final pressure sensitivity values of 
0.192 mV/mmHg, 0.767 mV/mmHg and 1.534 mV/mmHg, respec
tively. These magnetic simulations and calculations were also repeated 
for the case in which the PDMS expands on an artery, as discussed 
previously. Because the expansion profiles shown in Fig. 3 are nonlinear, 
it is not possible to define a single sensitivity valid across the entire 
pressure range. Instead, an average sensitivity was calculated based on 
the voltage difference over the full range of pressures. Owing to the 

larger relative displacements between components, the average sensi
tivity values in the PDMS expansion ranges were higher than those ob
tained with latex, measuring between 0.38 and 1.09 mV/mmHg, 
1.54–4.37 mV/mmHg, and 3.07–8.74 mV/mmHg for D0, D1, and D2, 
respectively.

3. Fabrication

The sensor module was fabricated using a combination of material 
deposition, shadow masking, and 3D-printing technologies. Initially, a 
PLA structure was 3D-printed as a mold and fixed on a silicon wafer 
(Fig. 7a). PDMS silicone elastomer base and curing agent (Dow Chemical 
Company, Sylgard 184) were mixed at a weight ratio of 10:1 to achieve 
appropriate flexibility, and degassed in a vacuum chamber to remove all 
trapped air bubbles. Next, the PDMS was poured onto the mold and 
cured on the hot plate at 75 ◦C for 75 min (Fig. 7b), resulting in a final 
thickness of 300 µm. The length and width of the PDMS substrate were 
designed to be 10 mm and 28 mm, respectively, to ensure a firm artery 
grip. Following the substrate fabrication, the precise locations of the 
magnets and sensors were marked through metal deposition. In this 
respect, an acetate paper was laser cut and used as a shadow mask on the 
substrate (Fig. 7c). Next, a 100 nm-thick Cr layer was sputtered 
(Nanovak, NVTS-400) (Fig. 7d) and the shadow mask was removed 
(Fig. 7e). Finally, the substrate was cut and removed from the wafer 
(Fig. 7f).

A 0.13 mm thick PI substrate (Kapton tape 18-S, CS Hyde Company) 
was used to accommodate electrical connections for the Hall sensors. 
The tape was adhered on a silicon wafer (Fig. 8a) and a separate shadow 
mask with sensor pin and connection routing layout was fixed on it 
(Fig. 8b). Next, a 500 nm-thick layer of Cu was thermally evaporated 
(Nanovak, NVTS-400) on the tape (Fig. 8c). The mask was then removed 
and the Kapton tape was separated from the wafer (Fig. 8d-e). To 
establish the electrical contact between the sensor and the deposited Cu 
as well as to fix the sensor on the Kapton tape, a conductive epoxy kit 
(Epoxy Technology, EPO-TEK H20s) was mixed at a weight ratio of 1:1 
and applied to the Cu surface (Fig. 8f). Subsequently, the sensor was 
carefully aligned and bonded to the contacts, and the epoxy was cured at 
110 ◦C for 90 min to establish a strong bond (Fig. 8g). The Kapton tape 
with the Hall sensor was adhered to the PDMS substrate through a 

Table 2 
Magnetic simulation parameters.

Parameter Value Parameter Value

Sensor length 2.92 mm Relative permeability (all domain) 1
Magnet length 3 mm PDMS expansion 2.6 %
Sensor width 1.3 mm Remanent flux density 1.39 T
Magnet width 1.5 mm Magnet material NdFeB
Sensor thickness 1.12 mm Propagation media Air
Magnet thickness 1 mm PI thickness 0.13 mm

Fig. 5. Average magnetic flux density on sensors vs PDMS diameter for 
all designs.

Fig. 6. Sensor voltage and magnetic flux density versus pressure for all designs.
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biocompatible epoxy (Epoxy Technology, EPO-TEK 302–3 M). For this 
step, the epoxy kits were mixed at a weight ratio of 10:4.5, applied on 
the PDMS, and cured at 100 ◦C for 30 min with the Kapton tape on top 
(Fig. 8h). Although not shown on Fig. 8, this same process step was also 
applied on the magnets to firmly mount them on the PDMS substrate. A 
final layer of the biocompatible epoxy was applied and cured over the 
top of the sensors and magnets to provide biocompatibility and to pre
vent the exposure of these components to body liquids (Fig. 8i). Elec
trical access to the sensors were made through copper wires bonded to 
the contact pads using the conductive epoxy. Photographs of the fabri
cated devices are shown in Fig. 9.

