Design and Performance Test of a Prototype MRI-Compatible Cascaded Pressure Microsensor
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In this paper the design, simulation, fabrication and characterization of a prototype single fiber MRI compatible cascaded pressure sensor is presented. This paper represents the extended version of earlier communication on this topic (Conference Proceeding ALLSENSORS 2023 [1]). In addition to this Proceedings, in this paper we report on a crucial design requirement: the immunity to electro-magnetic interference (EMI). This immunity has been experimentally tested by combining the prototype sensors with a Siemens 1.5T MRI apparatus at Haga Hospital (The Hague). No disturbance was observed during a full MRI imaging cycle. The system allows for long lasting usage in the range -50 mmHg to 300 mmHg without damage to the membrane. A static pressure resolution (averaged over the array) of 3.6 mmHg was found, a performance that needs improvement in the future. Simulations show that the desired resolution of 1.0 mmHg is feasible within this design approach. The dynamical response allows for registration of dynamical features up to 20 Hz, already meeting dynamical requirements of this low-cost sensing system and already exceeding expectations expressed in advance. Future work includes further miniaturization, catheter integration, improvement of static pressure resolution, tackling separation of temperature-pressure crosstalk by implementing alternating independent FBG temperature sensors in the array and further enhancing dynamical properties.
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Introduction
In the Netherlands alone, ~230.000 reported hospitalizations due to cardiovascular disease are reported every year [14]. A total number of ~36.000 people casualties are registered yearly as a result of cardiovascular disease, representing 22% of the total mortality. For the diagnosis and prevention of cardiovascular disease, measurements of cardiac performance are of considerable importance. To improve diagnostics, accurate and reliable measurements are critical; for example, to determine cardiac output, Pressure-Volume (PV) curves are often measured with piezo-based pressure sensor arrays on a catheter tip. Measuring pressure in an array allows for measuring other important local medical indicators, such as FFR [15]. These indicators are essential for medical diagnosis, and are currently standard procedure. However, one of the central problems of piezo sensors is that this detection technique is based on electrical signals, which limits precision and reliability due to static magnetic fields and EMI. Moreover, it is highly desirable that future detection techniques can combine diagnostic capabilities with MRI [17]. This implies that the performance of the sensor must be independent of magnetic fields, preferrably up to 7 T [18]. The sensing should be independent of EMI during a complete MRI cycle. In order to tackle this, an approach was chosen to combine the fabrication of a pressure membrane on the microscale with the application of integrated optics [16]. More generally stated, combining fabrication on the microscale with integrated optics opens the possibility for the development of a whole new generation of catheter sensors. In addition to the immunity for EMI requirement, it is desired that the sensor is suitable for catheters with a diameter of 5 Fr (1,67 mm) and a pressure resolution should be 1 mmHg or less. The sensing system is required to operate in the range -50 mmHg to 300 mmHg, since negative pressures are common in the blood stream. The dynamical reponse should allow registration of features in the pressure-time curves with a minimum of 10 Hz.
I Background and Literature
The strategy for ruling out EMI during sensing is based on applying a single optical fiber consisting of multiple Fiber Bragg Gratings (FBG) separated by any adjustable spacing. Combined with an interrogator, the FBGs measure a shift in near-infrared electromagnetic wavelength proportional to the deformations of a Silicon Nitride (Si3N4 ) membrane at varying pressures. Fibre Bragg gratings (FBG’s) already have a long history dating back to 1978 [2]. The amount of applications has been growing rapidly in a wide field, for example in telecommunication, optical sensing, particle physics experiments, structural health monitoring, including buildings and bridges [3], maintenance of machines [6], biomedical diagnostics [16], and more. FBGs are constructed by exposing the (light sensitive) core of an optical fiber to ultra-violet radiation in a periodic pattern. Due to the UV radiation the