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Abstract—An implantable pressure monitoring system is a 

compelling approach to home monitoring of intracranial 

pressure in the long term. In our approach, an on-body unit 

powers a cranially concealed system where a piezoresistive 

element senses the pressure. A data transmission unit built in the 

same platform emits a signal at a pressure dependent frequency 

through a miniature far field antenna. In this work, we focus on 

assessing the impact of variable temperature on the pressure 

readout at an off-body unit through in-vitro experiments. 

I. INTRODUCTION 

The cerebral blood flow (CBF) must meet the high 
metabolic needs of the brain to sustain regular neurological 
functions and life. Cerebral perfusion pressure (CPP) is the 
pressure gradient between arteries and veins that causes blood 
flow into the brain. It is commonly estimated as the difference 
between the mean arterial pressure (MAP) and intracranial 
pressure (ICP) [1] so that  
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where CVR is the cerebrovascular resistance. ICP depends on 
hydrodynamic and hemodynamic parameters controlled by 
complex and interlinked physico-chemical mechanisms [2–3], 
whereas cerebrovascular autoregulation stabilises CBF over a 
broad range of CPP by modifying CVR primarily by the 
constriction or dilation of cerebral arteries [4].  

In adults, ICP is normally 7–15 mmHg (supine position) [5]. 
Since the cranial cavity is a fixed space with three components: 
blood, CSF and brain, an abnormal volume-increase in any of 
them may lead to raised ICP and consequently reduced CBF, 
as defined in equation (1). This happens when the 
autoregulation dysfunctions or meets its compensatory limits 
due to mass lesion, oedema or otherwise disturbed CSF 
formation-reabsorption balance, for instance. Raised ICP and 
reduced CBF are both pathological [1,3,5–6]. In particular, 
reduced CBF causes ischemia and infarction. Thus, the 
monitoring and management of ICP are frequent and life-
saving procedures. 

In critically ill patients, the common clinical practice for 
monitoring of ICP is the insertion of a catheter in the 
ventricular system of the brain through a burr hole 
(ventriculostomy) [5–6]. This method is accurate, allows on-
site recalibration as well as drainage of CSF to manage raised 
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ICP, but due to its invasiveness, an array of non-invasive 
alternatives are available for in-hospital use [5]. However, 
people who are predisposed to disturbed CSF flow or 
formation-reabsorption balance due to neurological 
malformations or a previous neurocritical event, for instance, 
would greatly benefit from home monitoring of ICP. To 
address the need, scientists are developing technology for 
wireless implantable sensors to enable safe and reliable home 
monitoring of ICP in long-term. Several recent studies 
reviewed below provide views on the balance between device 
size, energy consumption, and functionality in the current 
state-of-the-art.  

Authors of [7] sealed an antenna and electronics in a 
transcranial cylinder and demonstrated the wireless 
monitoring of subdural pressure in-vivo. To minimize 
invasiveness, authors of [8–9] studied miniature coils loaded 
with capacitive MEMS pressure sensors. These devices are 
battery-free, small and flexible, but due to passive operation, 
are limited in functionality and readout distance. As an 
alternative, the authors of [10] investigated a wirelessly 
powered battery-free system where a supercapacitor served as 
temporary energy storage to supply active electronics. Here 
the coils for inductive powering at a low frequency of 180 kHz 
dominated the device size. Authors of [11] presented a battery-
free wireless sensing system comprising piezoresistive 
element, active electronics, coil for inductive powering (at 15 
MHz), and a miniature antenna for data transmission on a thin 
and flexible platform. The system was capable of transmitting 
the pressure data to a receiver at a distance of one metre in in-
vitro experiments. Finally, authors of [12] have demonstrated 
a millimetre-scale pressure-to-digital microsystem targeted for 
ICP monitoring applications, which consumed only 130 nW at 
60-Hz sampling rate. 

In this work, we study the impact of variable temperature 
on the pressure readout from the wireless pressure monitoring 
system based on a piezoresistive element that we have 
presented in our previous work [11]. This investigation is 
motivated by the fact that the temperature changes influences 
these types of sensors through the thermal expansion of the 
diaphragm, for instance [13–14]. 

II. OVERVIEW OF THE PRESSURE SENSING SYSTEM 

Fig. 1(a) presents an overview of the functional blocks of 

the system. The on-body unit consists of a 2-turns loop (outer 
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diameter: 32.1 mm) [15], an impedance matching circuit and 

a power source. It energises the pressure sensor through 

inductive coupling at 15 MHz. The pressure sensor picks up 

the energy through a two-turns loop (13.5 mm12.9 mm). A 

miniaturised far field antenna (6 mm  5 mm) placed (along 

with other electronics) in the empty space in the centre of the 

loop conveys the pressure data directly to an off-body unit 

reducing the hardware complexity in the on-body unit 
We used ANSYS HFSS v15 (full-wave electromagnetic 

field solver based on the finite element method) in modelling 
of the antennas and wireless performance of the system in 
biological operation environment. As indicated in Fig. 1(b), 
we employed an anatomical model to optimise the power 
efficiency of the inductive link, as this is a crucial factor for 
the operation of the system. Fig. 2 shows the modelling 
outcome, which predicts that a relatively high link power 
efficiency of −4.1 dB could be achieved at 15 MHz. This is 
within 1 dB from the value obtained in air in the absence of the 
body tissue. For more details of the optimisation of inductive 
link and the miniature far field antenna, we refer to our 
previous works [15–16] and [17], respectively. Finally, in the 
experiment, which we will report in the next Section, we have 
used a half-wavelength dipole connected to a spectrum 
analyser to capture the sensor’s transmission in the 2.4 GHz 
industrial, scientific and medical (IMS) radio band.  