4. Experimental testing and discussion

In vitro experiments were performed to characterize the proposed 
sensor-magnet configurations. The schematic of the test setup is shown 
in Fig. 10. Initially, the fabricated sensor modules were wrapped around 
the latex pipe, which was preferred instead of the actual artery for the 
reasons discussed in the previous section, and fixed using a metal clip. A 
peristaltic pump (PT-500, Bimetron) was used to flow water through the 
latex pipe. In all experiments, the pump was set to produce pulses at a 
frequency of 2.5 Hz and push water into the system with a flow rate of 
40 ml/min. It should be noted that the pulsatile nature of the pump does 
not allow to apply a constant water pressure, and rather yields oscilla
tions in the pressure level. A flow valve was employed to set the average 
pressure level with such oscillations. In this setting, throttling or 
releasing the valve increases or decreases the pressure inside latex, 
respectively. A commercial pressure sensor (P51, SSI Technologies) was 
employed on the latex to measure the water pressure and correlate with 
the sensor module readings. The Hall sensor and the commercial pres
sure sensor were operated at 5 V through a power supply. Hall sensor 

data were acquired with an oscilloscope (MDO3024, Tektronix) at a 
sampling rate of 100 Hz.

Since the amount of latex expansion is critical on the final pressure 
sensitivity, the radial displacement of latex pipe was measured using a 
high resolution camera during pumping. To perform this measurement, 
the average water pressure was slowly increased from 0 to 200 mmHg, 
with pressure oscillations reaching ±45 mmHg at 200 mmHg. In the 
meantime, the diameter change in latex pipe was captured and pro
cessed with the camera at 60 fps and Kinovea software, respectively, 
while the pressure inside latex was acquired with the commercial 
pressure sensor. Fig. 11 shows that the diameter variation and the 
pressure readings closely match throughout the complete pressure 
range. The outer diameter of latex was measured to increase from 
4.77 mm at 0 mmHg to 4.89 mm at 200 mmHg with a measurement 
error of ±0.04 mm. This corresponds to approximately 2.6 % expansion 
rate, as opposed to 3.56 % as predicted by the simulations above. This 
difference is mostly attributed to the Young’s modulus of the commer
cial latex pipe not perfectly matching its theoretical value.

After determining the expansion rate of latex, all designs were tested 
in-vitro to compare their sensing performances. The testing pressure 
range was set to 0–200 mmHg, consistent with the range used in simu
lations. The water pressure was switched between these two pressure 
levels in a period of 40 s. Fig. 12 plots sensor voltages and applied 
pressure versus time for D0, D1 and D2. It is clearly seen from the graphs 
that there is a direct correlation between pressure and sensor voltage for 
all sensor modules. The variation in voltage values corresponding to 
0 mmHg is attributed to the sensor noise that can reach 24 mVPP, 
whereas the oscillations at 200 mmHg is due to the pulsatile pumping. 
These oscillations are at 2.5 Hz, which is well below the frequency 
detection limit of the Hall sensor.

All data points graphed on Fig. 12 are used in linear regression 

Fig. 7. Microfabrication flow of the substrate.

Fig. 8. Microfabrication flow of the sensor package on the substrate.
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analysis to calculate the pressure-voltage correlation and sensitivity. 
Fig. 13 plots sensor voltages for D0, D1 and D2 versus applied pressure 
and their fitted data. The results show that D0, D1 and D2 yielded a total 
voltage difference of 22.4 mV, 52.2 mV and 84 mV in a pressure span of 
0–200 mmHg. These results dictate final pressure sensitivity values of 
0.112 mV/mmHg, 0.261 mV/mmHg and 0.42 mV/mmHg, respectively. 
This shows that D1 and D2 can provide 2.33- and 3.8-fold improvement 
compared to previously reported D0. Another improvement was also 
observed in linearity. A better correlation between pressure-voltage data 
was also demonstrated in the graphs for D1 (R2 = 0.9832) and D2 (R2 =

0.9817) compared to D0 (R2 = 0.9380). Root mean square errors 
(RMSE) of D1 and D2 were calculated as 0.0032 V and 0.0056 V, which 

indicate errors of 6.15 % and 6.66 %, respectively. D2 sensitivity should 
ideally be twice of D1 based on the simulation results. However, 
imperfect magnet and sensor placements during device assembly are 
believed to reduce ΔB/ΔØ, and lead to this result. Under these cir
cumstances, it was concluded that although D2 yielded a higher voltage 
difference, D1 showed better sensitivity per sensor. Therefore, the 
following tests were carried out using D1.

Long-term tests were carried out to investigate the reliability of D1. 
In this respect, voltage-pressure data was acquired for 5 days for a 
duration of 120 s each. As clearly seen on Fig. 14, the sensor module 
maintained the same voltage response and performance throughout the 
course of this test, and no detectable voltage variation was observed. 
The major factor in the long-term stability of D1 stems from the ability of 
PDMS and latex to stretch together elastically without undergoing 

Fig. 12. Sensor voltage and applied pressure versus time for all designs in air.

Fig. 9. Photographs of fabricated (a) D1, (b) D2 and (c) D1 fixed around 
latex pipe.