refractive index of the core changes, thus creating a Bragg reflector. If strain is applied to this fiber, the Bragg condition shifts, inducing the shift of reflected radiation to longer wavelength. In this way an optical strain detector is created. FBGs have many advantages over conventional sensing systems, in many cases involving electrical signals. This makes the FBG technique well suited for measuring in a clean and undisturbed way, even under harsch conditions. These Bragg reflectors are also fabricated in an array within a single fiber. Such an array of Bragg reflectors leads to yet another series of interesting applications: low-cost interrogation systems, real-time monitoring of subsurface pressure-waves in a water tank [4], multi-point monitoring of mechanical structure such as airplane wings, and many more. Medical applications are emerging too, using an array of FBGs, such as an catheters for the diagnosis of gastrointestinal motility disorder [5]. These arrays are of added value due to their phase sensivity, indivual read out and the possible dynamical properties of the measuring system. For clarification of possible future applications of fiber arrays, we will first describe some background in fluid dynamics. In fluid dynamics, the most simple form of Bernoulli’s Law states
										(1)
where P refers to the static pressure, and 12 ρv 2 refers to the dynamic pressure. This equation is easily derived directly from energy conservation. It implies that a cascade of microscaled pressure sensors can be used to trace stenosis in a blood vessels, as visualized in Figure 1. Poisseuille-Hagen law describes the pressure difference over a cylindrical tube of length L, of a fluid in laminar fluid flow
											(2)
where Q refers to the flowrate [], A [[ ] the cross-sectional area of the cylindrical tube, and μ [Pa · s] the dynamical viscosity. The assumptions in the derivations set some limitations using (1) and (2), but the equations are illustrative for additional applications of a cascaded microscaled pressure sensor. This leads to the idea that such a fiber FBG array is suitable for verifying correct positioning of a stent after surgery - since correct stent positioning would directly cause reduction in blood pressure difference over the stenosis. More applications are feasible, since the proportion of red blood cells in the blood (hematocrit) correlates with the viscosity. An increase of hematocrit leads to a higher viscosity. On average, blood has a viscosity of approximately three times that of water, meaning that the driving pressure to pump blood through the vessels is higher. Polycythemia (or Erythrocytosis) is an anomaly leading to a enlarged hematocrit that can reach up to 70% [20]. The viscosity of the blood will then be up to ten times larger than that of water, making it harder for the heart to pump blood through the vascular system. Equation (2) shows that a cascade of pressure sensors fitted in a catheter show an abnormal pressure decline over the cascade. Additional diagnostic detection is possible, if the sensor cascade has sufficient dynamical response. In that case, it will be possible to analyze the arterial pulse in the time domain, revealing the performance of the heart and vessels [21]. The arterial pulse is created by the heart and blood in injected into the aorta. The wave shape depends on the ejection pressure pattern, but also on properties of large arteries, particularly on their stiffness. Waveform analysis in the time domain leads to crucial information valuable for diagnostics, comparable to the more familiar dynamical information on cardiac performance extracted from electrocardiograms (ECGs). Extraction of other vital information on cardiac performance can be done by analysing the pulse waveform. This can exceed basic information, such as heart pumping rate, and systolic and diastolic pressure measurement. In addition to the first example, monitoring stiffening of arteries, a second application example involves a direct real time measurement of the effect of drugs, which is still a medical challenge up until the present day. If the dynamics in pressure waves measurement is sufficient, the influence of an arterial vasodilator could be measured directly, the same accounts for the effect of calcium channel blocking drugs (CCBs), receptor blockers (ARBs) and many more. A typical example of a study performed exploring pressure curves with a high precision, is shown in Figure 2. More details and examples and found in literature [21], and this shows that a dynamical resolution of ≈ 10 Hz, already will reveil important diagnostic information from the pressure wave.		