In addition to antennas, the in-body unit integrates 
electronics to produce DC voltage that supplies the 

piezoresistive sensor and the components in the data 
transmission unit that are all listed in Fig. 3 at approximately 
three volts. The output DC voltage of the sensor drives a 
voltage-controlled oscillator in the data transmission unit to 
map the pressure value to the frequency of transmission. As 
indicated in Fig. 1(b), the sensor is in the subarachnoid space 
and thus it senses ICP directly from the pressure in the CSF. 
We covered the whole in-body unit (except for the sensor’s 
pressure aperture) in biocompatible MED-2000 silicone 
adhesive material. The coated system had the overall thickness 
of approximately one millimetre. Finally, we coated the whole 
system (including the sensor’s pressure aperture) with 2-μm 
layer of Parylene C to achieve a pinhole free coating.  

III. MEASUREMENT AND DISCUSSION 

Fig. 4 shows the complete measurement setup we used in 
the wireless testing and the manufactured in-body unit, on-
body two-turns loop and the half-wavelength dipole. We 
impedance-matched the two-turns loop of the in-body unit to 
the rectifier with a single shunt capacitor. A capacitor in series 
with the antenna and inductor in parallel were used in the on-
body two-turns loop. The measured S-parameters of the 
inductive link were:  S11 = −5.3 dB, S22 = −7.3 dB and S21 = 
−15.5 dB as reported in Fig. 3.  

In the experiment, we immersed the pressure sensor in 
liquid that mimicked the dielectric properties of human head. 
The liquid was mixed from water, sugar and salt as explained 
in [17] to achieve the relative permittivity and loss tangent of 
εr = 39.2 and σ = 1.8 S/m at 2.45 GHz. Moreover, we used a 
heating plate to control the temperature of the liquid and set 
distance between the in-body and on-body units to 16 mm as 
it was in the simulation of the inductive link. Finally, we 
connected an automated pressure calibrator ADT761 through 
a tube to the bottle to control the pressure in it. The half-wave-

 

 
Fig. 3.  Measured S-parametres and power transfer to the sensing system. 
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Fig. 1. (a) Functional bocks of the wireless ICP monitoring system. (b) 
Anatomical model used in the electromagnetic modelling of the inductive 

power link between the on-body unit and the sensing system. 
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Fig. 2.  Simulated link power efficiency of the optimised inductive link. 
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length dipole antenna was at a distance of one metre from the 
in-body unit in polarisation-matched configuration for 
capturing the sensor’s signal. To energise the sensor, we fed 
the on-body two-turns loop to with 31 dBm, which, according 
to our earlier investigations, is within the limits of human 
safety in terms of exposure to electromagnetic fields at the 
frequency of 15 MHz [11]. As indicated in Fig. 3, this provided 
15.5 dBm of power to the in-body unit and activated the sensor 
fully in the experiment.  

To obtain the relationship between the pressure and 
sensor’s signal frequency we tracked the frequency with 
spectrum analyser as we increased the pressure from −5 
mmHg to 35 mmHg. The studied pressure range was selected 
to cover hypotensive (below 7 mmHg), regular and 
hypertensive (above 15 mmHg) ICP with a maximum that is 
well above the clinical threshold of 20 mmHg [6] for starting 
ICP lowering treatments. To assess the impact of temperature 
variation, we repeated the experiment in four different 
temperatures: 23 °C, 34 °C, 37 °C, and 40°C.  

Fig. 5 presents the results from the experiment. They show 
that in all temperatures, the frequency-pressure relation 
follows a linear model. There was a total shift of 6 MHz, 6.15 
MHz, 6.2 MHz and 6.3 MHz in frequency of the sensor’s 
signal corresponding to 40 mmHg change in pressure at 23 °C, 
34 °C, 37 °C and 40 °C respectively. This indicates that 
temperature variation has negligible effect on the slope of 
pressure-frequency graphs, i.e. the increase in temperature 

resulted only in a downwards level-shift. On average, the shift 
was 0.953 MHz per 1 °C. This translates to a deviation of 7 
mmHg in the pressure readout due to a change of 1°C in the 
temperature.  Relative to the range of normal ICP variations, 
this is a notable variability and thus raises the need for 
temperature compensation to guarantee reliable pressure 
readout. Possible means include measuring the temperature 
separately and compensating the error at the off-body unit or 
adding a temperature sensor in the in-body unit itself.  

IV. CONCLUSION 

We studied the impact of temperature variation on the 

pressure readout of an inductively powered intracranial 

pressure monitoring system based on a piezoresistive 

element. Our experimental results at four different 

temperatures (23 °C, 34 °C, 37 °C and 40 °C) predicted an 

average error of 7 mmHg due to 1 °C change in temperature. 

We found that this was only due to a level shift in the sensor’s 

linear transmission frequency versus pressure graphs. This 

means that a simple temperature measurement may be 

applicable in removing the impact of temperature variations 

from the pressure readout at the off-body unit. 
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Fig. 5.  Measured sensor’s transmission frequency versus pressure in 

different temperatures.  
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Fig. 4.  The measurement setup for wireless testing and the manufactured in-body unit, on-body two-turns loop, and the half-wavelength dipole. 
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