Fig. 10. The schematic of the test setup.

Fig. 11. Expansion of latex pipe and the water pressure inside as captured by a 
high speed camera and a commercial pressure sensor.
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permanent mechanical deformations under pressure, as well as good 
adhesion of the sensor and magnets to the PDMS.

Durability and sealing reliability of D1 was also investigated in 
Phosphate-Buffered Saline (PBS) solution that mimics the body envi
ronment. In this respect, the sensor module was fixed around the latex 
and immersed in PBS (pH = 7.4), and its in vitro-liquid sensing perfor
mance was monitored. Fig. 15 graphs the sensor voltage and applied 
pressure versus time for D1. A very similar correlation as that in Fig. 12
in air was obtained. The regression analysis plotted on Fig. 16 shows a 
very high linearity (R2 = 0.9823), low error (RMSE=0.0033) and a 
sensitivity of 0.263 mV/mmHg, which is almost the same as the in-air 
performance. This also demonstrates that although there was a slight 
decrease in the high and low voltage levels of D1, the sensitivity and 
linearity were maintained. Finally, long-term tests in PBS were per
formed with D1 and the results are plotted on Fig. 17. It is seen from the 
graph that the sensor voltage followed the same trend for 5 days. In 
addition, no visible change on the sensor module was observed, indi
cating the physical sturdiness inside PBS. This demonstrates the effec
tiveness of the biocompatible packaging and confirms the stability of the 
sensor module when used within the body.

Theoretical and experimental results demonstrate that the designs 
D1 and D2, developed in this work, offer a notable improvement in 
sensitivity and linearity compared to the previously reported state-of- 
the-art design, D0. Experimental sensitivity values were found to be 

lower compared to the simulation results. This is attributed to (i) the 
magnets having a magnetization below their maximum potential (ii) 
voltage drops across the connection pads and wires and (iii) imperfec
tions in the placement of magnets and sensors. Long term tests in air 
demonstrated the reliability of the sensor module, while the same tests 
in PBS proved its durability in a biological environment. The reported 
sensitivity values were obtained using a commercial latex pipe, which 
exhibited a radial expansion limited to approximately 2.6 % of its 
diameter under the applied pressure range. While suitable as a simple 
experimental model, this material response substantially underestimates 
the mechanical behavior of arterial tissue. Our simulation results 
demonstrate that arterial walls can expand by 7–34 % under the same 
pressure range, depending on their mechanical properties and wall 

Fig. 13. Sensor voltage for all designs versus applied pressure and their 
fitted data.

Fig. 14. Sensor voltage of D1 and applied pressure versus time for 5 days.

Fig. 15. Sensor voltage and applied pressure versus time for D1 immersed 
in PBS.

Fig. 16. Sensor voltage for D1 immersed in PBS versus applied pressure and 
fitted data.
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thickness. Assuming an average expansion of 20 % and considering the 
highly linear response of the sensor module, the average sensitivity is 
projected to reach up to 2 mV/mmHg for D1 and 3.2 mV/mmHg for D2. 
It is important to note that the complex biological structure of the 
arterial wall may introduce additional nonlinearities that were not 
accounted for in the simulations described above. Moreover, larger 
relative displacements of the sensor module on the artery, beyond the 
range shown in Fig. 5, may also introduce nonlinearities in the flux 
density–diameter relationship. These factors may lead to deviations 
from the projected sensitivity values. To achieve accurate pressure 
readings, the sensor module can be calibrated once during implantation 
using a surgical-grade blood pressure monitor. Systolic, diastolic, and 
intermediate pressure values can then be matched to the corresponding 
output voltages, after which the sensor operates independently to pro
vide reliable measurements. This sensitivity value can be further 
enhanced by using higher-grade stronger magnets and higher number of 
magnets on the sensor module. This may also pose challenges in the 
manufacturing of the sensor module due to higher repulsive forces.

5. Conclusion

Magnetic sensing modules composed of multiple Hall sensors and 
permanent magnets for in-vivo blood pressure measurement were pre
sented. The components were mounted on a flexible substrate, and ar
ranged in a configuration optimized to produce maximum voltage in 
response to arterial distension. The components were packaged using 
biocompatible materials and tested on a latex pipe. Experimental results 
revealed up to 3.8-fold improvement in pressure sensitivity and better 
linearity compared to the basic magnet-sensor pair. Long-term experi
ments in PBS solution showed virtually no change in the sensitivity. The 
maximum average sensitivity of the modules is projected to reach 
3.2 mV/mmHg when implanted on an artery. These results demonstrate 
the suitability of the sensor modules presented here for blood pressure 
monitoring inside the body after anastomosis procedures. Further 
studies will focus on integrating the modules with a biotelemetry system 
to enable wireless pressure tracking from outside the body.
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