Figure [image: ]1: Bernoulli states a direct relation between cross-sectional areas A1 and A2, static pressures P1 and P2 , and flow speeds v1 and v2 . If the area reduces,the static pressure reduces, while the dynamic pressure increases. This implies that a cascaded pressure sensor can be used to trace stenosis in a blood vessel.

Figure [image: ]2:  Typical example of pressure time domain analysis. Analysing the exact shape and properties, can be used as an diagnostic tool. Adapted from: [21]

				
II Simulation
To evaluate the crucial variables of the sensor design that influence its sensitivity, a Finite Element Modeling (FEM) simulation was conducted using COMSOL Multiphysics® 5.6
[27]. The model is shown in Figure 3, in which the green cylinder represents the fiber, the blue line the adhesive, and the pink rectangle the SiNi membrane. Multiple studies with different parameter sweeps were made in order to find the influence of the SiNi membrane thickness, width and length, adhesive properties, FBG positioning, and more. During manufacturing it is possible to select a desired SiNi membrane thickness. The influence of the thickness on the sensitivity was examined with a thickness of 200 nm and 400 nm. The fiber displacement was measured at applied pressures of 50 mmHg, 100 mmHg, and 200 mmHg. The results can be seen in Figure 4. At 200 mmHg, a fiber displacement of 249.6 nm was measured for the 200 nm thick membrane. For the 400 nm membrane, a
displacement of 210.9 nm was measured, which confirms that a thinner membrane leads to a higher sensitivity. UV-hardening adhesive can have a Young’s modulus between 0,01 GPa and 3 GPa [26]. With a Young’s modulus of 3 GPa the maximum deformation change the fiber experiences a displacement of 156 nm. With a Young’s modulus of 1 GPa, the maximum deformation change the fiber achieves is displacement of 177 nm. This means a lower Young’s modulus results in a higher sensitivity. However, The adhesive with a Young’s modulus of 0,1 GPa or lower, the fiber begins to deform on top of the substrate. This could indicate that the fiber detaches from the substrate, meaning an optimum has to be found between maximum deformation and desired adhesion.

Figure [image: ]3:  The Finite Element Model (FEM) that was used to find the influence of SiNi membrane thickness, adhesive properties, and more.












Figure [image: ]4:  FEM results of the influence of membrane thickness on the sensitivity of the sensor.






III fabrication

The fabrication of the sensor device consists of the fabrication of the Si3 N4 membrane using photolithographic processes and the adhesion of the FBG to the Si3N4 membrane.

A. Microfabrication of the Silicon Nitride Membrane

For the microfabrication of the Si3 N4 membrane, a 300 μm double side polished p-type (boron) Silicon wafer with a <100> orientation is used. Using Low Pressure Chemical Vapour Deposition (LPCVD) with a mixture of NH3 and H2SiCl2 , a thin film of Si3N4 is deposited on both sides of the substrate. Si3N4 was chosen because of its relatively high flexiblity and low etch rate compared to Silicon. The thickness of the deposited Si3 N4 thin film was measured using an Woollam M-2000 Ellipsometer at a value of 399.47 nm. The stress of the thin film was measured with the use of a Flexus 2320-S thin-film stress measurement instrument at a value of 337.73 MPa. The wafer with a thin film of Si3 N4 is shown in Figure 5, left. Using an ASML PAS 5500/60 stepper, rectangular patterns representing the membranes are exposed on a layer of photoresist that is deposited to the backside of the wafer. The exposed patterns are etched away using a Drytek Triode 384T plasma etcher with a mixture of 90% C2F6 and 10% Cl2 until the bare silicon of the wafer remains. The resulting exposed patterns are shown in Figure 5, right. A cavity is created by placing the wafer in a bath of distilled water with 30% potassium hydroxide (KOH) until the silicon is completely etched and only the thin Si3N4 layer on the topside of the wafer remains. The silicon wafer with an orientation of <100> etches faster than in the <111> orientation, resulting in a V-shaped cavity with an angle of 54.7 degrees. The cavity, combined with the thin layer of Si3N4, acts as a pressure chamber that deforms dependent on the loading conditions.
The Si3N4 membrane has dimensions of 2.0mmx0.3 mm. Lastly, the wafer is diced using a diamond saw resulting in rectangular chips with a size of 10x2.5x0.3 mm (LWH).

B. Adhesion of Silicon Nitride Membrane and FBG

As shown in Figure 4, the deformation of the Si3 N4 membrane is the highest in the center of the membrane. Thus, it is important to align the FBG precisely at the center of the Si3N4 membrane. For this purpose, an alignment setup is made consisting of clamps for the optical fiber, a chip housing and an XYZ micromanipulator with a precision scale of 1.0 μm for the
positioning of the optical fiber on top of the membrane. The chip housing is made using an Stereolithography (SLA) 3D printer, and is shown in Figure 7. The aligned optical fiber is
bonded to the Si3N4 membrane using an UV-curable adhesive with low shrinkage properties [26].

Figure [image: ]5: Left: Wafer with a Si3N4 thin film. Right: Wafer with exposed patterns representing the membranes.


Figure [image: ]6: Left: CAD drawing of the chip housing. Right: 3D printed chip housing with an FBG aligned on top of the Si3 N4 membrane.


IV  Measurement Setup

The chip housing not only holds the rectangular chips with the Si3N4 membrane in place, but also has a built-in provision for Luer locks for connecting pressure input and output hoses. The Luer locks allow multiple pressure sensors to be connected together so that pressure changes can be measured simultaneously at multiple points along the optical fiber. The
measurement device with three fabricated pressure sensors in cascade is shown in Figure 8. The optical fiber is connected to a FAZT I4G interrogator that measures the wavelength
shift of the FBGs at a measurement frequency of 2 kHz with resolution of 1 pm [25]. Blood pressure signals are generated with a Biotek Fluke 601A Blood Pressure System Calibrator
connected to the pressure sensing cascade. This device, shown in Figure 9, is capable of emulating heart pressure rhythms in a range of systolic and diastolic blood pressure values and wave forms. The temperature dependence of the sensors were measured using a Luna Hyperion Si255 interrogator – the specifications of the FAZT I4G and the Luna Hyperion Si255 are comparable, and this was done due to availability of the interrogators.

Figure [image: ]7: All FBG positions in the fibre are localized, and positioned using a 4-axis micropositioning unit in the middle of the fibre with an accuracy of 1 μm.



Figure [image: ]8: Measurement device consisting of three cascaded pressure sensors, each on a chip housing, with a single optical fiber.

Figure [image: ]9: Biotek Fluke 601A Blood Pressure System Calibrator connected to the pressure sensing cascade. This device is capable of emulating heart pressure




V  Results and discussion
The characteristics and performance of the fabricated cascaded blood pressure sensors were determined by applying various loading conditions and measuring the wavelength shift relative to a steady state at 0 mmHg.

A. Statical Pressure

The average statical wavelength shift of the three sensors is measured at a value of 0.83 ± 0.05 pm due to a pressure change of 60 mmHg. The sensor resolution of 3.6 mmHg of
the system, as already reported in earlier communication, this was already reported, is confirmed. Although 3.6 mmHg is a promising result, it does not yet meet the design requirement desired for the pressure resolution of 1 mmHg. Based on FEM simulations, future prototype sensors are expected to meet this requirement by tuning fabrication (glueing and FBG positioning), reduction of membrane thickness and enlarging membrane width and length.




B.  Dynamical Pressure Response

An Atrial tachycardia heart rhythm at a systolic blood pressure of 140 mmHg and a diastolic blood pressure of 80 mmHg at a frequency of 120 BPM was applied to the sensor array. The
rhythm was generated by a Biotek Fluke 601A Blood Pressure System Calibrator (Figure 9) and the fiber was connected to a FAZT I4G interrogator. From figure 10 and figure 11 it becomes clear that the dynamical response of the sensors already exceeds the preset design requirement and dynamical features in the pressure wave up to 20 Hz (50 ms) are distin- guishable. The performance is still limited by the dynamical specifications of the interrogator. This dynamical behavior enables a new range of medical diagnostic applications for
this design.

C. Temperature Dependence

The averaged wavelength shift of the pressure sensors has been monitored during 120h with the fluid tubing disconnected. In the same period the environment temperature was monitored
using a standard thermocouple (left plot figure 13). From a linear fit the wavelength shift as a function of temperature was extracted (right plot figure 13)). This results in a temperature
dependence of 62.7 ± 0.1 pm/K. The measurement reveals that crosstalk of temperature and pressure is not negligible for this design. Independent local temperature measurements for a robust separation of temperature and pressure measurements is required for future prototypes studies.

D. MRI Compatibility

In order to experimentally investigate the essential key requirement that the sensor system should be fully MRI compatible, the system was combined with a Siemens 1.5T MRI appara-
tus at Haga Hospital (The Hague). The sensor cascade was positioned in the core of the MRI apparatus, localized at the default patient position. While measuring wavelength shift as a function of time, full MRI imaging cycles were applied, containing standard series of MR Imaging pulses on top of the 1,5T DC Magnetic field (see figure 14 (bottom figure)). The resulting wavelength shift due to a standard pressure pulse is compared with a second data set. In this data set, an identical pressure wave of 30 pm was applied, this time however, the
sensor cascade is outside the MRI apparatus, at a position of near zero field (see figure 14) (top figure)). As expected, no measurable disturbing influence of both the DC magnetic
field and the MRI pulses on top were found during MRI operation. Drift in pressure sensing during the complete data is found to be smaller than 7 pm, corresponding to a maximum
temperature change of 0.1 K. Therefore, heating effects during the MRI operation are found to be negligible during these test measurements.

Figure [image: ]10: Performance of the cascaded pressure sensors on a single optical fiber. An Atrial tachycardia heart rhythm was emulated at a systolic blood pressure




























Figure [image: ]11: Performance of a pressure sensors on a single optical fiber. An Atrial tachycardia heart rhythm was emulated at a systolic blood pressure of 140


Figure [image: ]12: MRI apparatus in which the cascaded blood pressure sensor setup was placed.





















Figure [image: ]13: The basic output of the pressure sensor, wavelength shift (pm), independent temperature data logged during a period of 120 minutes.






















Figure [image: ]14: The wavelengthshift as a function of temperature. In this measurement, the pressure tubing is disconnected.





Figure [image: ]15: A pressure wave (standardized to be equivalent to 30 pm wavelength shift) is applied to the sensor pressure system twice. The first time at a position












VI  Conclusion and outlook
In this study, a prototype MRI-compatible cascaded blood pressure sensor suitable for catheterization was designed, simulated, fabricated and characterized. An operating pressure
range from -50 mmHg to 300 mmHg has proven to be longlasting applicable for the sensing system without causing damage. The possibility of measuring negative pressures is of critical importance for medical applications, since it is a common feature in the blood stream, especially near and in the heart. Meeting this requirement ensures that the sensing system is suitable for common medical heart performance applications, i.e. PV-Loops, Corony Flow Reserve (CFR) and Fractional Flow Rate (FFR) measurements. The wavelength shift, for three cascaded sensors averaged, is measured at a value of 0.83 ± 0.05 pm as a result of a DC pressure step of 60 mmHg. An average sensor resolution of 3.6 mmHg is found independent of the applied interrogator resolution and is expected to be limited by the sensor itself. Future
work is needed to improve the fabrication of the sensor itself in order to reach the required resolution of 1 mmHg. This can obviously be achieved by increasing the deformation
of the Si3 N4 membrane per unit pressure. FEM simulation shows that this can be done by increasing the width of the membrane, or by fabricating an even thinner SiNi membrane. FEM simulation also shows that a precise alignment of the FBG in the middle of the membrane is crucial for reaching this resolution. In the adhesive strategy, there is also room for improvement. The balance between young’s modulus, adhesive type, and adhesive thickness can still be optimized further. Further reduction of the diameter of the FBG fiber array is another tuning parameter. For this prototype a diameter of 80 μm was used, leading to a cascaded sensing system of considerable robustness, manageable fabrication and adhesive
strategy. FEM simulations show that reducing the diameter of the fibre improves the resolution, however, concerns for the robustness of the system will rise. Wider dimensions of
the membrane therefore are for now the preferred candidate for future prototype studies, and simulations show that it is possible to meet the resolution requirement while using a 80 μm fiber. The dynamical response of the sensors was characterized by applying an emulated atrial tachycardia cardiac rhythm at a systolic blood pressure of 140 mmHg and a diastolic blood pressure of 80 mmHg at a frequency of 120 BPM, the results show that dynamical features up to 20 Hz (50ms) are distinguishable. The dynamic response measurements were performed using a FAZT I4G interrogator. The dynamic response of the system was shown to meet the requirement to show features up to 10 Hz (10 ms). We conclude that the dynamical requirement for pressure sensing has been met for this prototype and is sufficient for observing dynamical diagnostic characteristics in the blood pressure wave. However, work has to be done in order to reduce the size of the sensor. The developed prototype has a width of 2,5 mm, and in order to achieve the desired diameter of 5 Fr (≈ 1,67 mm) or less, further miniaturization efforts are required to reduce the size of the chip containing the Si3N4 membrane, i.e., by reducing the size of the silicon substrate surrounding the membrane. This implies that we are challenged to enlarge the membrane size, while reducing the substrate size. The Dicing method determines the limiting factor for dimensions of this substrate. In the fabrication procedure, Blade Dicing was applied, resulting in a width of 2.5 mm. Other methods for dicing, such as laser Dicing, plasma dicing should be evaluated
for future fabrication improvements. In addition, future work on the next prototype is planned on the integration of the sensor design into a catheter. The shift in wavelength as a function of temperature (Figures 13) confirms that measuring pressure without interdependence with temperature is not feasible. The temperature dependence measurements (with the fluid pressure disconnected) leads to a wavelength shift dependence of 62.7 ± 0.1 pm/K. In a follow up project, one (or more) separate FBG(s) in the casaded single FBG fiber will have to be calibrated for temperature only, i.e. temperature should be measured separately. The full dataset is then used to extract both temperature and pressure in a clean way. This data
is also needed in order to monitor drift in pressure sensing. In addition, as described, the added temperature (cascaded) temperature sensors and pressure sensors combined also open
up a wider range of diagnostic applications. In an earlier communication we showed the compatibility of the sensors in DC magnetic fields up to 1.3T. No measurements were
done yet to verify compatibility with AC and DC fields used in MRI scans. In addition to this, we have combined the sensor with a Siemens 1.5T MRI apparatus at Hage Hospital
in The Hague. Combining the sensor with a fully operational MRI scanner no disturbances were observed (Fig. 14). We are therefore confident that this prototype low-cost FBG
pressure cascade sensor, is suitable for further development towards higher TRL levels and could even be developed into a market ready product. Another development in the future will
involve the drastic extention of the dynamical properties of the microfabricated photonic integrated circuit. The interesting development of an on-chip Mach Zehner Interferometer on a chip, resulting into a ultrasonic wave sensor, as explored in the group of Prof. Caro in 2019 [22], [23] is an interesting candidate for futher development. In general, microstructured
PICs show great potential due to their immunity to EMI, measuring first of all basic quantaties such as temperature and (ultrasonic) pressure in an array, but this may be extended in the future towards measuring oxygen concentration, C-reactive protein concentration, and many more. All microstructed PIC sensors should be developed such, that the can be integrated in cathether tube. In this way a powerful diagnostic tool can be developed in the future.
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